This work was written as part of one of the author's official duties as an Employee of the United
States Government and is therefore a work of the United States Government. In accordance
with 17 U.S.C. 105, no copyright protection is available for such works under U.S. Law. Access to
this work was provided by the University of Maryland, Baltimore County (UMBC)
ScholarWorks@UMBC digital repository on the Maryland Shared Open Access (MD-SOAR)
platform.

Please provide feedback

Please support the ScholarWorks@UMBC repository by
emailing scholarworks-group@umbc.edu and telling us
what having access to this work means to you and why
it’s important to you. Thank you.



mailto:scholarworks-group@umbc.edu

PHYSICAL REVIEW E 67, 016606 (2003

Energy exchange properties during second-harmonic generation in finite one-dimensional photonic
band-gap structures with deep gratings

Giuseppe D’Aguannb?* Marco Centinit? Michael Scalorg, Concita Sibilial Mario Bertolotti> Mark J. Bloemef
and Charles M. Bowdén
1INFM at Dipartimento di Energetica, Universitdi Roma “La Sapienza,” Via A. Scarpa 16, 1-00161 Rome, Italy
2Weapons Sciences Directorate, Research Development and Engineering Center, U.S. Army Aviation and Missile Command,
Building 7804, Redstone Arsenal, Alabama 35898-5000
(Received 10 May 2002; revised manuscript received 29 August 2002; published 17 January 2003

We study second-harmonic generation in finite, one-dimensional, photonic band-gap structures with large
index contrast in the regime of pump depletion and global phase-matching conditions. We report a number of
surprising results: above a certain input intensity, field dynamics resemble a multiwave mixing process, where
backward and forward components compete for the available energy; the pump field is mostly reflected,
revealing a type of optical limiting behavior; and second-harmonic generation becomes balanced in both
directions, showing unusual saturation effects with increasing pump intensity. This dynamics was unexpected,
and it is bound to influence the way one goes about thinking and designing nonlinear frequency conversion
devices in a practical way.
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One of the principal goals in optics is to aquire the basiccarried forward by the pump, nonlinear pump reflections
knowledge necessary to tailor the properties of light. A newoverwhelm all other processes, including SHG, leading to a
class of materials, often referred to as photonic band-gafype of optical limiting behavior. Excess pump reflections
(PBO structures, offers this opportunity. These structures aréhen lead to saturation of the second harmasie) signal as
characterized by the existence of allowed and forbidden frea function of increasing input pump intensity. This dynamics
quency bands and gaps that either allow or forbid the propa¥as unexpected, and it is bound to influence the way one
gation of light. The analogy to semiconductor band-gapdoes about thinking and designing nonlinear frequency con-
structure was first drawn in the pioneering works of Yablono-Version devices in a practical way. _
vitch [1] and Johr{2] on spontaneous emission control and. In order to study the remarkable dynamics that we have

light localization, which also paved the way for the intense!" ized,

theoretical and experimental investigations that followed. ltmr?jtehrzdbt(:]c?at\uaileo\z;%gzcts ;ilfjell)ncfgliazlg?izlrj]m |§ﬂe$itrlr?2rs t?o?e“s
is impossible to cite the numerous applications propose8 play p y

over the years. For an up-to-date review of recent advanc%n gratings with large index contrast. So we begin by writing
: > e h lar nonlinear Helmholtz tions governing th -
ments in the field, we refer the reader to Ré&f. € scaiar noniinear Heimnofiz equations governing e qua

0 f th T f di ofidD dratic interactions of two linearly polarized plane waves, one
ne of the more intriguing uses of one-dimensiofid) e 4t the fundamental frequer(@&F) o, the other tuned at

PBG structures that have recently been suggested is thete sy frequency @, in a layered, 1D, finite, PBG structure:
utilization in the realm of quadratic, nonlinear optical inter-

actions as efficient nonlinear frequency converters. However, d2E 2 2
w w sw(z)

w
in the case of second-harmonic generati&HG), for ex- ——+——>—E,=—2—d?(2)E*E,,, (13
. . . . dz c c
ample, most if not all experimental and theoretical studies
have been concerned with the undepleted pump regime 5 ) 5
d EZa) 4(1) Szw(Z)

[4-8]. The introduction of strong feedback and pump deple-
tion makes the system almost intractable analytically, and to dz* c
our knowledge it has never been investigated numerically,
either. And so we ask: What happens to field dynamics whes;,(z) (j=1,2) are the spatially dependent, linear dielectric
the regime of pump depletion is approached, under condifunctions for the FF and SH fields. The conditier,(z)
tions of strong feedback and global phase matching in a fi#¢,,(z) takes into account possible material dispersion. Fi-
nite structure? In addressing this question, we have uncowally, d?)(z) is the spatially dependent, quadratic coupling
ered a field dynamics that is very much unlike the dynamicgunction.
that takes place in bulk materials, or any other kind of dy- The analysis of Eqs(l) can be simplified by using a
namics that has ever been discussed in the field of nonlineanultiple-scale expansion approai®]. We identify two dif-
frequency conversion. We provide surprising answers, anéerent spatial scales of variation of the electric field$:a
we report that while forward- and backward-propagatingfast scale, which accounts for oscillations that may occur
components start competing for the available energy initiallywithin a spatial scale on the order of the wavelength due to
linear interference effects; and) a slow scale, which takes
into account the nonlinear polarization source terms on the
*Email address: giuseppe.daguanno@uniromal.it right-hand sides of Eq$1). We now introduce a set of inde-

w
——E,,= —4C7d(2>(z)Ef,. (1b)
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pendent variablesz,=\“z with «=0,1,2,..., wherex is a FF | . | sH
dimensionless parameter that allows fast- and slow-scale 10 !
variations to be separated. Once the multiple-scales expan- "}

sion has been performed, the procedure calls for the applica- gos 05

tion of the limit\ — 1 to restore the original space variakle 08F &

The derivative operator is expanded according to the new

variables, namely, d/dz=d/9zq+ \dl Iz, + N>l 9z + -+ . 06 0 0

ej,(2) andd@(z) will be considered functions of the fast " f 0635 06451386 190 _ o ———0 Rer
variablez,. The electric fields are also expanded in powers Y _e—""

of \ in a self-consistent manneE;,,=\E{;(z5,21,2,,...)

+N2E((29,21,25,...)+ ..., j=1,2. Substituting the expan-
sions for the field and the derivative operator into Eds,
b), and collecting terms proportional tq we find that the
first-order expansion of the electric fields can be
expressed as followE () =Al)(z,,2,,...)0{)(z0) + AL 0 2 2 6 8 10
(21,25,..)0{,)(z0), where {®{.)} are the left-to-right ISP (GWlem?)
(LTR, +) and right-to-left(RTL, —) linear modes that de-
pend only on the fast variablg . FIG. 1. Forward SH conversion efficiencyd,=|ASH(L)|2
We pursue solutions based on LTR and RTL linear mode§_|'°_‘(w+)(0)|2 (filled circles, solid ling; backward SH conversion ef-
of the structure, an approach that differs considerably fronficiency 7sy=|A5,)(0)|%/|AL"(0)[2 (open squares, short dashed
the usual Bloch mode expansion followed for infinite line); reflected FFRee=|A{7)(0)%/|AL(0)[* (open circles, long
shallow- or deep-grating structures, where feedback and Igiashed ling and transmitted FFee=|AL7(L)| /] ALV (0)]2 (open
calization do not occuf10]. These modes can be calculated iangles, solid ling vs input FF intensity (P9 = (112)eoc| AL
independently using a standard linear matrix-transfer tech(0)|°. The FF intensity is incident from vaguqm)from LTR. The
nique, assuming a unitary electric field is incident on thenonlinear coeff_|C|ent of_ the dielectric material d§ =120 pm/V.
structure from the lef(LTR) or from the right(RTL) [11]. The symbols(circles, triangles, and squajepresent the values

These modes carry information about the linear IocalizationCaICUIateOI by numerically integrating Ed8) via a shooting proce-

. f the fields inside th +) dure. We note that the total energy in all four channels is conserved,
propertle§ ot the fields insl .e the structuﬁéw (z1.,25,...) as one might expecRep+ Teet 7dy+ 7sy=1. Inset: linear trans-
are the field complex amplitudes that depend on the sloWittance vs normalized frequencys/wg, wo=2mc/Ng, Ao

varlablesi ¢1,22,...). Incase there are no nonlinear interac- —1 ,m. The structure is composed of 59 alternating layers of air
tions, A{;)(z;,2,,...) areconstant amplitudes of LTR and and a dielectric material. The index of refraction of the material is
RTL incident fields. Then, collecting terms proportional to n,(w)=3.342 at FF {=1.55um), and its index of refraction at
A2, projecting the resulting equations over the LTR and RTLthe SH frequency is,(20)=3.61. The layers have thicknesses
modes using the standard metric (fl|g) =90 nm (ain and b=150 nm (dielectric materig, and the total
E(l/l_)fléf*(z)g(z)dz, and taking the limit.— 1 to restore length of the structure iE=7.11um. The arrows identify tuning
the original spatial variable we arrive at four coupled, non- of the FF and SH fields, respectively, for global phase-matching

0||||I|||1LJ|1|[1||||||||I

linear differential equations: operation.
dAl) 4
A w k| k | .
|—27 P )_dz =i E(kl);+ . Tl AGOAD™ for n,k,I=+,—. pt" are the matrix elements of the mo-

(2a) mentum operatoﬁjwz—i(c/jw)d/dz, calculated over the
RTL and LTR linear modes.
The overlap integral§ (") are effective, complex, cou-

(1) jw,n)
pL=) dA, el ka")_)A(z'?,Ai'f* , pling coefficients that reflect the way in which the LTR and
I=+,— dz CknH=(+- @ RTL modes sample the distribution of the nonlinearity

(2D d®(z) over the structure. Sinc& ) depend on the
" amount of overlap between modes, the absolute values can
p“’")dAz‘":i © S Pl AkAD be greater than the magnitude df)(z) when the fields
(4 P2 Tz C kh ST 2w, +) Mo Do interact coherently_|n5|de the structure._Slnce no assumpnons
(20  Were made regarding the type of grating, E@.are valid
for arbitrary index profiles and arbitrary tuning conditions,

dad provided the steady-state regime is approadied. In all
p(z;'”ﬁzi - > FE;L‘))?)A;@ASM the situations we have analyzed, higher-order contributions
I=+,- dz C (kh=(+.-) ’ give corrections of the order of 18 with respect to the.?
(2d) contribution. To summarize, we have numerically integrated
our Egs.(2) using a shooting procedufé3].
where p{s"=(®|p;, ), for j=1,2 andk|=+,-, As an example, in Fig. 1 we show the reflected and trans-
Fﬁt;fg)z<<I>fu”)|d(2§<b(22d>g’*),FEE;B,]):(<I>(2'2|d(2)<DEl'f)<Dfl',)), mitted FF field, the backward and forward SH conversion
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efficiencies, as a function of the intensity of the incident FF
field, for a PBG structure composed of 59 alternating layers
of air, and an ideal, generic, quadratic dielectric material
[14]. The details of the structure are described in the figure
caption. Layer thicknesseer lattice constantare chosen so &
that the FF field is tuned to the first transmission resonanceX
near the first-order band gap and the SH field is tuned to theZ
second transmission resonance near the second-order bak.
gap(see inset of Fig. 1 Tuning in this fashion, the SH field

is globally phase matched with the FF field, as outlined in
Ref. [15]. Outside of phase-matching conditions, the SHG
process in the PBG structure becomes inefficient and unin:
teresting[4,7,9].

Several salient points can be pointed out from Fig(ill.
The forward and backward SH conversion efficiencies are
approximately the same at all times. This is a consequence ¢
the fact that the structure has strong feedback due to the
high-index contrast between layers.) Even under global 2(um)
phase matching conditions, SH conversion efficiency does
not increase monotonically to deplete the pump, as in bulk FIG. 2. Absolute value squared of the FF figttin solid line
materials. We calculate a total maximum conversion effi-and of the SH fieldthick solid lin® inside the PBG structure, for
ciency of roughly 50%, approximately equally distributed different values of the input intensitgg) | i"°"9=0.05 GW/cni. (b)
between the forward and the backward SH channels, for intinP® =0 5 Gwy/cnt. (c) 18P =4.8 Gw/cnf.
put FF intensities of approximately 0.8 GW/&nWe note

that the total c_;onversiqn e_fficiency tepds to sz.aturat.e in b°ﬂf16] and/or in combination with nonlinear absorption. Here
directions. This behavior is unusual if one thinks just of Ahe aynamics is dominated by an energy exchange betvve;an
phase-matched process and neglects the various componeqﬂse FF forward and the FF backward channels, mediated by

]?r (t;hz_a_tnnter:s,fthat anl]zrl):eti for tr|1e_ sarrt1e alvailable ?_nergy. ltrI]1e SHG process. To highlight the different mechanisms that
act, (iii) the forwar channel IS not only converting en- ;,,q optical limiting in the case of quadratic and cubic non-

ergy into SH forward and backward channels, but it is als inearities, in Fig. 2 we show the FF and SH field profiles

strongly coupl'mg to the _backward FF channel, leading Yinside the PBG structure during the SHG process for differ-
excess reflections. This is an unexpected result. Therefor

_ " nt val f the input intensity. The figur how that the FF
the process of SHG in a PBG structure under conditions o t values of the Input intensity. The figures show that the

. ) emains well localized inside the structure, even when its
pump depletion should be more appropriately regarded as fansmission drops to values less than 16%. 2(c)]. We do

tmhulttl_wav.ellmmgg p(;oce?s. Quite S!”P”S'”g!%’x thg proct:esssnot record any exponentially decaying tails in the FF mode,
atis priviiegéd under strong pumping conditions 1S no |_\/vhich are typical of cubic nonlinearities that cause shifts of

generation; rather, most of the energy is converted from thcﬂ1e band edge and push the FF inside the [g#p. Finally:

FF forward channel to the FF backward channel. The figurg, . dynamics described in Fig. 1 also suggests another appli-

s_uggests that pump reflection exc_eeds 6_0% for inqu interlsEation, namely, a phase-insensitive, nonlinear reflector. In
ties of 10 GW/cn. (iv) The dynamics outlined above is also
strongly suggestive of an unusual optical limiting behavior.
Using quadratic interactions for optical limiting purposes
would result in faster devices compared with other, more 1.0
traditional schemes of optical limiters based on cubic nonlin-
earities(the second-order process utilizes virtual transitions,
thus making the process fastein addition, it would not
suffer from the detrimental effects typical of cubic materials
such as absorption, heating, or saturation, since energy is
always stored in the field and not transferred to the material:
our proposed optical limiter would act on the transmitted FF
by limiting its energy on the basis of a purely quadratic in-
teraction. It can be shown that for our structure the output FF
intensity scales approximately as followkiPU a /| Pt
with a=0.19 (GW)"%cm.

The physical mechanism that in this case leads to optical
limiting is different than the physical mechanism required for I8P (GW/em?)
the onset of optical limiting in the case of cubic nonlineari-
ties. In the latter case, optical limiting can occur because of FIG. 3. Same as Fig. 1, but witt{®=60 pm/V. Inset: same as
dynamical, spectral band shift in the location of the band gagmain figure, but withd® =30 pm/V.
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FIG. 4. SH conversion efficiency, reflected and transmitted FF  FIG. 5. Same as Fig. 4 However, this structure is composed of
fields vs input FF intensity. The structure is composed of 59 alter39 alternating high/low index layers. Inset: Tuning conditions for
nating high index/low index layers and it is similar to the one de-global phase-matching operation. The FF is at a wavelength of
scribed in Fig. 1, except that low index layers have an index =1.53um.
=1.5. Inset: Tuning conditions for global phase-matching opera-

tion. The FF is at a wavelength af=1.52um. Finally, in Fig. (5) we study the dynamics in a structure

similar to the one described in Fig. 4, but composed of only

our case, the reflection coefficient can be approximately degg alternating layers. The effects due to the reduction of the
scribed by the following scaling lawgee~b3/10%0, where  number of layers are similar to those already described that
b=0.28 (cnt/GW)3. come as a result of reducing index contrast: the threshold

In Fig. 3 we show SH conversion efficiencies and re-intensity for the onset of the saturation regime increases, FF
flected and transmitted FF fields for the same structure ofield reflection decreases, and FF field transmission in-
Fig. 1, but with different values of the nonlinear coupling creases. The reduction of the number of layers does not sub-
coefficient. Comparing Fig. 1 and Fig. 3, we can draw tWostantially affect the backward/forward ratio of SH conversion
important conclusioné) The threshold intensity for the on- efficiencies.
set of the saturation of the SH conversion efficiency scales structures almost identical to that described in Fig. 1 have
approximately ad fi~(1/d®@)?, as one might expectii)  been fabricated using metal organic vapor phase epitaxy
The maximum total conversion efficiency available reachesMOVPE) techniqueg17]. Structures made by alternating
approximately 50% in all the cases studied, regardless of thiyers of AlGaAs/AlAs have already been used to investigate
magnitude ofd®. This limitation is a consequence of the SHG[7,8] outside of global phase-matching conditions. Very
fact that the energy must not only be converted into the SHecently, by oxidizing the AlAs layers into Al Dumeige
modes, but also into the FF backward mode. In Fig. 4, weet al.[18] have fabricated several PBG structures composed
present the results for a structure similar to that of Fig. 1, bubf 36 and 56 alternating layers of AlGaAs/AlOx, whose in-
with low-index layers with a refractive index of =1.5. We  dices are approximately 1.5 and 3.4, respectively, operating
have also studied the case wherg=2.5, with similar re- under global phase-matching conditions in the undepleted
sults. The figure suggests that reduction of the index contragiump regime. Therefore, the predictions that we make ap-
causes the followindi) The backward/forward ratio of the pear to be quite ready for experimental verification.
SH conversion efficiencies become unbalanced when the In conclusion, for the first time to our knowledge, we
saturation regime is approachegs,/ 7, =1 forn_,=1 (see  have theoretically studied SHG in finite, 1D PBG structures
Fig. 1), 1’§H/1’;rHEO_8 for n_. =15 (see Fig. 4 and with large index contrast, under conditions of pump deple-
nsy Me=0.5 for n_ =2.5, which indicates a scaling law of tion and globgl phase matching. Our results show clear evi-
the type ng e~ (n/M)¥2, wheresn=n,—n_ is the in-  dence that this process should be more properly regarded as
dex contrast inside the stack anek (n_a+nyb)/(a+b) is ~ @n energy exchange process among _four channels; that above
the average index of the stack: SH generation in the forwar@ certain value of the input FF intensity the energy exchange
direction becomes privilegedii) The threshold pump inten- Petween the FF forward and backward channel becomes the
sity for the onset of the saturation regime increadgi: privileged process; and that a type of optical limiting based

~0.8 GW/cnd for n, =1 (see Fig. 1 12=1.2 GW/cn? for on second-order nonlinearity is obtained.

n_=1.5(see Fig. 4, andlﬁ?}é 10 GW/cnt for n_ =2.5. (iii) We thank Nadia Mattiucci, Nicolo Savalli, and Ariel Lev-
FF field reflection decreases and FF field transmission inenson for helpful discussions. Two of ¢6.D. and M.C)
creases. thank the U.S. Army for partial financial support.
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