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The photon scattering properties of aperiodic nanoscale dielectric structures can be tailored to
closely match a desired response by using adaptive algorithms for device design. We show that
broken symmetry of aperiodic designs provides access to device functions not available to
conventional periodic photonic crystal structures.2004 American Institute of Physics.
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I. INTRODUCTION electromagnetic wave perpendicular to the axis of the cylin-

The spatial arrangement of nanoscale dielectric scattelqers' The natural geometry of the system led us to use a 2D

ing centers embedded in an otherwise uniform medium Caﬁlectromagnetlc field solver. When analyzing scattering from

strongly influence propagation of an incident electromag-one cylinder, the solution, expressed as a Fourier—Bessel se-

netic wave. Exploiting this fact, we iteratively solve an in- ries, is found immediately by imposing the continuity of the

verse problerhto find a spatial arrangement of identical non- elc?\j:\;éfe?nv(\j/h?r?g?f;cinﬂelsdce?t(t)gr]iaonfigi :;Ott;? ;?:reszrfl?nc_e'
overlapping scattering centers that closely matches a desiregérs mu,Iti le scatte);ing ves ar? additional linear s );tem
or target, response. Of course, the efficiency of adaptive al- ~ ™ P 99 y

gorithms used to find solutions may become an increasingIg:)aetff:::?sn:g4 It;?)rsglv?\(/jerlmn n%rr?webrertoofﬂgdestggl Ejzli:rtlii:sB?rS\issel
critical issue as the number of scattering centidrg)creases. ' 9 ’

However, even for modest values Nf this method holds linear system has a reduced form which is conveniently de-

the promise of creating nanophotonic device designs tha?v(:\'/t;egaﬁszzg :::Ei Slgat;z”g?a:gitrg): rgﬁ;ﬁ(;a;ﬁinmr;it it is
outperform conventional approaches based on spatially peri- 1N P pie, ry P ong e
odic photonic crystalPC) structures. gxpressed as a Fourle_r—BesseI series. In our 5|mula_t|on_s the

The configurations considered by us consist of eithe|lnIOUt beam Is a Gaussian and both TE and T™ polarlzgt!ons
lossless dielectric rods in air or circular holes in a dielectricgftﬁgrg;disgh gzg;igﬁgsﬁﬁqliggﬁi rn_a?ﬁse‘:‘glscgﬁﬂ]céents
similar to the majority of quasi-two-dimensionéD) PCs ussl ' ' :

reported in the literature by, for example, Refs. 2 and 3. Toelectromagnetlc solver used may be found in Appendix A.

confirm the validity of our 2D simulations we compare the
optimized configuration with full three-dimension&BD) Il OPTIMIZATION
simulations. '

For the results presented in this article, the optimization

Il. CALCULATION OF THE SCATTERED FIELD method used is the guided random walk. The positions of
o ] ) ) _individual cylinders are randomly changed by a small

_The optimization process is an iterative procedure, inymant, the scattered fields in the modified configuration are
which the scattered field from a trial configuration of cylin- ¢q1cyjated, and if the result is closer to the target function,

drical rods or circular holes is compared with that of theg,ch that the error defined in Appendix B is decreased, then

target. We note that computation of the scattered field ighe new configuration is accepted, otherwise it is rejected.

sometimes referred to as the forward problem. The actual implementation of the adaptive algorithm also
The electromagnetic field solver used is based on thg,q| des other types of collective motion such as moving

analytical solution of the Helmholtz equation by separationyqre than one cylinder per iteration, and moving or rotating

of variables in polar coordinates. A typical problem we con-y| the cylinders. A version of the genetic algorithm was also

sider is a set ofN long, parallel, lossless circular dielectric iogted however it showed poor convergence.

rods distributed in a uniform medium and illuminated by an  \ye opserve that for starting configurations in which cyl-

inders are randomly positioned the convergence rate towards
dElectronic mail: alevi@usc.edu the target is approximately the same. On the other hand, if
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one starts with a quasioptimal configuration the number of
iterations needed can be small.

In general, the target function may be any electromag-
netic distribution. A typical target function might involve re-
directing and reshaping the input beam. More complex situ-
ations involving optically active materials are not considered % -
in this article. Because the target function can specify the  —#[:\
field distribution of a guided mode, it is possible to create ¢ 0
que converters to mten_‘ace betV\_/een a fiber or ridge wave: - Dimnce?x (um) 5 0 Scatgtgring ;ggle ( di;(r)ees)
guide and a PC waveguide. In this article, we report on re-
directing and reshaping an electromagnetic beam using optHG. 1. Starting configuration for the top-hat target function example. 56
mized aperiodic nanostructures. dielectric rods with diametedt=0.4 um, indexn=1.5, in air. The incident

. : . - beam, which propagates along theaxis (left to right), is a TM polarized
It is clear that the adaptive algorithm we use will always Gaussian beam with beamwidt2 4 zm, and wavelength — 1 zm. (2

result in an electromagnetic field distribution that approxi-positions of the cylinders and distribution of the Poynting vector field. The
mates the target function. The closeness to the desired fielthservation circle, has a radius ofui and it is represented without the
distribution is dependent on the number of scatteMyrsas  target window between 30 and 60 degreiés.Computed angular intensity
well as other constraints. A useful analogy would be the mulﬂzztl;'t?g’r:'((’g;gﬁggr};;us ling at radius 7.m compared with the target dis-
tipole expansion of fields where using higher order multi-
poles assures a better approximation, but at the expense of
increased computational effort. In this article we do not anagpservation circl extends from 30° to 60°. Figure(l)
lyze the influence of constraints on the distanceBfined in  shows normalized intensitreal part of the normal compo-
Appendix B between an achievable result and the target. nent of total field Poynting vectors directed outwards a
function of angle on an radius of Zm from the center of the
IV. RESULTS symmetric array. Clearly, for the initial configuration, the

To illustrate our approach, we considered an input beanfverlap with the top-hat target functighroken ling is poor.
of Gaussian profile scattered by an angle of 45°. The scat- Figure 2a) shows the spatial distribution of tHé=56
tering angle is defined with respect to the original directionfods with the real part of Poynting vectors after 9700 itera-
of propagation of the wave, so that backscatter correspondins of the adaptive search algorithm. Figut)Zhows the
to a scattering angle of 180°. The target functions we concorresponding angular distribution of the intensity. In Fig.
sider are a top hat distribution of the optical intensity with 2(C) the distribution of the electric fieltrelative magnitude,
respect to the scattering angle and a cosine squared) (codvith one corresponding to the maximum magnitude in the
distribution of the intensity. We note that a modal field dis-incident Gaussian beans shown and in Fig. @) the rela-
tribution target function requires amplitude and phase to be
specified.

As an initial demonstration we chose the top-hat inten-
sity function because it is difficult to achieveven approxi-
mately) in conventional optical systems and serves to show=
the capabilities of our adaptive algorithm. Application of &
such an intensity distribution includes guaranteeing uniformz
illumination of the active area of a photodetector. On the ~ ) "
other hand the cdsntensity distribution target approximates -5 0 5 % o0 180 270 360
the transverse spatial mode intensity typically found in a Scattering angle (degrees)
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A. Top-hat target function ; 0 , Elo‘l

Optimization of a top-hat intensity distribution target 5
function is performed starting from a configuration Nf — A&_s 03
=56 dielectric rodgrepresented in Fig. (&) by the small 1072

-5 0 0 5000 10000

circleg|, each having a refractive in_debF 1.5, an_d di_ameter Distance, x ( jum ) Ttorations
d=0.4 um. The medium surrounding the rods is air and the
structure is illuminated by a TM polarizetklectric field FIG. 2. Optimized configuration for the top-hat target function example. 56

. - . . - dielectric rods with diameted=0.4 um, indexn=1.5, in air. TM polar-
along thez direction Gaussian beam of widtha@=4 um, ization Gaussian beam with incident beamwidtlr=24 um, and wave-

vv.avel-ength)\ =1pm, _and .propagating alor_'g_ t_he pos_itixe lengthA =1 um. (a) Positions of the cylinders and distribution of the Poyn-
direction[from left to right in Fig. Xa)]. The initial configu- ting vector field after 9700 iterations. The observation circle, has a radius of
ration of the rods and intensity distribution are illustrated in7 #m and is represented without the target window between 30° and 60°.

: : : : (b) Computed angular intensity distribution after 9700 iterati@mntinuous
Fig. 1(a)’ where the arrows represe(nm arbltrary unitg the line) at radius 7um compared with the target distributigdashed ling (c)

real part of th_e quting VeCIOI’.S. The target function Windowcontour plot of the electric field magnitude in relative units after 9700 itera-
[represented in Fig.(&) by a missing arc in the Zm radius tions; (d) evolution of the error.
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FIG. 3. Comparison with a periodic structufeC) with 56 dielectric rods  FIG. 4. Initial configuration for the cosine squared target function example.
(n=1.5) in air. The lattice constant and the angle are chosen so that for thg;j (n=3.5) with 26 cylindrical holes filled with SiQ TM Gaussian beam
incident wavelength =1 um the Bragg diffraction condition is satisfied for incidence, beamwidth @=1.5 um, and wavelengtih=1.5 um. (a) Posi-
45°. (a) Positions of the cylinders and distribution of the Poynting vector tions of the cylinders and distribution of the Poynting vector field. The
field. The incident beam is propagating along thexis (left to right). The  incident beam is propagating along thaxis (left to right). The observation
observation circle, has a radius ofuf and it is represented without the circle, has a radius of @m and it is represented without the target window
target window between 30° and 60th) Computed angular intensity distri-  between 30° and 60°(b) computed angular intensity distributigoontinu-
bUtiO(f:j (C(r)]m(ijﬂll_m;s ling at radius 7um compared with the target distribu- ous ling at radius 6um compared with the target distributiédashed ling

tion (dashed lin

radius circle. Notice that due to the small number of cylin-

tive error versus number of iteratio(the errors are normal- ders the actual number of degrees of freedom is sm@iRr
ized with respect to the initial valueare represented. Note relative to the previous calculations with a top-hat target
that for this system with N positional degrees of freedom, function (112 and the optimization saturates after a com-
the error is not saturated even after 9700 iterat|éig. 2(d)] paratively small number of iterations.
and the structure can be further optimized by performing
addltlpnal |.terat|ons. The error is computed using the metho%. Computing resources
described in Appendix B with exponemt=2 on the obser-
vation circle of radius 7um. Our previous optimization work on 1D problefige-

For comparison, in Fig. 3 we show the results of using sduired relatively insignificant computational resources. Opti-
PC with the same number of dielectric rotls=56. Clearly, ~Mization algorithms using 2D electromagnetic solvers are
the number of rods is not sufficient to redirect all the beam incomputationally more intensive than those for 1D structures.
the 45° (+15°) direction, much of the scattered field falls Realistic simulations in 3D are even more intensive and of-
outside the target area, and the error with respect to the target
function is unacceptably large. The spatial symmetry of the

PC excludes the realization of something similar to the top- _ 2 ® — Result
. . . . z p S
hat target function. It is only by breaking this symmetry that § 2 £ j Target
= i
one may come close to the target. In general, broken sym= - !
metry enables functionality. g 205
<
Z-2 E
[a)] 15}
. . z
B. Cosine squared target function 4 0 .
) ) o 4 =2 0 2 4 0 90 180 270 360
For a co$ target function we chose a different situation Distance, x (1m ) Scattering angle (degrees)

in which there areN=26 lower index cylinders (SiQ n 4 Ty

=1.45) embedded in a higher index mater(l, n=3.5). - !

The 3D equivalent of the modeled situation is a Si slab with
cylindrical perforations embedded in SiOThe incident 1

wave is a TE polarizeémagnetic field along the direction
Gaussian beam of widthd@=1.5um and wavelength\ 0s

=1.5um. In a similar manner to the previous example, the _, 107

initial configuration and intensity distribution are illustrated =~ =+ 2 0 2 4= 0 2000 4000 6000 8000
. . X L. . . istance, x ( um ) Iterations

in Fig. 4. In Fig. 5 we show the optimized configuration,

Poynting vectors, relative error versus number of iterationskFIG. 5. Optimized configuration for the cosine squared target function ex-
and relative magnitude of the magnetic figldith one cor- ample. Si 6=3.5) having 26 cylindrical holes filled with SO TM Gauss-

. . . . - ian beam incidence, beamwidth c21.5um, and wavelength\
responding to the maximum magnitude in the or|g|naI=1.5 um. (a) Positions of the cylinders and distribution of the Poynting

Gaussian be_a-mThiS time the position of thél : 2.6 Cy“n' vector field. The incident beam is propagating alongxtais (left to right)
ders and their diameters could be changed, giving a total after 7000 iterations. The observation circle, has a radius @f6éand it is
number of degrees of freedom that is three times the numbeepresented without the target window between 30° and @*Computed

: f f ngular intensity distribution after 7000 iteratioieentinuous ling at radius
of Cy“nderSN' The values of the diameters are constraine um compared with the target distributiédashed ling (c) contour plot of

to the range O.%dSO.S_,um. The error is computed using the magnetic field magnitude in relative units after 7000 iteratiésevo-
the metric from Appendix B with exponent=1 on a 6um Iution of the error as a fucntion of iteration number.
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ten require parallel computing. Each of the simulatittop-
hat and co%targe) discussed in this article took four days to
complete(9700 iterations in the first case and 7600 of the
second using a Pentium IV processor Wwita 3 GHz clock
frequency, 533 MHz memory bus, and 1 GB RDRAM.

The compute time for the forward problem solver is
dominated by the solution of a linear system with a full = o
matrix of complex numbers and thus is strongly dependent Distance, x (Lm)

w

(a) (d)

5800

Distance, y (um)

w

w

on the number of cylinderdl considered in the problem and = [( — Dsm

the number of Bessel functions, used. The size of the g 1r g * 2Dsim £l

system isN,,=N(2N,+ 1) and the solver routin@teratively £ 2

corrected LU decompositidf) time is proportional to the Eo 5 g0

cube of the matrix sizO(N2)]. When using an incident é §

plane wave or a cylindrical wave the number of Bessel func- 2 0 N A

tions needed is very small, however, an appropriately accu- 0 90 180 270 360 '3_3 0 3
rate approximation of the Gaussian beam shape requires a Scattering angle (degrees) Distance, x (um)

Iarge number of Bessel functions and a CorreSpondmg InI_ZIG. 6. Comparison between 3D and 2D simulatiq@as.The 3D structure

crease in compute time. simulated and the modal field of the input ridge waveguide. The thickness of
the Si slab in the 3D simulation is 0gm and the(horizonta) mode size of
the ridge waveguide is approximateiy=1.5 um, the diameter of the holes
is d=0.4 um. Incident light is TE polarized and has wavelength
For practical purposes, a comparison with 3D electro=15 am; (b) 3_D Simulatio_n results shqwing the Poyn.ting vectors field in
magnetic simulations serves to confirm the accuracy of solyhe middle horizontal section of the Si slalr) comparison t.)etwe?n the
. : . 8 ” ) angular intensity distribution for the 3D and 2D simulatiofe; 2D simu-
tions obtained with the 2D simulator. Also, since 3D simula-|ation results, the Poynting vectors field.
tions are much more time consuming than 2D ones, one
might adopt the 2D optimization result as a starting point for
a limited number of 3D iterations which are then used tosimulated the effect of changing the frequency of the input
further refine optimization. light. The relative deviation from the minimum error is
In this article we compare results of our 2D electromag-shown in Fig. 7 as a function of the electromagnetic wave
netic simulations with 3D finite integration techniq(€lT) frequency shift. Frequency variations &f =200 GHz only
simulations obtained using a commercially available packchange the error by 0.3% of its minimum value. Thus an
age, CST Microwave Studi. optical beam centered at wavelength 1.5 wm modulated
In a realistic structure one might anticipate the infinitely at very high speed will behave essentially as the simulated
long cylindrical hole structure used in the édarget simu- monochromatic wave at=1.5 um (200 TH2. Even a 1
lation to be replaced with Sig¥illed holes in a Si slab itself THz deviation in frequency changes the error by only 6%—
embedded in SiQ The input beam might be launched into 79,
this slab from a ridge waveguide. In our simulations, the  Another important issue is the sensitivity of the aperi-

wavelength of the light i3 = 1.5 um and the polarization is  odic nanophotonic design to variations and errors introduced
TE. The Si slab is 0.6um thick and the effective index of the

fundamental mode of this slab waveguide is the same as the
index of the material surrounding the cylinders in the 2D
simulation. The diameter of the holesds-0.4 um and the
mode size of the ridge waveguidEig. 6) is ~1.5um and

so the same as the width of the Gaussian beam used for th
2D simulations. The differences between the two simulations
[Fig. 6b) for the 3D and Fig. &) for the 2D simulation
resultd are primarily due to the nonuniformity of the field
and structure in the direction but also because of the dif-
ference between the Gaussian beam and the ridge mode anrs
the fundamently 3D discontinuity between the ridge wave-
guide and the slab. These differences translate into a 30%
decrease in peak intensity and 25% decrease in the tota
power directed in the desired direction for the 3D simulation
compared to the 2D onlé=ig. 6(c)].

D. Comparison with 3D simulation

error chang

0 L —& L
-1000 -500 0 500 1000

e . Frequency deviation, Af (GHz
E. Sensitivity analysis auency f (GH2)

. . FIG. 7. Sensitivity analysis with respect to the frequency of the incident
We analyzed the influence of small Changes in the Wavelight for the optimized structure from Fig. 5. Percentage change in error

length of the incident beam on error. We took the optimizedyhen the frequency of the light is modified from the original vale
configuration from the cdstarget exampldFig. 5@] and =200 THz.
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1 F. Comparison with photonic crystal inspired devices

Initial error . L. . .
level In recent years, spatially periodic dielectric structures

08 have been studied and applied to both optics and
microwaves>™" It has been shown that introduction of
) : point and line defects in PCs can be used to filter, demulti-
B 1 ! plex, and guide electromagnetic waves-®1® However,
T { there are numerous unresolved design issues with PC in-
e spired devices that limit prospects of adoption as practical
************** components. For example, when coupling between standard
0.2 \ o fibers or waveguides and PC waveguides, the back reflection
Optimized error is either unacceptably larfeor requires use of relatively
0 - . ! - ! large coupling region-?? As another example, it is well
0 10 20 30 40 50 60 known that the finite size of the PC can have a dramatic and
Step size, A (nm) detrimental impact on device performarféeSolutions to
these and similar problems are stymied by the limited num-
FIG. 8. Sensitivity analysis with respect to position for the optimized struc-par of degrees of freedom inherent to PC design. Rather than

ture from Fig. 5. The ten most sensitive cylinders are randomly moved alon . . . .
thex andy axis by a fixed length stefhorizontal axis 10, 20, 30, 40, and 50 %tru99|e for solutions within the constraints of spatlal Sym

nm). The errors for ten different randomly generated moved distributions arénetry_ imposed by P_C StrUCtl_JreS: our approach is based on
plotted for each step size. breaking the underlying spatial symmetries and thereby ex-

posing larger numbers of degrees of freedom with which to
design and optimize nanophotonic devices.
Our experience so far indicates that optimization of such

by the fabrication process. As an initial studv we exolore systems is best achieved using numerical adaptive design
y P ) y P dtechniques. This is because solutions, such as that illustrated

the sensitivity of the design to changes in the position of thqn Fig. 5, have such a high degree of broken symmetry it is
cylinders. Other parameters that are influenced by fabricatio nlikely ,analytic methods or common intuition could use-
processes such as the diameter and detailed shape of Lﬁ’ly be applied

cylinders, index of refraction, direction of the input ridge

waveguide with respect to the cylinders, etc., are not ana- .
g . . G. Conclusions

lyzed in this article.

To estimate the sensitivity to position, for the same?cos In this article we have shown that aperiodic nanophoto-
target function example, we use the following method. Firstnic dielectric structures designed using adaptive algorithms
one by one the cylinders are displaced by a small fixed discan be tailored to closely match desired electromagnetic
tanceA in the positive and negative andy directions and transmission and scattering properties. It is the broken sym-
the change in error is evaluated for each cylindbe maxi- metry of the structure that allows more degrees of freedom
mum error created out of the four displacemgnthe dis- and the possibility of better optimization compared to sym-
placement values used are small compared to the initial dimetric photonic crystal structures.
ameters of the cylindersd&400 nm). Five values for the In general the frequency response and spatial response of
displacement\ are considered: 10, 20, 30, 40, and 50 nm.this system can have very complicated forms. It is the large
Next, the ten displaced cylinders with the greatest influenc&umber of degrees of freedom that allow us to tailor the
on the error are selected. These cylinders, as expected, digsponse to the desired target. The configuration space is
located in regions associated with high field intensity. even more complex if arbitrary shapes and materials with

The selected cylinders are all individually moved ran-optical loss or gain are considered.
domly by the same step size in the positive and negative
andy directions(each movement has the same 1/4 probabilACKNOWLEDGMENTS
ity). The movement of each cylinder is independent of the
movements of the other selected cylinders. This way we gens e
erate a number of slightly modified configurations. The er-
rors for ten of these modified configurations are computed )
for each displacement value and a combined plot generate%lPPENDlx A: ELECTROMAGNETIC SOLVER
(Fig. 8. For brevity we will only discuss TM polarized electro-

We chose this very simplified method for estimating themagnetic waves. For the TE case the equations are similar
sensitivity to position because a more complete approactvith H replacingE. The total field is written as the sum of
would involve independent displacements of each cylinder inthe incident fieldE;,. and the fieldE,. scattered from the
completely random directions and with variable distancesylindersE=E;,.+ EiN:lE'sc. The actual incident field on a

and hence give rise to significant computational effort. Thecylinder labled with indeX is E},;=Einct 2{%Eq..*° We

Relative error

The authors thank P. B. Littlewood for helpful com-
nts. This work is supported in part by DARPA.

Inc
plot in Fig. 8, suggests that 10 nm precision in fabricationare interested in solving the Helmholtz equation for the total

might be needed to ensure less than 10% increase in minfield, V2E+k?E=0, wherek=k, in the region outside the
mum error for devices operating at wavelengts 1.5 um. cylinders anck=k; inside the cylinders. The method used to
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solve this equation is separation of variables in polar coordiregions where the target and the results are very different
nates. Of course, the solution of the homogeneous Helmholtinfluence the integraD more than a few smaller improve-
equation in polar coordinates is well known. All field quan- ments in other regions. This means that 1 tends to ensure
tities may be written in the form of Fourier—Bessel seriesan uniform convergence whilg>1 favors reduction of ma-
with the coefficientsy,,, and B, determined from the bound- jor differences between target and result. The greater the nu-
ary  conditons. Hence, E=3___anZn(kp)e™  merical value ofy, the more important this effect becomes,
+3%_ BuZm(kp)€™, whereZ,, andZ,, are two conju- While for 0<y<1 the effect is reversed. And finally, a nega-
gate cylindrical functions. These functions are either the firstive exponenty tends to push the solution further away from
order Bessel functiond,, andY,, or the second order Bessel the target, in a manner which depends on the numerical value
functions(Hankel functions H{}) andH(? . The pair chosen 0f 7.

depends on the boundary conditions. Outside the cylinders One could use different exponents for different stages of
the asymptotic behavior determines which functions ardhe iterative process. For exampe=1 could be used at the
used. Since only théi(?) function has the behavior of an beginning of the convergence procedure to avoid local

outpropagating cylindrical wave, the field of the scatteredninima. Later, the value o could be increased to acceler-
wave E,. has to be written using onld® of the {H(, ate convergence towards a minimum. Furthermore, if one

H®)  pair. Hence, the scattered field isE,, decides that this minimum is not sufficiently close to the

=3"___ b HP(kep)e™. Inside the cylinders we have to target function, application of a negative exponent would
choose theJ,,,, Y.} pair because the Hankel functions are divert the iterations from this local minimum to some inter-

part of the Hankel function HM=J, +iY,, H@=J,  search fora better minimum.

—iY,;) and thus only thel,, functions can be kept for the We use the real part of the Po_ynting vector in our calcu-
interior. In this case the total internal field it Ia'uon_of Sh(a). For most scattering directions thls is the
=37 amdm(kyp)e™. Poynting vector of the total field, with the exception of the

After expressing the incident field in polar coordinates, input beam region where we use the scattered field S vector
i.e., in a Fourier—Bessel series, we can write the electric anth the first examplethe top-hat target functiorand the dif-
magnetic field continuity conditions at the boundaries offérence between the Poynting vector of the input field and
each cylinder. This gives us a system of equations with théotal field in the second exampléhe co$ target function.
unknowns being the Fourier—Bessel coefficients of the scatln€ latter is the general expression for the backscattered
tered field outside the cylinders and total field inside thePOWer valid even when evanescent fields or lossy media are
cylinders. The system can be simplified by using the relationPresent. When the medium is not lossy, as is the case in this
ship between the Bessel—Fourier coefficients of a field inci&rticle, and the observation contour is far from the evanes-
dent on a cylinder and the coefficients for the scattered an@ent near-field the two approaches give identical results.
internal fieldss—8 The distances, or errorB, are computed numerically by

dividing the observation circle into very small and equal por-
tions and the integral replaced by a sum over these portions:
Np

The optimization is based on the minimization of a func- D* = 2 Snl ) - Te)
tional, which is defined as the residual error between the =o| Ns Ni
calculated angular distribution of the normal component ofwhereN, andN; are normalization factors. Different normal-
the Poynting vectoS and a distribution expressed as a targetization methods can be used such as normalization to the
function. This error function is computed starting from the maximum value, normalization to the sum of all values, or
difference in intensity between the target and the result. Imormalization to the sum of the squares. Since in our case the
2D the error is calculated along an observation lioiten a  functions involve intensity, we have chosen the normaliza-
circle around the group of cylindersThis line is divided tion to be the sum, i.e., the total power.
into small portions and the normal component of the S vector  Although not used in this article, it is worth mentioning
is calculated in the center of each segment. that when optimizing for a modal shape distributiioth

Let the target functio («) be the angular distribution amplitude and phag@ better choice for error function would
of intensity exiting the circular observation region &8yf«) be the overlap integral between the actual field distribution
the normal component of the real part of the Poynting vectoand the desired modal field distribution. In this situation the
[Sh(a@)=S(a)-n(a) wheren is the normal unit vectdr In  target would be maximized.
this space of functions defined §0°, 360°] and having real
values we can define a “distanzc@ between resulg,(«)
and targetT(e) as D : 1/27Tf0 |S”(a) —T(a) | "da. To 1The problem considered here differs somewhat from conventional inverse
properly evaluate the difference between the target and '€-problems which usually involve calculations on experimentally measured
sult, the functionsl and S and have to be similarly normal-  data.
ized. 2J. Smaijic, C. Hafner, and D. Erni, Opt. Expréds 1378(2003.

. 3
In general, the exponentcan take any value. Choosing JS (';Z?'SS(')CGighﬁg”igé%ggg”mpou'os' C. Manolatou, and H. A. Haus,

y=1 assures that each improvement is considered with thep Felbacq, G. Tayeb, and D. Maystre, J. Opt. Soc. AmLIA 2526
same weight. When choosing>1 improvements made in  (1994.

APPENDIX B: ERROR FUNCTION
Y




1426 J. Appl. Phys., Vol. 95, No. 3, 1 February 2004

5G. Guida, D. Maystre, G. Tayeb, and P. Vincent, J. Opt. Soc. Ari5B
2308(1998.

5G. Tayeb and D. Maystre, J. Opt. Soc. Am1A, 3323(1997).

’B. Gralak, S. Enoch, and G. Tayeb, J. Opt. Soc. AnL.7A1012(2000.

8J. Yonekura, M. Ikeda, and T. Baba, IEEE J. Lightwave Teich.1500
(1999.

9B. C. Gupta and Z. Ye, J. Appl. Phy84, 2173(2003.

103, Kozaki, J. Appl. Phys53, 7195(1982.

7. Wu and L. Guo, PIERLS, 317 (1998.

12yy Chen, R. Yu, W. Li, O. Nohadani, S. Haas, and A. F. J. Levi, J. Appl.
Phys.94, 6065(2003.

BBW. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannahy;
merical Recipgs(Cambridge University Press, Cambridge, 2002

Yhttp:/ww.cst.de/

Gheorma, Haas, and Levi

153, D. Joannopoulos, R. D. Meade, and J. N. WiRhotonic Crystals
(Princeton University Press, Princeton, NJ, 1995

C. A. Kyriazidou, H. F. Contopanagos, and N. G. Alexopoulos, IEEE
Trans. Microwave Theory Teci9, 297 (200J.

1F. Gadotet al, IEEE Trans. Magn34, 3028(1998.

18M. Koshiba, IEEE J. Lightwave Techndl9, 1970(2001).

193, Fan, H. Haus, P. Villeneuve, and J. Joannopoulos, Opt. ExBress
(1998.

20T, D. Happ, M. Kamp, and A. Forchel, Opt. Lefi6, 1102 (2002).

2LA. Mekis and J. D. Joannopoulos, IEEE J. Lightwave Tech].861
(2001).

22Y. Xu, R. K. Lee, and A. Yariv, Opt. Lett25, 755 (2000.

2Y_-H. Ye, D.-Y. Jeong, T. S. Mayer, and Q. M. Zhang, Appl. Phys. 188f.
2380(2003.



