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Ordinary Bragg reflectors, also known as one-dimensional photonic band gap
structures (PBGs), display extraordinary linear and nonlinear optical proper-
ties that present a remarkable opportunity: the simultaneous availability of ex-
act phase matching conditions and field confinement that act together to yield
significantly enhanced second and third harmonic generation, frequency down-
conversion, and multi-wave mixing processes. This opens the door to a new
class of micrometer-sized devices that represent a new generation of efficient
parametric sources for up- and down-conversion processes.
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onlinear optics is gen- 100 141
N erally believed to have | 4 3.;.'|'_.

had its origins in the ol
1961 experiment by Franken =2

and co-workers,! who detected
347-nm light at twice the fre-
quency of a ruby laser beam af- -
ter the beam had propagated
through a quartz crystal. The re-
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searchers' enthusiasm was tem- | -aul .
pered by the rather low second coll |
harmonic conversion—~108 % anl
—due to the difference between
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coherence length. Here, the

/] generated second harmonic
: energy tends not to be recon-
verted back to the pump fre-
quency as in ordinary, un-
| matched bulk materials, and
200 conversion efficiencies are sig-
nificantly improved over un-
matched bulk materials. Be-
cause of the technological dif-
ficulties associated with the re-
alization of the periodic inver-
sion of x®, experimental evi-
dence of QPM improvements
were not reported until the
end of the 1970s. In 1970,
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Review Letters editors con-
tributed to further mitigate their discovery.
According to the account given by M.M.
Fejer in Ref. [2], the editors thought the
spot found on Franken's spectrographic
plate was a flaw; their decision to remove it
from the manuscript served in essence to
eliminate the published evidence of the
first experimental detection of second har-
monic generation.

The power of the fundamental field
(FF) Pw converted into the second har-
monic (SH) P,, in a bulk material can be
written as (see for example Ref. 3)

(x@)? P2L2 sin?(AqL/2)
A (AqL72)% -

The following are the important parame-
ters: L is the length of the medium; n_ and
n,, are the respective refractive indices at o
and 2w; A is the cross-sectional area of the
fundamental beam; and

20
Ag= ——(ny,—n,)

20

is the phase-mismatch that takes into ac-
count the difference between the phase ve-
locities of the FF and SH waves. If Aq#0,
the 2w field radiated by the oscillating
dipoles induced by the FF can add together
constructively only over the so-called “co-
herence length”

_ 2w
LC_ m .

The coherence length is thus a measure of
the maximum crystal length useful for pro-
ducing second harmonic power. Under or-
dinary circumstances, as in Franken's ex-
periment, the coherence length may be on
the order of L ,~10um, although it can be
even smaller, depending on the wave-
length, as for 111-V semiconductors, for ex-
ample. This is true because in normally

Figure 1.Transmission vs. wavelength for a 30-pe-
riod AIN/SIO, (a) quarter-wave stack, and (b) half-
wave/quarter-wave stack. Changing layer thickness
amounts to modifying the effective dispersion of
the stack, thus allowing phase matching between a
FF and a SH beam to occur.

dispersive materials the refractive index in-
creases with frequency and the condition
of perfect phase matching, Ag=0 and
n,=n,,, in reality is never fulfilled.

In Ref. 2, in which we also find a good
historical review of nonlinear optical fre-
quency conversion, the author discusses
different stratagems employed over the
years to overcome the inadequacies of con-
ventional substances, material dispersion
chief among them. Here we mention a few.
For example, in 1962, Giordamaine* and
Maker et al.5 simultaneously proposed an
ingenious method that led to the increase,
to a few percent, of SH conversion efficien-
cy. The technique used the difference be-
tween the refractive indices of waves with
different polarizations in an optically
anisotropic material such that the ideal
condition n_=n,, was better approximated.
The possibility of matching the refractive
indices of the second harmonic and funda-
mental waves by means of an anisotropy,
which corresponds to increasing the coher-
ence length, was experimentally demon-
strated in the mid 1960s in potassium di-
hydrogen phosphate (KDP).%” This meth-
od is still the most widely used for second
harmonic generation in practical applica-
tions.

In 1962, Armstrong et al.® devised an-
other method, now referred to as quasi
phase matching (QPM). In QPM, a mate-
rial of uniform, linear refractive index is
characterized by a sign reversal of the non-
linear second order coefficient, @, every

Bloembergen and Sievers® pro-
posed a different kind of phase matching,
in which the linear properties of the struc-
ture itself could be used and controlled to
compensate material dispersion for count-
er-propagating waves. This idea was shown
to work in one-dimensional systems by
Van der Ziel and Ilegems,® and by Trull
et al.,* and in multidimensional systems
by Martorell et al.*?

QPM was first proposed in the 1960s,
but multicolor generation (red, green,
blue) using the scheme was first reported
by Yamamoto et al. in 1991% in a proton-
exchanged, MgO-doped, LiNbO, wave-
guide. The process exploited the Cerenkov
configuration,** which provides QPM con-
ditions over a wide range of wavelengths.
Experiments demonstrated that QPM
could be used to yield good conversion ef-
ficiencies for simultaneous multi-wave-
length generation, relaunching the quest
for realization of compact, multicolor laser
sources for laser scanners, printers, and
color display devices,®*" as well as other
similar products. Although QPM made
new types of materials available, to this day
challenges remain because pumping inten-
sities are far too high for practical applica-
tions.2 For example, to even begin to de-
plete the pump, a 1cm long QPM sample
with x@ of order 10pm/V requires intensi-
ties of the order of 1GW/cm?2.

The purpose of this article is to draw at-
tention to an alternative method of non-
linear frequency conversion that uses the
simultaneous availability of field localiza-
tion (a state with high energy density, or,
put another way, high density of modes)
and phase matching conditions near the
one-dimensional photonic band edge.'®*
These circumstances result in the effective
enhancement of the nonlinear coefficient,
and hence all related nonlinear frequency
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conversion processes, by sev- 30
eral orders of magnitude
with respect to either quasi =2
phase matched or exactly 2
phase matched bulk materi- "
als of similar length. Since a
typical multilayer structure is
only a few micrometers long,
device length might stand to b
be significantly reduced, and 15
material processing simpli-
fied.

When one thinks of a
multilayer stack, a finite A/4
dielectric Bragg reflector gen-
erally comes to mind. The
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of modes in free space. Thus, near
the band edges the structure pro-
vides a density of modes approxi-
mately 20-30 times larger than the
density of modes of free space,
and about 15 times larger than
bulk AIN. For a periodic structure,

210 the density of modes is propor-
n_. | tional to the number of periods
18 squared,® and thus its value is re-
lated to resonance bandwidth. \We

note that the transmittance maxi-

ma correspond to maxima in the
density of modes, i.e., the struc-

114 ture provides the highest values of

transmittance at frequencies at

layers alternate between a
high and a low index of refraction, and
most structures that we consider have a rel-
atively small number of periods, typically
20 to 60. Because the structure is finite, the
spectrum of transmitted light undergoes
rapid oscillations that identify transmis-
sion resonances. Interference effects also
cause portions of the spectrum to be com-
pletely reflected, giving rise to the so-called
stop bands or band gaps. The bandwidth
of the transmission resonance closest to
the gap is roughly proportional to the in-
dex step between adjacent layers, and in-
versely proportional to the square of the
number of periods.®® The location of pass
bands, resonances, and band gaps depends
to a large extent on layer thickness. As an
example, in Fig. 1 we show the transmis-
sion function of a 30-period, alternating
AIN/SIO, quarter-wave stack for 550 nm
(2), and that of a 30-period, AIN/SiO, half-
wave/quarter-wave stack (b) vs. wave-
length. In the latter case, the thicknesses of
all high-index semiconductor layers have
been changed to A/2 for the same reference
wavelength.

The two curves in Fig. 1 look similar in
that they both have pass bands, transmis-
sion resonances, and gaps, and make rather
dull mirrors. However, there are some im-
portant differences stemming from the dif-
ferent geometry. For example, the gap of
one structure overlaps the pass band of the
other: changing layer thickness amounts to
shifting the relative position of pass bands
and stop bands, a well-known effect. How-
ever, it is possible to view propagation of
light through the finite stack as propaga-
tion in an effective medium.*® When
viewed within the context of an effective
index of refraction that takes into account
geometrical dispersion, the distinctive
physical properties of each structure—

Figure 2. (a) Density of modes (DOM) for a 30-
period AIN/SIO, optimized for phase matched
SHG. The DOM is maximum at each transmission
maximum. (b) The transmittance of the same
structure is shown in blue; the effective index of
refraction of the stack is shown in red. The opti-
mized structure exhibits the same effective index
of refraction at the first resonance near the low
frequency (long wavelength) first order band edge,
and at the second resonance of the long wave-
length second order band edge, as indicated by the
red and blue arrows.

properties that can be changed by chang-
ing layer thickness, i.e., geometrical disper-
sion—become apparent. The more impor-
tant consequence is that geometrical dis-
persion can easily be manipulated and bal-
anced against material dispersion to obtain
exact phase matching between a pump and
a generated second harmonic signal to a
degree unforeseen in Ref. 9, a case in which
it was accomplished for counter-propagat-
ing waves. In fact, since we are considering
finite structures and our operating fre-
quencies fall at resonances near the band
edge, we can access states that possess glob-
al phase matching conditions, i.e., such
that second harmonic generation is opti-
mized for forward and backward waves. In
addition, we can take advantage of the lo-
calization properties of the field, the inten-
sity of which is enhanced by a factor pro-
portional to the density of photon modes.
For the typical structure that we consider,
this enhancement factor ranges from one
to two orders of magnitude compared with
bulk materials.’3® Figure 2 shows the den-
sity of modes (2) and the transmittance (b)
for an optimized 30-period AIN/SiO, half-
wave/quarter-wave stack similar to that of
Fig. 1. The density of modes plotted in Fig.
2ais normalized to the value of the density

which the density of modes is
highest. Since the pump intensity inside
the structure is proportional to the density
of modes,* it follows that the power con-
verted to second harmonic frequency is en-
hanced by a factor proportional to the den-
sity of modes squared. Referring to the
power formula above, this effect can also
be viewed as an enhancement of the effec-
tive length of the structure and, as a result,
we can reduce device length in proportion
to the increase in the density of modes. For
example, a 15-pum long structure, about 60
periods of AIN/SiO,, has a density of
modes approximately 60 times larger than
the density of modes of bulk material (by
doubling the number of periods the densi-
ty of modes quadruples). This sample
could therefore provide the same conver-
sion efficiency as one millimeter of exactly
phase matched bulk material. For longer
interaction lengths, the simultaneous com-
bination of exact phase matching condi-
tions and local field enhancement in peri-
odic structures can provide a remarkable
increase in power conversion efficiency
compared with bulk nonlinear crystals.
The first theoretical evidence of this ef-
fect in the case of second harmonic gener-
ation was reported in Ref. 18. The numeri-
cal simulations showed that a direct com-
parison between the conversion efficiency
from a 20-period, 10-micrometer long
GaAs/AlAs stack was some 500 times
greater compared to the conversion effi-
ciencies from an exactly phase matched
GaAs bulk material also a few micrometers
in length. Note however that this is only
hypothetical because bulk GaAs cannot be
phase matched due to the lack of birefrin-
gence. Nevertheless, we found that one
could achieve the right balance between
material and geometrical dispersion if the
stack were pumped at 3 wm to generate
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1.5-pm light. At shorter wave-
lengths, these materials are in-
adequate because their disper-
sion becomes too steep, and .
they quickly become absorp-
tive. In Ref. 19 the results of the
simulations were framed in
terms of the effective index of
refraction that we mentioned
previously; this helps us better
understand the predictions of
large enhancement of conver-
sion efficiencies. Later we will
describe experimental results
relating to this system.

It is easier to understand
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anomalous behavior of the in-
dex of refraction that generally
occurs inside each gap, where
the index tends to decrease. This
reduction in the index compen-
sates for the increasing index of
bulk materials under conditions
of normal dispersion, and phase
matching can occur.

Strong experimental evi-
dence for the kind of phase

=
d E matching conditions and field

localization described here is
unfortunately still lacking from
the published literature. This is
not to say that experimental evi-

how exact phase matching can
occur if we consider a periodic structure.
In this case one can define the phase of the
transmitted field for a periodic finite struc-
ture in terms of the Bloch phase B of the
corresponding infinite, periodic struc-
ture.?2 At each transmission resonance,
where T=100%, the phase of the transmit-
ted field is precisely the Bloch phase, de-
fined as

BJ = —E_ J Il

where j is an integer that corresponds to
the jth resonance and N is the number of
periods. For our effective index description
of the periodic—but finite—stack,® the
phase of the transmitted field, i.e.,
d(w)=K(w)L, where k(w)=n(w)w/c, pro-
vides an effective dispersion relation.*® For
example, the phase of a pump field tuned
to the first transmission resonance at the
low frequency side of the first order gap,
where the density of modes is high,8% is
given by

B(w)= 1 (N-1).

For a N-period structure, there are (N-1)
resonances in the pass band between w=0
and the first order gap. Therefore, the
(N-1)th resonance corresponds with the
first resonance near the low frequency
band edge, or the 29th resonance counting
from w=0. Then, using the effective index
approach, the phase matching condition
that must be satisfied for second harmonic
generation is simply B(2w)=2B(w), or
Bw)= _E_ (2N-2).

This value restricts the phase matching
condition for this periodic structure to the
(2N-2)th resonance, or the second resonance

Figure 3. Density of modes (right axis) and effec-
tive refractive index (dotted in red, left axis) for
the 37-period, Ga,,Al,;As/AlAs experimental
sample. The dispersion is so steep that the SH fre-
quency falls on the first resonance past the second
order gap, as indicated by the arrow. In the figure
we also provide a schematic representation of the
stack. The stack parameters are: ny(w)= 3.231 ;
n,(2w)= 3.462 ; x@ (10°) = 10pm/V ; L, = 136.8
nm ; and ng(w) = 2.902 ; ny,(2w)= 3.0149 ; x@
(10°) = 0;L; = 108.5 nm.

near the low frequency band edge of the sec-
ond order gap.'®*° (See Fig. 2 for the identi-
fication of the transmission resonances
that can provide the best conditions for
second harmonic generation).

Thus, the simple effective index mod-
el,*® later extended to include nonlinear in-
teractions,? predicted exact phase match-
ing conditions for second harmonic gener-
ation—just as the simulations of the equa-
tions of motion had first suggested.® In the
process, the effective index model also ex-
plained why maximum second harmonic
conversion efficiency does not occur at an
absolute maximum in the density of
modes.’® The message is that to maximize
second harmonic generation, it is impor-
tant to also consider the global phase
matching conditions for the scattering
event, which may or may not be optimal
where the density of modes is at an ab-
solute maximum. In Fig. 2 (b) we also
show the behavior of the real part of the ef-
fective index of refraction for the 30-peri-
od AIN/SIiO, structure optimized for sec-
ond harmonic generation. The structure is
designed by balancing geometrical and
material dispersion to fulfill the phase
matching condition between the (N-1)th
and the (2N-2)th resonance. The deter-
mining factor that makes this work is the

dence is lacking. In fact, an ex-
periment was recently performed at LPN
Laboratory in France by Y. Dumeige and
co-workers,?2 who used a GaAs/AlAs mul-
tilayer stack similar to that proposed in Ref.
18. The stack, schematically represented in
Fig. 3, was designed for optimized second
harmonic generation at 775nm. The non-
linear layer is Ga,,Al,,As and the linear
one is AlAs. At this wavelength, which is
near the electronic band gap edge, material
dispersion is quite steep for both materials:
geometrical dispersion cannot fully com-
pensate for material dispersion. Therefore,
a compromise was reached such that a
slight mismatch still existed between the
effective refractive indices of the pump and
generated field. The pump frequency was
properly located at the first transmission
resonance of the lowest energy photonic
band gap to achieve the optimum mode
density; however, the second harmonic fre-
quency was tuned to the first transmission
resonance on the opposite side of the sec-
ond gap, as indicated in Fig.3. As a result,
using the effective index model,?! and a po-
larized FF, we predicted a conversion effi-
ciency about 10 times (TM polarization)
and 60 times (TE polarization) higher
compared to the conversion efficiency
from one coherence length of bulk
Gay,Al,;As, approximately 1.6 pm.? Al-
though the experiment was performed in
the undepleted pump regime and relative-
ly far from optimum phase matching con-
ditions, this result is still quite impressive; it
suggests that at a minimum, a considerable
reduction in typical device length can be
contemplated.

In Fig. 4 we show the setup used in the
experiment described above. An erbium-
doped amplified pulsed fiber optic laser is
used for the FF beam. Pulse duration and
repetition rate are 8 ps and 20 MHz, re-
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Figure 4.The setup used for the experiment. The
bandwidth of the 8 ps pulses we used was much
narrower compared to transmission resonance
bandwidth. Longer pulses are better suited for this
because they couple better with the structure, lead-
ing to higher local field intensities, as demonstrated
in Ref. 18, and larger conversion efficiencies.

spectively. A polarizer sandwiched between
two half-wave plates is used to adjust both
the FF intensity and polarization (TM or
TE). In Fig. 5 we show the main results of
the experiment for both TE and TM polar-
ized pump pulses. The measured second
harmonic signal from the multilayer stack
is about 10 (for TM) and 50 (for TE) times
more intense than the signal emanating
from the one coherence length bulk
Ga,,Al,;As, in close agreement with our
predictions. Further experimental tests
were performed in order to rule out other
possible effects, such as surface or interface
enhanced SHG. The experimental results
thus strongly support the role played by
photonic band edge effects in the enhance-
ment of SHG.

Once the rules of the game are known,
it becomes a simple matter to extend the
model to fit other more complicated cir-
cumstances. For example, one can show
that three wave mixing processes, such as
parametric up- or down-conversion, can
occur under exact phase matching condi-
tions. Under this category falls another re-
markable effect, i.e., simultaneously phase
matched second and third harmonic gen-
eration, briefly discussed in the 1960s? but
never pursued because appropriate materi-
als were thought not to exist. For the mo-
ment, however, although the experimental
evidence goes a long way toward validating
the concept, there is still a need to convinc-
ingly demonstrate a device that can be
used to efficiently extract much coveted
blue light from the photonic band edge. To
do this, materials other than GaAs or AlAs
must be used. For example, GaN and AIN%
are good candidates since their dispersive

Figure 5. SH intensity as a function of the FF
power. Filled circles (squares) correspond to aTM
(TE) polarized FF. Also indicated are the values for
one coherence length of Ga,,Al,;As.

properties can be controlled with the addi-
tion of geometrical dispersion, as Fig. 2
shows. Recent publications have shown
reasonable nonlinear coefficients in AIN
due to the columnar nature of the film
growth, which provides the anisotropy re-
quired for the onset of second order non-
linearities.?® Porous silicon?” structures
may also be fabricated and doped with a
nonlinear material, then engineered to the
desired specifications. Alternatively, one
may resort to materials with relatively low
nonlinear coefficients, and improve on the
density of modes with modest increases in
structure length.° This may require further
refinement of growing and deposition
methods. Finally, it is also possible to show
that for second harmonic generation,
modal dispersion may in principle be over-
come in a periodically poled waveguide by
superimposing an appropriate surface
grating, i.e., by once again introducing and
controlling geometrical dispersion.? Thus,
we can have sample lengths on the order of
centimeters along with the added benefits
of increased density of modes and geomet-
rically induced phase matching.

It therefore seems that photonic band
gap structures may well constitute a leap
forward in engineering new types of laser
sources, in situations in which a series of
effects combine to provide the desired
phase matching conditions along with the
enhancement of nonlinear frequency con-
version. The process is based on judicious-
ly combining and balancing geometrical
and material dispersion. In practice, the
method benefits from mature epitaxial
growth and other well-known semicon-
ductor processing technologies that make
possible the production of structures with
submicrometer period. Moreover, the ef-
fect remains efficient under a variety of

tuning conditions characterized by small
departures from exact phase matching.
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