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Controlling the Optical Properties of Intersecting 
Waveguides: Fractionally Doping the 

Intersection Region 
Douglas M. Gill, Leon McCaughan, Member, IEEE, and Niraj Agrawal 

Abstract-Modification of the refractive index of the region common 
to intersecting waveguides (fractional doping) provides a mechanism, 
independent of intersection angle, for controlling the optical coupling 
characteristics of this geometry. We derive a pair of expressions based 
on a multiple scattering analysis of intersecting waveguides which pre- 
dict the coupling behavior as a function of intersection angle and frac- 
tional doping for both polarizations. The expressions are in good 
agreement with experimental data from several different laboratories. 
The conditions for polarization-independent coupling and polarization 
splitting are demonstrated. 

INTRODUCTION 
NTERSECTING waveguides are a fundamental guided wave I element for integrated optics. As a passive element, this ge- 

ometry makes possible high-density electrooptic switch arrays 
[I], [2], passive polarization splitters [3], [ 4 ] ,  and offers the 
possibility of wavelength multiplexing. Optical switches have 
been fabricated using intersecting waveguides in an electrooptic 
substrate [ 5 ] .  In the design of intersecting guides, both the cou- 
pling strength between the guides and their insertion loss are 
functions of the optical confinement (as characterized by the 
V-parameter) as well as the intersection angle [6] - [8] .  This in- 
terdependence limits design flexibility. We demonstrate theo- 
retically and experimentally that a third processing parameter, 
the refractive index at the intersection of the two waveguides, 
controls the guided-guided field coupling as effectively as the 
intersection angle. As will be discussed below, fractional dop- 
ing also effects the radiative loss of this geometry. Selective 
doping of the intersection region therefore introduces a new 
processing degree of freedom, apart from intersection angle, in 
the design and optimization of integrated optics employing in- 
tersecting waveguides. 

A recently developed theory based on a multiple scattering 
analysis of TE polarized light in intersecting symmetric slab 
waveguides correctly predicts the coupling and radiative loss 
behaviors of TM polarized light in Ti : LiNb03 channel wave- 
guides as a function of intersection angle [ 7 ] - [ 9 ] .  Intersecting 
guides are typically fabricated with either a constant film index 
throughout the guiding region (i.e., the single-An geometry) or 
with the film index of one guide superimposed on the other (the 
2 - An geometry). As will be shown, the theory predicts and 
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experiments corroborate that a fractional change in the refrac- 
tive index in the intersection region will alter the coupling char- 
acteristics as effectively as changing the intersection angle. 

THEORY 

The multiple scattering analysis [7], [8]  treats one planar 
waveguide of an intersecting pair as an extended scattering ele- 
ment of the other. Light in each guide is successively scattered 
into the guided and radiation fields of the other guide. The pro- 
cess is repeated self-consistently and the electric field associ- 
ated with the i th waveguide is expressed as a series of scattering 
interactions, 

(1) m y ,  2)  = c El“’(y, 2 )  
n = O  

where i = 1, 2 represents the respective waveguides and n is 
the order of the scattering term. The rth order scattered fields 
E?\ and E?’ satisfy 

[V: + 02p(e, + e2)]EE’ = -w2p(e2 + l)EZ‘’) (2a) 

[Vf + w2p(eS + eI)]E:)I = -w2p(eI + I)EEi (2b) 

where ei is the dielectric permittivity of the i th waveguide and 
1 is the permittivity associated with the intersection region (Fig. 
1). 

The solution to (2) for the TE polarization can be expressed 
in terms of the Green’s function G i ( y ,  z ,  y’ ,  z’) for the individ- 
ual waveguides: 

+ m  +m 

~ ~ i ( y ,  z )  = iw/4  S-, S [ e ~ y ‘ z ’ )  + W ,  z ’ ) ~  

E:; ”(y’, z’)G2(y, z;  y’, 2’) dy’ dz’ 

[ E d Y ’ Z ’ )  + &Y’, z‘>l 

--m 

(3a) 
+ m  + m  

Et’dY, z) = h / 4  
- m  

* Et : (y ’ ,  z’)G,(y,  z ;  y’, 2 ’ )  dy’ dz‘ (3b) 

where the Green’s function can be written as a sum of guided 
and radiation field components, 

Gi = Gjg) + CY). (4)  

For conditions in which the radiation losses can be neglected 
[G‘” = 01, the optical power coupled between intersecting 
waveguides using (1) and (3) with n -, 00, becomes [7]  

P, = sin2 K (5 )  
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Fig. 1. Schematic diagram of Ti : LiNbO, fractionally-doped intersecting 
waveguide fabrication. The Ti thickness of the intersection region relative 
to the waveguide arms was varied from A r / r ,  = 0 to A r / r ,  = 1 .  

where 

K = K" + Krd.  (6) 

Here Ke" is the contribution to the coupling coefficient from the 
overlap of the evanescent field of one waveguide with the other 
guide. Physically, K" corresponds to the single-An geometry 
(i.e., the guiding index in the intersection is the same as that in 
the waveguide arms). Kfd is the contribution to the coupling 
coefficient from the additional doping of the intersection region 
above that of the individual waveguides. As the intersection re- 
gion is fractionally doped, the K"' term remains constant while 
the Kfd term monotonically increases. The contribution from 
the fractional dopant in the intersection region is given by 

-- 
sin [(a + 6 tan :) a] I' 

(7) 

where /3 and 2 a  are the propagation constant and guiding film 
thickness, respectively, of individual waveguides. Here AQ,, is 
the fractional doping permittivity (above that of the guiding 
layer). The constants a and y are determined from the disper- 
sion relation 

y = a tan (aa) (8) 
where a and y are the magnitudes of the transverse components 
of the wave vectors in the film and substrate, respectively. 

The multiple scattering analysis is derived from a treatment 
of TE polarized light in a pair of intersecting slab waveguides. 
Intersecting channel waveguides with light polarized normal to 
the substrate surface (i.e., TM polarization) most closely cor- 
responds to this model. In the following calculations and mea- 
surements we treat Ti-diffused channel waveguides in z-cut 
LiNb03. For TM-polarized light the refractive index varies lin- 
early with Ti concentration [lo] and is therefore taken to be 
proportional to the Ti thickness before diffusion. In the inter- 
section region the Ti thickness is is the Ti 
thickness of the waveguide arms and AT is the thickness of the 
additional doping in the intersection (see Fig. 1). The change 
in permittivity in the intersection region Acfd above that in a 

+ AT, where 

waveguide er is therefore related to the fractional doping thick- 
ness of Ti,  AT/^^ by 

(9) 

where er and e ,  are the permittivities of the guiding film and 
substrate, respectively, of the slab model waveguide. For the 
special case of a 2An structure Aefd = (ef - ts). Referring to 
(2) 

A~fd E (4 - E,) AT/?, 

1 = (E, - E$) (AT/?" - 1). (10) 

EXPERIMENT 
Fractionally-doped intersecting waveguides were fabricated 

in z-cut y-propagating LiNb03 in two steps: intersecting wave- 
guides were photolithographically patterned in Ti (r0 - 67.5 
nm thick by U' = 6.5 pm wide) over the fractional doping rect- 
angle of Ti with thickness AT (Fig. 1). The rectangle is 6.5 pm 
wide and spans the length between intersecting waveguide ver- 
tices. Thermal diffusion of the Ti into the LiNb03 substrate un- 
der wet oxygen at 1050°C for 6 h produces low loss ( 5 0 . 2  
dB/cm) strongly-confining channel waveguides [ 1 11. Measure- 
ments were made by lens-coupling light of X = 1.3 pm wave- 
length (polarized normal to the LiNbO, surface for the TM po- 
larization and parallel to the substrate surface for the TE 
polarization). Waveguide coupling was measured as a function 
of the fractional doping parameter AT/?" over a range from (1 
+ AT/?") = 1 (single-An geometry) to a value twice that in the 
waveguide arms, ( 1  +  AT/^,) = 2 (2 - i\n geometry). 

DISCUSSION 
Waveguide-waveguide coupling for the TM polarization was 

measured and calculated (using the multiple scattering theory) 
as a function of fractional doping of the intersection region for 
three intersecting angles, 0.5",  1.0". and 1.5" [Fig. 2 (a)-(c)]. 
Coupling ratios are a strong function of the normalized film 
thickness (V-parameter) for intersecting waveguides, 

where 2 a  is the waveguide width. A value of V/ i r  = 0.82 
0.02 produces an optimum agreement between the multiple 
scattering calculations and coupling measurements made as a 
function of fractional doping (Fig. 2). This value is consistent 
with well-confined single-mode waveguides ( V / T  5 1) and was 
used for all subsequent coupling calculations. (The exact choice 
of the values of film index, nf = 2.204, cladding index, n,. = 
2.200, and film width, 2a = 4 pm, is of less importance to the 
theoretical results than the value of V itself). The data (Fig. 2) 
are consistent with (5)-(7) and (9): the fraction of light coupled 
goes as sin' K and K varies linearly with fractional doping, 

The fraction of light coupled between waveguides measured 
as a function of intersection angle is plotted for both polariza- 
tions for the single-An" and 2Ani3  (i.e., = 0 and 1) 
geometries in Figs. 3 and 4, respectively. Both polarizations in 
both geometries have the form of (5) (which has been derived 
only for the TM mode). Note that the coupling coefficient K 
decreases with increasing intersection angle in all cases. This 
last fact is more clearly seen by plotting the coupling coefficient 
[using (5)J as a function of intersection angle (Figs. 5 and 6). 
The multiple scattering calculations for the TM polarization 
(dashed lines, Fig. 5) are in excellent agreement with data. The 
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Fig. 4. Light intensity coupled between 2-An intersecting waveguides (i.e., 
index in intersection region is twice that in the guiding arms) measured as 
a function of intersection angle for the TE ( A )  and TM (A) polarizations. 
Data points are connected by a solid line. 

1 + ATIT 
Fig. 2. Measured fraction of light intensity (TM polarization) coupled be- 
tween intersecting waveguides as a function of fractional doping. Error 
bars are based on a Gaussian distribution of measurements on four nomi- 
nally identical structures. Multiple scattering calculation results are shown 
as a dashed line. Intersection angles (a) 0.5", (b) 1.0", and (c) 1.5'. 
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Fig. 3. Light intensity coupled between single-An intersecting waveguides 
(i.e., guiding index is everywhere the same) measured as a function of 
intersection angle for the TE (0) and TM ( 0 )  polarization [ 121. Data points 
are connected by a solid line. 

coupling coefficients can be expressed in a more simple form 
than (7) by taking advantage of the fact that K"' is independent 
of fractional doping and Kfd depends linearly on 87/70 [see 
(7)]. From (6) and (7) the coupling coefficients for the single- 
An and 2An geometries become KIA, = K"' and Kza, = K"' 
+ Kfd(A7/70 = 1). The coupling coefficient data for the TM 
polarization (Fig. 5) was therefore fit to the form 

+ 3 . 2 ( A 7 / ~ ~ ) 0 - ~ ' ~ *  (12) 

where 0 is expressed in degrees. The multiple scattering anal- 
ysis for the TE polarization in channel waveguides has not yet 

KTM = K"' + Kfd - 2.0 X 
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Fig. 5. Plot of the TM polarization coupling coefficient derived from cou- 
pling data (Figs. 3 and 4) versus intersection angle for the single-An (0)" 
and 2An ( A ) 1 3  cases. Data from [6] ( 0 )  and 1131 ( A )  are shown in the 
inset. Dashed lines are the coupling coefficients versus 0 predicted from 
the multiple scattering analysis. Solid lines are plots of (12). 

been derived. As an approximation, we assume a coupling coef- 
ficient of the form of (12) and approximate the TE polarization 
data (Fig. 6) by 

= K,, + Kfd - 1.6 X + 0.44(AT/70)6-~? (13) 

Equations (12) and (13) are plotted (solid lines) with the cou- 
pling data in Figs. 5 and 6. Note that the figures contain data 
from four sources ([6], [12], [13], and this work). Note also 
that these approximations are good fits to the entire range of 
data (0 5 5 O for the single-An and 0 5 3 O for the 2 An config- 
urations). 

Equally significant, (12) and (13) can be used to represent 
the coupling data for dopings of the intersection region other 
than single-An(A7/7, = 0) and 2An(A7/7, = 1) configura- 
tions. The coupling data of fractionally doped intersecting 

- r r  --I- 
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- mately equal at all three of the intersection angles investigated. 
This suggests that by making the intersecting region with - 90% 
(AT/T, = -0.1) of the doping of the waveguide arms with 0.5” 
< 8 e 1.5”, robust polarization-independent couplers can be 
made. Note that insertion losses are predicted to increase - 1- 
3 dB (depending on intersection angle) for this specific inter- 
secting configuration 1141. Over this range 0.1 < K / T  < 1.2, 
which encompasses one complete coupling cycle. Conversely, 
Fig. 7 shows that choosing AT/T, - 1.0 and 8 = 0.5” or 1.5” 
produces polarization splitting. We obtained a TE to TM con- 
trast ratio of - 20 dB for these intersection geometries. 

As we have shown elsewhere [14], fractional doping can in- 
crease or decrease the radiative loss from intersecting wave- 
guides. In the example above a fractional doping of 0.4 < 
A T / T ~  < 0.8 produces -2 dB reduction in loss for the TE 
polarization and - 3 dB reduction in loss for the TM polariza- 
tion below that of single An intersecting guides [ 141. This range 
of AT/T, is sufficiently large that low loss intersections with 

.O 3.0 4.0 5.0 

0 0.5 1.0 1.5 2 .0  

Intersection Angle (Degrees) 
I _  - -  

Fig. 6.  Plot of the TE polarization coupling coefficient derived from cou- 
pling data (Figs. 3 and 4) versus intersection angle for the single-An (O)’* 
and 2An (A)” cases. Data from [6] (0) and [13] ( A )  are shown in the 
inset. Solid lines are plots of (13). 

arbitrary coupling ratios for the two polarizations can be ob- 
tained by properly c.,oosing the intersection angle and frac- 
tional doping. 

s 

1 + ATIT 

Fig. 7.  Plot of the TE (U) and TM (H) coupling coefficient data versus 
fractional doping for intersection angles 0 = 0.5”.  1.0”, and 1.5”. Data 
from [12] ( 0 ,  0) and [I31 (A, A )  are included and offset from their 
proper positions for clarity. Plots of (12) and (13) are included for 0 = 
0.5” (dotted line), 1.0” (solid line), and 1.5” (dashed line). 

guides (Fig. 2), and the data from 1121 and [13], have been 
replotted in terms of K as a function of fractional doping in Fig. 
7. Also included in Fig. 7 is the coupling data for the TE po- 
larization. Equations (12) and (13) (solid lines) are seen to be 
an excellent fit to all of the data. A few points on this figure are 
worth noting. In general, a K / a r  and a K / a 8  are unequal (see 
Figs. 5 ,  6, and 7) for the two polarizations. It should therefore 
always be possible [using either the multiple scattering analysis 
or an approximation of the form (12) and (13)] to choose a frac- 
tional doping AT /r0 which produces polarization-independent 
coupling of arbitrary splitting ratio for some intersection angle 
8. Note that it is not necessary that the coupling coefficients be 
equal, just that KTE(TM)  = mx f KTMCTE), m = 0 ,  1, 2 * * * . A 
particularly striking example of this is the value AT/T,-, = -0.1, 
for which the TE and TM coupling coefficients are approxi- 

CONCLUSION 

It has been demonstrated that the guided-guided TM field 
coupling between intersecting waveguides can be explained by 
the multiple scattering analysis. We have derived a simplified 
expression for the coupling coefficient of both the TE and TM 
polarizations using the multiple scattering results and coupling 
data. These expressions have been shown to accurately predict 
the coupling behavior for well-confined Ti : LiNb03 channel 
waveguides with arbitrary doping levels of the intersection re- 
gion. We have also shown that fractional doping is as important 
a design parameter as the intersection angle, both of which can 
be used to “tune” the coupling characteristics of both polariza- 
tions in a predictable manner. In particular, polarization-inde- 
pendent coupling and polarization splitting at several intersec- 
tion angles is possible with the appropriate fractional doping. 
Finally, with regard to integrated optic fabrication and design, 
we note that design errors at the mask level can be compensated 
during processing by incorporating fractional doping as part of 
the fabrication process. Taken together, these results demon- 
strate a new predictable processing parameter, fractional dop- 
ing, for the development of intersecting waveguide structures. 
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