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Localization of light and second-order nonlinearity enhancement in weakly disordered
one-dimensional photonic crystals
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We show how one-dimensional photonic crystal structures which suffer from a weak random disorder in the
layer lengths may give rise to strong localization of light. Using the transfer matrix method we numerically
study the effects of this localization in media with a second-order nonlinearity. Localization has a deep impact
on the second-harmonic generation efficiency and may give rise to very strong enhancement in correspondence
to the localized wavelengths.
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Localization of light may be obtained with a mechanism (SHG) efficiency in both forward and backward directions.
very similar to the Anderson localization of electrons in solid  We performed a series of numerical simulations using the
state physics. Indeed, in the presence of a random perturbransfer matrix technique applied to the particular case of
tion of the material dielectric constant Anderson localizationSHG as described by Jeong and Ugd. This method is
may occur if the loffe-Regel conditiok¢ <1 (wheref isthe  particularly indicated for the simulation of randomly per-
elastic scattering mean free path ands the optical wave turbed periodic structures and has been used to describe the
vectop is met. The basic mechanism for light localization is behavior of linear random 1D systerf@3, also in the pres-
coherent back-scattering, that is thus considered as the prence of gain[3,4] and second-order nonlinearifs]. The
cursor for Anderson localization. Although the existence offundamentalFF) and second-harmoniSH) modes are ap-
coherent back-scattering has been verified in a variety oproximated as plane waves with refractive indices given by
weakly scattering systems, the mean free patls always the waveguide mode indices; all other modes are disre-
much larger thar, thus precluding localization. In the pio- garded. The simplicity of this approach comes at the expense
neering work by Johfl] it was shown that if an underlying of a lack of information regarding the coupling to leaky or
order in the form of some kind of periodicity is introduced, radiation modes, however, losses may be evaluated by other
then the large scale geometric Bragg resonances modify sigaeans, as we discuss further on. Furthermore, we performed
nificantly the system behavior. Indeed, localization is readilythe simulations in the undepleted pump approximation. This
observed even with a very weak random perturbation of ampproach remians valid as long as the SHG conversion effi-
otherwise perfectly periodic structure. This may be explainediencies remain lower than-1%. We therefore investigate
by noting that thek vector in the loffe-Regel condition must only cases which fall in this regime without compromising
be replaced by=k—-G (whereG is the periodic crystal lat- the generality of our results. The particular system under
tice vectoy. The periodic structure introduces Bragg reflec-investigation is an AlGa _,As mesa waveguide described in
tion resonances and corresponding stop bands and, at tdetail elsewher¢6] and schematically represented in the in-
border of the lowest frequency bargi- 0, so that the loffe-  set in the lower graph of Fig. 1. The grating width varies
Regel condition is easily satisfied. from 500 to 700 nm between adjacent layers and the effec-

Much interest has been attracted by such a possibility, fotive waveguide mode index was calculated using a commer-
example, for random lasers. The high optical mode densitgial mode-solver [7]: n®®=2.89/3.06 and n&®
associated with light localization and the relatively short l0-=3,39/3.42 are the FF and SH effective indices in each layer,
calization length opens up the possibility of obtaining effi- respectively. The/? nonlinearity is taken as 100 pm/V. We
cient, extremely compact, and easy to fabricate lasers. In thistarted by considering a periodic structure that is made up of
Brief Report we report numerical simulations that show howgn elementary cell composed és3a-b-3a-3b-3a) with a
it is also possible to apply the same principles to nonllneag)\omn(j) and b=)\0/4nff) (N, is taken as 1550 nyn Note
optical -wavelength conversion. We consider a Onethat the arrangement of this structure does not give rise to
dimensional1D) photonic crystal waveguide that exhibits & phase-matching of any kind. We initially consider the case in
series of Bragg resonances made from a material that pogyhich the “3” layer (that may be viewed as a defect in an
sesses a second-order nonlinearify”). When a certain  gtherwise periodic structure with-3a elementary cell is
amount of disorder is applied to the individual layer lengthssypject to a random fluctuatiodl., that has a Gaussian dis-
that compose the crystal, we find that light localizationtribution centered in 0 and with a standard deviatiorThe
read”y occurs and gives rise to an enhancement of manggF pump power is taken as 100 mW and the mode area in
orders of magnitude of the second harmonic generatiofhe mesa waveguide is 2m2.

We point out that although the ensemble average over
many realizations is usually considered in the analysis of
*Electronic address: daniele.faccio@uninsubria.it random systems, here we are interested in the fine features of
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FIG. 1. Top three graphs show the transmission of the FF wave FIG. 2. Same graphs as in Fig. 1 but witi¥ 30 nm. The lower
(FF T) and the generated SH in the forwd®Hfwd) and backward ~ graph is plotted for 1552.5 nm FF wavelength. All vertical scales
(SHbwad directions versus the FF wavelength for the PBG structuredre in arbitrary units.

described in the text. Théb3'defect” has random length fluctuation . . . . o
with o=10 nm. The bottom graph shows the FF and SHiwg (Solid ling) is much more localized with a localization length

(X 10°) intensity profile vz inside the crystal for a total number of that is Sma"er than the Sa_lmple_length. T_h? higher mode den-
200 layers and at 1565 nm FF wavelength. In the inset of the lowepity at this wavelength gives rise to efficient SH@ashed

graph we show a schematic of the mesa waveguide. All verticalln€: X10P) with more than two orders of magnitude en-
scales are in arbitrary units. hancement with respect to the nonphase-matched periodic

grating.
individual structures. In Fig. 1 we show in the top three A comment on the effect of sample length. We should
graphs the fundamental transmissiéif T) and the SH gen-  consider some typical lengths: the grating lengghthe ab-
erated in the forwardSHfwd) and backwardSHbwd direc-  sorption lengthL,, defined as the length over which the FF
tions with =10 nm. The dotted lines in these graphs reprefield is attenuated by a factor & due to absorption or in-
sent the response of the perfectly periodic photonic band-gaglastic scattering, and the localization lengtithat may be
(PBO) structure, i.e., with no randomness=10 nm is a defined as the distance over which the spatial localized-field
relatively small, 2.6%, fluctuation of the defect layer thick- peak value decreases byel|B]. If L, is much larger thag
ness but nevertheless gives rise to some localization, witbr L then it will have little or no effect on the localization
intensity peaks located in particular near the band-gap edgemiechanisni9,10]. We have carried out preliminary measure-
In the bottom graph we show the field envelopes inside thenents on test mesa waveguides with the same structure de-
medium for the FF wavelengifi565 nm and for the SH. A scribed here and found losses of the order of 3 to 4 dB/mm,
weak localization of the FF can be seen. This in turn implied.e., L,>1 mm (losses of the same order of magnitude have
a slower energy transport velocig], i.e., a higher FF wave- also been reported for similar structurgsl]). Here L,
length mode density that thus explains the corresponding en~50 um so that absorption losses may be safely neglected.
hancement of the SHG efficiency. Note that the large oscil-Therefore, ideally, the only limiting factor on the cavigy or
lations in the SH field amplitude are due to the phaseon the FF mode density, is leakage of light outside of the
mismatch between FF and SH. If we increase the amplitudgrating due to its small length. As the grating length is in-
of the fluctuations we observe that the localization peaksreased we observe a pronounced increase in the SHG effi-
tend to shift towards the center of the PBG. This feature hasiency. For example, for a structure 2p@n (800 layer$
been observed elsewh€® and an example foor=30 nm  long we obtain -5 dB or higher conversion efficiencies, i.e.,
(7.9% mean fluctuation of the defect lengik shown in Fig.  300% /W (which is extremely high if compared to a typical
2. The solid lines are for the structure with randomness andonversion efficiency value of 500% /W in a 4 cm long pe-
the dotted lines are without randomness. Note the wellfiodically poled lithium niobat¢PPLN) waveguidg12]) and
pronounced peaks in the SHG efficiency in both forward angpump depletion must be accounted for. On the other hand, if
backward directions. This indicates the formation of a caviless than 200 layers are consider&éfdecomes comparable to
tylike resonance. In the lower graph, plotted for the localiza-L4 and the localization quickly disappears.
tion wavelength, 1552.5 nm, we can see how the the FF field We also considered the effect of increasimgn the en-
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FIG. 3. Dependence of SH conversion efficiency on the error 15 12 °F W;\filen hl('iicron )1'58 16
sigma for the structure described in the text. Each point is taken as gt ®
the average over 20 different realizations and the error bar indicates N
the standard deviation around the mean value. The solid line is a 05 I/‘
polynomial fit that serves only as a guide for the eye. In the inset we — H‘,ﬂ\ \
plot the normalized trasmissivity versus wavelength for the per- ﬁfﬂw J\m‘ _____________
fectly periodic structure and for the structure with random fluctua- GO 10 20 0 Q0 5
tions (=30 nm, averaged over 20 different realizations. z (microns)

semble average of the SHG efficiency, when fluctuation is FIG. 4. Top three graphs ghow the transmission of the FF wave
located every five layers. We repeated the simulations with 47 T and the generated SH in the forwd@Hfwd) and backward
300 layer structure so as to guarantee thatL, and then (SI—_Ibw@_ directions vs the FF wavelength for PBG structure de-
took the average of the maximum SHG effic?ency over 20scrlbed in the text. Each layer has a random length fluctudtion

separate realizations. Figure 3 shows how an increasing tzoi? ggpvgltshhécves”tﬁgnlgsf:; gatf\:lv(leﬁe]r.]Og)u?nctiissli\tle '?;?”rz'\j—sge bot=
gives an increase in SHG. However, f@or>40 nm the effi- yp '

. inside the crystal for a total number of 200 layers and at 1562.5 nm
ciency starts to drop on average.

. FF wavelength. All vertical scales are in arbitrary units.

Indeed we find that for large randomness starts to pre-
vail over the ordered PBG structure and the localization
length starts to increase so thgt L, is no longer satisified order and disorder that gives rise to efficient localization
on average. A very similar behavior is observed in the lasing10]. Indeed, although in principle random 1D structures al-
threshold value for partially random structures with g@h ~ ways exhibit Anderson localizatioffor a sufficiently long
In the inset of Fig. 3 we show the unperturbed PRl@shed mediun), the presence of an underlying periodic PBG struc-
line) that is replaced by a pseudogap fex30 nm. ture greatly assists the disorder in creating wave functions

So far we have only considered the particular case othat are localized over very small regions in spg@p Any
random fluctuations on a defect layer. We note that the sam&tuation that is somehow intermediate between the two ex-
effects described above were observed even if we considerteeme cases illustrated hefrndomness in only one layer in
regular grating with no defectbut with the random fluctua- each elementary cell or in every layavill show a response
tion applied only every five layersWe can also consider the that is also intermediate between these, i.e., increasing the
more general case in which the fluctuation affects all layerslensity of layers that have a random perturbation will gradu-
in such a way that the layers are paired and the fluctuation ially shift the structure from the “nearly ideal” PBG structure
taken by adding’L to one layer and subtractingl. from the  with strong and efficient localization toward that of a com-
adjacent one. This is very similar to what may occur duringpletely random structure with a weak underlying periodicity
the etching process of the mesa waveguide grating where aand a low localization enhancement.
overetch will result in thinner “fins” and wider “holes.” Such ~ We now consider the effect and possibility of coupling to
a case has already been considerecbfemaller than 20 nm radiation modes. The mechanism underlying the SHG en-
[5] and no localization was observed. Figure 4 shows thdnancement presented here is very similar to that due to a
results for a particular realization of this type wiith =~ mode-density increase in a cavity closed by two mirrors. It
=30 nm. It is interesting to note that now localization takeshas been underlined that coupling to radiation modes at the
place albeit rather weakly and is concentrated at the bandzavity edges is the cause of high losses in such systems: one
gap edges. This situation is very similar to that observed withpossible solution is to make the confinement gentler with a
the randomness placed every five layers and with a mucless abrupt change in passing from the cavity to the mirror
smallero=10 nm. This may be explained by observing that[13]. The structure we have presented here may be consid-
when introducing a random fluctuation on all layers we areered as an extreme example of such an approach: we have an
effectively perturbing and destroying the periodic underlying“effective” cavity and mirrors that are all the same object and
PBG structure, i.e., we are destroying the balance betweethere is no change whatsoever in passing from one to
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the other, i.e., a local density modes of the localization regree of randomness to enhance second-harmonic generation
gion and so we may expect to be able to neglect any addby many orders of magnitude. Preliminary measurements on
tional out-of-plane losses due to localization. However, fu-mesa waveguides have been carried out and our simulations
ture work will consider the full three-dimensional field indicate that SHG enhancement due to localization should be
distribution of the optical modes in the unperturbed Braggobservable in real systems. As a final comment regarding the
grating and the Fourier analysis proposed by Akahetnal.  possible applications of random perturbation induced local-
[13] shall be used to study and reduce coupling losses t@&ation, we note that nonlinear interactions based on wave-
radiation modes. guide photonic crystals require an extremely precise control
One last issue regards the maxim@nactually achiev- on the periodicity and duty cycle of the crystal. On the basis
able. Very high powers may be achieved inside the materiabf the technology available today we may expect a rather
that may, in turn, lead to catastrophic optical damg@@eD), low yield from an industrial production. In fact, efficient
a well-known problem in semiconductor laser devices. Howsecond harmonic generation has still to be demonstrated in
ever, we note that COD is usually observed at the laser facetich waveguides. On the other hand, we show that use of
[14] while, in the structure presented here, high powers areandomly perturbed crystals will statistically produce local-
achieved only inside the grating so that a much higher CODzation and high SHG efficiency. If the sample is sufficiently
threshold is to be expected. Indeed, similar waveguide strudeng, localization will occur in each sample and the statistics
tures have been irradiated with 800 W peak power levelsegard only the SHG efficiency. Depending on the tolerance
with no reported degradatidi.5]. required on this value, we may expect the yield of a ran-
In conclusion we have reported the possibility of usingdomly perturbed PBG to be much higher than that from a
light localization in a 1D PBG structures with a certain de- perfectly ordered one.
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