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Effects of random and systematic perturbations in a one-dimensional photonic crystal
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We study the problem of the tolerance to fabrication errors in one-dimensional photonic crystal wavelength
converters. In particular we consider the case of wavelength conversion obtained via quasiphase matching
(QPM) based on a periodic amplitude modulation of the fundamental \iBleeh-mode-QPM Both numeri-
cal simulations of a waveguide-based structure and experimental results in an AlGaAs thin-film multilayer
show that the proposed QPM mechanism is extremely tolerant to both systematic and random errors in the
periodicity and duty cycle of the grating.
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Thanks to their potentiality in achieving efficiegt? in-  wavelength conversion introduces a further difficulty as the
teractions, photonic band-g@abBGC) structures have recently phase relation between the different interacting wavelengths
attained considerable attention. In particular, owing to thds of utmost importance. The authors in Rf8] observed
periodic modulation of the refractive index or geometry ofthat even a 0.1% error in the layer dimensions or in the
the waveguide, these structures can introduce such agfractive index caused the pump to no longer seed on the
amount of dispersion as to compensate the material ongesigned transmission peak. In this way frequency conver-
Moreover recent studies of second-order nonlinear processggyn, is ruined because, since the reflectivity of the elemen-
in one-dimensional1D) gratings[1,2] have also been moti- 51y cell is very high, even a small variation of the layers’
vated by the possibility of obtaining a simultaneously phaseickness prevents the different contributions of transmission
matched and enhanced nonlinearity near 'the photonic bands,§ reflection from summing in phase and thus destroying
gap edgg3]. It has been showf,9] that this enhancement phase matching condition.
has mainly two origins. The first is that phase matchiig- Recently we have demonstrated the possibility of obtain-
persive PM of the nonlinear process is obtained, due to th efficient conversion in a 1D photonic crystal with a dif-
variation of the _phase velocities near the PBQ efijeThe ferent method[10]. It is well known [11] that a periodic
second reason is that these structures experiment a PBG edge ,rbation may give rise to quasiphase matcki@gM) if
mode-density enhg_ncement corregpondlng to a_modn‘lcatlo e perturbation wave vectdK) is exactly equal to the op-
of the group velocities. Iry'® materials, the combination of tical wave-vector-phase mismatch, i.&z 27/ A =2k, —k,
these two effects may 9“’? origin to extremely efficient .Sec'(whereA is the perturbation periodicijyHowever, wwe ha?/e
ond harm%ng(s!—b clonvers7|onpt\lhﬁt mahy shgale up to the.s%(th shown[10] that when we also consider the finite length of
power wit evice gngtk[ 1. Alt oug this process m|.g.t the perturbation(i.e., the grating the situation is slightly
seem very efficient, it presents serious technological dn‘flcul-mOre complex so we analyzed it in a different manner. For
ties if it has to be implemented in an integrated optical Wave-Clarity we briefly recall the main aspects of this phase-

gu@de. It has glso_ been demonst_rated that dispersive PM r"?ﬁatching method. The generated SH field may be written as
quires very high index contrast in order to compensate the

large material dispersion at telecom wavelengthsound L

1550 nm [2]. An example of such an integrated grating is Ezfu“f f(2) Y ?E2exp(- jAB2) (1)

given by Midrio, Socci, and Romagndl8], where alternat- 0

ing layers of material with air attains the high index contrast.

The main problem with such gratings is due to fabricationwhereL is the crystal lengthy'® is the second-order nonlin-

error tolerance in the periodicity or duty cyc[€], which  earity, AB=8,,-28,, is the phase mismatch, ardis the

becomes extremely critical. The tolerance to random errorpropagation axis. IAg is finite, the SH energy flows back

in the photonic crystal periodicity is a problem that has beerynd forth between the fundamen{@&F) to the SH waves,

addressed for a waveguide in a 2D photonic cryfaland  thus greatly limiting the conversion efficiendi(z) is a ge-

the transmission characteristics were shown to be robust witferic periodic function and is usually thought of as a periodic

errors up to 20% of the periodicity. However, nonlinear modulation of the material nonlinear coefficient so as to ren-
der the energy flow unidirectional from the FF to the SH
field, i.e., so as to give rise to quasiphase matck@gM)

*Electronic address: francesca.bragheri@unipv.it [12]. The periodicity is chosen to be an even multiple of the
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FIG. 1. Top graph: linear transmission of the
FF field near the band edge. Middle and bottom
graphs: SH efficiency in the forward and back-
ward directions, respectively. Results obtained
for a 111 unit cells grating and other parameters
0.7926 0.793 0.7934 0.7938 0.7942 as indicated in Ref[10] without errors(dashed
line) and with a 2 nm systematic error on the pe-
riod length(solid line).
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coherence length=m/AB over which the FF and SH waves too high to be implemented with currently available tech-
fall out of phase. In Ref{10] we propose a periodic modu- nologies in an AlGaAs-integrated waveguide. We, therefore,
lation of the fundamental field amplitude rather than of thepropose a quasiphase-matched structure with lower index
nonlinear coefficient — as can be seen from @ the result ~ contrast and hence lower conversion efficiency/mm. This in
is identical. This can be achieved in photonic crystal. Indeedurn requires a longer grating for which tolerances are still a
Bloch modes are the natural modes of a periodic crystaProblem to verify. Hence in this report we present an analysis
structure and represent stationary wave oscillations with " the tolerances to fabrication errors of the waveguide
periodicity equal to that of the crystal. If the periodicity of Structure described above and the experimental results ob-
the crystal is chosen to be an even multipld.ofe find that ~ t@ined from a thin-film sample, designed with the same rules
the incoming plane wave undergoes a stationary amplituddSed for obtaining the BM-QPM in the mesa waveguide, in
modulation such that the nonlinear interaction is quasiphas hich we found layer-thickness errors. In order to have a

matched. In Ref[10] we described a mesa waveguide phc)_complete analysis of tolerances to fabrication errors of the

. : . waveguide structure, we calculate the conversion efficiency
tog'l\(;l cgyl\.;,tal I;r&AAI(\?VaAshbﬁsed O.g th(tehdescnbed Blfclh'n:ﬁq(?n the SH generation process for two different types of pos-
QPM(BM-QPM). We shall consider the same crystal in this i, o taprication errors: a systematic error on the period and

work, namely a multilayered structure with refractive in_dexa random error on the duty cycle. This analysis was carried
contrast of 0.18 and 0.03 for the FF and SH, respectivelyg,t ysing the transfer matrix formalism described for ex-
and a unit cell made of a succession of layésb-a-5b  gmple in Ref[13] and is particularly indicated for the study
—a-5b-3a) with lengthsa=154 nm anb=227.2 nm The of 1D multilayered structures with random fluctuations. To
nonlinearity was taken as 100 pm/V. The total unit cellevaluate the tolerance to a systematic error, we start from the
length is made to be equal toldand the particular substruc- described optimized structure and vary the perod.e., a
ture of the cell is chosen so as to position a photonic band+b), maintaining the other simulation parameters identical.
gap edge at the peak wavelength. This gives a further ermAs an example, Fig. 1 shows the results evaluated for the 111
hancement of the conversion efficiency due to the modeell grating[10]. The dashed line shows the linear transmit-
density enhancement. A crystal with 111 unit céi§3 um  tance and SH conversion efficiencies in the backward and
total length is theoretically able to deliver a -21 dB forward directions for the structure with no errors on layer
(10% /W) conversion efficiency with a 50 mW pump in a thickness. The solid line is relative to/A =2 nm system-
1 um? mode-area waveguide. One of the main advantages a@tic error in the grating periodicityhence an error of
such a grating structure is the possibility to use a much lower-700 nm on the total grating lengthwWe observe that such
index contrast between adjacent lay@@< or les with re-  an error, thanks to the SR structure, induces only a shift
spect to the high index contrast gratings required for disperA\ =2.5 nm of the band edge, but the conversion efficiency
sive PM. This in turn allows for a greater flexibility in the remains unchanged. The impact of a random fluctuation in
choice of materials and waveguide configurations while stilithe duty cycle is evaluated considering a random error with a
maintaining a relatively high nonlinear coefficient of the or- Gaussian distribution with standard deviatierfor different
der of 30 pm/V or higher in AlGaAs. values ofa. The results are summarized in Fig. 2. We exam-
The majority of the structures proposed in literature arened trends for three different parameters: wavelength where
double resonantDR), i.e., both FF and SH waves are tuned maximum conversion occurs, conversion efficiency, and con-
to PBG edges, in order to have a greater enhancement in tiversion bandwidth. In Fig. 2 we show both the averémeer
density of modes. Considering a single-resor@®R) PBG, 20 separate simulations for each valuerpaind the standard
this would present much better tolerances to fabrication erdeviation from the average value, which are represented re-
rors compared to double-resondbiR) PBGs. However, the spectively by the points and the error bars.These results point
index contrast required for a SR PBG that is in perfect PM isout that although we find a sensitive decrease in the effi-
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A evaluate the effect of fabrication errors we first measured, the

§ 793.5 1 experimental setup used is shown in Fig. 3, a multilayered

= 793 . . o .

= structure, also shown in the inset, made of alternating layers

§7925 « - - 3 .

f 799 of AlgGay-As/Alg/Ga sAs, so that the index contrast at

3 791.5 | fundamental frequency ién,=0.18. The multilayer sample

(@) 791 was deposited by metal organic vapor phase epitaxy
(MOVPE) using a horizontal silica reactor with the capacity

N -15 of one 2-in.-wafer. The reagents were trimethylgallium

s ¢ (TMG), trimethylaluminium (TMA), and Arsine using a

S gg { { growth temperature of 740°C. The structure was deposited

§ :35 | {» using constant TMG and TMA flows to define AGa, /AsS

3 40 with Alg/Ga& sAs created by adding additional TMA. The

= s periodicity is formed by five unit cells, each made of ten

() layers with thickness(126-118-126-118-126-118-126-118

-~ 60 -379-118 nm so that the total grating length is 7un. The

§ 90 le is a 2-in.-wafer and the depositi leads t

& sample is a 2-in.-wafer and the deposition process leads to a

S 30 varying thickness across the wafer, i.e., to a varying system-

7§ 20 - { atic error in the multilayer periodicity. Figure 4 represents

| 10 - - { the theoretical linear transmission and reflected SH. The SH

< L . . . .

S 0 0 5 10 15 20 peak conversion efficiency appears near the photonic band-

© G (nm) gap edge. Note that there is a slight shift in the position of

the SH peak wavelength with respect to the FF transmission
FIG. 2. Tolerances to fabrication error&) variation of the Peak. This is due simply to the QPM mechanism, based on
wavelength at which maximum conversion occuty,variation of ~ the BM-amplitude modulation of the fundamental field
the conversion efficiency, antt) variation of the bandwidth of (band-gap mode density enhancement is irrelevant in this
conversion. Results, showed in terms of mean value and variancease due to the overall small reflectivitfor the experiment
are obtained repeating the simulation for 20 times for each value ofve used a 110-fs transform-limited pulse tré&® MHz rep-
the standard deviationr of the random error Gaussian distribution. etition rat§ generated by an optical parametric oscillator.
The source is tunable between 1400 and 1600 nm and the
ciency, such as 8 dB for=10 nm, the device still shows reflected SH power is monitored in function of the incident
efficient SH generation if compared to a non-phase-matchellF wavelength. Figure 5 shows the measured FF transmis-
medium that would give a maximum conversion efficiencysion and the reflected Skhormalized with respect to the
of =70 dB. As the intensity peak of SH decreagesh in- background noige With respect to Fig. 4 we note a large
creasingo), we observe a consequent increase of the conve0-nm shift in the FF transmission peak position. We ob-
sion bandwidth while the wavelength where maximum con+ained a good fit of this curve by introducing systematic er-
version occurs is practically unchanged. These results shovers in both the periodicity and the duty cycle of the periodic
that BM-QPM-based structures are much more tolerant tstructure. The best fit was obtained with a unit cell with
fabrication errors with respect to deep gratings. Furthermor€145-108-145-108-145-108-145-108-340-108nm  layer
there is no clear threshold, i.e., a point after which the nonthicknesses. Introducing a further random error in the duty
linear process suddenly breaks down, but rather a continuowycle with o equal to 3% of the layer thickness does not
deterioration with increasingr. In order to experimentally substantially change the result. We underline that, rather than

chopper f=5cm f=3cm
. HR @
5 800 nm
Laser, 1.4-1.6 nm i . . . D
E FIG. 3. Experimental setup: the laser is fo-
. Banies meter cused on the sample, showed in the inset, by use
Sfilters sample of a lens. The SH generated in reflection is col-
lected on a photomultiplier whereas the power
i meter placed behind the samgkhown in detail
il AlGads (0.3-0.7) in the inse} registers the linear transmission.
ers ads (0.3-0.
air XA
photomultiplier i 3,
4 4
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FIG. 4. Theoretical resultsta) linear transmission of the FF
field near the band edge afin) SH efficiency in reflection. Results FIG. 5. Experimental results fga) FF field and(b) SH field in
are obtained for the multilayered structure presented in the inset ahe backward direction.
Fig. 3.
? modes near the band edge—a much more robust effect. We
the overall total conversion efficiency or shape of the curveshave proved this point both theoretically and experimentally.
. - ) A possible drawback of this approach could be the slower
the most important result in Fig. 5 is the robustness of th

%H growth versus grating length with respect to that shown
generated SH that still retains the main features of the sim g g g 'end P

_ _ i IMUK deep grating structures. However, in the extremely high
lated ideal structure. Indeed, notwithstanding the large d'ﬁer'efficiency of the deep grating structures lies also their weak-

ence between the ideal and the actual true structure, both the.ss 'j e the low tolerance to fabrication errors. Moreover

SH amplitude and the offset of the peak wavelength withg\1_opM does theoretically allow an efficient employment
respect to the FF transmission peak remain of the same ordgf he AlGaAs nonlinearity with effective nonlinearities

of magnitude. higher than 30 pm/\{10]. Even assuming losses as high as

In summary we have analyzed the tolerance to fabrication 4g/mm we expect conversion efficiencies of the order of
errors of a 1D PBG frequency converter based on the BM=5 4B in less than 2 mm with a 50 MW/ &rinput pump

QPM mechanism presented [ih0]. This analysis is of fun-jnensity. If we also account for random fluctuations in the
damental importance for the final working device and indeed;y ,cture witho=10 nm then the conversion efficiency is
represents the main limitation of integrated PBG converterseq,ced to the still acceptable value of —10 dB.

based on high-index contrast gratings. The proposed

quasiphase-matched structure does not rely on the strong ef- The authors thank Professor V. Degiorgldniversity of
fective index variation near the PBG edgproperty ex- Pavig for opening up his lab and the femtosecond laser
tremely sensitive to small errorsout rather on the amplitude source. This work was partly funded by the European PICCO
modulation of the FF field due to the shape of the Blochproject.
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