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Photonic bandgap (PBG) structures constructed from lossy, dispersive dielectric and metallic materials are
characterized in terms of their reflection and transmission properties. Particular emphasis is given to PBG
structures with defects. These PBG structures are modeled analytically with an ABCD matrix method for
their single-frequency response. They also are modeled numerically with a finite-difference time-domain ap-
proach to determine their operating characteristics over a wide set of frequencies in a single simulation. It is
shown that material dispersion can significantly alter the characteristics of a PBG structure’s frequency re-
sponse. Metallic PBG structures at optical frequencies thus exhibit bandgap characteristics significantly dif-
ferent from those of their nondispersive dielectric counterparts. It is shown that microcavities whose mirrors
are constructed from dispersive-material PBG structures can be designed to outperform similar nondispersive-
mirror microcavities. © 1999 Optical Society of America [S0740-3232(99)03303-7]
OCIS codes: 000.4430, 260.2030, 350.3950, 160.4670, 350.5500.
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1. INTRODUCTION

The photonic bandgap (PBG) structure has become an im-
portant subject in the microwave regime for microwave
circuit design’? and in the optics regime for nanostruc-
ture waveguides and microcavity laser mirrors and
filters.>® For example, a vertical-cavity surface-
emitting laser is basically a PBG structure with a defect.

One-dimensional (1D), multilayer PBG structures have
been analyzed successfully by using an ABCD matrix
formulation.'® This method has been used to reveal the
salient features of a variety of dielectric PBG structures.
Unfortunately, as the frequency of the optical wave be-
comes higher and higher, the refractive index of each
layer cannot be considered to be constant with respect to
frequency; i.e., the dispersive properties of the materials
become significant. Although this may not be an issue
for any single frequency, few integrated optics devices
have the luxury of being designed without consideration
of their behavior in multiwavelength applications.

In this paper we introduce dispersion properties into
the PBG structures by incorporating a Lorentz material
model for the polarization fields in the component mate-
rials. This allows us to study in detail the effects of dis-
persion on a variety of 1D PBG structures. In particular,
we have determined these effects for PBG structures com-
posed of both metallic and dielectric materials. Since
metals at optical frequencies act as lossy, dispersive
dielectrics,™ they have been a natural candidate for our
study. As will be demonstrated, dispersive effects sig-
nificantly alter the optical operating characteristics of any
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PBG structure. This is particularly true if the resonance
frequency of the Lorentz model is near the center fre-
quency of the band gap. As the resonance frequency
moves toward that center frequency, out-of-band proper-
ties of the PBG migrate toward the bandgap and distort
the band structure. Bandgaps and passbands appear in
unanticipated regions. Moreover, the individual band-
gaps widen as the dispersive effects become stronger.
The metal/dielectric bandgap structures, despite the pres-
ence of metals with very shallow skin depths, can be de-
signed to have strong transmissive properties that could
be used for interesting filtering applications. This effect
has actually been demonstrated experimentally in Ref.
12. Having determined their reflection and transmission
properties, we then incorporated defects into these PBG
structures to form microcavities. The results of our in-
vestigation demonstrate that microcavities whose mirrors
are constructed from dispersive PBG structures can be
designed to have operating characteristics at particular
frequencies that are superior to those of similar
nondispersive-mirror microcavities.

We not only investigated this dispersive material PBG
structure with an appropriate extension of the standard
ABCD matrix approach but also introduced a finite-
difference time-domain (FDTD) full-wave, vector Maxwell
approach, combined with the fast Fourier transform
(FFT) method, to analyze these structures. Simulations
with the two approaches are shown to yield the same re-
sults. This 1D investigation thus allows us to use the
analogous FDTD approach with confidence in our two-
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and three-dimensional PBG studies, which are currently
in progress. The FDTD approach allows one to obtain
the frequency response of finite PBG structures over a
wide set of frequencies in a single simulation as well as a
complete visualization of the time evolution of all the as-
sociated field and material quantities. Since we are also
currently studying nanostructure waveguides formed
from defects in finite-sized PBG’s, the FDTD approach
permits us to investigate the temporal evolution of the
propagation of the associated electromagnetic guided
waves.

2. FINITE-DIFFERENCE TIME-DOMAIN
SIMULATOR

We assume that the PBG structure varies only along the z
axis and is uniform on any x—y plane. Thus all the elec-
tromagnetic waves are planar, with the electric and mag-
netic fields being constant in any x—y plane and the di-
rection of propagation being along the z axis. We take
these plane waves to be x polarized (electric field along
the x axis and magnetic field along the y axis) throughout.

A. Lorentz Model

To include dispersion in the materials, we introduce the
Lorentz model for the polarization field P. Since the
electric field has the form E = E £, the polarization field
has the form P = P % and satisfies the equation

&P, aP, )
&t2 + F_t + wOPx =

where I' is the damping coefficient, w, is the resonance
frequency, w, is the plasma frequency, and y;, is related
to the dc value of the electric susceptibility x,. as x4
= (cu§ xz)/ w%. The associated frequency domain expres-
sion
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is obtained by Fourier transform of Eq. (1). Figure 1 in-
dicates the relation between the frequency and the refrac-
tive index n(w) = [1 + x(w)]Y2, where the frequency-
domain susceptibility x(w) = P, ,/&E, , when vy = w,
= wc, ' = 0.0loc and y; = 1 and where o acts as a
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Fig. 1. Refractive index versus normalized driving frequency in

the case in which wy = 0, = w¢, I' = 0.0lw¢ and x;, = 1.
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reference frequency and will be called the center fre-
quency. These values will be assumed throughout all of
the numerical calculations unless otherwise indicated.
Referring to Fig. 1, one finds essentially four regions of in-
terest: (1) The real part of the index is increasing only
with the frequency; (2) the real and imaginary parts of
the index are very large (near resonance); (3) the real part
of the index is nearly zero and the imaginary part is large;
and (4) the real part of the index is increasing but is less
than one and the imaginary part is nearly zero.

If wg > w, then the polarization field takes a simple
form: P, , = (fow,%XL /wg)Ex,w. In this dipole approxi-
mation, P, , = €wg.E, , and the electrical susceptibility
is constant, so the refractive index is ng. = (1
+ xao)¥2. On the other hand, as the frequency ap-
proaches infinity, clearly the electrical susceptibility goes
to zero. Our interest is mainly in the frequency region
® = wc, where these approximations are invalid and the
full model must be used.

B. Finite-Difference Time-Domain Formulation

In the FDTD approach the simulation space (region of in-
terest) is discretized into cells of length A z, and time is
discretized into intervals of length A¢. Using the stan-
dard leapfrog in time and the staggered-grid approach,
the electric field is taken at the edge of a cell and at inte-
ger time steps so that E(z,¢) = E,(kAz,nAt) is repre-
sented by E}(%k), and the magnetic field is taken at the
center of the cell at half-integer time steps so that
H/(z,t) = HJ[(k + 1/2)Az, (n + 1/2)A t] is represented
by Hj*'Y(k + 1/2). The FDTD formulation for the
propagation of 1D electromagnetic waves in the PBG
structure is then obtained directly from Maxwell’s equa-
tions and can be expressed as follows:

1 1
n+1/. — n—1/.
Hy+12k+§)—Hy Pkt 5
At EX(k + 1) — E(k)
- — ; 3)
Mo Az
At
By k) = Ex(h) — —
€0
H} V(R + 1/2) — HY (R - 1/2)
Az
+ J;‘”’Z(k)} . ()

The Lorentz model [Eq. (1)] is incorporated
self-consistently!'! into Maxwell’s equations by introduc-
ing the equivalent first-order system through the defini-
tion of the polarization current; i.e.,

P,
o= T 5)

ad, 9 9
— + T = upx B, — wiPy. (6)

The electric current and the polarization field are taken
at the same spatial location as the electric field, but the
electric current is taken at the same time value as the
magnetic field while the polarization field is taken at the
same time value as the electric field; i.e., J,(z,¢) and
P.(z,t) are represented, respectively, by J" " V4%) and
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P3(k). Discretizing Eqgs. (5) and (6) with finite differ-
ences yields the desired updated equations:

) T At
2 At
n+1/2 _ n+1/2
o (k) = L, A Ju k) F L, TA
2 2
X [eowixrEL(k) — wi Pr(k)], )
P Y(k) = PY(k) + Atd"TV2(R). 8)

The resulting system of equations [Egs. (3), (4), (7), and
(8)] is solved at each time step for all of the field and cur-
rent values. One thus obtains the full time evolution of
the system. To obtain the corresponding frequency-
domain information, one must apply a FFT to the result-
ing time signals. One can study the behavior of the PBG
structure over a wide bandwidth by simply exciting it
with an ultrafast pulse that has a wide spectral content.
The resulting fields will contain the desired frequency-
domain information, e.g., the reflection and transmission
coefficients as functions of the frequency.

The FDTD simulator is used to obtain the reflection
and transmission coefficients at a wide band of frequen-
cies in one run. The PBG structure is excited with a
single-cycle pulse whose bandwidth encompasses the fre-
quency region of interest. This input signal is launched
from a total field/scattered field interface!™'3; it is mea-
sured on this interface. The reflected field is measured
in time at a point in the scattered field region behind the
source; the transmitted field is measured in time at a
point beyond the PBG structure. The resulting fields are
transformed with a FFT to produce their frequency spec-
tra. The reflected and transmitted field spectra are then
divided by the input signal spectrum to generate the re-
flection and transmission coefficients.

3. LOSSLESS DIELECTRIC
ONE-DIMENSIONAL PHOTONIC BANDGAP
STRUCTURES

The 1D PBG structure without a defect that will be dis-
cussed below is shown as Fig. 2(a). It is composed of N
pair of layers of medium 1 and medium 2 and an extra
layer of medium 1, where the plane-wave source is taken
outside the PBG structure. Thus the total number of lay-
ers in this structureisn = 2N + 1. The locations in z of
each interface are labeled as indicated. This choice of
layers makes the structure symmetric about its center.

The analytic formulas for the reflection and transmis-
sion coefficients of a 1D PBG layered structure reduce to
simple expressions when the width of each layer is a
quarter of the driving wavelength in that material. In
particular, the reflection and transmission coefficients for
the 1D PBG in Fig. 2(a) are readily obtained with the
ABCD matrix approach!® in general; and when the length
of each region is a quarter wavelength in that material,
the coefficients can be expressed as
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(62/61)N(50/61) -1

2k d 9
(ea/€1)N(€o/€r) + 1eXp(J odo)s 9)
(e2/€1)"*(€q /1)
T =2j(-1)" -
(eo/€1)™(egl€1) + 1
X exp[ jko(dans1 — do)]. (10)

The 1D PBG structure with a defect that will be dis-
cussed below is shown as Fig. 2(b). It is composed of M
pairs of layers of medium 1 and medium 2, an extra layer
of medium 1 (i.e., m = 2M + 1 total layers), the defect
layer, N pairs of layers of medium 1 and medium 2, and
an extra layer of medium 1 (i.e., n = 2N + 1 total lay-
ers). Thus the total structure consists of m + 1 + n lay-
ers. When N = M, the resulting microcavity is symmet-
ric about the defect; we will refer to it as an n-layer-
mirror microcavity. The reflection and transmission
coefficients for the general 1D PBG defect structure are
also readily obtained with the ABCD matrix approach
and in the quarter-wavelength special case can be ex-
pressed as

 (ep/e)" N (€pegep/€]] — 1

" (ea/e) N[ (epeqen) €3] + 1

exp(j2kodo), (11)

(e3/€1) M™N2[(eeqep)/ 2112

(e2/6)™ N[ (eeqep)/ €] + 1

T — 2.]'(71)M+N+1

X expl jko(dopsa+an+1 — do)ls (12)

these formulas are, of course, valid for only one particular
operating frequency.

To check the FDTD simulator and the corresponding
spectral-domain response-function procedure, we com-
pared the results obtained with this approach with those
generated by the ABCD matrix method. Figures 3(a) and

(a)
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Fig. 2. PBG structures (a) without defect and (b) with defect.
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Fig. 3. Reflection and transmission coefficients versus normal-
ized driving frequency for an 11-layer structure (a) without de-
fect and (b) for a microcavity consisting of a defect layer sand-
wiched between a pair of 11-layer structures. The parameters
of medium 1 are wy; = 100w¢, I'y = 0.01wy; and xz; = 1. The
parameters of medium 2 are wgpy, = 100wq, 'y = 0.01wgy, and

X2 = 3.

Table 1. FDTD Dispersion-Model Parameters

Damping Coefficient Electric Susceptibility

Medium 1 'y = 0.01wy; xr1=1
Medium 2 'y = 0.01wg, XL = 3
Defect 'y = 0.0lwyy Xrqd = 4

3(b) show the reflection and transmission coefficients as-
sociated with an 11-layer structure [N = 5 in Fig. 2(a)]
and an 11-layer—defect—11-layer structure [M = N =5
in Fig. 2(b)]. The FDTD simulator includes the disper-
sive media in each region; these materials are run with
the parameters shown in Table 1. These Lorentz
dispersion-model parameters are used throughout this
paper. The resonance frequencies in this case are as-
signed the same values in media 1 and 2 and in the defect
to achieve frequency-independent media values for com-
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parison with the ABCD matrix results. These resonance-
frequency values are wy; = wpe = wog = 100wy, where
the center frequency w¢ is 2.417 X 10'® (wavelength A
= 780nm). With these choices the media are effectively
nondispersive, and the refractive indices of media 1 and 2
and the defect are, respectively, V2, 2, and 5.

For the FDTD calculations the space and time discreti-
zations were taken to be Az = Ao/1000 and At
= Az/2c, where ¢ = 3 X 10®m/s is the speed of light.
These discretizations are very small so that we can model
very accurately the response of the PBG structure in both
the nondispersive- and the dispersive-media cases.
These choices for the space and time discretizations are
assumed throughout this paper.

As Figs. 3(a) and 3(b) demonstrate, the reflection and
transmission coefficients obtained with the FDTD simula-
tor and with the analytical ABCD matrix multiplication
approach were identical for the PBG structure without
and with the defect. These results and those obtained for
several other related configurations validated the FDTD
simulator and the associated FFT postprocessing ap-
proach.

4. DISPERSIVE DIELECTRIC ONE-
DIMENSIONAL PHOTONIC BANDGAP
STRUCTURES

Having validated our approach on dispersionless PBG
structures, we then used the FDTD simulator to model
dispersive PBG configurations with and without defects.
Several structures were considered and are described be-
low. We also extended the ABCD matrix approach to dis-
persive materials to provide validation cases. For all of
the PBG structures the effects of dispersion on the reflec-
tion and transmission coefficients were obtained. The re-
sults from the ABCD matrix and the FDTD approaches
agreed in all cases.

A. Dispersive Photonic Bandgap Structures without
Defects

We first investigated cases in which either medium 1 or
medium 2 was dispersive and the other was nondisper-
sive. Results for the reflection and transmission coeffi-
cients of a simple version of the structure shown in Fig.
2(a), i.e., one with N = 1 (three-layer structure), are
given in Fig. 4. The resonance frequency in medium 1
was fixed at 100wc, and in medium 2 it was varied
among the values 100w., 3wc, 2wc, wce, and 0.5w¢.
The damping coefficients and the electric susceptibilities
of both medium 1 and medium 2 were the same as those
given in Table 1. Consequently, medium 1 was a nondis-
persive material whose index was V2, and medium 2 was
dispersive with a low-frequency index of 2.

Figures 4(a) and 4(b) show that the character of the re-
flection and transmission coefficients is significantly dif-
ferent from that of the nondispersive case. The locations
of the peaks and valleys has shifted, and the symmetry of
the curves with respect to the center frequency of the ex-
citing pulse is completely lost. In particular, as wg, is de-
creased, these reflection and transmission coefficient
curves exhibit more resonancelike behaviors and their
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peaks shift to lower frequencies. We explain these re-
sults by using the following analytical formulas.

The reflection coefficient for this structure can be de-
duced analytically with the ABCD matrix method and is
expressed as
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Ry = 0™ (16)
01— nO + nl’

Ry=—""—"7"-—7— 7

ny + ny(we)’

- ny(w)o
flo) — g(w)exp| —jm——
Nowc
R = exp(—j2kod) 3 3 , (13)
) 1) no(w)w
1 +R01R12€Xp _J’TT_ - Rmexp _J7T_ + R12 exp _J7T ;
wc o nNowc
where and where n, and n; represent the refractive indices in
free space and in medium 1, while n,(w) and n denote
flo) = Roy + Rys(1 + R§exp[—jm(w/wc)] the dispersive index and the dc index in medium 2. If
. no(w) is slightly larger than nj,, then one finds that the
+ RoRT; expl —j27(w/wc)], 14 ; ’ which the term

g(w) = RyR3, + Rip(1 + R2)exp[ —jm(w/wc)]
+ Ry exp[ —j27(w/we)], (15)
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Fig. 4. (a) Reflection and (b) transmission coefficient versus nor-
malized driving frequency for a three-layer structure. The pa-
rameters of media 1 and 2 are wy; = 100w and wg, = 100w,
3wc, 2w¢, wc, and 0.5w¢.

frequency point at
exp{—j7[ny(w)w]/ (nywc)}t has the same value as the term
exp[—jm(w/wc)] (in the nondispersive-material case)
shifts to lower frequencies as the center frequency is de-
creased. This explains why the peaks and valleys of the
curves in Figs. 4(a) and 4(b) shift to lower frequencies
with decreasing ws, .

Since the index n,(w) varies as a polynomial function
of o, it differs more from its dc value n, with increasing
frequency. The variations of the reflection and transmis-
sion coefficients increase correspondingly even at fre-
quencies with values much smaller than wg,. This is
clear in the cases with wyp < 2wr. However, there is
little effect on the cases with wyy > 2w because the term
ny(w)/ng is not large enough in comparison with the ratio
o/wc to make the phase term exp{—j 7[ny(w)w]/ (nywc)}
vary quickly enough.

We note that the reflection coefficient is nearly one and
the transmission coefficient is nearly zero at the fre-
quency w = wpy. Since the real and imaginary parts of
the index are very large there, the term
exp{—j7[nyww]/ (nywc)}t in Eq. (13) becomes very small
in this region. Consequently, Eq. (13) becomes approxi-
mately

flw)
{1 + Ro1R1pexpl _jﬁ(w/wc)]}z(l

R = exp(—j2kod,)

and Ry = —1, which shows that the dispersive-medium
PBG structure can act as a medium with very high reflec-
tivity. Correspondingly, the transmission coefficient is
zero at a frequency slightly higher than wy, because me-
dium 2 exhibits high loss and hence high reflectivity
there. One can consider cases for which the reflection co-
efficient is near one and the transmission coefficient is
near zero at frequencies slightly higher than wgy even if
wgy = 100wo. This region clearly shifts to lower fre-
quencies with decreasing wyy, and the amount of varia-
tion in these coefficients increases.

Figures 5(a) and 5(b) show the reflection and transmis-
sion coefficients obtained for the corresponding cases in
which the nondispersive and the dispersive layers are in-
terchanged, i.e., the cases for which medium 1 is disper-
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Fig. 5. (a) Reflection and (b) transmission coefficient versus nor-
malized driving frequency for a three-layer structure. The pa-
rameters of media 1 and 2 are wy; = 100w¢, 3wc, 20¢, wc,
and 0.5w¢, and wy, = 100w .

sive with its resonance frequency taking the values wg;
= 100w¢, 3wc, 20w, wo, and 0.50w- and for which me-
dium 2 is nondispersive with wgy = 100w, so that its re-
fractive index is fixed at 2.

The basic characteristics of the reflection and transmis-
sion coefficients of these PBG structures are almost the
same as they were in the previous cases. The differences
become more pronounced as the differences in the varia-
tions away from the dc refractive indices increase. For
one, more peaks appear in the reflection coefficient near
the center frequency for the wgp, = 3wc and 2w, cases.
For another, the transmission curve has a small peak
that occurs between the frequencies w¢ and 1.1w¢ in the
case for which wgy = wc¢.

Next we studied the dependence of the reflection and
transmission properties of these basic PBG structures as
a function of the number of layers. The results are sum-
marized in Figs. 6(a) and 6(b); they represent the case for
which the characteristic frequencies in media 1 and 2 are
fixed at wy; = 100w and wgps = we, respectively. The
curves show that in the lower-frequency region, the re-
sponse of the PBG structure is highly dependent on the
number of layers. Since the index varies little from its dc
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value in this region, these results are expected from the
nondispersive results. However, the behaviors are al-
most the same in the high-frequency regions as the num-
ber of layers is increased. These differences result from
the fact that there are more dispersive layers as the total
number of pairs is increased. There is only one disper-
sive layer in the three-layer structure. This is the reason
that the curves for the three-layer structure do not corre-
spond well with those for the five-and-more-layer struc-
tures. This was confirmed by exchanging the nondisper-
sive and the dispersive layers. Figures 7(a) and 7(b),
which show the reflection and transmission coefficients
for the cases in which the nondispersive and the disper-
sive materials are exchanged, illustrate this effect. The
resonance-frequency values in media 1 and 2 are wg;
= we and wgy = 100w, , respectively. The number of
dispersive layers is now two for the three-layer structure.
The curves of this three-layer structure, especially the
reflection-coefficient one, are now more similar to the
other structures. However, notice the disappearance of
the bandpass structure near 1.3 for all of these struc-
tures. A large bandgap region forms at frequencies
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Fig. 6. (a) Reflection and (b) transmission coefficient versus nor-
malized driving frequency for 3-, 5-, 7-, 9-, and 11-layer struc-
tures. The parameters of media 1 and 2 are wy; = 100w, and
Wpg = We .
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Fig. 7. (a) Reflection and (b) transmission coefficient versus
normalized driving frequency for 3-, 5-, 7-, 9-, and 11-layer struc-

tures. The parameters of media 1 and 2 are wy; = we and wg,
= 100w .

above w( ; its edges become more pronounced as the num-
ber of layers increases. These comparisons clearly indi-
cate that there are distinguishable effects in the response
of PBG structures with two or more dispersive layers.

B. Dispersive Photonic Bandgap Structures with Air
Defects
Having treated the basic PBG dispersive-material struc-
ture that is illuminated externally, we next consider the
use of such structures as mirrors in source-driven micro-
cavities. Results are given for dispersive-material PBG
structures that have a quarter-wavelength air defect with
a current (plane-wave) source located at the center of the
defect. Thus the PBG structure forms a cavity about this
source; the resulting transmitted fields should show en-
hancements as a result of the feedback caused by the re-
flections from the PBG mirrors that surround the source.
The first configuration modeled with the FDTD simula-
tor was constructed from two three-layer PBG structures
and the air defect. This case corresponds to the M = 1,
N = 1 version of Fig. 2(b), i.e., a three-layer-mirror mi-
crocavity. The resonance frequency in medium 1 was
fixed to be wy; = 100w, and its value in medium 2 was
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varied among the values wgpy, = 100wc, 3we, 20wc, wc,
and 0.5wc. Thus the cavity walls are dispersive and be-
have optically as discussed above. The defect medium
was air but was modeled with the Lorentz model with
xr = 0.

The transmission-coefficient results for this microcav-
ity structure are summarized in Fig. 8. Because of the
properties of the three-layer-structure mirror shown in
Figs. 4(a) and 4(b), it was expected that the peaks of the
transmission coefficient would shift to the lower-
frequency region as wy, was decreased. The curves in
Fig. 8 confirm this behavior. The interesting aspect of
these shifts is that a cavity composed of dispersive-
material walls—for instance, when wgp = we and wg,
= 0.5wc—can cause much higher transmission-
coefficient values at particular frequencies than those
generated with nondispersive mirrors. This is a result of
the enhanced reflectivity of the PBG structure at those
frequencies when the dispersive materials are present.

The effects of changing the amount of dispersion in the
mirrors are readily ascertained by interchanging the dis-
persive and the nondispersive materials. Figure 9 shows
the FDTD-predicted results for this case. The resonance
frequency in medium 1 was now varied among the values
wo1 = 100w¢, 3w, 2w¢, we, and 0.5w¢ , while its value
in medium 2 was fixed to the value wp = 100we. The
basic character of the transmission-coefficient curve is
similar to that of the preceding case except that the loca-
tions of the peaks are significantly altered. This is due to
the differences in the reflectivity of the mirrors in this mi-
crocavity. We thus realize that the peaks are dependent
on the material parameters and their relative distribu-
tions, as we can easily see by comparing Figs. 8 and 9.
Without numerical analyses it would be extremely diffi-
cult to predict where the enhanced transmission coeffi-
cients would appear.

As was realized from the reflection and transmission
studies, the microcavity behavior could be made much
more distinct by increasing the number of layers. Fig-
ures 10 and 11 show the results for the cases in which the
number of layers in the PBG microcavity walls varied
from 3 to 11. The widths of the enhancement peaks and

5 T T T
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"W02=3’
s 'w02=2' : i
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Transmission

Normalized driving frequency
Fig. 8. Transmission coefficient versus normalized driving fre-
quency for a three-layer-mirror PBG microcavity with an air de-
fect. The parameters of media 1 and 2 are wy; = 100wy and
wpy = 100w¢, 3w, 2wc, we, and 0.5w0¢ .
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Fig. 9. Transmission coefficient versus normalized driving fre-
quency for a three-layer-mirror PBG microcavity with an air de-
fect. The parameters of media 1 and 2 are wy; = 100w¢, 3w,
2w¢, wc, and 0.5w¢ and wg, = 100w .
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Fig. 10. Transmission coefficient versus normalized driving fre-
quency for an n-layer-mirror PBG microcavity with an air defect.
The parameters of media 1 and 2 are wy; = 100we and gy
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Fig. 11. Transmission coefficient versus normalized driving fre-
quency for an n-layer-mirror PBG microcavity with an air defect.
The parameters of media 1 and 2 are wy = wc and wg

the maximum values of the peaks decrease with an in-
creasing number of layers. As more layers are added,
there is more loss, which decreases the peak values, and
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there is a higher-cavity @, which decreases the widths.
Nonetheless, there are regions where the enhancement
peaks remain significant. Moreover, the transmission
coefficients become significantly smaller in the neighbor-
hoods of the enhancement-frequency values. This means
that one could design a dispersive microcavity structure
to produce a much larger output at a specified frequency
with a higher degree of isolation from neighboring fre-
quencies than one could with nondispersive materials in
the cavity walls.

C. Nondispersive Photonic Bandgap Structures with
Dispersive Defects

To complete our study, we examined the reciprocal case
for which the three-layer-mirror PBG microcavity is
formed from nondispersive layers and a dispersive defect.
The resonance frequency in media 1 and 2 was fixed at
the values wg; = wge = 100w, and in the defect region it
was varied among the values woy; = 100w¢, 3¢, 20,
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Fig. 12. Transmission coefficient versus normalized driving fre-
quency for a nondispersive three-layer-mirror PBG microcavity
with a dispersive defect. The parameters of media 1 and 2 are
wp; = 100we and wgy = 100w ; for the defect region they are
woqg = 1000)0 5 3&)0 5 20.)0 , We and O5(UC .
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Fig. 13. Transmission coefficient versus normalized driving fre-
quency in the case of an n-layer, nondispersive-mirror-
microcavity PBG structure with a dispersive defect. The mir-
rors are composed of 3, 7, 11, and 21 layers. The parameters of
media 1 and 2 are wy; = 100we and wg, = 100w ; for the defect
region they are woy = w¢ .
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wc, and 0.5wc. The transmission properties of this mi-
crocavity are summarized in Fig. 12. This structure is
found to perform poorly in comparison with the dispersive
PBG structure with an air defect.

Figure 13 shows the transmission-coefficient results for
the cases in which the number of layers in the nondisper-
sive mirrors is increased when the resonance frequency in
the defect is fixed at wpy = wco. The curves clearly be-
come more complicated with an increasing number of lay-
ers, but their basic character does not change. This is a
reasonable result since the properties of the dispersive
defect do not change, but those of the nondispersive mir-
rors do. Moreover these results indicate that the pres-
ence of a dispersive material in the defect region causes
the microcavity to perform badly in comparison with its
nondispersive-material counterpart.

5. METAL/DIELECTRIC ONE-DIMENSIONAL
PHOTONIC BANDGAP STRUCTURES

To push the limits of the dispersive characteristics of the
PBG materials, we considered metals at optical frequen-
cies. It has been discussed previously!! that metals are
modeled appropriately with dispersive-material models at
these frequencies. We considered aluminum and gold as
the dispersive metals in our studies; these materials were
selected because they could lead to realizable PBG struc-
tures. The refractive indices of these metals at the wave-
length 780 nm (w¢ = 2.417 X 10'%) and their correspond-
ing Lorentz material-model parameters are listed in
Table 2. It was assumed that w, = 0, and x; = 10 for
both materials. We specifically investigated PBG struc-
tures composed of layers of aluminum and dielectric or
gold and dielectric, where the dielectric materials were
taken to be nondispersive.

Figures 14(a) and 14(b) show the results for PBG struc-
tures consisting of a varying number of layers in the case
of no defect. The basic shapes of these curves are very
similar. Both structures can act as very highly reflective
mirrors and conversely as bandpass filters at selected fre-
quencies. However, the magnitude of the coefficients,
the frequencies at which their peaks occur, and the sharp-
ness of the rising or falling edges near the enhancement
frequencies depend on the materials that compose the
PBG structures. The resonance frequencies of the mate-
rials decide the locations where the transmission coeffi-
cients are nearly zero (reflection coefficients are nearly
one), and the damping coefficients decide the degree of
sharpness of the rising and falling edges of these curves.
The PBG structures for use as highly reflective mirrors
and narrow bandpass filters that are constructed of gold
can outperform those composed of aluminum, as shown in
Figs. 14(a) and 14(b).

The corresponding microcavity (PBG mirrors with air
defect) results are shown in Figs. 15(a) and 15(b). The
sources again are located in the centers of the defects.
The peaks of the transmission coefficients in Fig. 15(a)
are much larger for the smallest number of layers, i.e., for
three layers and w near 1.5wc. The widths of these
peaks are much lower as the number of layers increases.
Also, as the number of lossy, dispersive layers is in-
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creased, less energy is coupled from the interior of the
PBG microcavity to its exterior; i.e., the peaks of the
transmission-coefficient curves decrease as the number of
layers is increased. Nonetheless, these dispersive-mirror
microcavity structures, particularly the gold-based ones,
still exhibit large enhancements at specific frequencies
even when a large number of layers are present. These
opposing behaviors of the transmission peaks and their
widths demonstrate that there are definitive trade-offs in
the design of these metallic PBG microcavities.

Notice, however, that there are some large
transmission-coefficient values in Fig. 15(b) even for the
many-layer gold PBG microcavities in the high-frequency
regions, e.g., between 1.3 and 1.5. The number of peaks
in a transmission-coefficient curve in these passband re-

Table 2. Lorentz Material-Model Properties of
Aluminum and Gold at 780 nm

Material Refractive Index g r
Al 2.6 — j8.2 0.9492w¢ 0.0686w¢
Au 0.175 — j4.91 0.8461w¢ 0.01950
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Fig. 14. Reflection and transmission coefficients versus normal-
ized driving frequency for 3-, 7-, and 11-layer-mirror PBG struc-
tures. The PBG is composed of (a) aluminum and dielectric lay-
ers and (b) gold and dielectric layers.
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Fig. 15. Transmission coefficient versus normalized driving fre-
quency for an n-layer-mirror PBG microcavity with an air defect.
The PBG mirrors are composed of (a) aluminum and dielectric
layers and (b) gold and dielectric layers.
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Fig. 16. Transmission coefficient versus normalized driving fre-
quency for a PBG microcavity formed by an aluminum or a gold
defect sandwiched between a pair of 11-layer nondispersive mir-
rors.

gions depends on the number of layers in the PBG mir-
rors. Multiple peaks occur for a larger number of layers.
This means that these source-driven dispersive-mirror
microcavity structures could be designed to produce
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multiple-frequency outputs. These source structures
could have a variety of potential wavelength-division-
multiplexing applications.

Finally, Fig. 16 indicates the corresponding results for
the case in which the microcavities are composed of non-
dispersive PBG mirrors with aluminum or gold defect re-
gions. The resonance frequencies in media 1 and 2 are
again wg; = wgg = 100w, and the material parameters
listed in Table 2 are used for the defect region. The
transmission coefficient for the gold defect is always
larger than that of the aluminum defect for frequencies
above the center frequency. This behavior is due simply
to the fact that the aluminum defect is more lossy electro-
magnetically than the gold defect. Nonetheless, this case
again demonstrates the advantages of the dispersive mir-
rors and the nondispersive-defect PBG structures.

6. CONCLUSIONS

Photonic bandgap (PBG) structures constructed from
lossy, dispersive dielectric or metallic materials were
characterized in terms of their reflection and transmis-
sion properties. These PBG structures were modeled
analytically with an ABCD matrix approach and numeri-
cally with a FDTD simulator combined with a FFT post-
processor. PBG structures with and without defects
were considered.

It was shown that material dispersion can significantly
alter the electromagnetic responses of the PBG struc-
tures, particularly if the resonance frequency of the Lor-
entz model is near the center frequency of the bandgap.
The locations and quality of the bandgaps and passbands
are altered. Results were given to characterize some of
these changes. It was also shown that microcavities
whose mirrors are constructed from dispersive-mirror
PBG structures can outperform similar nondispersive-
mirror microcavities. Metal/dielectric PBG structures,
which are highly dispersive at optical frequencies, were
discussed. They were shown to exhibit transmission
characteristics significantly different from those of their
dielectric counterparts. For instance, despite the pres-
ence of metals with very shallow skin depths, these very
lossy, dispersive-material structures were shown to have
strong transmissive properties in certain frequency re-
gimes. It was also shown that large enhancements at
specific frequencies could be obtained for the correspond-
ing source-driven dispersive-mirror-microcavity PBG
structures.

These results for lossy, dispersive-material PBG struc-
tures are currently being extended to higher dimensions
for both scattering and guided-wave applications. The
results of these studies will be reported elsewhere in the
near future.
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