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ABSTRACT

A novel ray tracing model is described for analyzing cou-
pling of a spherically surfaced LED to a flat-ended fiber
using a TO can with a sapphire cap, Salient features of the
model are (1) closed form solution of the trajectories of all
rays being coupled into the fiber, (2) inclusion of large-
angle rays in the model calculation, and (3) calculation of
the transmitted power through each interface. The coupling
efficiency is defined as the ratio of the power coupled into a
fiber to the power generated in the LED. The maximum
efficiency of 10 percent calculated by this model is verified
experimentally.

INTRODUCTION

Two types of light sources are considered most widely used
for fiberoptic communications: semiconductor lasers and
light-emitting diodes (LEDs). Advantages of LEDs are
high reliability, low cost, and small temperature depen-
dence of the radiative power. A disadvantage isthat in
conventional designs the power coupled from an LED into
an optical fiber is usually less than that from alaser.
Therefore, for each specific design the coupling efficiency
of the LED into the fiber must be optimized in addition

to improving the external quantum efficiency of the LED.

The coupling efficiency is defined as the ratio of the power
coupled into an optical fiber to the power emitted by the
light source. Because of the small size of the emitting area
of alaser or edge-emitting LED, the common methods of
analyzing the degree of coupling assume infinitesimal light
sources.

For an LED with afinite emitting area, the coupling effi-
ciency has been analyzed for a specific arrangement by
Deimal.'He developed a ray-tracing program for LEDs
with iridium phosphide (InP) lenses that yields the power
in arbitrary units coupled into a 50-um core fiber without
the sapphire collimating lens. In this particular case maxi-
mum power coupling required a distance between the apex

of the InP lens and the center of the fiber of 10 to 30 wm.
Such a short distance is quite appropriate for a pigtailed
fiber geometry but not for LEDs packaged in TO cans.
Another major shortcoming of Deimal’s model is the rather
long computation time inherent in the mathematical ap-
proach chosen. The active area of aradius of 30 mm is
divided into 707 elements of 4 wm?, the InP lensis divided
into 5539 elements of the same size. The ray tracing con-
nects each of the 707 small segments of the active areato
each of the 5539 small segments of the InP lens. The per-
mutational nature of this approach results in many more
rays being traced than necessary. If the number of rays
calculated were proportional to the Lambertian distribu-
tion, the computation time could be reduced.

The method reported in this paper assumes that the
number of rays being generated at the active areais pro-
portional to the Lambertian distribution. Each ray passes
through the InP lens and the sapphire sphere into the fiber.
The amount of light coupled into the fiber depends on a
number of variables. The following additional assumptions
are used in this paper:

1. uniform light intensity distribution in the emitting
area

2. perfectly spherical InP lens
3. perfect sapphire sphere as the cap in the TO can
4. astep index fiber with core diameter of 62.5 pm

Variables include the wafer thickness, i.e., the distance of
the center of the emitting area from the apex of the lens,
the radius of curvature of the lens, axial and lateral dis-
placement of the sapphire sphere, axial and lateral
displacement of the fiber, and the radius of the sapphire
sphere.

MODELING

The ray-tracing model has been divided into five sections
corresponding to each optical element.
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Section 1: Light-Emitting Area

The (x, y) plane is placed coplanar with the light-emitting
area of the LED and the origin of the global coordinate
system is chosen to be the center of this area as shown in
Figure 1. The total light-emitting area with a radius of RO
is divided into infinitesimal segments, each of them
carrying the coordinates (x,, y,,z,) with Z = 0. The light
emits from each of these infinitesimal elements under the
direction cosines (L,, M, N,) as shown in Figure 1.

L,=cosd - sinb
M,=smd¢ - sing
N,= cosf

Because of the assumption of a Lambertian source, the
number of rays per solid angle emitted from each element
is proportional to cos6 .

Section 2: The InP Lens

Because of the similarity of the algorithms required in
Sections 3 and 4 with those introduced in the present
section, Section 2, the equations in this section are written
inageneralized form interms of i. It isi = 1 in Section 2,
i =2in Section 3, and i = 4 in Section 4.

A spherical InP lens with radius Ris centered at

(X, Y, Z)). Assuming aray emitted by the surface element
at (x;, y,, z) with direction cosines (L;, M,, N;) meets the
InP lens at (X, Yiew Zi)s then (Xi,y Yiw Z.) mMust
satisfy the following equations:

)

Xis1 = Xi + (Zis1 — 2)

Z|

1
M;

YVis1 = Yi + (Zis1 — 2) N (2)

Kip1 = X)2 + i1 = Y2+ (1 —ZP - R} =0 (3)

By substituting Equations 1 and 2 into Equation 3, we
obtain a quadratic equation

Azl +Bi 2y +G=0 4)
where
A = 1/N?
B,' = D,’ + 2(1 - Al) - 2Z|
C=(A- 1)2,2 + 73+ (% — Xi)2 + (yi — Yi)z - R? -

DiZi
D; = 2(x; — Xi)Li/N; + 2(yi — Y)M;i/N;.

Then it is

©)

Ziy1 =

2'Ai

and x,,, and y,,, are found from Equations 1 and 2.
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Figure 1. Schematic of the global coordinate system and
interfaces used in the ray-tracing model.

The InP lensis located on the positive side of the z-axis.
Therefore, the positive sign is chosen in front of square
root in this section. If

B — 4AXC; < 0,

there is no solution, which means that the ray does not
meet the InP lens and would not be coupled into the fiber.
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The distance the light ray travels inside the InP materia is

S = V(xis1 = X + Gie1 — ¥ + (@iey — )

For a known absorption coefficient s, the transmitted light
power that reaches the interface has to be multiplied by an
absorption factor .

Y= V8
From Equation 3, the unit vector n(e,, B, v) aong the

normal at point (X,,, V.. Zi.) ON the surface can be ex-
pressed as

a; = (X1 — X)/R; (6)
Bi = (yix1 — Y)/R; 7
Yi = (Zis1 — Z)/R; (®)

To determine the direction cosines r,, (L, M, N, ) of

i+

the refracted ray, Snell’ s law is written in vector form
ni; (s A n) = ni(r; A m), )

where n is a unit vector parallel to the normal at the point
of incidence (X .., Y. Z.), N and n,, are the refraction
indices of material i and i + 1, and r, and r,,, are unit vec-
tors along the incident and refracted rays. The equation
can be multiplied vectorially by n to obtain

n;4q(ris — n(rigq - m)) = n(r; — n(r; - n)).

This can be expanded in scalar form by setting (L,, M, N)),
(Lisy My N ), and (o, B, v,) as the components r, r,
and n respectively, so that these quantities are direction
cosines, yielding

0Ly — nily = kiey (10)
ni My — nM; = kB, (11)
0, Niyp — oiN; = kyy; (12)

where

k; = n44(r4q - M) — ni(r; - m)

= n;,cosl;;; — n;cosk;

= {Ei}l/2 == niCOSIi (13)
E; = n%, — n}(1 — cos’l;)
COSIE = aiLi + BiMi + ‘YiNi
cosliyy = ailivy + BiMiy + viNiyy (14)
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and |, and |,,,are the angles of incidence and refraction. If
E < 0, then k; becomes imaginary, indicating total internal
reflection inside the InP lens. Formulation of the ray-trac-
ing procedure can also be found in Reference 2.

To calculate the power transmitted through the interface,
the incoming power has to be multiplied by the transmissiv-
ity T,.

2
N - cosliyy T_

T- —
! n;-cosl; A2

(15)

The relationship between the amplitudes of the incoming
fields A and transmitted fields T is

2 - n; - cosl;
Tl = K
n;- COSIi e nj- COSIH,I
2 - n; - cosl;
Ty =

n;., - cosl; + n; - cosl; - A”
i+1 i i i+1

where T, and T stand for the amplitudes of the transmit-
ted field polarized perpendicular and parallel relative to
the plane of incidence; Correspondingly, A, and A repre-
sent the amplitudes of the incoming fields. It is for both
fields

2 _ 72 2
=T+ T
2 K2 2
AT =A1 + A

Since LEDs are unpolarized sources, T)= Tyand A, =
A\. As aray passes through the InP-air interface, partial
polarization of the incoming unpolarized beam occurs, and
each component, i.e., perpendicular and parallel to the
plane of incidence on the lens surface, has to be treated
separately at every interface. L, M,,,, N, could be
obtained from Equations 10, 11, and 12 as follows:

L1 = (nL; + ki) /nj g (16)
M = (M; + kiBj)/ni 4 (17)
Niy = (mN; + kiy)/niy (18)

Equations 16, 17, and 18 are also suitable for tracing skew
rays. Both large and small angle rays are being included in
this calculation without any approximation.

Section 3: Lower Half of Sapphire Lens

The equations of this section are identical to the equations
of Section 2 except that now i = 2. The negative signin
Equation 5 is chosen in this section versus the positive sign
chosen in Section 2. The solutions in the lower half of the
sapphire lens have the negative sign in Equation 5. Due to
the techniques used in brazing and metallizing the sapphire
sphere to the TO can, the metallization on the sapphire
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lens blocks some of the light rays. Considering aworst case,
the specifications of the TO can manufacturer should be
used as criteria for calculating the number of rays being
accepted into the sapphire sphere. Usualy, TO can
manufacturers issue a minimum specification (RR2) for
the aperture of the lower half of the sapphire lens.
Therefore, if it is

z3 < (Z, — YR} — RR2?)

the light ray will be accepted into the lower half of the
sapphire lens.

Section 4: Upper Half of Sapphire Lens

The equations in this section are identical to those in Sec-
tion 2 except that now i = 3. The solutions in the upper
half of the sapphire lens require the positive sign in
Equation 5. Assuming RR3 as the minimum aperture for
the upper half of the sapphire lens, then

if Zy > Z3 + v R% = RR32,

the light ray will pass through its upper half.

Section 5: Fiber

The fiber is described here using the following characteris-
tics: refractive index, n;; numerical aperture, NA; core
radius, RF; location of the center of fiber core,

(X., Y., Z,); unit vector along the normal at point

(X, Y,, Z,) of fiber core, n(e,, B,, v,). The following two
equations describe the ray leaving the sapphire lens from
(X4 Y4 24 with direction cosines (L, M, N,):

x=x, + Ly(z — z4)/Ny
y =Y+ My(z — 24)/Ny

The center of the fiber core is located in the plane z = Z4
paralel to the (X, y) plane where the x and y have the fol-
lowing values:

Xs = X4 + Ly(zs — 24)/Ny
Y5 = Y4 + My(zs — 24)/Ny
with
25 = Z4.

If the ray is accepted into the core of the fiber, then the
following condition must be satisfied:

(xs = X4)* + (y5 — Ya)* < RF%.

In addition, there is a condition for the light ray to remain
inside the core of the fiber. This requires that the angle of
incidence into the fiber has to be less than the numerical
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aperture’ After some arithmetic, this condition can be
expressed as

N, > V1 — NA?

Only rays meeting both conditions will be counted as being
accepted into the fiber. Calculation of the transmissivity T,
is the same as that in Equation 15 in Section 2 except for

=4,

The concepts described above were realized by using a
computer program written in FORTRAN. The program
counts the number of light rays accepted into the fiber,
tabulates the number of light rays rejected at each stage,
and calculates the total power according to the equations
introduced for transmissivities at each interface and for
absorption inside the corresponding optical elements.
Because none of the common approximations were
introduced, the model approaches reality. In particular it
includes the frequently suppressed large-angle rays.

Coupling efficiency is defined as the ratio of the power
launched into a fiber to the optical power generated by the
LED. In designing an LED package, all parameters enter-
ing the model can be varied to identify combinations that
would yield optimized coupling efficiency. Prior to building
experimental samples, the ray-tracing model described
here can be used to predict coupling efficiency and, thus,
becomes a powerful tool for LED package design.

RESULTS AND DISCUSSION

The accuracy of this model depends on the number of
elements of equal size chosen for dividing the active area.
However, there is a trade-off between the accuracy deter-
mined by the segmentation and computation time. If one
chooses the accuracy for a coupling efficiency higher than 1
percent to be £0.1 percent, then 400 emitting points with
equally divided active areas and 400 rays from each emit-
ting point with Lambertian distribution are required. The
accuracies in coupling efficiency between 400 X 400 and
1600 X 1600 is better than 0.1 percent. Therefore, the cal-
culation below is based on the 400 rays from 400 emitting
points with equally divided active areas.

This model allowsfor agreat deal of flexibility in the choice
of values for each needed parameter. The valuesin Table 1
were chosen as an example in calculating the coupling
efficiency.

The highest coupling efficiency of 10 percent was obtained
with the variable values shown in Table 2. This highest
coupling efficiency of 10 percent was verified experimen-
tally.* Figure 2 was obtained by plotting the coupling
efficiency as a function of X ,and Y,with the above param-
eters. It is very useful for illustrating the profile of the
coupling efficiency as a function of X ,and Y,. Figure 2 also
shows the drop of the coupling efficiency if the fiber is not
aigned perfectly. Figure 3 is a contour plot of Figure 2 and
shows that the coupling efficiency is reduced from 10
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percent to 8 percent if the fiber is misaligned by 25 um.
The coupling efficiency is reduced further to lessthan 1
percent if the misalignment of the fiber increasesto 75 pm.
As Figure 3 illustrates, the coupling efficiency varies sub-
stantially with misalignment. Therefore, the light output
power from the fiber would also be expected to drop sub-
stantially, which is undesirable.

g

Coupling Efficiency (%)
£ o

»N

Figure 2. The surface profile plot of the coupling efficiency as
a function of the center of fiber core position (X,, Y,) at
Z,=2713 pm plane.

Table 1.
Description Value
n; index of refraction of Indium Phosphide 3.2
n;  index of refraction of air 1.0
ny index of refraction of sapphire 1.75
ny index of refraction of air 1.0
ns index of refraction of fiber 1.4719
W absorption coefficient of Indium Phosphide' 0.12/mm
RO radius of LED light emitting area 12 pm
R, radius of lower half of sapphire lens 635 pm
R; radius of upper half of sapphire lens 635 pm
RR2 radius of aperture on the lower sapphire lens 419 pm
RR3 radius of aperture on the upper sapphire lens 419 pm
RF core radius of fiber 31.25 um
NA  numerical aperture of fiber 0.275
Table 2.
Description Value (pm)
X, x-coordinate of the center of InP lens 0
Y, y-coordinate of the center of InP lens 0
Z,; z-coordinate of the center of InP lens 20
R, radius of InP lens 124
X; x-coordinate of the lower sapphire lens 0
Y. y-coordinate of the lower sapphire lens 0
Z, z-coordinate of the lower sapphire lens 1478
X; x-coordinate of the upper sapphire lens 0
Y, y-coordinate of the upper sapphire lens 0
Z, z-coordinate of the upper sapphire lens 1478
X4 x-coordinate of the center of fiber tip 0
Y. y-coordinate of the center of fiber tip 0
Z,; z-coordinate of the center of fiber tip 2713
Table 3.
Description Value
Z, z-coordinate of the lower sapphire lens 1168 pm
Z; z-coordinate of the upper sapphire lens 1168 pm
Z, z-coordinate of the center of fiber tip 2896 um

Y, (um)
(-]

-200
-200 -100 0 100 200

X, (pm)

A second example was prepared for a different configura-
tion by modifying the three parameters listed in Table 3.
All others are the same as before.

The results are shown in Figure 4. In this example the cou-
pling efficiency remains fairly constant on the plateau area
and the amount of light coupled into the fiber becomes

AMP Journal of Technology Vol. 3 November, 1993

Figure 3. The contour plot of the coupling efficiency as a
function of the center of fiber core position (X,, Y,) at
Z,= 2713 pm plane.

more uniform. Figure 5 is a contour plot of Figure 4. The
areawith 5 percent coupling efficiency in Figure 5is
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larger than the area with 5 percent coupling efficiency in
Figure 3 obtained for the first combination of parameters.
Therefore, the second configuration is more suitable for
manufacturing than the first configuration.

-

w

Coupling Efficiency (%)
L]

-

-1

Figure 4.The surface profile plot of the coupling efficiency as
a function of the center of fiber core location (X,, Y,) at
Z,= 2896 pm plane.

SUMMARY

Depending on the specified tolerance and power require-
ments, the model presented is a powerful tool for designing
LED packages. Thisisillustrated on two specific examples.
If very precise fiber positioning is possible, the configura:
tion of the first example would offer itself to achieve high
coupling efficiency. If the tight tolerance of the fiber place-
ment assumed for the first example cannot be met, then the
second configuration would allow for uniform light output
power from LED package.
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