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We demonstrate significant enhancement of second-order nonlinear interactions in a
one-dimensional semiconductor Bragg mirror operating as a photonic band gap structure. The
enhancement comes from a simultaneous availability of a high density of states, thanks to high field
localization, and the improvement of effective coherent length near the photonic band edge.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1372356#

The increase of nonlinear conversion efficiency has been
a long-standing goal in nonlinear optics. In particular, one of
the fundamental issues in second order nonlinear interactions
is the realization of phase matching~p.m.! conditions, which
traditionally are achieved using birefringent crystals. More
recently, quasiphase matching, which consists of modulating
the quadratic susceptibility with a spatial period of the order
of the coherence length, has become widely used.1,2 The spa-
tial modulation of the nonlinear optical coefficient leads to
efficient nonlinear interactions by allowing the use of non-
linear tensor components inaccessible in birefringent p.m.
An alternative possibility afforded by the use of a periodic
medium, was first mentioned in Ref. 3: by modulating the
linear refractive index, the reciprocal vector of the periodic
structure becomes a part of the total momentum conservation
relation and allows for the realization of p.m. conditions.
Thus, in contrast with the now widely used crystals for qua-
siphase matched interaction, the layered structure is charac-
terized by a spatial modulation of the refractive index rather
than a modulation of the nonlinear susceptibility. The spatial
modulation is formed such that the propagation of certain
wavelengths is not allowed. Those same wavelengths are
then absent in transmission, which gives rise to the term
photonic band gaps~PBGs!. The characteristic spatial scale
of the variation of the refractive index in PBGs is of the
order of the optical wavelength, i.e., significantly smaller
than the periodic modulation of the nonlinear susceptibility
used for quasiphase matched interactions. A first experiment
of this kind of implementation of p.m. was reported in Ref.
4, where conditions were optimized for reflected second har-
monic generation. In the analysis, the authors considered a
structure of infinite length. More recently, the use of PBGs
for second order nonlinear interactions has become a topic of
heated discussion.5–7 As mentioned previously, the notion of
utilizing the dispersion of the periodic structure is not new.3

However, the renewal of interest in PBGs is associated with
the recent introduction of an effective dispersion relation for

finite structures.6 This makes it possible to describe the p.m.
conditions in terms of an effective index of refraction.

Another remarkable property of PBG structures is asso-
ciated with transmission~or reflection! resonances that ap-
pear close to the band gaps. They are associated with strong
field confinement and consequential enhancement of the
electromagnetic field which can be understood in terms of an
increase in the density of modes~DOM! and corresponds to
a slowing down of the optical wave at frequencies near the
band gap edge. This enhancement is extremely promising for
linear and nonlinear optical applications. Although the linear
properties of three-dimensional PBGs have been extensively
studied, only a few papers treat second order nonlinear inter-
actions in layered structures of finite length.5–8

In this letter we demonstrate that a large enhancement of
second harmonic generation can be obtained once the two
key points of the interaction have been addressed: that is, the
simultaneous availability of increase the effective coherent
length and a large DOM. In Ref. 9, the nonlinear interaction
was described in terms of slowly varying field envelopes. An
effective nonlinear coupling coefficient that takes into ac-
count the spatial distribution of the interacting fields,FF(z)
andFSH(z), was introduced, and given by

deff5
1

Ls
E

0

Ls
d~2!~z!uFF~z!u2uFSH~z!udz, ~1!

whered(2)(z) is the spatially dependent nonlinear coefficient
of the corresponding layers.Ls is the total length of the
structure. The suffixesF and SH apply for the fundamental
and second harmonic fields, respectively. As it was shown in
Ref. 6, an effective refractive indexneff can be introduced in
complete analogy with propagation in a homogeneous mate-
rial. neff describes the total phasew t accumulated by the field
during its propagation through the stack. That is, for a trans-
mission coefficientt:
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The DOM, corresponding to the ratio of energy transmitted
and the group velocity~light localization properties!, can be
rewritten in the following form.9

DOMi5
]ki
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« i~z!uF i~z!u2dz, i 5v,2v.

~3!

From these macroscopic quantities, we define an effective
figure of merit FM, generalized in order to take into account
both phase-matched and non phasematched cases in the non-
depleted pump approximation

FM5Ls
2 sinc2S pLs

2Lc
D S deff

dAlGaAs
~2! D 2

, ~4!

whereLc is either the coherence length in the case of bulk
material, or the effective coherence length related toneff in
the case of PBG.dAlGaAs

(2) is the effective second order sus-
ceptibility of the nonlinear layer and sinc2 x5sin2 x/x2.10

In order to demonstrate the enhancement of SHG due to
a simultaneous increase of the DOM and the availability of
p.m. conditions, we designed and fabricated a one-
dimensional semiconductor PBG. The PBG is a Bragg mirror
structure grown by low-pressure metalorganic vapor phase
epitaxy on~001! GaAs substrate. The 37 period structure is
composed of alternating Ga0.7Al0.3As ~135.1 nm!/AlAs
~106.4 nm! high/low index layers. The Ga0.7Al0.3As ~AlAs!
refractive indices arenv53.231 and 2.902 at theF wave-
length, andn2v53.4662 and 3.0149 at the SH wavelength.
Although the materials used were by no means ideal, they
were chosen as a best compromise between the highest re-
fractive index contrast and negligible light absorption atF
and SH. The PBG is sandwiched between two 10-nm-thick
GaAs layers in order to prevent the oxidation of external
Ga0.7Al0.3As layers. An etch-stop layer allows to remove the
substrate in order to provide an air/PBG/air suspended struc-
ture to operate in a transmission regime without any penalty
coming from single or two-photon absorption. The structure
was grown on the usual@001# direction. As it is well known,
due the group symmetry of GaAs and related compounds,
the second-order nonlinear processes are forbidden at normal
incidence, with the exception of a small surface contribution
due to the symmetry breaking. For this reason the structure
was designed for operation at an oblique angle of
incidence.11 For aF external angle of 10° with respect to the
stack axis, the Ga0.7Al0.3As effectivex (2) is of the order of
13 pm/V and almost zero in the AlAs layers.12

Figure 1 ~upper traces! presents the expected~dotted
line! and measured~solid line! PBG transmission for a TM
polarization around theF and the SH wavelength. The figure
clearly shows two stop bands~regions corresponding to near-
zero transmission! around 1.52 and 0.79mm, respectively.
The arrows indicate theF ~1.551mm! and SH~0.7755mm!
wavelengths. They are chosen to correspond to maximum
transmission peaks situated close to the band gap edges. The
bottom curve represents the calculated DOM~solid lines!,
normalized to the DOM corresponding to one coherence
length of Ga0.7Al0.3As, for a TM polarizedF. The expected
DOM enhancement is 7.1 for theF and 4.5 for the SH. Note
that due to the small internal incident angle these values are
close to those expected for a TE polarizedF ~6.8 and 4.3,

respectively!. The dispersion of the effective refractive index
is represented as well for a TM polarizedF ~dashed lines!.
The effective refractive index atF ~nF

TM,eff53.1539 and
nF

TE,eff53.1584! and SH ~nSH
TM,eff53.2362 and nSH

TE,eff

53.2355! increases the effective coherence lengthLc
eff with

respect to the original one by almost a factor of 3:Lc
TM,eff

52.86Lc and Lc
TE,eff53.03Lc . We recall that for an azi-

muthal anglef5p/4 ~azimuth corresponding to the angle
between@100# crystal axis and the projection of the wave
vector on the~001! plane! only TM→TM and TE→TM in-
teractions are allowed by the symmetry of thex (2) GaAlAs
tensor. In the present case, however, exact p.m. conditions
are not realized due to the relative small index contrast of the
constituent layers, and the strong natural refractive index dis-
persion of each layer. It follows that the geometrical disper-
sion in this case is not able to fully compensate for the natu-
ral material dispersion.

With these considerations in mind, and using Eq.~4!, we
obtain for the PBG the following expected enhancements
with respect to one coherence length of the nonlinear layer:
(FMPBG/FMLc

)TM→TM510.8 and (FMPBG/FMLc
)TE→TM

568.4, where FMLc
and FMPBG are the figures of merit for

one coherent length of Ga0.7Al0.3As and the PBG, respec-
tively. Note that, while the DOMF

TM is comparableto the
DOMF

TE , the figure of merit is significantlygreaterfor a TE
polarizedF than for a TM one. This is due to the difference
between the effective refractive indices in TE and TM, which
allows for better p.m. in TE rather than in the TM case.

In our experiments we used a mode-locked 8 ps fiber
laser, having a 20 MHz repetition rate. The source is tunable
between 1.53 and 1.56mm. Figure 2 represents the SH signal
generated with a TM~filled circles! and a TE~filled squares!
polarizedF as a function of theF power. TheF wavelength
is 1.55mm and the azimuthal angle isf5p/4. Both curves
follow the expected quadratic behavior~logarithmic scale!.
The conversion efficiency for 30 mWF power is 1024%.
Also represented are, for the highestF power ~30 mW!, the
SH signal generated by one coherence length of Ga0.7Al0.3As
under identical geometrical conditions~TM is in open circles
and TE in open squares!. A 10 times~50 times! enhancement

FIG. 1. Top view calculated~circles! and measured~full lines! transmission
spectra around theF and the SH wavelength~indicated by vertical arrows!.
Bottom view inferred DOM~full line! and effective refraction index~dashed
lines!.
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is measured for a TM~TE! incident F, in good agreement
with the theoretical prediction.

Figure 3 represents the SH intensity as a function of the
F input polarization. Filled circles are for the PBG and open
circles for a Ga0.7Al0.3As layer one coherence length thick.
The F wavelength is 1.55mm and its power is 30 mW. All
the values are normalized to the one obtained for a TM input
~90°!. The theoretical curves are obtained without adjustable
parameters. They correspond either to the second order
Ga0.7Al0.3As susceptibility polarization dependence alone, or
to this dependence weighed by the PBG effect derived from
Fig. 2 for aF polarized TM and TE. The inset represents the
PBG SH dependence for an azimuthal angle off50. The
fact that there is no contribution for a TE polarizedF when
f50 demonstrates that surface effects, including those due

to the numerous interfaces, could be neglected. Conversely,
the rather good agreement obtained between the experimen-
tal results and the theoretical predictions, for an azimuthal
angle off5p/4, demonstrates that enhancement effects are
due to a high DOM and effective p.m. conditions. It also
means that the effective index model used is more than ad-
equate to describe nonlinear optical interactions in PBGs.

In spite of this experimental demonstration, one should
keep in mind that a realistic application of semiconductor
PBGs requires a substantial improvement of the nonlinear
efficiency. The principal limiting factor in the experiment
described earlier, is the lack of p.m. due to the high chro-
matic dispersion of both the linear and nonlinear layers. Sev-
eral solutions are possible, among them are the use of
AlOX ,Al2O3 or air gaps as linear layers, taking benefit, both
from their low refractive index and low chromatic disper-
sion. Moreover, these solutions are viable with minor modi-
fications with respect to technologies implemented for verti-
cal cavity devices. In conclusion, we have experimentally
demonstrated enhanced SH generation in a semiconductor
photonic bandgap structure. We interpret this enhancement
as being primarily due to the simultaneous availability of a
high DOM at theF and SH wavelengths and the increase of
the coherence length. In order to take full advantage of the
semiconductor PBGs, we are currently pursuing designs that
incorporate higher refractive index contrast.
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