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Defect structures in a layer-by-layer photonic band-gap crystal
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We have experimentally and theoretically investigated defect structures that are incorporated into a
three-dimensional layer-by-layer photonic band-gap crystal. The defects are formed by either adding or
removing dielectric material to or from the crystal. For both cases, we observed localized modes with
frequencies that lie within the forbidden band gap of the pure crystal. Relatively high peak transmission
(10 dB below the incident signal), and high quality factors (2000) have been measured. These measure-
ments were in good agreement with theoretical simulations. Theoretical calculations also predict very
high (Q > 10% quality factors for certain cavity structures.

It is now known that the propagation of electromag-
netic (EM) waves in periodic dielectric arrays can be
completely forbidden for a certain range of frequencies.!?
These three-dimensional arrays—photonic band-gap
(PBG) crystals—offer the potential to engineer the prop-
erties of the radiation field within these structures.>* The
initial interest in this subject came from the proposal to
use PBG crystals to inhibit spontaneous emission in pho-
tonic devices, leading to more efficient light emitters like
thresholdless semiconductor lasers and single-mode
light-emitting diodes.’~7 However, the difficulties of fab-
ricating smaller scale structures restricted the experimen-
tal demonstration of the early PBG crystals to microwave
frequencies (12-15 GHz). Recently, we designed a
three-dimensional layer-by-layer structure, which allevi-
ates some of the fabrication difficulties inherent with the
earlier designs.® The layer-by-layer structure exhibits a
sizable and robust photonic band gap over a wide range
of structural parameters. Using a large-scale model
made of cylindrical alumina rods, we confirmed the ex-
istence of a full photonic band gap at Ku-band frequen-
cies (12—-14 GHz).® Using semiconductor macromachin-
ing techniques, we subsequently fabricated smaller scale
structures with photonic band-gap frequencies ranging
from 100 to 500 GHz.!"°~? This performance puts the
new structure in the frequency range where a number of
millimeter and submillimeter wave applications have
been proposed, including efficient millimeter wave anten-
nas, filters, sources, and waveguides.”"16 However, most
of these applications are based on the presence of defect
or cavity modes, which are obtained by locally disturbing
the periodicity of the photonic crystal.'’~1® The frequen-
cies of these modes lie within the forbidden band gap of
the pure crystal, and the associated fields are localized
around the defect. In this paper, we demonstrate the ex-
istence of such cavity structures built around the layer-
by-layer PBG crystal.

The structure, shown schematically in Fig. 1, is con-
structed of layers of dielectric rods. The stacking se-
quence repeats every four layers, corresponding to a sin-
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- gle unit cell in the stacking direction. In this investigation

of defect structures, we followed the approach of Yablo-
novitch et al.'’ wherein we either removed portions of
the dielectric lattice or inserted extra dielectric materials
into the air gaps. The basis for our study of defects was a
large-scale model of our photonic structure, constructed
of commercially available cylindrical alumina rods (re-
fractive index =3.1). The rods were 0.318+0.013 cm in
diameter and 1524 cm long and were stacked with
center-to-center separation of 1.123 cm, chosen to obtain
a dielectric filling ratio of ~0.26. This photonic crystal
exhibits a full three-dimensional band gap between 11.7
and 13.5 GHz.?

We first investigated the properties of defect structures
formed by removing a portion of a single rod, as illustrat-
ed in Fig. 2(a). The length of the missing section is d,
and to facilitate possible comparison to similar PBG crys-
tals with different lattice constants, we define the defect

FIG. 1. This figure schematically illustrates the design of the
three-dimensional photonic band-gap crystal. The structure is
built by an orderly stacking of dielectric rods and repeats every
four layers in the stacking direction.
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volume ratio d /a where a is the center-to-center separa-
tion between rods of the PBG crystal. We measured the
transmission and phase dispersion properties of struc-
tures with defects using a Hewlett-Packard 8510A net-
work analyzer with standard gain horn antennas to
transmit and receive the EM radiation. The surround-
ings of the test set up were covered with absorber materi-
al to create an anechoic environment with a measurement
a sensitivity of approximately 70 dB.

Figure 2(b) shows the transmission characteristics of
propagation along the z axis (the stacking direction) for a
structure with 4 unit cells (16 layers) along the z axis.
The defect was placed at the eighth layer of the structure
and had a d /a ratio of 1. The electric field polarization
vector of the incident EM wave e was parallel to the rods
of the defect layer. The lower edge of the band gap along
this propagation direction starts at 10.7 GHz, while the
upper edge is around 17.4 GHz. The defect transmission
was centered at 12.85 GHz, and the peak transmission
was 30 dB below the incident signal. Using an expanded
frequency scale, we measured the Q factor (quality factor,
defined as the center frequency divided by the peak’s full
width at half maximum) of the peak to be greater than
1000. We also measured the defect transmission at
different incidence angles by rotating the sample with
respect to the antennas while keeping e parallel to the
rods of the defect layer. Figure 2(c) shows the transmis-
sion properties of the same defect structure when the
sample was rotated 35°. Although the upper and lower
edges of the gap changed significantly due to different
propagation directions, the defect frequency remained
the same (12.85 GHz). We also measured cavity struc-
tures with different d/a ratios. Figure 2(d) shows the
dependence of the defect frequency on the d /a ratio. As
can be seen from the plot, the peak frequency changed
less than 2% as the defect volume changed by a factor of
10. We also found that the transmission via the defect
was polarization dependent—no defect mode was present
when e was perpendicular to the rods of the defect layer.

We used the transfer-matrix method (TMM), recently
introduced by Pendry and MacKinnon,? to calculate the
EM transmission through a photonic crystal with defects.
In the TMM method, the total volume of the photonic
crystal is divided in small cells and the fields in each cell
are coupled with those in the neighboring cells. Then the
transfer matrix can be defined by relating the incident
fields on one side of the PBG structure with the outgoing
fields on the other side. Using TMM, the band structure
of an infinite periodic system can be calculated, but the
main advantage of this method is for the calculation of
transmission and reflection coefficients for EM waves of
various frequencies incident on a finite thickness slab of
the PBG material. In that case, the material is assumed
to be periodic in the directions parallel to the interfaces.
The TMM method has previously been applied to defects
in two-dimensional photonic band-gap structures,?!
infinite PBG crystals in which the dielectric constants are
complex and frequency dependent,” and two-dimen-
sional metallic PBG structures.”® In all these examples,
the agreement between theoretical predictions and exper-
iment measurements was very good.

OZBAY, TUTTLE, SIGALAS, SOUKOULIS, AND HO 51

(a)

0- E|
310} ;
§ =20} !
] s
2 .30
& i
c -40 3
o : ]
*__50‘.1.., MRS B B

10 12 14 16 18
Frequency (GHz)
(b)

0
) 3
T -10}

p b
2 -20
123
]
‘g -30
[}
g -40
= o
-50'.1,,.L.l|...|...|,‘
10 12 14 16 18
Frequency (GHz)
(c)

13_' T T T H T
p— - ;
T 12,9} ;
e 3"‘"«‘. ]
- 12.8F e ]
o - e
§ 12.7} T 3
=) - Trees
S 12.6} ;
T 1 3

12.5'.|-l|,:ln|l ds ax Joaaoa]
0 2 4 6 8 10 12
d/a ratio
@

FIG. 2. (a) Missing material defect structure is obtained by
removing a part of the alumina rod. The removed part has a
width of d, while the center-to-center separation between two
adjacent rods is a. (b) Transmission characteristics (along the
stacking direction) obtained from a defect structure with a d/a
ratio of 1. (¢) Transmission characteristics of the same defect
structure when it is rotated 35°. The defect frequency remains
constant at different angles. (d) Defect mode frequency as a
function of d /a ratio. The total change in defect frequency is
less than 2%.
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Since the TMM method requires periodicity in the
directions parallel to the interfaces, we examined the case
of a periodic defect, made by removing every other from
a single layer [see Fig. 3(a)]. The experiments are done
using a structure consisting of 4 unit cells (16 layers),
where the eighth layer is chosen as the defect layer. Fig-
ure 3(b) compares the predicted theoretical transmission
with the experimental results. As can be seen from the
plot, the agreement between theory and experiment is
especially good for the defect frequency. The measured
defect frequency is 12.62 GHz, while theory predicts
12.58 GHz. Again, we observed no defect modes when e
is perpendicular to the defect rods. This is in accordance
with theoretical results, which show that the peak
transmission for the waves with e parallel to the removed
rods is three orders of magnitude higher than the peak
transmission obtained from the other polarization. Figure
3(c) shows the characteristics of the cavity mode on an
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FIG. 3. (a) Every other rod of a single layer is removed to
generate the defect layer. (b) Comparison of the theoretical
(dashed line) and experimental (solid line) transmission charac-
teristics of the defect structure. (c) Expanded frequency scale
for the defect mode, which has a Q factor of 2500.
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expanded frequency scale. Although the measured Q fac-
tor (750) of the cavity mode is very close to the theoreti-
cal Q factor (800), the measured peak transmission of
—17 dB is far below the predicted value of —4 dB. The
discrepancy is probably due to the finite length of the
rods of the test structure, while our theoretical calcula-
tions assumed a crystal made of infinitely long rods. Cal-
culations show that the defect frequency and Q factor are
not very sensitive to separation between the defects. In
particular, the defect frequency increases from 12.58 to
12.68 to 12.39 GHz as separation between the removed
rods increases from 2a to 3a to 4a. Also, the Q factor in-
creases rapidly for increasing thickness of the PBG crys-
tal. For a structure with 8 unit cells (32 layers), where
the defect-layer structure shown in Fig. 3(a) is chosen as
the 16th layer, calculations predict a defect frequency at
12.61 GHz with a Q factor more than 1.4X10%. This
suggests the possibility of building cavity structures with
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FIG. 4. (a) The defect structure obtained by a single rod.
This defect structure did not yield any measurable defect mode.
(b) The defect layer obtained by two rods of equal length. (c)
Transmission characteristics of the defect structure depicted in

(b).
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very high Q factors from this geometry.

We also investigated defects that are obtained by add-
ing pieces of rods or whole rods into the empty space of
the PBG crystal. Figure 4(a) depicts the defect layer built
by adding a single piece of dielectric material between
two rods. Although we tried a number of different com-
binations (different defect lengths, different number of
units cells), we did not observe any defect-mode transmis-
sion along the stacking direction. This could be due to
limited coupling of the defect mode to the incident signal,
which may result in a defect mode that is well below the
attenuation within the photonic band-gap region. We
were more successful when we added two pieces to create
the defect, as shown in Fig. 4(b). Figure 4{(c) shows the
transmission characteristics for propagation in the z
direction (stacking direction) for a structure with 3 unit
cells (12 layers) along the z axis. The defects were added
in the fifth layer of the structure and both rods had a d /a
ratio of 2. The defect transmission was at 12.6 GHz with
a peak transmission of 15 dB below the incident signal
and Q factor of ~1000. We again found that the defect
frequency remained constant at different propagation
directions. It should be noted that the transmission fre-
quency measured for the additive defect is lower than the
frequency of the subtractive defect. Yablonovitch et al.
found an opposite trend for the defects in their crystal
structure.!” This discrepancy is due to the different defect
structures we have used in this paper. In our experi-
ments, the defect structures are obtained by removing or
adding cylindrical rods of the same radius but different
length. When we extend our calculations for defects ob-
tained by changing the radius of the cylinders, we find a
similar trend obtained by Ref. 17. For these defects,
transmission frequency measured for the additive defect
is higher than the frequency of the subtractive defect.
Yablonovitch et al. have named such defects as acceptors
{missing material) or donors (added material) in analogy
to the different doping types of the semiconductors.!” We
have found that this trend was not valid for certain defect
structures, and we tried to avoid such a nomenclature,
which may be confusing to readers.

Finally, we used TMM to study a periodic additive de-
fect. Figure 5(a) depicts the periodic defect layer, in
which an extra dielectric rod was inserted haifway be-
tween each lattice rod in one layer of the PBG crystal.
This defect layer was the fifth layer of a structure that
consisted of 3 unit cells (12 layers total). Theoretical and
experimental spectra for transmission in the z direction
are compared in Fig. 5(b). The experimental (12.4 GHz)
and theoretical (12.5 GHz) defect frequencies are in good
agreement along with experimental and theoretical peak
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FIG. 5. (a) The defect layer is built by additional rods that
are placed at the midpoints of adjacent rods. (b) Comparison of
the theoretical (dashed line) and experimental (solid line)
transmission characteristics of the defect structure.

transmissions, which are both ~ 10 dB lower than the in-
cident signal. However, theory predicts large Q values
( > 10 000) while the measured Q values are approximate-
ly 2000. Again, the difference is likely due to the infinite
size of the experimental PBG structure.

In summary, we have investigated defect structures
built around a rod-based photonic band-gap crystal. We
have observed localized defect modes with high peak
transmission and high Q values. The measurements are
in good agreement with our theoretical simulations. The
availability of such defect structures will be a key tool for
the proposed applications of PBG materials.
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