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photonic crystals

B. Liu, A. Yamilov, and H. Cao?®
Department of Physics and Astronomy, Northwestern University, 2145 Sheridan Road, Evanston,
Illinois 60208-3112

(Received 3 December 2002; accepted 16 June)2003

We studied the effect of Kerr nonlinearity on lasing in defect modes of weakly disordered photonic
crystals. Our time-independent calculation based on self-consistent nonlinear transfer matrix method
shows that Kerr nonlinearity modifies both frequencies and quality factors of defect modes. We also
used a time-dependent algorithm to investigate the dynamic nonlinear effect. Under continuous
pumping, the spatial sizes and intensities of defect lasing modes are changed by Kerr nonlinearity.
Such changes are sensitive to the nonlinear response tim2008 American Institute of Physics.
[DOI: 10.1063/1.1598286

Kerr nonlinearity results in a dependence of refractive  The model system in our study is a weakly disordered
index on light intensityn=ng+ n,|E|?, wheren, is the lin-  one-dimensional PC. It consists of binary layers made of
ear refractive indexy, is the nonlinear Kerr coefficient, and dielectric materials with dielectric constarés= e, and e,
|E| is the electric field amplitude. When a light beam travels=9¢,, respectively. The thickness of the first layer, which
in a homogeneouKerr medium, positive nonlinearityn,  simulates the gain medium, ®=ay(1+w,a), wherea,
>0) always leads to self-focusing, while negative nonlinear-=400 nm, w, represents the degree of disorder, ani a
ity (n,>0) self-defocusing. However, in anhomogeneous random value in the rande-0.5,0.5. The thickness of the
medium, light transport behavior is not simply determined bysecond layer, which simulates the nonlinear mediun is
the sign of Kerr nonlinearity. The interference effect of scat-=b,(1+w,8), where by=100 nm, w, represents the
tered waves dominates light transport in a linear inhomogeelegree of disorder, ang is a random value in the range
neous medium. For example, in a periodic structipteoto- [—0.5,0.5.
nic crystal, PQ, constructive and destructive interferences  We first investigated how Kerr nonlinearity modifies the
result in pass bands and stop bands for light propagation. defect modes of a passive system in the time-independent
a weakly disordered PC, defect modes are formed near thgalculation. We used a self-consistent nonlinear transfer ma-
band edge$.Such modes are spatially localized and havetrix method for this stud§:® This method works only in the
high quality factors Q). In the presence of optical gain, they perturbative regime; that is, the nonlinear refractive index
serve as lasing modésThe nonlinear effect on defect lasing change|An|=|n,|-|E|?<n,. In Fig. 1 we considered two
modes is significant owing to high laser intensity and resodefect modes in a weakly disordered p&,=W,=0.2)
nance enhancement. Specifically, the nonlinearity at the lasyith 50 layers. One modé\~6988 A) is on the short wave-
ing frequency, which is in resonance with a transition of thelength edge of a band gap, the ottier-8632 A) is on the
gain material, is resonantly enhanced. long wavelength edge of the same gap. Figure 1 shows the

Over the past few years, there have been extensive stugransmission peaks of these two defect modes. The values of
ies on nonlinear PCs and their applications to switches, limn, are chosen such that the maximum change of refractive
iters, optical diodes, and transistors in integrated photonigndex |An|a=|Nsl- |Emas?<1X10~2. Positive Kerr nonlin-
circuits?~" However, these studies are focused on passiv@arity (n,>0) always shifts the defect modes toward longer
systems. The nonlinear effect in active PCs has not been Wq}\l/ave|ength, while the negative non"nearity]ZK O) to
understood. In this letter, we modeled the effect of Kerr nonshorter wavelength. In Fig. 1, the wavelength shift-ig A,
linearity on defect lasing modes in weakly disordered PCsgnd it is nearly symmetritalthough not exactlyfor positive
We took two approachedi) time-independent calculation ang negativen,. From the center wavelengtt, and line-
based on self-consistent nonlinear transfer matrix methogligth AN, we calculated the defect mode’s quality fac@r
and (ii) time-dependent simulation with the finite-difference =X\o/A\. The change o€ depends not simply on the non-
time-domain(FDTD) method. With the first approach, we |inearity, but on the position of the defect modes with respect
investigated how Kerr nonlinearity changes the frequencyq the band gaps. For the defect mode at 699F . 1(a)],
and quality factor of a defect mode. The second method reyositive Kerr nonlinearity increases i@. On the contrary,
veals the dynamic effect of Kerr nonlinearity on the spatialfr the defect mode at 8632 AFig. 1(b)], positive Kerr
size and intensity of a defect lasing mode. Physical interprengniinearity decreases i@. We repeated this calculation for

tation of these results are presenteldw fast the nonlinear many defect modes in different structures. We found the gen-
response isurns out to be essential to the dynamic nonlinearg, 5 ‘pehavior: when the Kerr nonlinearity moves a defect

effect in an active nonlinear system. mode closer to the center of a band g&pincreases; other-
wise Q decreases. This can be understood in terms of the

3Electronic mail: h-cao@northwestern.edu change of localization length In the presence of weak dis-
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FIG. 1. Transmission peaks of the two defect moggecified in Fig. 1in

the presence of Kerr nonlinearity. The quality factors are written next to the |G- 2- Spatial size(t) of the two defect lasing modes at the pumping rate
peaks. (8 N,=5.0<10"7 M2/V2, |AN|a=|Nal- [Enml?=7.45¢ 1073, n, of 5.0x107 s-1. (a) For the defect mode at 6988 A. From top to bottom:

=~ 5.0x10°7 MEIV2, |An|pp=655¢10"2. (b) n,=10x10° meve,  X— *1-032)10’” m(23/)V2 and 7= 7502; ; 2x“’:d -1.0x10°Y ngzvz and

AN|p=8.76x 1073, Ny=—1.0X 10°% MIVZ, [AN];e=8.48¢ 10°2. o=5T; X =0 x7=1.0<10_ " miV® and 7o=500T; ) "=-10

| AN s 2 | AN X 10"Y m?/V? and 7,=5T. (b) For the mode at 8632 A. From top to
bottom: x®)=8.0x 10~ m?/V? and 7,=5T; x®=8.0x 10" m?/V? and

—500T +3=0: +®)= —8.0x 10-17 m2/\2 CET L
order, the defect modes are located near the band edg%;??n;z;(,z anOdVTX7500-|—8.O 107 m*/V= and 7o=5T; x 8.0
., =500T.

where d¢/dA#0. The closer to the band gap center, the
shorteré. For a defect mode on the shorter wavelength side
of a stop band wherd£/d\ <0, positive Kerr nonlinearity dG(x,t)  G(xt) N [E(x,1)]?
redshifts its wavelength toward the band gap center. The de- dt To T
crease of the localization lengéieads to better confinement
of defect modes, thus high&p. In contrast, for a defect E is related toD by accounting for both linear polarization
mode on the longer wavelength side of a stop band wher®, and nonlinear polarizationPy, : E(x,t)=[D(x,t)
d&/da>0, positive Kerr nonlinearity redshifts its wave- — P, (x,t) — Py (X,t)]/ege.. Because P =¢e,xYE and
length away from the stop-band center. The increasé of Py =eox®’EG, the effective dielectric constant ig(x,t)
results in worse optical confinement and low@r More = e.+xP+xG(x,t), wherexV is the linear susceptibil-
quantitatively, the quality factor of a defect mode can beity. When light frequency is far from any resonant frequen-
estimated aQxexp(L/é), whereL is the system lengt’  cies, 7, approaches 0, Kerr nonlinearity becomes instanta-
The nonlinear shift of mode wavelength causes a change afeous, g(t—7)=4(t—7), and G(x,t)=|E(x,t)|]2. The
& which affects the value o®. The change of) can be nonlinear dielectric constante=e_+ x®|E|?, where €,
estimated as AQ/Qu—(L/&3)-Agx—(LI§)-[(ME)  =e.+xY is the linear dielectric constant. Hence, the non-
-(d&/dN\)]- (AN/N). The first two factors in this expression linear refractive indexn=ngy+n,|E|?, whereny= /€., n,
can be large; in our case they are on the order of 10. This x®i2n;.
explains why, in our numerical calculation, the relative In our time-dependent calculation, we first turned off
change ofQ is about 2 orders of magnitude larger than theKerr nonlinearity by setting¢®®=0. Initially, all the atoms
relative change of mode wavelength. Moreover, the sign ofire in the ground state. The external pumping is switched on
dé/d, opposite on the two sides of a band gap, determinegt t=0, and kept constant. Its value is chosen so that only
the sign ofAQ. However, in the presence of strong disorder,one defect mode lases. The lasing frequency is nearly iden-
the defect modes move to the stop band centers whetiécal to the frequency of the defect mode in the passive sys-
d¢/dA~0. Their quality factors do not exhibit systematic tem. Next, we included Kerr nonlinearity(®)#0). A sig-
changes. nificant frequency shift of the defect lasing mode is
The limitation of the self-consistent nonlinear transferobserved. Positive nonlinearity{*>0) leads to redshift,
matrix method is that it works only fgpassivemedia at the ~While negative nonlinearity *<0) to blueshift. This re-
steadystate. To study the dynamic nonlinear effect in ansult is consistent with that of the nonlinear transfer matrix
active medium, we switched to a time-dependent algorithmmethod.
We solved the time-dependent Maxwell equations with the ~ The spatial size of a defect lasing mode is also changed
FDTD method!! In the layers of gain medium we solved the by Kerr nonlinearity. When only one mode lases, the size of
rate equations for 4-level atoni.In the dielectric layers the lasing mode can be characterized by the inverse partition

with Kerr nonlinearity, we introduced the nonlinear polariza-ratio r(t)=(J|E(x,t)[?dX)?/(J|E(x,t)|*dx). Figure 2 plots
tion density>1* Pa (6, t) = eoxPE(x,t) [7 gt (1) of two defect lasing modehe same ones as in Figl. 1

— 9)|E(x,7)|%d7, where x® is the third-order nonlinear The values of(®) are chosen so that the wavelength shifts of
susceptibility. The casual response functiog(t—7) these two modes are 4 A, close to their shifts in the non-
— (Urg)ex —(t—n/ry] for t=r, andg(t—7)=0 for t<r.  linear transfer matrix calculation. Fop®)>0, the defect
7o is the nonlinear response time. To incorporate the nonlinfode at 6988 A increases in size, while the defect mode at
earity with finite-time response into the FDTD algorithm, 8632 A shrinks. The size of a s'patllally localized defect
we introduced a new function G(x,t)=/".g(t mode is on the order of the localization lengthTherefore,

the relative change of the size can be estimated\ss
—n)[E(x,7)[’d7=(1/7) Joe™ "V O[E(x,7)[*d7. The dif-  «[(\/£)-(dé/dN)]- AN/\. The sign ofdé/d\ is different

ferential equation foG(x,t) can be derived as on the opposite sides of the band gap, which explains the
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NG (b) the laser intensity. Reflectivity at the layer interface becomes
larger, giving stronger feedback for lasing. Thus laser emis-
sion is enhanced. Whery is longer thanr;, the nonlinear
change of refractive index is slow enough that the interfer-
ence of multiple reflected waves still dominates the feedback
for lasing. Thus, the intensity change of a defect lasing mode
depends on the change of its size @pd
Note that the difference between our study and that on
. nonlinear localized modesalso called intrinsic localized
% 4 & 80 20 40 60 80 100 modes or discrete breathgriis that our localized modes are
tps) tps) formed by defects instead of nonlinearity. The nonlinearity
FIG. 3. Total laser emission energy(t) of the two defect lasing modes at merely modifies the defeCt_mOdperturbatlvely Our r_nOd_eI
the pumping rate of 5010 s 2. (a) For the defect mode at 6988 A. From WOrks only when the nonlinear change of refractive index
top to bottom: x®=1.0x10"Ym?/V? and 7,=5T; x®=10 An<ny. However, for positive and fast nonlinearity, the
X101 m?/VZ and 7o=500T; x(¥=0; x®=-1.0x10"""m*/V?and7,  rapid nonlinear feedback to lasing may lead the system out
=500T; x(*)=—1.0<10""" m’/V? and ,=5T. (b) For the mode at 8632 ¢ tho nerturbative regime, as shown by the lower solid trace
A. From top to bottomy®=8.0x 10" m?/Vv? and 7,=5T; y®¥=-8.0 . _ . L
% 10" MIV2 and 7,=500T; y®=0; y@=8.0x10"Y m2/V2 and 7, in Fig. 2(a) and the top solid curve in Fig.(8. WhenAn
=500T: x®=—8.0x10" m¥V?2 and r,=5T. ~ng, the higher order nonlinearity must be taken into ac-
count, and our calculation result is no longer accurate. Nev-

) ) . _ertheless, in many practical systems Kerr nonlinearity is
sign of mode-size change. The size change of a defect lasingeak: for example, the fiber distributed-feedback Id&&ur

mode is consistent with the change of @spredicted by the  eqyts jllustrate that dynamic nonlinear effect is significant
nonlinear transfer matrix method. With an increase in the,st only to the transient process but also to the final lasing
size of a defect mode, its loss caused by light leakag@iate under constant pumping. Therefore, even in the pres-
through the boundary increases; thus Qtslecreases. ence of weak nonlinearity, time-dependent modeling is es-
(As shown in Fig. 2, the finalsteady-statesize of defect genial to correctly predict the lasing behavior. Our time-
lasing modes also depends on the nonlinear response t'”&%pendent FDTD calculation reveals that the speed of

7o Neverthelessy, only affects the magnitude air, it popjinear response is an important factor in the Kerr effect
does not flip the sign oAr. However, it is not so for laser 5, lasing.

intensity. We calculated the total laser emission energy

U(t)=(1/2)f ege|E(x,t)|?dx under constant pumping. As The authors acknowledge Prof. A. Taflove, Dr. A. L.
shown in Fig. 3, whenro=500T (T is the optical perio  Burin, and S.-H. Chang for stimulating discussions. This
the intensity change of a defect lasing mode is consistentork is supported partially by the National Science Founda-
with its size change. Namely, when the Kerr nonlinearitytion under Grant No. DMR-0093949 and the David and
reduces the size of a defect mode, the increase @ isads  Lucille Packard Foundation.
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