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Prism-Coupling of Light into Narrow Planar Optical 
Waveguides 

W. A. PASMOOIJ, P. A. MANDERSLOOT AND M. K. SMIT 

Abstract-The efficiency and the selectivity of the prism-coupler for 
exciting single modes in narrow planar optical waveguides is investi- 
gated both theoretically and experimentally. Some practical rules are 
given for obtaining selective and stable excitation. 

LIST OF SYMBOLS 

Distance over which the beam widens from 

Distance over which the beam widens from 

Lateral input beam shape. 
Transverse input beam shape. 
Input beam shape in the y-z plane. 
Input beam shape along the z-axis. 
Wavenumber in vacuum. 
Coupling length. 
Prism refractive index. 
Radius of the input-beam lateral phase fronts 

in the y-z plane. 
Radius of the input-beam lateral phase 

fronts. 
Normalized transverse propagation con- 

stants. 
Required input beam shape in the y-z plane, 

matching the lateral mode profile and the 
longitudinal exponential profile. 

wyo to wyo&. 

wxo to wxo&. 

Applied input beam. 
Lateral mode profile. 
V parameter or normalized film parameter. 
Waveguide lateral width. 
Mode profile 1 /e  half width. 
Lateral 1 /e half width of the input beam in 

the y-z plane. 
Minimum of w y ( z ) .  
1 / e  half width of Gaussian input beam mea- 

1 / e  half width of the angular coupling effi- 

1 /e half width of G,. 

sured along the z-axis. 

ciency curve. 
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1 /e  half width of GI. 
Minimum of wx ( 5) .  
Cartesian coordinate system with the bot- 

tom of the prism as the y-z plane. 
Optimal z-position of the prism corner rel- 

ative to the input-beam center ( z  = 0). 
Mode propagation constant. 
Deviation from phase-match angle. 
Coupling efficiency. 
Input beam incidence angle. 
Phase-match angle. 
Cartesian coordinate system with the optical 

axis of the input beam as (-axis. 

I. INTRODUCTION 
HE METHODS most commonly used for coupling T power into or out of a planar optical circuit are prism- 

coupling and butt-coupling. Prism-coupling was intro- 
duced for this purpose by Ulrich and Tien [l], and de- 
scribed in more detail by the same authors in later publi- 
cations [2], [3]. A compact description has been given by 
Unger [4]. 

Prism-coupling differs from butt-coupling in that it is 
mode selective. This is well known for the case of trans- 
verse film modes, and much less so for the case of lateral 
waveguide modes. Excitation of lateral modes was re- 
ported by Millar et d. [5]  and Simova et d. [ 6 ] ,  but with- 
out quantitative details with respect to the selectivity. A 
theoretical analysis of the coupling mechanism, including 
the excitation of lateral modes, was given by Wang and 
Laybourn [7]. They calculated the coupling efficiency be- 
tween a plane input wave with finite cross section and a 
number of waveguide modes, as a function of both the 
incidence angle and the skew angle. 

In the present article the analysis will be extended to 
include the effects of diffraction, which will be shown to 
play a dominant role for small focal widths of the input 
beam. The theoretical predictions are compared with ex- 
perimental results. Furthermore a number of mechanisms 
reducing coupling selectivity and stability will be dis- 
cussed, and some practical rules will be given for obtain- 
ing good stability and selectivity. 

11. EXPERIMENTAL COUPLING CONFIGURATION 
The experiments presently reported were conducted at 

633 nm ( He-Ne) wavelength on an embedded ridge-type 
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Fig. 1 .  Cross section of an embedded ridge-type waveguide stmcture. 

waveguide structure, consisting of a RF-diode sputtered 
A1203 film ( n  = 1.69) on a thermally oxidized silicon 
substrate ( n  = 1.46), as depicted in Fig. 1. The Si02 film 
thickness was 1.75 pm, which proved to be sufficient for 
isolating the guided wave from the absorbing silicon sub- 
strate. The lateral waveguide structure was formed in the 
A1203 film by atom-beam milling. After milling we cov- 
ered the whole structure with a RF-magnetron sputtered 
Si02-layer ( n  = 1.46) which was simultaneously used as 
a gap layer. The coupling length of the prism-coupling is 
precisely controlled by the thickness of this layer. To 
avoid the occurrence of an additional air gap between the 
prism and the top layer we applied a contacting liquid with 
the same refractive index as the prism ( CH212, n 2: 1.74). 
The coupling prisms were coated with chrome on opposite 
faces to avoid leakage of scattered light directly from the 
input to the output prism. More details are provided in [8] 
and [9]. 

The silicon-based Si02 /A1203 / S O 2  waveguide system 
is interesting for hybrid applications in conjunction with 
111-V semiconductor lasers. A mounting method for butt- 
coupling semiconductor lasers to a silicon-based circuit is 
presently being developed at the authors laboratory. 

The coupling approach, described above, seems to be 
applicable also for quaternary semiconductor circuits, 
using a silicon prism and a high-index low-melting-point 
eutectic as contacting “liquid”. 

111. THE THREE-DIMENSIONAL COUPLING MECHANISM 
A .  Coupling Eficiency 

Coupling efficiency for the three-dimensional coupling 
situation can be inferred in much the same way as for the 
two-dimensional case by applying the overlap-integral 
theorem in two dimensions: 

In this formula Ui ( y ,  z )  describes the y-z dependence of 
the input beam at the bottom of the prism (see Fig. 2 ) .  
U,( y ,  z )  represents the exponential input field required 
for 100-percent coupling efficiency (i.e., the reciprocal of 

I 
I I 
I I 

Fig. 2. Transverse coupling geometry and coupling parameters. 

the field coupled out of the waveguide). In the three di- 
mensional situation 7 is dependent on the incidence angle 
as well as on the skew angle of the input beam. In the 
following analysis the skew angle will be supposed to be 
zero, being the optimal situation for exciting the funda- 
mental mode. For exciting odd modes a (small) skew an- 
gle is essential; experiments show that the effects on the 
selectivity are small, however. 

We will first compute 7 at the phase match angle (i.e.,  
Bo = arccos ( /3/npko) ,  in which /3 is the mode propaga- 
tion constant, np the prism index, and ko the vacuum 
wavenumber), yielding information about the maximum 
coupling efficiency for a focused beam. To begin, ap- 
proximate expressions for U, ( y ,  z )  and U,( y ,  z )  will be 
derived. 

We assume the input beam to be Gaussian both in the 
transverse and lateral direction, but with different beam- 
parameters due to lateral focusing (with a cylindrical 
lens): 

ui(4, X ,  i-) = G t ( t ,  b ) G [ ( x ,  C )  e - J ~ P ! Q ~  ( 2 )  

where 4 ,  x and ( are the transverse, the lateral, and the 
longitudinal coordinates in a Cartesian coordinate system 
in which the {-axis coincides with the beam axis and: 

( 3 4  +/w: G , ( L  r )  = e 

b,  = npkow:o/2.  (3e) 



PASMOOIJ et al.: PRISM-COUPLING OF LIGHT INTO NARROW WAVEGUIDES 177 

Our notation follows that of [ 101. For the transverse beam 
shape (equation (3a)), wE is such that its {-dependence is 
negligible in the coupling region. In the formula for the 
lateral beam shape description (equation (3b)) the term 
between braces accounts for the amplitude reduction due 
to the broadening of the beam. In the exponent the first 
term describes the Gaussian beam profile, and the second 
term the spherical phase fronts. The third term disappears 
at { = 0 and approaches to j ( a / 4 )  for large values of 

For the transverse coupling problem the optimum cou- 
pling occurs if the beam focus coincides with the inter- 
section point with the bottom of the prism. We will as- 
sume that the same holds for the lateral focus. Although 
beam shaping in two dimensions might shift the optimal 
focal positions, it is believed that the effects on the fol- 
lowing analysis will be small. 

Using (3a)-(3e), the following expression for Ui ( y ,  z )  
in the y-z plane (i.e., at the bottom of the prism) has been 
derived: 

where 

r 

n~‘~2  + - 1 j arctan (e)] 
-3 2 R y ( z )  cos 8 2 

wz = wt/sin 8 

R y ( z )  = 2 [ I  + (y] 
1 npko 

byo = - - 
2 cos 8 w,’o. 

For the required exponential field U,( y ,  t )  (see Fig. 2) 
the y-dependence is described by the fundamental mode 
profile U,( y ) .  To simplify the expressions we will ap- 
proximate this mode profile as a Gaussian profile 
exp ( - y 2 / w k )  in which w, is chosen such that the effec- 
tive widths (U , (  y )  having unit peak amplitude) are 
equal : 

P +-m P +-m 1 --m U k ( y )  dy = 1 --m e-2y2/w2 m dy. ( 6 )  

The effect of this approximation on the results computed 
according to (1) will be small, the overlap of U,( y )  and 
its Gaussian approximation being far beyond 90 percent 

through a wide range of I/-parameter values. Solving (6) 
for lateral TE-polarization yields in terms of the normal- 
ized parameters [4] : 

sin U 1 + cos U + 
V 

w, = - 

in which wg is the lateral guide width. Fig. 3 shows a plot 
of the dependance of w,/wg on the lateral V-parameter. 
Because lateral contrasts are usually small the formula is 
equally well suited to TM-polarization. 

Using this assumption we find: 

u e ( Y ,  Z )  = ~ X P  [ - y 2 / w t  + ( Z  - zC) / lc  - j ~ z ] ,  

z I z c  

= o ,  Z > Z c  ( 8 )  
in which 1, is the prism-coupling length governing the 
z-dependence. Substitution of (4), (5), and (8) (with P = 
npko cos 8) into the integrals of (1) yields: 

n n  

1 
2 

exp [ ( z  - zc)/Zc + - j arctan z/by0] dz 

Substitution of (9), (lo), and (11) into (1) leads to an 
expression for 7 containing a single integration in t. Nu- 
merical evaluation of this expression as a function of wyo 
with the effective mode width w, as parameter yields the 
results plotted in Fig. 4 with solid lines. For 1, and zc we 
substituted the optimal values for the two-dimensional 
coupling case (1, = 1.48 wz and zc = 0.73 w, [4] ). 

One can draw some important conclusions based on Fig. 
4. For very wide waveguides the maximum coupling ef- 
ficiency approaches 80 percent as in the two-dimensional 
situation, the maximum occuring at wyo = w,, i.e., the 
input beam and the mode have the same width. For smaller 
mode widths the maximum coupling efficiency is reduced 
and the position of the maximum is fixed approximately 
at wyo = 6 pm. 
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0 

Fig. 3.  The ratio w m / w p  as a function of the lateral V-parameter. 

0 1  - predicted 

I 

W,= 1.7 urn 

-18 I 1 ,  I I I I  I !  

1 1 5  2 3 5 7 10 15 20 30 - w y O l w l  

Fig. 4. The coupling efficiency as a function of the (lateral) focal width 
w , ~  for different values of the effective mode width w,. 

As can be seen it makes no sense to apply focal (half) 
widths less than 6 pm (at 0.6328 pm) for narrow wave- 
guides. Furthermore the efficiency loss in applying con- 
siderably wider beams (20-30 pm) is relatively small. 

Physically these results may be explained as follows. 
For small focal widths of the input beam it is impossible 
to match the width of the input beam to the mode width 
throughout the entire coupling region due to the beam 
widening (as a result of diffraction) before and behind the 
focal plane. Furthermore, the curvature of the wavefronts 
will destroy the phase-match along the optical axis. In 
applying a wider input beam the phase-front curvature in 
the coupling region is reduced and, clearly, this increases 
the coupling efficiency up to focal widths of 6 pm, inde- 
pendent of the waveguide width. 

We checked the computed results experimentally for a 
number of focal widths and waveguide widths. The values 
found experimentally are also indicated in Fig. 4. The 

shape of the experimental curve and the position of the 
maximum compare well with the theoretical results. The 
absolute levels differ a few decibels; we did not invest 
much time in absolute calibration. 

B. Coupling Selectivity 
Focusing also affects the mode selectivity of the cou- 

pling. A small incidence angle deviation A0 (in (4)) con- 
tributes a factor exp ( +jnpkozAB sin e )  to the integrand 
of (1 1). Fig. 5 displays the angle dependance of 7 for two 
different values of wyo/w, with w, = 1.7 pm. For a wide 
input beam the width is approximately the same as for the 
transverse coupling configuration. This might be expected 
because of the plane character of the input beam. For small 
beamwidths the angular width of the coupling curve in- 
creases, but not dramatically. 

These results were also verified experimentally on a 
3.5-pm-wide waveguide with w, = 1.7 pm. Fig. 6(a) 
shows the measured coupling spectrum of the first three 
lateral modes of the waveguide excited with a wide beam 
(wyo/w, = 12). The halfwidth of the HE,,,, curve at the 
1 / e 2  level is approximately 0.00027, corresponding to wv 
= 0.02" (inside the prism). Fig. 5 also predicts 0.02'. 
Fig. 6(b) shows the spectrum resulting from excitation 
with a strongly focused beam (wyo/w, = 1.5). The 
broadening of the spectrum ( wq = 0.07" ) appears to be 
considerably greater than predicted by Fig. 5 (wq = 
0.03"). A possible explanation of this phenomenon may 
be the following. Wang and Laybourn [7] have calculated 
and Miller et al. [ 5 ] ,  Simova et al. [6], and the present 
authors experimentally determined from the diffraction 
pattern of the field coupled out of a waveguide that radia- 
tion does not occur along a plane at an angle 8 with the 
bottom of the prism, but along a conical surface with the 
top in the coupling region. Based on reciprocity one there- 
fore concludes that, in order to obtain good efficiency, the 
input beam should be focused along a conical surface. It 
is difficult to realize this in practice. If we do not fulfill 
this requirement, the field match in the coupling region 
will be violated leading most likely to the spectral 
broadening observed in Fig. 6(b). The direction of the 
broadening is in agreement with this explanation. The 
curvature of the conical surface of the output field is in 
the direction of smaller values of 0 ,  i.e., higher values of 
iVeff. This means, conversely, that if we apply a noncurved 
input beam the broadening of the coupling spectrum will 
occur in the direction of higher Ne, which has been noted. 

IV. OTHER MECHANISMS CAUSING SELECTIVITY 
REDUCTION 

Refraction of a laterally focused input beam by the front 
face of the prism causes the incidence angle within the 
prism to become dependent on the skew angle. Measure- 
ment of the angular broadening of the coupling efficiency 
of a focussed beam to a waveguiding film (without lateral 
confinement) showed that this effect is much smaller than 
the broadening observed in Fig. 6(b). 
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Fig. 5 .  The coupling efficiency as a function of A% for two different focal 
widths (with w, = 1.7 pm).  
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Fig. 6. Experimental record of the coupling efficiency for three lateral 
modes as a function of % for two different focal widths (w, = 1.7 pn 
for the fundamental mode): (a) w, , /w , .  = 1 .5 .  (b) w , , / w ,  = 12. 

If the angles of the front and the back faces of the input 
prism are poorly chosen multiple reflections may couple 
into the waveguide at unexpected angles. If the direct 
beam does not couple to a waveguide mode it is totally 
reflected by the bottom of the prism, but also by the chro- 
mium coated back face. Due to the high prism index the 
reflection coefficient at a glass-air interface is also high, 
so that multiple reflected beams decay slowly. The prob- 
lem can be analyzed by tracing the possible ray paths, and 
can be avoided by choosing proper prism angles (for our 
experimental configuration: front face angle 60"; back 
face angle 75") and by making the chromium coated 
backface diffuse. 

We note the following concerning the use of polarizers 
to attenuate the input power, for example when a sensitive 
camera tube is employed. If a randomly polarized laser is 
applied (or a linearly polarized one at 45") the comple- 
mentary polarity will be much stronger than the intended 
one. Through the tails of the coupling curves this may 
lead to excitation of unwanted modes in the substrate. This 
problem may be solved by using neutral filters. 

For very short coupling lengths the prism and the input 
beam have to be aligned with great care in order to avoid 
reduction of the coupling efficiency and broadening of the 
angular coupling curve. Improper alignment resulted in 
dramatic broadening (up to 4x) for a 0.4-mm coupling 
length. For 1.5 mm the effects are much smaller. 

A problem in the excitation of ridge-guide modes is that 
the coupling lengths for the ridge and the cladding region 
are different precluding optimum alignment for both the 
ndge and the cladding region. If the alignment is opti- 
mized for the guided mode the selectivity for the excita- 
tion of lateral cladding modes may be severely degraded. 
This may cause lateral cladding modes to be excited 
simultaneously with the guided modes. The problem is 
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aggravated if the focal width of the input beam is chosen 
substantially greater than the waveguide width wR because 
then a large part of the flux hits the cladding region. 

The above problem can be reduced by choosing 1,. >> 
I.V; and by applying low contrasts. If other requirements 
preclude such a solution it is important to take good notice 
of the possible effects. 

V.  CONCLUSIONS 
We have concluded that coupling of light into narrow 

optical waveguides is only possible if high coupling losses 
due to diffraction effects in the coupling region are ac- 
cepted. If high coupling efficiencies are required a wide 
waveguide should be applied in the coupling region and 
tapered to the required width afterwards. If a maximal 
coupling efficiency is not required the application of an 
“oversized” input beam is advantageous. For narrow 
waveguides matching the beam width in the focal plane 
to the mode width reduces both selectivity and coupling 
efficiencies. For the experimental waveguide configura- 
tion described in this article focal widths of 20 to 30 pm 
combine reasonable coupling efficiencies with good selec- 
tivity. We note that a large focal width reduces the sen- 
sitivity of the coupling to environmental vibrations. Fur- 
thermore the use of large coupling lengths is recom- 
mended, short coupling lengths reducing the selectivity 
(especially next to the ridge) and making the coupling 
more sensitive to input beam misalignment. 
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