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Fundamentos: cristales fotónicos 2D

Inserción de defectos lineales

Si un defecto puntual da lugar a una cavidad, un defecto lineal (superficial) da 

lugar a un canal de flujo electromagnético ! guiaonda

Propiedad importante: estas guiaondas se pueden curvar abruptamente sin 

que la señal sufra pérdidas importantes ya que la radiación no puede penetrar 

en el medio circundante (no hay estados permitidos en el PBG)
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Silicon photonics
Photonic Crystals
Plasmonics
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radius of curvature should be larger than 24 mm
when the pure bending loss is required to be lower
than 0.1 dB!90°. For a deeply etched waveguide "hr
! 5 "m#, the pure bending loss is still negligibly
small (much smaller than 0.1 dB!90°) even if the
radius of curvature is reduced to as little as several
tens of micrometers [see Fig. 2(a)]. However, one
should note that the transition loss is dominant in the
case of deeply etched waveguides. In Fig. 2(b) the
transition loss is shown as the bending radius varies
for the deeply etched waveguides with different
widths. One sees that the transition loss decreases as
the bending radius increases. When a compact struc-
ture is desired, increasing the bending radius is not
an effective method of reducing the transition loss.
For example, for the requirement of a transition loss
smaller than 0.1 dB, the bending radius has to be
larger than 1000 "m when the bending section has
the same width as the straight section (i.e., wB
! wr ! 4 "m). Fortunately, one can also see that the
transition loss is reduced greatly when width wB of
the bending section (with the same bending radius)
decreases. This is highly advantageous for a compact
design. For example, when width w ! 1.0 "m, the
transition loss is $0.008 dB (much smaller than the
requirement of 0.1 dB) even when bending radius R
is 50 "m. Considering that it is disadvantageous for
the reactive ion etching process when the waveguide

is too narrow, we chose wB ! 2.0 "m. From Fig. 2(b)
one can see that the bending radius should be larger
than 125 "m for a transition loss smaller than
0.1 dB.

B. Bilevel Tapered Region

The deeply and shallowly etched regions are con-
nected with a bilevel taper [as shown in Fig. 1(b)]
through which the field propagates smoothly from
the shallowly etched region to the deeply etched re-

Fig. 3. Simulation for the bilevel tapered section: (a) power prop-
agating in the input waveguide along the z direction, (b) intensity
profile at the output end of the taper section.

Fig. 4. Field distribution in the MMI section: (a) hr ! 2 "m, (b)
hr ! 5 "m.

Fig. 5. Field distribution in the output waveguides of the MMI
coupler: (a) hr ! 2 "m, (b) hr ! 5 "m.
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the latter being a consequence of the structural symmetry with 

respect to the plane y = 0. 

IV. GENERAL INTERFERENCE 

This section investigates the interference mechanisms which 

are independent of the modal excitation, that is, we pose no 

I restriction on the coefficients c, and explore the periodicity 

A. Single Images 

Fig. 3. Multimode waveguide showing the input field *(y,o), a mirrored 

single image at ( 3 L , ) ,  a direct single image at 2 ( 3 L , ) .  and two-fold images 
at ; ( 3 L , )  and % ( 3 L , ) .  

By inspecting (13), it can be seen that 6 ( y ,  L )  will be an 

image of 6 ( y ,  0) if 

guided modes alone 

m-1 

@(Y,O) = C V + U ( Y ) .  (10) 
u=o 

The field profile at a distance z can then be written as a 

superposition of all the guided mode field distributions 

m-1 

Q(Y, .) = CU+U(Y) exp[j(wt - PU.)]. (11) 
u=o 

Taking the phase of the fundamental mode as a common 

factor out of the sum, dropping it and assuming the time de- 

pendence exp(jwt) implicit hereafter, the field profile 6 ( y ,  z )  

becomes 

m-1 

The first condition means that the phase changes of all the 

modes along L must differ by integer multiples of 27r. In this 

case, all guided modes interfere with the same relative phases 

as in z = 0; the image is thus a direct replica of the input field. 

The second condition means that the phase changes must be 

alternatively even and odd multiples of 7 r .  In this case, the 

even modes will be in phase and the odd modes in antiphase. 

Because of the odd symmetry stated in (1 6), the interference 

produces an image mirrored with respect to the plane y = 0. 

Taking into account (15), it is evident that the first and 

second condition of (17) will be fulfilled at 

L = p(3L,)  with p = 0 , 1 , 2 , .  . . (18) 

q ( Y ,  2) = c~?l~(Y)exP[ j (Po  - b).]. (12) 

A useful expression for the field at a distance 2 = L is then 

for p even and p odd, respectively. The factor p denotes 

the periodic nature of the imaging along the multimode 

waveguide. Direct and mirrored single images of the input 

field 6 ( y ,  0) will therefore be formed by general interference 

at distances z that are, respectively, even and odd multiples 

of the length (3L,) ,  as shown in Fig. 3. It should be clear at 

this point that the direct and mirrored single images can be 

exploited in bar- and cross-couplers, respectively. 

u=o 

found by substituting (7) into (12) 

m-1 

(13) 
u=o 

The Of '(Y, L ) ,  and the Of images 

and 
Next, we investigate multiple imaging phenomena, which 

be determined by the excitation 
provide the basis for a broader range of MMI couplers. 

the properties of the mode phase factor 

(14) 
exp [ j  v(v + 

3LiT 

It will be seen that, under certain circumstances, the field 

@(y,L)  will be a reproduction (self-imaging) of the input 

field 6 (y , 0). We call General Interference to the self-imaging 

mechanisms which are independent of the modal excitation; 

and Restricted Interference to those which are obtained by 

exciting certain modes alone. 

The following properties will prove useful in later deriva- 

tions: 

B. Multiple Images 

In addition to the single images at distances given by (18), 

multiple images can be found as well. Let us first consider 

the images obtained half-way between the direct and mirrored 

image positions, i.e., at distances 

P 

2 
(19) L =  -(3L,)  with p =  1 , 3 , 5 , . . .  . 

The total field at these lengths is found by substituting (19) 

into (13) 

even for v even 

odd for U odd 
v(v + 2) = { 

and, 

+,,(y) for v even 
(16) with p an odd integer. Taking into account the property of (15) 

and the mode field symmetry conditions of (16), (20) can be = { -?,hu(y) for v odd 
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Self-imaging may exist in three-dimensional multimode 

structures, for which MPA combined with two-dimensional 

(finite-element or finite-difference methods) cross-section cal- 

culations can provide a useful simulation tool [14]. How- 

ever, the current trend of etch-patterning produces step-index 

waveguides, which are, in general, single-moded in the trans- 

verse direction. As the lateral dimensions are much larger 

than the transverse dimensions, it is justified to assume that 

the modes have the same transverse behavior everywhere in 

the waveguide. The problem can thus be analyzed using a 

two-dimensional (lateral and longitudinal) structure, such as 

the one depicted in Fig. 1 ,  without losing generality. The 

analysis hereafter is based on such a 2-D representation of the 

multimode waveguide, which can be obtained from the actual 

3-D physical multimode waveguide by several techniques, 

such as the effective index method (EIM) [15] or the spectral 

index method (SIM) [16]. 

A. Propagation Constants 

Fig. 1 shows a step-index multimode waveguide of width 

Whl. ridge (effective) refractive index nr and cladding (effec- 

tive) refractive index nc. The waveguide supports m lateral 

modes (as shown in Fig. 2) with mode numbers v = 0, 
1 ,  . . .  (m - 1) at a free-space wavelength Xo. The lateral 

wavenumber k,, and the propagation constant 8, are related 

to the ridge index n, by the dispersion equation 

(1) kp, + P; = IC&? 

with 

27r 
k” = - 

X O  

( U  + 1)7r 
k,, = ___ 

WW 

where the “effective” width We, takes into account the 

(polarization-dependent) lateral penetration depth of each 

mode field, associated with the Goos-Hahnchen shifts at 

the ridge boundaries. For high-contrast waveguides, the 

penetration depth is very small so that We, N W M .  In 

general, the effective widths W,, can be approximated by the 

effective width We, corresponding to the fundamental mode 

[17], (which shall be noted We for simplicity): 

where o = 0 for TE and o = 1 for TM. By using the binomial 

expansion with k& << kgn:, the propagation constants 8, can 

be deduced from (1)-(3) 

( 5 )  

Therefore, the propagation constants in a step-index mul- 

timode waveguide show a nearly quadratic 

respect to the mode number v. 

By defining L,  as the beat length of the 

modes 

7r 4n, W,“ L 2 - w -  - ,- 
PO - P I  3x0 

dependance with 

two lowest-order 

ItC nr  
I ID i 

I I  

2 
D 

Fig. 1. Two-dimensional representation of a step-index multimode wave- 

guide; (effective) index lateral profile (left), and top view of ridge boundaries 
and coordinate system (right). 

v = O  1 2 3 4 5 6 7 8 . . .  

Fig. 2. Example of amplitude-normalized lateral field profiles I . ’ ~  ( y). cor- 

responding to the first 9 guided modes in a step-Index multimode waveguide 

the propagation constants spacing can be written as 

Y ( Y  + 2)7r 

3L, 
(Po - P u )  = (7) 

B. Guided-Mode Propagation Analysis 

An input field profile Q(y, 0) imposed at z = 0 and totally 

contained within We (Fig. 3), will be decomposed into the 

modal field distributions ?I,,(y) of all modes: 

where the summation should be understood as including 

guided as well as radiative modes. The field excitation co- 

efficients c, can be estimated using overlap integrals 

e, = /m (9) 

based on the field-orthogonality relations. 

If the “spatial spectrum” of the input field q(y, 0) is narrow 

enough not to excite unguided modes, (a condition satisfied 

for all practical applications), it may be decomposed into the 

1-- -- I 



! "#!

!

!

$%&$'!()!'*!+,!,&-./0,!)1&1),!$'+!2234!5/'!61'&'!$,$,!7%0!+%*!7,08)'90%*!$'!

+,*!:/;,*!<,&-./0,!=!*'7,0,-1>&?4!&-!'*!'+!;&$1-'!'@1-,A!$'+!&B-+'%!<&'@@CDE#?!=!&0!'*!'+!

;&$1-'!$'!+,!-/F1'09,!<"EGH?E!

!

I&,! 6'A! %F9'&1$,! +,! +%&:19/$! $'! F,91$%4! =,! '*9,)%*! '&! $1*7%*1-1>&! $'! .,++,0! +,!

+%&:19/$! 9%9,+! $'+!2234! ,/&5/'! ,.%0,! .,=! 5/'! $1@'0'&-1,0! '&90'! D! -,*%*J! 7,0,! "!

'&90,$,!=!2!*,+1$,*!<"K2?!=!7,0,!L!'&90,$,*!=!*,+1$,*!<LKL?J!

!

!

!

!

M1:/0,!DEGJ!N%&:19/$!9%9,+!$'+!223!7,0,!/&,!-%&@1:/0,-1>&!"K2E!

!

!

!

616 JOURNAL OF LIGHTWAVE TECHNOLOGY. VOL. 13, NO. 4, APRIL 1995 

Self-imaging may exist in three-dimensional multimode 

structures, for which MPA combined with two-dimensional 

(finite-element or finite-difference methods) cross-section cal- 

culations can provide a useful simulation tool [14]. How- 

ever, the current trend of etch-patterning produces step-index 

waveguides, which are, in general, single-moded in the trans- 

verse direction. As the lateral dimensions are much larger 

than the transverse dimensions, it is justified to assume that 

the modes have the same transverse behavior everywhere in 

the waveguide. The problem can thus be analyzed using a 

two-dimensional (lateral and longitudinal) structure, such as 

the one depicted in Fig. 1 ,  without losing generality. The 

analysis hereafter is based on such a 2-D representation of the 

multimode waveguide, which can be obtained from the actual 

3-D physical multimode waveguide by several techniques, 

such as the effective index method (EIM) [15] or the spectral 

index method (SIM) [16]. 

A. Propagation Constants 

Fig. 1 shows a step-index multimode waveguide of width 

Whl. ridge (effective) refractive index nr and cladding (effec- 

tive) refractive index nc. The waveguide supports m lateral 

modes (as shown in Fig. 2) with mode numbers v = 0, 
1 ,  . . .  (m - 1) at a free-space wavelength Xo. The lateral 

wavenumber k,, and the propagation constant 8, are related 

to the ridge index n, by the dispersion equation 

(1) kp, + P; = IC&? 

with 
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where the “effective” width We, takes into account the 

(polarization-dependent) lateral penetration depth of each 

mode field, associated with the Goos-Hahnchen shifts at 

the ridge boundaries. For high-contrast waveguides, the 

penetration depth is very small so that We, N W M .  In 

general, the effective widths W,, can be approximated by the 

effective width We, corresponding to the fundamental mode 

[17], (which shall be noted We for simplicity): 

where o = 0 for TE and o = 1 for TM. By using the binomial 

expansion with k& << kgn:, the propagation constants 8, can 

be deduced from (1)-(3) 

( 5 )  

Therefore, the propagation constants in a step-index mul- 

timode waveguide show a nearly quadratic 

respect to the mode number v. 

By defining L,  as the beat length of the 
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Fig. 1. Two-dimensional representation of a step-index multimode wave- 

guide; (effective) index lateral profile (left), and top view of ridge boundaries 
and coordinate system (right). 
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Fig. 2. Example of amplitude-normalized lateral field profiles I . ’ ~  ( y). cor- 

responding to the first 9 guided modes in a step-Index multimode waveguide 

the propagation constants spacing can be written as 

Y ( Y  + 2)7r 
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B. Guided-Mode Propagation Analysis 

An input field profile Q(y, 0) imposed at z = 0 and totally 

contained within We (Fig. 3), will be decomposed into the 

modal field distributions ?I,,(y) of all modes: 

where the summation should be understood as including 

guided as well as radiative modes. The field excitation co- 

efficients c, can be estimated using overlap integrals 

e, = /m (9) 

based on the field-orthogonality relations. 

If the “spatial spectrum” of the input field q(y, 0) is narrow 

enough not to excite unguided modes, (a condition satisfied 

for all practical applications), it may be decomposed into the 
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function L=longitud(s,e,width,N,M) 
  
nc=2.7;  % Indice efectivo para simulación en 2D 
ncd=1.45; % Indice cubierta 
lambda=1.55; % Longitud de onda 
theta=1; % Se podría poner como parametro de entrada, pero 
en este caso las simulaciones se hacen en modo TM. Para TE, 
theta=0; 
  
% Todas las longitudes deben ir expresadas en micras. 
% 
% s -> separaciÛn entre guias 
% width -> ancho de la guia 
% e -> espacio que sobresale despuÈs de las guias 
exteriores 
% N -> n˙mero de guias de salida 
% M -> n˙mero de guias de entrada  
  
if N > M         % Este if, es por si hubiera mas entradas 
que salidas, aunque NO suele ser un caso habitual.        
    w=(N-1)*s+2*e+N*width   
else 
    w=(M-1)*s+2*e+M*width 
end 
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! "#!

     
weff=w+ (lambda/pi)*((ncd/nc)^(2*theta))*((nc^2)-
(ncd^2))^(-0.5); 
Lpi=(4*nc*weff^2)/(3*lambda); 
  
if M == 1       % Este if, es para el caso de que haya mas 
de una salida 
    L=(3*Lpi)/(4*N); 
else 
    L=(3*Lpi)/N; 
end 
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A Low-Loss and Compact Waveguide
Y-Branch Using Refractive-Index Tapering
M. H. Hu, J. Z. Huang, R. Scarmozzino, M. Levy, and R. M. Osgood, Jr., Fellow, IEEE

Abstract—A new approach to an integrated Y-branch power
splitter, useful for strongly guiding waveguide circuits, is pro-
posed, fabricated and tested. The device uses adiabatic mode evo-
lution by effective-refractive-index tapering to achieve a compact,
low-loss geometry. Device performance is examined numerically
by two- and three-dimensional beam propagation simulations. Y-
branches with an overall length of 330 m and losses of 0.2 dB
are then fabricated in GaAs–AlGaAs. A compact and low-loss 1
4 power splitter incorporating this Y-branch is also described

and demonstrated.

Index Terms—Waveguide Y-branch, power splitter, refractive
index, index tapering, height tapering, laser writing, quasi-single-
mode waveguide.

I. INTRODUCTION

S
TRONGLY guiding waveguides, with a high refractive-

index difference ( ) between core and cladding, are

often used for the fabrication of compact, large-scale photonic

integrated circuits (PIC’s) since such circuits require small-

radius bends with low loss [1], [2]. One practical problem

with high- waveguides, particularly rib waveguides, is the

increased scattering loss caused by irregular deeply etched side

walls. This difficulty can be overcome by improved etching or

by regrowth [3]. Another more subtle problem is that practical

high- waveguides are frequently “quasi-single-mode;” that

is, they do not strictly satisfy the conditions for a single-

mode waveguide and, in fact, typically such structures support

one or two higher order modes. These devices are useful,

however, if their operation can be confined to that of the

fundamental mode. Design of circuits with these quasi-single-

mode waveguides is particularly difficult due to the tendency

to generate higher order modes at transitions, even if the

fundamental mode is launched at the input to the waveguide. A

particular case in point is that of Y-branches. Since Y-branches

are widely used in PIC’s as large-bandwidth power dividers,

it is desirable to develop a Y-branch for use with high-

waveguides which is compact and which preserves the power

in the fundamental mode of the system without generating

higher order modes.

A Y-branch can be decomposed into two functioning re-

gions: power division as achieved by a splitting region and

physical separation of the split power by bending waveguides

[4]. This letter focuses on the power-splitting region. In partic-

ular, this letter is concerned with designing a low-loss power
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Fig. 1. Y-branch employing a refractive-index taper to perform adiabatic
power splitting.

splitter which preserves power in the fundamental waveguide

mode for practical high- waveguides. This device is useful

both as an element of an isolated Y-branch which is employed

in simple routing, and for application to devices with more

complex functionality, i.e., a Mach–Zehnder interferometer.

In the latter, it is particularly important for the Y-branch to

be spatially compact.

With the above goal in mind, the Y-branch considered

here is simplified to a device that consists of a straight

input waveguide, a power-splitting structure and two parallel

waveguides separated by the minimum distance that effectively

isolates the modes in the output waveguides [5].

II. STRUCTURE AND PRINCIPLE OF OPERATION

The basic principle of using refractive-index tapering in a

Y-branch is shown in Fig. 1. The power splitting is achieved

by a central waveguide with spatially varying refractive index,

, which decreases linearly from at to

at , and two width-tapered waveguides with tapering

angles equal to the half-branching angle, . The value of

, the width of the index-tapered region, depends on the

mode width relative to the waveguide width and on the cross-

talk tolerance. For a Y-branch consisting of strongly guiding

waveguides, the mode will be well confined in the core and

a value of which is comparable with the width of the

waveguide is sufficient for isolation of the two output modes.

For example, the coupling between two 3-mm-long, 4- m-

wide linear waveguides separated by 4 m is less than 25 dB

for and .

The half-branching angle must be sufficiently small to

ensure that the mode evolution is adiabatic between ,

and that the power remains in the local fundamental normal

mode of the Y-branch tapered region for fundamental-mode

excitation. This behavior contrasts with that in nonadiabatic

Y-branches [5], which utilize the beating between radiation
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