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We develop a one-dimensional theory of diffraction-induced transverse effects in nonlinear Fabry-
Pérot resonators addressed by finite-width incident beams. This is achieved in the framework of the
coupled-mode analysis, which takes full advantage of the fact that nonlinear Fabry-Pérot devices are res-
onant. As compared with a recently published theory dealing with the same subject [M. Haelterman,
Opt. Commun. 75, 165 (1990); M. Haelterman, G. Vitrant, and R. Reinisch, J. Opt. Soc. Am. B 7, 1309
(1990); and G. Vitrant, M. Haelterman, and R. Reinisch, ibid. 7, 1319 (1990)], where the nonlinearity is
introduced in an approximate way, the formalism developed here takes the nonlinearity associated with
the optical Kerr effect rigorously into account. This feature has an important consequence: It leads to a
theory that can be generalized to the TM case and also to anisotropic nonlinear media. The theory
presented here is valid for any value of the angle of incidence. Under normal (or quasinormal) incidence,
two counterpropagating modes, having the same absolute value of the wave-vector component parallel
to the plane of the mirrors, are resonantly (or nearly resonantly) excited, whereas under oblique in-
cidence, only one of these modes is excited. This allows us to point out that the feedback leading to opti-
cal bistability occurs along the direction of propagation of these resonantly excited counterpropagating
modes of the nonlinear optical resonator. This explains why optical bistability disappears under oblique
incidence. Although developed in the case of nonlinear Fabry-Pérot resonators, this theory applies to a
wide range of nonlinear optical resonators such as nonlinear prism couplers, nonlinear grating couplers,
nonlinear interference filters, etc. The theory developed here applies whenever the excited electromag-
netic field can be accurately described by a single mode or two counterpropagating modes of the non-
linear device. As an example, numerical results are given in the case of a nonlinear multiple-quantum-
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well Fabry-Pérot-type structure of Al,_,Ga, As/GaAs with Al,_, Ga, As/AlAs mirrors.

I. INTRODUCTION

Nonlinear (NL) Fabry-Pérot (FP) resonators appear as
promising basic elements for all optical signal processing:
optical bistability (OB), optical logic, etc. In order to
fulfill the need for massively parallel processors, large bi-
dimensional arrays of micro-NLFP resonators are now
developed.! The reduction of the size of FP resonators is
limited by the diffraction phenomenon which appears to
be very important for the design of the NLFP resonator.
As a result, the influence of transverse effects arising from
diffraction has to be taken into account.

Diffraction in NLFP resonators has given rise to im-
portant literature’ ! where a variety of situations re-
garding the geometry of the NFLP resonator, the type of
nonlinearity involved, and the theoretical tools used are
reported. Marburger and Felber? treat a high finesse cav-
ity with adjustable focusing elements. Drummond® con-
siders an interferometer filled with a NL absorber and
takes into account the radial variation of the electromag-
netic (EM) mode function; dispersive effects and inhomo-
geneous broadening are also included. Rosanov*
discusses the existence of transverse diffusive switching
waves. In the paper by Ballagh et al.,> the NL medium
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is placed in the waist region of a spherical mirror cavity;
these authors deal with the “small shaping regime’
where diffraction can be ignored. As a result, they derive
an analytic solution for the cavity transmission and bista-
bility threshold. Firth and Wright® report an analysis of
transverse effects in a NLFP resonator with an input
Gaussian beam. The method involves projection on to a
set of Laguerre-Gaussian functions. Moloney’ considers
a FP resonator partially filled with a NL medium exhibit-
ing a positive or negative Kerr-type nonlinearity. Firth,
Galbraith, and Wright® study the influence of diffusion
and diffraction: this is achieved using a quasifast Hankel
transformation technique. More recently, Weaire and
Kermode®’ and Reinisch and Vitrant!® concentrate on
NLFP resonators completely filled, respectively, with
self-defocusing and self-focusing media. Olin and
Sahlen!! assume a cylindrical symmetry and treat a FP
resonator filled with a saturable medium; Olin!2 analyzes
the case of dispersive OB in NLFP where diffraction and
diffusion are equally strong. The influence of heat con-
duction, together with the corresponding diffusive pro-
cess, is considered in Ref. 13. In every case, large
differences are found between plane-wave and finite-
width-beam calculations.
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The papers denoted as Refs. 6-13 have the following
common feature: the study of transverse effects is per-
formed without taking into account that, according to
the value of the input power involved, the transverse field
map (along y, Fig. 1) can be accurately described by its
linear expression.!* As a result, the unknown EM field is
looked for as a function of x and y (Fig. 1) leading, in this
way, to bidimensional theories. Due to its bidimensional
characteristic, this kind of formalism requires large com-
putation times.

Recently, a one-dimensional theory!>1® has been
developed which relies fully on the fact that NLFP reso-
nators are resonant devices. This theory is based on a
pole analysis. As compared to bidimensional theories,
the interest of the method of Refs. 15 and 16 is due to
simplicity and rapidity because the y dimension has been
washed out.

There is however a drawback concerning the pole
analysis.!>!® In this theory, the linear equation describ-
ing the x behavior of the transmitted field is first derived.
This equation involves the propagation constant of the
linear mode. The nonlinear equation is then obtained by
replacing this propagation constant by a nonlinear one
which takes into account its dependence on the mode in-
tensity. This is done without any demonstration and the
validity is only checked numerically by comparison with
the bidimensional calculation. A rigorous demonstration
of this treatment is given in the present paper.

We show here that it is possible to develop a one-
dimensional theory of diffraction in NLFP resonators il-
luminated by a finite-width beam under any angle of in-
cidence, where the optical Kerr effect is rigorously ac-
counted for. This is achieved in the framework of the
coupled-mode analysis.!” This formalism is particularly
well suited for the study of diffraction in NLFP resona-
tors because the nonlinearity introduces itself naturally
from the very beginning of the calculation.

The coupled-mode analysis first requires us to charac-
terize the modes of the linear FP resonator. This is done
in Sec. II. Section III is devoted to the determination of
the NL equation which describes the coupling between
the incident field and the excited modes. A local Kerr
nonlinearity is assumed. This equation is compared with

Kerr-law medium
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FIG. 1. Geometry considered in this paper.
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the corresponding one in Ref. 16. The results of Secs. II
and III are discussed in Sec. IV where it is shown that, al-
though derived for NLFP resonators, the NL coupling
equation also applies to NL prism couplers, NL grating
couplers, and NL interference filters. In this section, for
the sake of completeness, the main results of Ref. 16,
which only concern transverse effects in transmission, are
summarized. We then consider a nonlinear multiple-
quantum-well Fabry-Pérot-type structure of
Al,_,Ga,As/GaAs with Al,_,Ga,As/AlAs mirrors
working in reflection.

II. MODES OF A LINEAR FABRY-PEROT DEVICE

Let #,,2,;7,,t, be the linear reflection and transmission
coefficients, in amplitude, of, respectively, the front and
back mirrors of the FP resonator. It is an easy matter to
show that the linear plane-wave transfer function is given
by the following expression:

t2e 1¢0(B)
1—r2e /2P
with t2=tt,, r?=r,ry, B=kysin6, 6 the angle of in-
cidence, ko=(w/c)n, n the index of refraction of the out-
side medium, c¢ the speed of light in vacuum, » the angu-
lar frequency of the incident beam,

do(B)=e(k*—p*)!/ 2)

e the thickness of the FP resonator, kK =(w/c)Ve, and €
the linear relative permittivity of the NL medium, as-
sumed lossless, located between the two mirrors—thus €
is real.

Let

(B)= (1)

2=|e2%e’", r2=|rl%’"

According to Eq. (2), one sees that it is B?%, and not BB,
which enters the expression of 7(f3). Thus it is more con-
venient to consider the functions ¢, and 7 as functions of
B? instead of B, i.e., o= ¢d(B?) and 7=7(52).

Any resonance m of 7(f?) is associated with a pole
T, =72, of this function. The pole y2, fulfills

2
1—r2e/2"m) =0 | (3)

In Eqgs. (1) and (3) 7 is a function of 8. However in many
experimental situations the function r(f3) is a slowly vary-
ing function of B in the resonance domain of interest.
Thus we neglect the 8 dependence of r.

Let
vyl =p +jr3, . (4a)
Equation (3) yields
p,2n=k2—%[(m‘n'—%¢,)2—(ln|r|)2], (@b)
Kfnz—%(mn'—%llz,)lnlrl . (4c)

The quantity y2, is a simple pole of 7(8?). Since y,, is
complex, v, describes leaky modes of the FP resonator.
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This leaky feature comes from the fact that |r| <1, i.e.,
one deals with an open resonator. Assuming a
sufficiently high finesse cavity, in the vicinity of a pole
T,,, the Laurent expansion'® of 7(3?) can be approximat-
ed by the following expression:

c
"B =1, (B)=—"—5 )
" B =7
with
jbo(B?)
. t2¢7%0
¢, = lim (B2—y%)—— .
s N
We get
£2
Com =j——7(—1)"‘+1(m'n'+j Inr) . (6a)
re

In the case of high-reflectivity mirrors (r =1), the use of
Eq. (6a) together with Eq. (4c) yields
+1 e o 2
Cp =j(—1)"T ——————x .

m = am ) 60
Equation (5) provides a suitable basis to discuss which
modes are excited when the angle of incidence 8 is varied.
This equation can be rewritten as

Cm

T k3 sin?0—y2, @
From Eq. (7), it is seen that one has to distinguish be-
tween the two situations 6 equal or close to zero and 6
different from zero. Let us assume that the wavelength is
a fixed parameter.

(i) 6=0

Cm

vy

Resonance occurs when

Tm =

Re(y%,)=p2, =0 . (8a)
If we let v,, =¥, + 7V, Eq. (8a) shows that
lYml=lyml (8b)

Besides this, according to Eq. (4b) Eq. (8a) leads to the
value e,, of e for which the leaky mode m is resonantly
excited:

kel =[(mm—1¢,)*—(nlr|)*] . (8c)

That is to say, under normal incidence, two counterpro-
pagating leaky modes (labeled m) of the FP resonator are
resonantly excited provided Eq. (8c) is fulfilled. These
two modes have longitudinal x-wave-vector components
Yl

(i) 60

— cm
™ (kosin@—v,, Nkosin@+7y,,)

T

Only one leaky mode m is resonantly excited provided:
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kysind==xRe(y,,). This equation can be solved either
with respect to e or 6. If the variable of interest is the
thickness e, for a given 6 this relation leads to the value
e,, of e for which resonance occurs:

[(m7—1g,)*—(In|r)?]

k2e2 —_
1— (k3 /k?)sin’0

m

Due to the nonzero value of 6, it is also possible to derive
the value 6,, of 8 for which there is resonance (the thick-
ness e being given): k sind,, =tRe(y,,).

III. NONLINEAR COUPLING EQUATION

We are now in a position to derive the NL coupling
equation between the incident field and the leaky modes
of the NLFP resonator. This is achieved using the
coupled-mode approach.!” We remind the reader that, as
already stated in Sec. I, the NFP resonator is filled with a
local Kerr medium.

A. Derivation of the general nonlinear coupling equation

The theoretical developments first require us to define
the unperturbed system. The latter is constituted by the
linear FP resonator without any illuminating beam. Its
normal modes are those discussed in Sec. II. The pertur-
bation arises both from the source polarization due to the
incident beam and the nonlinearity of the medium filling
the NLFP resonator. We make the usual hypothesis!>?°
according to which the resulting perturbation can be split
into two independent components as follows: One ac-
counts for the coupling process between the incident
beam and the NLFP resonator. The corresponding
source term is calculated considering the associated
linear case. The other component accounts for the NL
effect and comes from the existence of the optical Kerr
effect inside the NLFP resonator.

It has been shown in Refs. 14 and 16 that the results
concerning the response of a NLFP resonator derived
from the bidimensional theory®!° are in good agreement
with the corresponding ones obtained using the NL
coupled-mode formalism.!#~16 Since in the bidimension-
al theory the excitation process and the induced optical
Kerr effect are treated rigorously, this agreement justifies
the hypothesis of Refs. 19 and 20 according to which the
excitation process can be treated as mentioned above.
This conclusion holds whatever the shape of the incident
beam may be: plane wave or finite width.

The EM field supported by the unperturbed FP can be
expanded!” on the basis of the modes introduced in Sec.
II; the coefficients of this expansion do not depend on x.
In the presence of the incident beam, these coefficients
become functions of the longitudinal x coordinate.!” The
general expressions of the transverse (in the plane perpen-
dicular to x) electric field &1(x,y) and magnetic field
F1(x,y) are given by the following expressions:

E+(x,0)= ¢ (x)EH, (p)e’ ™"

+3 e (OEp, (e T, (92)
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FHrx, )= e (x)HF, (p)e’

+3 e (X Hp, (e T (9b)

N . 4
The quantities EF,,(y)e Tm* and HE, (p)e Tm* refer,

respectively, to the electric and magnetic fields of the for-
ward (+) and backward (—) propagating modes of the
unperturbed structure (an e ~/“' time dependence is as-
sumed). EZ, () describe the linear transverse electric
mode shape of the forward and backward modes m. We
assume d /dz =0, thus the mode profile is only a function
of y.

It is shown in Ref. 17 that the coefficients ¢.Z(x) fulfill
the following equation:

dek

NESE — (B () P xp) e T

it
—jo(EE, (»)PLx,p))e ™™ . (10a)
In Eq. (10a) the following statements are true. (i) { )
stands for an integral in the cross-section plane:

O=[...dy.

(ii) Ni=(u-(B}f,xHE, —E%, XHF,)), (10b)

where u is the unit vector along the x axis. The integral
in the cross-section plane is calculated from y = — e to
y =+ . The superscript ¢ denotes the adjoint structure
deduced from the original one by transposition of the
dielectric permittivity and the magnetic permeability ma-
trices.!” Thus the quantity 7*, fulfills'?

Ymt¥m=0. (10¢)

(iii) The first bracket accounts for the existence of the op-
tical Kerr effect of the medium filling the FP resonator
which gives rise to the NL polarization PNY(x,y). The
second one describes the in-coupling of the incident
beam, the resulting source polarization being PX(x,y).

The terms PNY(x,y) and P%(x,y) couple all the modes
of the structure. Thus Eq. (10a) represents an infinite set
of first-order coupled NL differential equations. As
pointed out in Ref. 17, this set is exact. It is worth noting
that Eq. (10a) is valid for the TE and TM cases and also
for anisotropic NL media.

In the remainder of the paper, we consider the situa-
tion where (i) only two counterpropagating modes *7v,,
may be resonantly excited and (ii) all the other modes are
far enough from these two modes such that the expansion
of the transverse EM field takes the following form which
accounts both for the normal or non-normal incidence
situation:

Erlx,y)=c; (x)BH, (e’ ™ +em (0BT, (e T,
Fr(x,p)=c; (HE, e’ ™ + e (OHE, (e T
(11a)

4
Let af(x)=cX(x)e Hm*

leads to

; the use of Egs. (10a) and (10c)
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*

N

=+jNEy af—jo(BE, (»)-PNN(x,))

—jol{EF, (»)-PX(x,y)) . (11b)

We pursue the TE case and consider isotropic NL
media.?! Thus

6=e,6 and E=e,E ,
Pi=e,PL, PNl=¢,PNL,

and e, is a unit vector along the z axis where?!

PNL=€QX(3)1g126 , X(”:xzzzz . (12)
According to Egs. (11a) and (12), Eq. (11b) yields
da;

=Y ma HioVatlay ta, May ta,)
+joVEF(x), (13a)

where use has been made of the fact that N,

(XPELWIE,,(»)*)

NL —

yNL=¢, N , (13b)
(E,,(»)PL(x,y))

VEF.(x)= yN nr7 (13¢)

m

F;(x) accounts for the x dependence of the finite-width
incident beam at y =0. For example, in the case of an in-
cident Gaussian beam

—(x cosf/w )ze jBx

F;(x)=F;e
According to Eq. (10b)
2Y m

Dlo

In Egs. (13b) and (13c), N,, and the numerator of
VLF,(x) involve integrals which have to be calculated
over the whole cross-section plane. According to the
leaky feature of the modes, each of these integrals
diverges. It will be explained in the following section
how this difficulty is solved.

Let g,,(x) denote the x dependence of the total electric
field of the mode: g,,(x)=a, (x)+a,, (x). From Eq.
(13a), we get

d’g,,
dx?

N, = (E2) . (13d)

728 +EnE18m 128 m =E5 Fi(x) (14a)

bm="20Y V5 ,
@ XVPE;WIE,»)*)
"ooe? (EL(»)
Equation (14a) is important since it constitutes the NL
coupling equation between the incident field and the EM

field constituted by the forward and backward NL guided
modes m. It is worth noting that Eq. (14a) holds even in
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the case of multiple-beam excitation.
Once g,,(x) is known, the transmitted field &, is given
by the following expression:

6,(x)=g,,(x)E, (y =e), (14b)

whereas the reflected one &, is derived from the continui-
ty of the tangential component of the electric field at
y =0:

6,(x)=g,(x)E,(y =0)—F;(x) . (14c¢)
Equation (14c) can be rewritten as
6,(x)=q,6,(x)—F;(x), (144d)
where
_ E,(y=0)
I Eay=e)

Equation (14d) provides a useful relation between the
reflected, transmitted, and incident fields. It is worth
noting that this relation is a linear one between &,(x),
6,(x), and F;(x). This result is a direct consequence of
the assumption underlying the coupled-mode analysis;
namely, that the transverse field map (along y) corre-
sponds to the linear one.

Use of the steepest-descent method!® shows that the
far-field pattern, in transmission and reflection, is propor-
tional to the Fourier transform of &,(x) and &,(x), re-
spectively.

B. Comparison with the results of Ref. 16

In order to compare Eq. (14a) with the corresponding
equation of Ref. 16, we consider the case where only one
beam is incident on the NLFP resonator. Thus

F(x)= A,;(x)e’P* (15a)
and
8 (X)=fn(x)eP* .

From Egs. (14a) and (15), it is seen that f,,(x) obeys the
following NL coupling equation:

d*f,, af
+2j
U2 jB

(15b)

R B A N o 2= E A,(x)

(16a)

Equation (16a) shows that the resulting NL longitudinal
wave-vector component ¥ NC is complex and depends on
the local electric-field intensity | f,, |? through the follow-
ing relation:

(YN =p3, + N fn 124D, (16b)
Therefore
A, =B*—p},

corresponds to the initial detuning of the NLFP resona-
tor.
It is interesting to consider the situation 6 =0 because
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in that case, B=0 and A,,=—p?2,. Thus it is seen that
under normal incidence, and for self-focusing media, the
two modes involved in the OB process fulfills p2, <0. An
increase of the excited modes intensity leads to an in-
crease of (phL)2=p2 +¢NL|f, |2 Resonant excitation of
these two counterpropagating modes occurs when
(pNL)?2=0.

Let us now calculate the quantities % and &N enter-
ing Eq. (16a). This is achieved according to the pro-
cedure outlined at the beginning of Sec. IIT A.

1. Determination of £L,

It is worth noting that the coefficient £ does not de-
pend on the shape of the input beam. Thus &£ can be
determined considering a plane wave instead of a finite-
width incident beam. In that case, Eq. (16a) yields

Von =BV =6 A - 17
Besides this, the transmitted field F,,, is given by
F, =fn.E,(y=e). (18)
Equations (17) and (18) lead to
Fpp _ &m
— =" _F (y=e). 1
4, 7 —p (Y =e) (19)

Equation (19) is nothing but the transmittivity 7,, of the
FP resonator. Comparison of Egs. (5) and (19) leads to
the desired expression of &% :

e/ Ko
1—(¢,2mw) E,(y =e)

L=j(—nm (20a)

2. Determination of N

According to Eq. (16a), the optical Kerr effect exhibit-
ed by the medium filling the FP resonator leads to new
NL eigenmodes of the interferometer with a longitudinal
wave-vector component given by Eq. (16b). Thus the
quantity yNE, and as a result £NL, can be derived looking
for the homogeneous solution of the NLFP resonator,
i.e., without any input beam. The calculation of £NL can
be performed analytically for a thick (e >>A in the NL
material) FP resonator,?? using Jacobi elliptic functions??
or a numerical method?* for a thin NLFP resonator. For
the sake of simplicity, we consider here a thick FP reso-
nator. In this case, one derives the NL phase shift which
is related to the effective NL index variation An. Once
An is known, Egs. (4) yield
2
(4] ‘/_6 ,

Aly,,)*=2An

which, together with Eq. (16b), leads to the expression of
ENL. Thus

NL_—3.,(3) | @

21+, |2

E,(y=e)*.
P |E,,(y =e)l

(20b)

From Egs. (16a), (4a), and (20), we see that the quantity
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F,, (x) obeys the following equation:

d’F, F,
dxt2m d;m +(an —B2+§2L|th lz)th

+ji2 F,,=—cp A;(X) 1)

d
+2jB

with
gNL
m

NL —
gm |Em(y=e)|2

In Ref. 16, for the sake of simplicity r and ¢ have been as-
sumed real. Within the same approximation, Eq. (21) is
the same as Eq. (13) of Ref. 16. Such a result justifies a
posteriori the method used in this reference to include the
nonlinearity.

IV. DISCUSSION

The NL coupling equations (14a) and (21) are valid for
any incidence: normal, quasinormal, or oblique. As a re-
sult, the formalism developed here allows the study of not
only NLFP resonators but also NL prism couplers or NL
grating couplers. Indeed, as has been already noticed,?*
all these devices belong to the class of nonlinear optical
(NLO) resonators: the EM resonance involved in NL
prism couplers or NL grating couplers is the NL guided
mode resonance whereas for NLFP resonators it is the
NL Airy resonance.?*

When a NLO resonator is excited under oblique in-
cidence, only one mode is involved; the corresponding sit-
uation has already been studied by Carter and Chen.! It
is an easy matter to check that under oblique incidence,
Eq. (21) yields Carter and Chen’s equation. But for de-
vices which are usually illuminated under normal or
quasinormal incidence, two counterpropagating modes
are resonantly excited; this fact needs to be included in
the theory. Thus the theory developed in this article ex-
tends Carter and Chen’s analysis to the case of NLO
resonators illuminated under small incidence angles with
respect to the resonance width in the 8 domain.

2. Transverse effects in transmission

Extensive numerical results concerning the behavior of
the response of NLFP resonators when varying the
finesse, the width w, of the incident beam, and the angle
of incidence can be found in Ref. 16 where the emphasis
was only on the transmitted beam. We first summarize
the main results obtained there (Ref. 16) and then consid-
er a nonlinear device working in reflection. In Ref. 16
the following has been shown.

(a) For normal incidence and for self-focusing media
there is an OB loop even for tightly focused beams. This
is a consequence of the existence of a self-focusing chan-
nel of light in the NLFP resonator. For self-defocusing
media, the OB loop disappears when w, decreases.

(b) Under oblique incidence two facts are shown. (i)
There exists a limiting value 6; of 8 beyond which (6 > 6,)
OB is lost. This conclusion may be understood on the
basis of Secs. II and III. Under normal incidence, the op-
tical Kerr effect allows a simultaneous retuning of the
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forward and backward propagating modes m. On the
other hand, under oblique incidence only one mode may
be resonantly excited (forward or backward, depending
on the sign of 6). Therefore it is seen that the feedback
giving rise to OB occurs along the x direction since it
comes from the resonant excitation of two counterpro-
pagating modes. In the case of oblique incidence, feed-
back is lost and OB disappears Consequently the zig-zag
path inside the NL resonator does not introduce the
necessary feedback to get OB, it only allows for the ex-
istence of NL eigenmodes of the structure. (ii) Concern-
ing the variation of 6; with the width w, of the input
beam, it has been found'® that an increase of w, leads to a
decrease of 0;: the larger the input beam, the smaller the
0 range yielding OB. This result is surprising because
when considering an incident plane wave, OB exists
whatever the value of 8 may be. The reason for this be-
havior of 6, comes from the fact that the Fourier spec-
trum of the incident beam in the wave vector domain,
which is linked to the diffraction effect, is all the more
important than w is small. Everything happens as if the
finite-width incident beam was behaving as a wave-vector
generator. It is this wave-vector generator which allows
the simultaneous resonant excitation of the two counter-
propagating modes even when 0 is different from zero.
Since this generator includes fewer and fewer wave vec-
tors as w, increases, one understands why 6, decreases
when w, increases. In addition, it is seen that under
non-normal incidence, the plane-wave solution is never
recovered both for self-focusing and self-defocusing
media. This is also the case for normal incidence, but
only for positive Kerr media.!®

To summarize, it has been shown that considering a lo-
cal Kerr medium, there is no OB under oblique incidence
in the case of a finite-width incident beam. This result
contradicts the conclusion of Refs. 24-26, dealing with
plane-wave excitation, where it is shown that OB occurs
even under oblique incidence. As explained in Ref. 14,
the existence of OB under oblique incidence with plane
waves is due to the fact that a plane-wave calculation in-
troduces an ‘“‘artificial” feedback through the implicit as-
sumption that the NL index of refraction is independent
from x. In fact, plane-wave calculations describe experi-
mental situations where a completely delocalized non-
linearity?’ is involved. In this paper, we concentrate on a
local nonlinearity. Moreover, the result of Ref. 28—
according to which there should be OB under oblique in-
cidence, even in the case of a finite-width incident
beam—has been shown?® to arise from the approximation
made in Ref. 28, where it is assumed that the NL index of
refraction has no x dependence. Again this hypothesis
introduces an ‘‘artificial” feedback which explains the ex-
istence of OB reported in Ref. 28.

B. Transverse effects in reflection

For the sake of specificity, let us now consider the case
of a nonlinear multiple-quantum-well Fabry-Pérot-type
structure of Al,_,Ga,As/GaAs with Al,_,Ga,As/
AlAs mirrors (Fig. 2). Such a device works in reflection



7876

Air

Front Mirror: 7 periods of Al Ga,, As/AlAs

Active layer: 130 periods of GaAs/Alg; Ga,;As

Back mirror: 14 periods of AlAs/Al, Gagq As

X

N
7

Substrate: GaAs

.

FIG. 2. Geometry of the nonlinear multiple-quantum-well
Fabry-Pérot-type structure of Al;_,Ga,As/GaAs with
Al,_,Ga,As/AlAs mirrors.

and corresponds to a recently published structure.*®

The front and back mirrors are assumed linear and are
constituted by, respectively, 7 and 14 periods of quarter-
wave layers of AlAs/Aly GAj,As such that their
reflectivities in intensity are Ry=91.7% and
Rp=97.6%. The refractive indices of AlAs, GaAs, and
Al Gajy gAs are, respectively, chosen equal to 2.956,
3.660, and 3.551 at a wavelength in vacuum of 840 nm.
The active medium exhibits a negative Kerr effect and
consists of 130 periods of alternating (~10 nm) GaAs
and Al ;GA, ;As layers. We have checked that it is pos-
sible to replace it by a single layer with an averaged com-
plex refractive index n, equal to 3.537+ 6.7 X 1074

The layers of the mirrors are quarter-wave ones at a
wavelength A=2838 nm, and the thickness of the central
layer is chosen equal to 2.7258 um. In order to determine
the reflected field of the NL device (Fig. 2), it is con-
venient to consider first the associated linear device.

(a) Associated linear device. In the plane-wave case,
there exists a linear relation between the reflected field
Frm 1in{B), the transmitted one 7, ;;,(B), and the ampli-
tude A;(B) of the incident plane wave which may be
written as

7rm,lin(B):pm‘)4i(ﬁ)_|_qm 7tm,lin(B) > (22)

where 7, y;,(B) is simply derived using Eq. (21) and p,,
and gq,, are two constant complex coefficients nearly in-
dependent of 3 in the vicinity of the resonance m. Thus
in the case of a finite-beam-width excitation, the reflected
field spatial distribution F,,, ;,(x) is related to the
transmitted one F,, ;;,(x), by the following relation:

Frm,lin(x)zpm Ai(x)+qmth,lin(x) . (23)

(b) NL device. The following is worth noting. Accord-
ing to their definitions, p,, and g,, only depend on the
features of the linear transverse field map. Therefore, in
the framework of the coupled-mode analysis used in this
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TABLE I. Numerical values of the parameters for the modal
theory.

Paramater Value
vl 1.8901 X 10"+ j0.618 78 X 10'2 m 2
Cm —j0.1805X 102 m™2
ENL —3.701x 10" v~2
Pm —0.9927+ ;0.000 55
qm 3.586+;0.0157

paper, these quantities keep the same expression in the
NL case. In addition, Eq. (22) remains a linear equation
between the reflected, the transmitted, and the incident
fields. Thus considering now the NL device (Fig. 2), we
get

F,  (x)=p, A;(x)+q,,F,,(x), (24)

where F,, (x) is given by the full NL Eq. (21) and F,,,(x)
is the reflected field map. Equation (24) is a generaliza-
tion of Eq. (14d) to the case of a multilayered NL struc-
ture. Thus for a NLFP resonator the coefficient p,, is
equal to —1. In the case of the NL device (Fig. 2), the
values of the coefficients p2,, «2,, ¢,., £NY, g,,, and p,,
have been derived by a fit considering the plane-wave ex-
citation of the NL device (Fig. 2). The corresponding ex-
act reflectivity has been determined extending the
method of Ref. 24 to the case of a multilayered nonlinear
structure.

The numerical values of the parameters obtained for
this structure are given in Table I. For the NL device
(Fig. 2), the resonance under normal incidence occurs at
A=838.3 nm. Thus the threshold for bistability is at
837.62 nm and we consider a working wavelength at
837.12 nm for which bistability exists with plane waves.

It is seen in Fig. 3 that the agreement between the
modal reflectivity obtained from Eq. (24) and the exact
reflectivity is excellent. Hence, we use these tested
coefficients to study the transverse effects in the nonlinear
structure (Fig. 2) illuminated by an incident Gaussian
beam.

The influence of the incident beam width w (w is full
width at half intensity) on the response of the nonlinear
FP resonator is analyzed at normal incidence. Figure 4

x10°>

T T T

-=--- exact
— modal

— —
o W
T

Reflected intensity
o
w
T

I
(=}
T

0 1 2 x107
Incident intensity

FIG. 3. Comparison between the exact and modal theories in
the plane-wave case. Normal incidence.
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FIG. 4. Response of the device for three incident beam
widths w (w is full width at half intensity).

shows the bistability curves in reflection for Gaussian
beams whose waists are w =3, 6, and 12 um. The total
reflected power integrated across the beam section is
plotted versus the total incident power. It is seen that for
a given detuning there exists a minimum waist for bista-
bility.

We are now interested in the beam profiles after the
commutation occurs, when the nonlinear term is high,
here for the working points 4 —C of Fig. 4 correspond-
ing to the three waists. Due to self-defocusing, the
transmitted (not observable experimentally) profile (Fig.
5) shows a smooth shape, contrary to the self-focusing
case.!®416 In fact the transmitted beam is spatially nar-
rower (after the commutation) than the incident one,
since the commutation only occurs at the center where
the incident intensity is high enough. This leads to the
existence of sidebands in the reflected beam. In addition,
the saturation of the nonlinear transmittivity, together
with the self-defocusing spatial spread out of the
transmitted beam, explains the existence of a peak at the
center of the reflected beam. This qualitatively explains
the typical shape which is constituted of a central peak
with sidebands in the reflected far-field pattern (Fig. 6).

V. CONCLUSION

It has been shown in this paper that the coupled-mode
formalism is particularly well suited for the study of

>

—

S,
~

oo

Transmitted intensity
N

X (pm)

FIG. 5. Transmitted profiles for working points 4 —C of Fig.
4: near field at the substrate interface (w is full width at half in-
tensity).

FIG. 6. Reflected profiles for working points 4 —C of Fig. 4:
far field at infinity (w is full width at half intensity).

transverse effects in NLO resonators. It is worth noting
that this is achieved by rigorously taking into account the
optical Kerr effect. Moreover, this formalism also allows
us to study the transverse effects in the NLO resonator
including anisotropic Kerr-law media whatever the polar-
ization of the incident beam(s) (TE or TM) may be. As
compared with bidimensional analysis,® !> the theory
developed here takes full advantage of the resonant
feature of the NL device. One may think that this reso-
nant requirement corresponds to a limitation. This is not
the case because!® the NL coupling equation applies to
NLO resonators whose finesse is as low as 5. In addition,
the theory presented here leads to a strong reduction'® in
the computation time as compared to bidimensional
analysis: of the order of 100. This allows a systematic
study of diffraction effects in NLO resonators, for exam-
ple, the influence of 0, w,, the finesse, etc. on the optical
response of the NL device in transmission as well as in
reflection. As already mentioned, this theory applies not
only to NLFP resonators but also to NL prism couplers
and NL grating couplers. In fact, this analysis applies
whenever it is possible to isolate a single EM resonance
(in the % domain), i.e., each time the associated linear
transmittivity can be approximated by a Lorentzian in
the vicinity of the nearest EM resonance. This extends
the range of application of the NL coupling equation to
NL prism couplers, NL grating couplers, and NL in-
terference filters’>? but excludes superlattices®?3? be-
cause in this case the spacing between the EM resonances
is nearly equal to their width. The features of the NL de-
vice enter Eq. (14a) through &£ and £NL. In the case of
NLFP and NL prism couplers, an analytical calculation,
using the method of Sec. III, is possible. When dealing
with the NL grating couplers or NL interference filters, a
fitting method based on the numerical plane-wave calcu-
lation has to be used.

Since the NL coupled-mode theory presented here ap-
plies to bulk devices (such as NLFP or NL interference
filters) and also to devices in the guided-wave geometry
(such as NL prism couplers or NL grating couplers), it is
not the bulk or guided-wave characteristic of the
geometry of these devices which is important. The im-
portant feature is the ability of these NL devices to exhib-
it an EM resonance (NL Airy resonance for NLFP reso-
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nators, NL guided-mode resonance for NL prism
couplers or NL grating couplers). It is this feature which
leads to the possibility of using a coupled-mode theory,
usually developed for guided-wave devices, even for bulk
NL resonators. Thanks to the “guided-wave” type of the
theory, we have shown that the feedback leading to OB
takes place along the x direction. This explains why no
OB is obtained under oblique incidence.!>!® This study is
only concerned with local Kerr media. But the formal-
ism we have developed can be generalized to include non-
local effects. This has already been done for NL prism
couplers.?’
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According to its wide range of applications, it is seen
that this coupled-mode analysis of transverse effects pro-
vides a powerful tool for the study and design of micro-
NLO resonators where diffraction-induced transverse
effects cannot be neglected.
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