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Abstract: In this paper, a method based on mode-matching method in
the sense of least squares is proposed for analyzing the thin-film
waveguides with partial pericdic structure of the grooves. For exam-
ple, this method is applied for fundamental analyses of grating cou-
plers, DFB and DBR lasers.

1.Introduction

Thin-film waveguides having a periodic structure have recently been
of considerable interest in connection with DFB and DBR lasers, opti-
cal filters, grating couplers, and so on'"%, In this paper, we shall
present a method based on the mode-matching method in the sense of
least squar953 for analyzing the electromagnetic field of the thin-
film waveguide with partial periodic structure of the grooves. For
example, this method is applied to the fundamental analyses of the
grating coupler, DBR and DFB lasers when the Bragg condition is sat-
isfied. In this method, the approximate wave functions of the cover,
core and substrate region of the waveguide are described by the su-
perposition of plane waves with band-limited spectra, respectively,
These superpositions of plane waves can be regarded as modal expan-
sions and the expansion theorem of mode matching method in the sense
of least sguares can be applied*s. These approximate wave functions
are determined in such way that the mean-square boundary residual 1is
minimized. This method results in simultaneous integral equations of
the second kind Fredholm type in respect of unknown spectra of the
plane waves after all®., The radiation field and the amplitudes of the
guided modes which are generated by partial periodic structure can be
obtained from the spectra directly in this method. The results of

analvses are presented on the basis of the first order approximate
sclutions in this paper.

2. Formulation of the Problems and Algorithm

The problems is formulated about the symmetric thin-film waveguide
with partial periecdic structure of the grooves. The waveguide shown
by Fig. (1) is uniform in the direction of y axis and consist of di-
electric media of I, I and Il with refractive index n,;, nz, n;, respec-
tively.  The regions occupied by respective media are assumed to be
cover, core and substrate regions and they are dencted with Sr, SI
and S, respectively. The waveguide has partial periodic structure
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Fig.l. Geometry of the symmetric thin-film waveguide with
partial periodic structure of the grooves.
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of the grcoves in the region [Izisﬂ ). The boundary L; is given by

ddn(z) Llzl< {
2

x=E(z)= , N(@)=cosKz , K= » (1)
0 Jzp> 4
where 8§ is the perturbation parameter and 2dis the thickness of the
unperturbed part of the core region. K is the grating constant and
D is the periodic length of the gratings. 20 is the length of the
part of the periodic structure of the waveguide. The time factor is
understood to be exp(-jwt) throughout this paper. The wave number in

free space is assumed to be kK and wave length is A, In this paper,

two problem are analyzed. One of them is the problem that TE plane
wave polarized y direction is incident onto the surface of the core
region from the cover region of the waveguide. Another is the prob
lem that the lowest order even TE mcde is incident into pericdic
part from the unperturbed part of the waveguide. Since these prob-
lem are analyzed similarly, the common algorithm to these problems
are discussed. In these problems, the approximate wave functions
for scattered fields in each region are defined with band-limited
superposition of plane waves as follows:

W20~ = [ Yl ulhizx) dh, @-123)
2 _y

exp{jki (h)x+jhz} , m=1
$in(h,z,x)=q cos{ky(h)(x+d)} — p(h)sin{k; (h)(x+d)}] exp(hz) , m=2
exp{ — jk;(h)x+jhz} , m=3 2 (2)

where ¢,(h,zx) is defined taking boundary condition on L, into account
and P(h) and wave numbers Kg(h) (m=1,2) are given by
L) _ jKi(h)cos{ky(h)d}+ky(h)sin{ ky(h)d}
PO Lm~ e~
Kz (h)cos{ Ky (h)d}— jk; (h)sin { Ky (h)d }
Ka()= {(ngkoy-1F}? » (@=1.2) . (3)
In Eg.(2) ,Vaw(h) (m=1,2,3) are band-limited spectra of each approximate

wave function. Usg(h) is connected with Ynu(h) by the boundary ceondi-
tion on L,  The approximate wave functions satisfy Helmholtz equa-

tions in each region and Wiw(z,X) and W3w«(z,X) satisfy outgoing radia-

tion condition at X—teo. The expansion theorem of mode matching

method in the sense of least squares3 which is applied to the prob-
lem for scattering body with finite size can be extended to the
problem for the infinite boundary with partial periecdic structure

of the grooves. That is, for the scattered wave functions W¥n(z, X),
(m=1,2,3), we have the sequences of approximate wave functions {Wmw
(ZzX),W—ooo },(m=1,2,3), which uniformly converge to ¥m(z,X) ,m=1,2,3)

in any closed subdomains of each region Szp,Sp and Smﬂ The spectra
of these approximate wave functions are determined in such way that
the mean-square boundary residual on L,is minimized. This method
results in Fredholm integral egquation of the second kind in respect
to the vector whose components are two unknown spectra. The inte-
gral equation is given by

(A+? By = [ Kub,5)w e + B) + o G . (4)
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where "-" denotes an inner product. In Eq. (4), Yu(h) and Fh),G() are
vectors, and A, B and integral kernel KMh.d) are dyadic. The vector

Yu(h) which is the solution of Eq. (4) has components as follows:

Y= (Vi) , You(h))' ~(5)

When perturbation method is applied tc Eg.(4) and the first order
solution ¢w“)0ﬂ is cobtained, its components are given by

{Cﬁsszfh)d) _ sin(k; (h)d)} Oy

<
21,0 21,(h) o
Vo' ()=
0 , [h>w » (6)
V)
A S
Yo' )= » (7)
0 , |h>w
where 5”00 is given in the case of guided mode incidence as follows:
V2
= - G A° T (B~ h,n(@) cos(k,(3)D) 7 . (8)

In Eg.(8).Bi, A° and V ars the propagation constant, the amplitude of
the incident wave and the normalized frequency, respectively. The
term‘ﬁ{ﬁrdxnuﬂ in Eq. (8) denotes the integral transform of nz) and
it is given by

sin(K+ Brh) , Sm(K+h—5) J,
K+Bih K+h-B;

¢3WUJOU is connected with wzw“)ﬁn by boundary condition on L, and
given by similar equation to Egs.(6) and (7). In the case of TE
plane wave incidence, d”ﬁﬂ is cobtained in the same way as the case
of the guided mode incidence. L(h) and I j(h) of Egs.(6) and (7) are
given by Eq.(3). The eigenvalue equations of even and odd TE modes
are given, respectively, as follows:

L=0, ILM=0 . (10)
Therefore it is shown that the even and odd TE guided modes are
generated by the partial periodic structure by substituting Egs. (6)
and (7) to Eq.(2). The amplitudes of the guided modes generated by
the periodic structure is given by calculation of the residues of
the approximate wave functions expressed by integral transform of
Eqg.(2) . The far-field is obtained by applying the method of steep-
est descent to Eq.(2). In this paper, two problems mentioned above
are analyzed in the case that the incident wave and the lowest or-
der even TE guided mode which is excited and propagates negative z
direction are coupled under the Bragg condition. The results of
analyses based on the first order perturbation is presented.

4
FBi-h @) = f;os(ﬁz)exp{jcﬂi—mz}df{ (9)

3. Results of Analyses and Conclusion
The results of our method shown by Fig. (2)-(5) have good agreement
with physical consideration. Therefore our method is available in
the analyses of thin-film waveguides with partial periodic struc-
ture of the grooves.
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Fig.2. Normalized pover, Pw as functions of V
when incident angle 8i varies as paramerer. e
is the power of the lowest order TE even mode
which is coupled with the incident plane wave

by the partial periodic structure of the symmet-
ric waveguide and propagates backward in the
case that the Bragg condition is satisfied.
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Fig.4. Far-field pattern of the scattered field
in the case that the plane wave is incident onto
the surface of the core region of the symsetric
waveguide at the angle 81 =90° when the Bragg
condition is satisfied.
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Fig.3. Normalized pover, P P Py and P as
functions of V. P and P is the transmitted,
reflected powers of incident guided mode and Fa
is radiated power. Py is the power carried back-
ward by the lowest order odd TE mode. They are
powers generated by the periodic structure in
the case that the lowest order even TE mode is
incident into periodic part from the unperturbed
part of the symmetric waveguide when the Bragg
condition is satisfied.
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Fig.5. Far-field pattern of the scatterd field
in the case that the lowest order guided mode is
incident into periocdic part from the unperturbed
part of the symmetric waveguide when the Bragg

condition is satisfied.




