
plate with some missing clear zones
[compare Fig.1(d) with Fig. 1(c)].4

The axial irradiance provided by a
given FZP presents multiple foci the
main lobes of which coincide with those
of the associated Fresnel zone plate.
However, the internal structure of each
focus exhibits its characteristic fractal
profile, reproducing the self-similarity of
the originating FZP. In fact, as can be seen
in Fig. 1(e) for different FZPs of the same
family, the axial irradiance for a given
stage of growth S is a modulated version
of that associated with the previous stage.
As S increases, one encounters an increas-
ing number of zeros and maxima which
are scale invariant over discrete dilations
(in our case of factor 3) as corresponds to
a self-similar structure.

Aside from their theoretical interest,
FZPs can find applications in scientific
areas such as THz tomography5 and X-
rays,6 where zone plates are becoming the
key elements used to obtain images.
Given the simple theoretical relation
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Figure 1. Schemes for the generation of the binary function q(�) for: (a) Fresnel zone plate
with different periods; (b) the associated Cantor FZP. In this representation, clear and dark 
segments correspond, respectively, to the values 1 and 0 of the generating binary function.
The Fresnel zone plate in (c) and the associated FZP in (d) are generated from the 1D functions
in (a) and (b) for S=3 by rotating the respective whole structure around one extreme after the
change of variables r0= √

–
�. In (e), we show a log plot of the axial irradiances versus the

reduced axial coordinate 1    a2
u = — ——

3S  2�R

where a is the maximun extent of the pupil and R is the axial distance from the pupil plane.

PHOTONIC
STRUCTURES
Fractal Zone Plates 
Produce Axial Irradiance
With Fractal Profile
Walter D. Furlan, Genaro Saavedra 
and Juan A. Monsoriu

C ertain natural phenomena exhibit
distinctive features that can be asso-

ciated with the concept of fractal, and
their study has become a matter of great
interest for scientists in many fields.
Recent achievements in optics range from
the observation of the fractal structure in
the transverse modes of certain unstable
lasers1 to the observation of the self-
similar structure of the transverse diffrac-
tion patterns generated from fractal2 and
even non-fractal apertures.3 We have
recently reported a new type of diffract-
ing 2D objects with radial symmetry that
show multiple foci with internal fractal
properties along the optical axis. Since
these objects with internal fractal struc-
ture can be constructed from conven-
tional zone plates, we call them fractal
zone plates.4

As is well known, conventional Fresnel
zone plates consist of alternate transpar-
ent and opaque concentric rings, the radii
of which are proportional to the square
root of natural numbers. Thus, one way
to realize the construction of the trans-
mittance of a Fresnel zone plate is by
using a one-dimensional (1D) binary
periodic function q (�) like one of those
shown in Fig. 1(a). If this function is rep-
resented using a new variable r0= √

–
� and

the whole structure is rotated around one
extreme, the resulting object is a Fresnel
zone plate [see Fig. 1(c)]. In a similar way,
if the generating function q (�) has a frac-
tal profile rather than a periodic profile
(see, for instance, any element of the reg-
ular Cantor set in Fig. 1(b), the resulting
radially symmetric function is a fractal
zone plate (FZP) [see Fig. 1(d)]. Thus,
this new type of zone plate has fractal
structure along the square of the radial
coordinate. Note that each periodic func-
tion in Fig. 1(a) has an associated regular
fractal structure in Fig. 1(b), so that a
FZP can be understood as a Fresnel zone

(a) Periodic structure
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between the transmittance of FZPs and
their axial response,4 with this kind of
zone plate, the synthesis of axial irradi-
ances with fractal profile is now an easy
task. The influence of optical aberrations
and some construction parameters (such
as the lacunarity) on their axial response
are subjects of continuing study.
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depicts the spectrum of an HBR decoder
for spectral code-division-multiplexing.
The decoder facilitates selection of eight
different 1-nm-wide color channels out
of a 16-channel band. Figure 1(d) shows
the spectrum of a 2-channel 4-nm-band-
pass flat-top broadband filter. Figure 1
demonstrates that 1) the silica-on-silicon
format and fabrication by submicrometer
lithography can provide fully coherent
planar holographic structures of centi-
meter scale, 2) multiple HBR structures
can be overlain to create multiport 
integrated photonic devices and 3) 
HBRs support highly complex transfer
functions.
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Planar Holographic Bragg
Reflectors: Building Blocks
for Tomorrow’s Integrated
Photonic Circuits
C. Greiner, D. Iazikov and T. W. Mossberg

R ecent advances in semiconductor
manufacturing technology and pla-

nar waveguide fabrication have made
possible a new photonic integrated cir-
cuit platform based on slab-waveguide
holographic Bragg reflectors (HBRs).1-4

Two-dimensional (2D) HBRs are litho-
graphically fabricated, nanoscale, refrac-
tive-index structures that provide
powerful dual signal processing function-
ality because of their ability to both spec-
trally filter and spatially route signals in a
single element. On one hand, 2D HBRs
are enablers of multiple optical devices
including compact multiplexers, tailored
passband optical filters, optical switch
fabrics, optical correlators and correlator-
based optical look-up tables. On the
other hand, 2D HBRs facilitate fully inte-
grated but free-space-like, on-chip signal
transport, eliminating the need for con-
straining electronics-style channel-
waveguide interconnections. In a sense,
2D distributed reflectors may be viewed
as second generation photonic crystal
systems. Like photonic crystals,5 holo-
graphic 2D reflectors use refractive index
variation to engineer optical field proper-
ties. Unlike photonic crystals, distributed
2D reflectors selectively engineer only
those field modes specifically used in cir-
cuit function. The benefit accrued with
selective mode control is compatibility
with fabrication-friendly low index-
contrast materials and structures.

Photolithographic HBR fabrication, in
contrast to more traditional ultraviolet
(UV)-writing of Bragg structures, pro-
vides complete amplitude, phase and geo-
metric control over individual HBR
diffractive elements, thus offering the
powerful ability to implement arbitrary
phase-coherent spectral filtering func-
tions important in spectral multiplexing,
optical cross-correlation, spectral signa-
ture comparison and so forth. The planar
(slab) waveguide HBR optical circuit
platform marries the benefits of free-
space optics with a highly integrated envi-
ronment. Computer-generated 2D Bragg

reflectors1-4 can spatially image a signal
from one point within an integrated opti-
cal circuit to another while providing
spectral filtering. Unlike fiber6 and chan-
nel-waveguide gratings, where separation
of input and output signals typically
requires additional components, planar
HBRs provide spatially distinct input and
output ports, thus enabling an inherently
higher degree of integration. The holo-
graphic mapping capability of planar
HBRs opens the door to unique inte-
grated photonic circuits of ultra-compact
footprint since signals can propagate and
overlap freely as they are imaged from
active element to active element—with-
out wire-analog channel waveguides and
associated space requirements.

Figure 1 shows several recent demon-
strations of HBR-based devices. All were
implemented in the silica-on-silicon
waveguide format. Figure 1(a) gives the
spectrum of a 7-mm-long simple HBR
filter providing 17 GHz, essentially
Fourier-transform-limited resolution
(transform limit shown as dashed line)
and occupying a compact 0.3-cm2 foot-
print. Figure 1(b) shows the insertion loss
versus wavelength of a 4-channel 
(100 GHz spacing) flat-top multiplexer
consisting of several overlaid and
apodized HBR structures. Figure 1(c)

Figure 1. Insertion loss versus wavelength for (a) simple planar holographic Bragg reflector, 
(b) 4-channel (100 GHz spacing) flat-top HBR multiplexer, (c) HBR decoder for spectral code-
division multiplexing and (d) 2-channel 4-nm-bandpass flat-top broadband filter.
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Modification of
Luminescent Lifetime 
of Quantum Dots By 
Photonic Crystals
Jia-Yu Zhang, Xiao-Yong Wang and Min Xiao

Photonic crystals (PCs) are periodic
structures that can prevent light from

propagating in certain directions with
specified frequencies. PCs exhibit many
unique features that are highly desirable
for the manufacture of photonic inte-
grated circuits. There has been great
interest in controlling light-emitters via
PCs, which can partially suppress and
redirect spontaneous emission.1

Encapsulating an active material in a
photonic crystal can successively reduce
the active volume. Because the dimen-
sions of the active volume are reduced
to a few micrometers, spontaneous
emission control is “true.” Since this is
different from “classical” threshold
reduction by means of a high-Q cavity,
lasing with improved directional and
modal control as well as reduced noise
is expected.

Quantum dots (QDs) have a num-
ber of unique optical and electrical prop-
erties. The spontaneous emission of a
QD depends not only on its own proper-
ties (i.e., size, shape and surface struc-
ture) but also on the nature of its
surrounding environment, more specifi-
cally, on the photonic mode density at its
location.2 We have found that the sponta-
neous-emission lifetime of QDs near a
semiconductor surface shows a damped
oscillatory dependence on the dot-
surface separation [Fig.1(a)].3 The 
oscillation is caused by the interference
between the light emitted from the QDs
and the field reflected from the surface,
which depends significantly on the sepa-
ration between the QDs and the surface.

Recently, we demonstrated the effects
of the photonic band gap of a PC on
spontaneous emission by incorporating
CdTe QDs into PC films. The PC films
are fcc crystals of air spheres in silica,
which were grown along the [111]
direction on a silica plate. Because of
the low refractive index of silica, the
macro-porous silica PC film does not
have a complete band gap but rather a
pseudogap, i.e., it can prohibit photon

propagation only in certain directions.4

The luminescent decay of CdTe QDs is
obviously modified by the PC films [see
inset of Fig.1(b)].5 The spontaneous-
emission lifetime shows a down-step
dependence on the observation angle
(�ob) [Fig.1(b)], which is caused by the
PC’s stop band moving away from the
QD’s photoluminescence (PL) band with
the increase of the observation angle. At
�ob of 0°, the PC’s stop band overlaps
with the QD’s PL band, so photons emit-
ting at this direction are restrained and
the radiative lifetime is prolonged. With
increasing �ob, i.e., with an observation
angle drifting off the [111] direction, the
stop band will shift towards a shorter
wavelength, which totally moves away
from the QD’s PL band at �ob of ~30°.
For this reason, the restraining effect of
the PC film on photons emitting at
larger �ob is weakened and eventually

Figure 1. (a) Spontaneous-emission lifetime of QDs as a function of the distance between QDs
and a Si surface. (b) Spontaneous lifetime emission values of QDs as a function of the observa-
tion angle with respect to the PC film surface. Inset: PL decay of CdTe QDs inside the PC and
that of CdTe QDs in a toluene solution.

diminishes, resulting in the down-step
behavior shown in Fig.1(b).

Our work has proved that PCs and
semiconductor surfaces can modify the
spontaneous emission spectra and the
lifetime of QDs. This may be very useful
in applications of optoelectronic devices
with semiconductor nanostructures such
as QD microlasers and QD switches.
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