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1.0 INTRODUCTION

This report summarizes the results of the [njection Laser/Wavequide Coupler
Proqram (Contract NOO173-78-C-0087). The procram goal was the development and
fabrication of an efficient, rugged, sinale mode laser %0 thin film optical wave-
guide coupler that operated over a 30°C temperature rance and was stable against
vibration and handling for extended periods. The design goals included -1 mW
optical power coupled into the wavequide, which was Ti indiffused LiNb03. and a
spot size at the input to the wavequide not to exceed 10 ,m at the (1/e) points.
The beam profile was to be as nearly Gaussian as possible, and scatterinn into
the waveguide was to be at least 20 dB below the primary beam.

The program, which was scheduled to be a one-year effort, consisted n€ '
following tasks: (1) waveguide coupling analysis, (2) laser and wavequice
development, (3) waveguide edge polishing development, (4) wavecuide tn lasar
decouplin® development, (5) alignment fixture development, (€) laser/wavequide
coupler “abrication, and (7) laser/wavequide coupler evaluation. The program
called for the delivery of two laser/waveguide coupler units, the first of vhich
was %0 be discussed at the end of eight months and the second improved device
at the conclusion of the program. This Final Report {s being submitted as a
deliverable item as required by the contract Statement of Work.

The study leader at MDAC-STL has been Or. Robert R. Rice, Advanced Space
flectmnics epartment (E413), and the activities under the subcontract to
Yasnincion Iniversity have been directed by Dr. William S. C. Chana, Laboratory
far tprlicd flectronic Sciences. Other personnel at MDAC-STL who have contribu-
ted s ~nificantly to the program include Mr. Joseph D. lino, wavequide measurements;
Or. “emnis G, Mall, waveguide measurements and coupling analysis; Or. Louis 3. "llen,
laser dince development; Or. David A. Bryan, edae polishing and alignment fixture
develoorent; and Mr. Philio D. Bear, coupler chip assembly. Substantial contribu-

tions wers 3150 made by Gordon M. Burkhart, Herbert G. Koenig, and John A. Powers.

Both approximate and exact theoretical analyses of the couplino process con-
clude that coupling efficiencies of approximately 50% can be expected under typical
optimized conditions using a direct end-fire (butt) coupling approach. Subseguent
to the development of an edre-nolishina and an anti-reflection edge-coating nro-
cedure for the Ti:LiNb:3 wavenuides, and after assembly of an apparatus capable of
precise alignment of a laser diode and a waveguide, it was shown that a 50% coupling
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efficiency could actually be achieved. The sensitivity of the laser/waveguide
coupling efficiency to both transverse and longitudinal misalignment was measured
using an apparatus with submicron resolution. The measurements showed that the
longitudinal separation between the laser diode and the waveguide could be in-
creased to about 15 microns with only a 50% (3 dB) reduction in coupled power.
The transverse misalignment sensitivity, on the other hand, was quite severe

in that a misalignment of less than one micron resulted in a 50% reduction in
coupled power. Because of this stringent transverse alignment constraint, the
hybrid coupler chips (a flip-chip configuration with both a Lmbo3 wavequide
and a GaAlAs laser diode bonded to a silicon substrate) did not achieve the
theoretical limit of 50% coupling efficiency. The two coupler chips delivered
to NRL had coupling efficiencies in the 5% - 10% range.

La¥]
o

TECKNICAL OISCUSSION

2.1 The Injectior Laser Radiation Field

In order to calculate the coupling efficiency between a double heterostructure
laser diode and a Ti-indiffused LiNbO3 wavequide, a model for the radiation field
of the laser diode must be developed. The electric field patterns of semiconductor
lasers have been reported in the literature as closely approximating an elliptical
Hermite-Gayssian beam orofile"z.

From the physical data of the heterostructure used in the MDAC-STL laser for
the coupling experiments, G’O.SA‘O.ZAS - GaAs - Ga0.3510.2ks with an active region
thickness of 2d = 0.2 um and a width of 10-12 um, the radiation field inside the
laser diode was also modeled as that of a symmetric wavequide. Using a single mode
laser with a center wavelength, . = 0.8350 .m, "(G‘O.SAIO.ZAS) = 3,495 and n(GaAs) =
3.635, the electric field of the TE guided modes of this laser was found to be:3

S? (x, 2) = Acos (hd) exp [=p('x') = &)) exp( -15‘8] (2.1)

or x > 4d

E, (x, 2) = A cos (hx) exp [-35=:]
; (2.2)




vhere d

A laser diode typically has an active region that has a very large width and
a very small height. Thus fts radiation field can best be approximated by a two-
dimensional gaussian beam (i.e., an elliptical gaussian beam with a very wide
beam width in the y direction). For a two-dimensional caussian beam (—%;-- 0) with
its beam waist at z = 0, its E-field is:

3

{n order to approximate a guided wave mode, the half-beam width, L was adjusted
so that the magnitude of the electric field will be A/e at the same value of x as
the TEO mode given in Equations 2.1 and 2.2. Thus,

i o

For the mode given in Equation 2.1, a value of w, * 0.20396 um was obtained.
Figure 1 shows a plot of both the gaussian beam the the TEO mode at z = 0. It
is clear that the transverse pattern of the TEO wavequide mode of the laser can
be closely approximated by a gaussian field variation at z = 0.

6.

1802 ua

7.38278 um

26.3373 ua

2

(x,0) = & exp (-x°/wy’) (2.3)

o LN Lc%s (hd)] 4 4 (2.4)




COMPARISON OF TE MODE AND GAUSSIAN DISTRIBUTION
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Based upon the .recedino discussion, the following expression was used to
describe the electric field of the laser diode in all of the analysis:

s vo (3 - 1) ke =
inc¢ . \"E —— ‘x? ‘-:k:) exp ’.1 = (. :)2
V2= gkwy” o s
(i )2
-lkw., X
Q .
e : i (2.5)

Clearly, there are alsc other methods that may be used to fit a gaussian
beam to the radiation field of an injection laser. For example, one may choose
to fit the gaussian beam to the far field radiation pattern of the laser. In
that case, a different w, valye will be obtained.

2.2 Mode Profile of a Ti-Indiffused LiNDD, Waveguide
Computation of the overlap intecral between the laser diode radiation field

and the LbeO3 wavequide quided wave mode requires the determination of the mode
profile [i.e., the transverse x variation of the TE0 mode) of an indiffused wave-
quide as a function nf the waveguide parameters. In the following subsections,
(a) the relationshin between the mode profile and the diffusion profile; (b)

she diffusion arofile that mav be obtained experimentally; and (c) the electric
field of the YE] mode, will be discussed.

Dptical waveguides have a refractive index which is a smoothly varving func-
tion of depth higher near the surface than in the bulk material. Theoretical
analyses of the modes of LiNb03 wavequides have been performed for refractive
index variations in the form of a complementary error function, a gaussian func-

tion, or an exponential function4'7_




Of the three profiles listed above, only the TE modes of the exponential
profile can be obtained analytically in a closed 'orm’. For the convenience
of numerica) calculation, the diffusion profile of the Ti atoms, i.e., the
assumed profile of refractive index, has been approximated by an exponential
variation. Later it will also be shown that such an approximation does not
lead %0 a large error in the calculation of coupling efficiency for a specific
example.

For a given diffysion profile the mode profile is determined whenever the
propagation wave number 2 of the mode 15 known. In a Ti-indiffused wavequide
the relationship between the normalized diffusion depth, V, normalized mode
mode index, b, for various diffusion profiles has already been Qiven by Hocker
and Burnsl. Assuming an exponential diffusion profile (f(x) = e ") and requiring
a single mode waveguide (m = 0), one obtains:

~ia(})
2v /' (&% - )T ax e =2 (2.6)
0
where V e normalized diffusion depth

“
~

. 2], (‘\

&
- ki :(nb * )" - ay

5 ® normalized =0de index
- ~ - -
- -t (,

- ' 3 . . - 1 “
® (Bggp = % Vilny, *dn . B 2.8)

Here, nb is the refractive index of the substrate (nb = 2.18 at » = ).8350 um),

3 ¢ ny is the refractive index at the waveguide top surface and * is the aiffusion

depth. Nets is the effective index of the mode (i.e., normalized propagation con-
stant 2/k).




The only approximations that have been made in obtaining Equation 2.6 are

- S ]
b s s -1[‘.:: »
-2 ¢cn, and  zan l 3 2 < =
L (8, +&n)" - Beft >
l Substityting y = e into Equation 2.6, one obtains
r » - To-l
'..2' -I-:;?d‘_ d,'
| s phertl
" -
= af y-b417 |2
«l- ,2 y =57 < 2% an™*| (Z___E)ﬁ] |
L L - <!
oz
. 3 | pe— v -l r—a
V=g Tied - zam v{(i/b) - 1! " « 0. (2.10)

For a given V, Equation 2.10 can be solved for b using Newton's method.
This numerical solution yields values of b, (i.e., values of "eff) as a func-
tion of ¥ [f.e., 1n and © that are controlled by the experimental process).
Although solutions of b have already been presented graphically in Reference
4, the above orocedures determines Nefs to the high deqree of accuyracy necessary

+ =

for subsequent numerical calculations.

For a2 given b (f.e., "eff)‘ one can define a mode denth x, where x, is the
wsolute value of x, (f.e., 'x,') at which n(x,) = Netf

xy - ¢ 1n [a'f - ]
u e (2-11)




The mode depth defined in this manner has the physical meaning of beina the
starting point of the evanescent tail of the electric field. In a strongly
quided mode, one may assume that most of the ootical power is confined in the
region from x = 0 t0 x = X In a weakly quided mode tne power interpretation
of the mode depth 15 not correct. Fiqures 2 and 3 show the calculatec mode
depth x, atven in Equation 2.11 as a function of diffusion depth, 4, for various
sn valuyes at + = 0.6328 .» and i = 0.8350 .m. Observe that Gy (or "e'f)' usefyl
for r.f. spectrum analysis applications, is limited by the requirements for both
single-mode operation (shown as a dashed line) and ease in experimental fabrica-
tion process [shown as the line with dot-dashes). In the region above the line

for easy experimental control of x,, small variations in ! or :n will yield very

Ol
large vartations in x, implying that in the latter region 1t would be difficult
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to control the mode depth experimentally. As it will be discussed in a later
section, the couniing efficiency will be very small unliess the mode depth, o
of the fabricated waveguide can be kepth small. Therefore, it is apparent
that the onlv useful region 15 that botween the dashed line ani line with
dot-dashes. MNumerical calculations of coupling efficiency will be l1imited to

this reaqion.

The Ti-indiffused L14b0, waveguides were fabricated according to the following
procedure. The waveguide substrates were Y-face cut L1Nb03. polished to 3/10 on the
top surface. A T{ film - A thick was deposited on the top suyrface in an Ar atmos-
phere using a r. €. sputtering apparatus. The sample was placed Ti covered side
face down on platinum foil lining the bottom of an A1203 boat, placed in an Alzo3
furnace tube and flushed with Ar gas at 30 cc/min for two hours. The flow rate
was changed to 6.25 cc/min and the furnace temperature was raised to 1000°C in
thirty minutes. At twelve minytes before the end of the diffusion run, the
diffusion atmosphere was changed to 0, at a flow rate of 6.28 cc/min. At time

9




t, the end of the diffusion run, the furnace was shut off and allowed to cool
slowly (overnight) to room temperature in the 0, atmosphere at 6.25 cc/min.

For such a diffusion process, diffusion theory predicts that

D e diffygion constant ® Do exp (-Tol‘.') : (2.12)

i e2 + Dt. {2.13)

For this process, D is the diffusion coefficient along the y direction (D )
in the L\ub03 crystal (y is perpendicular to the top surface in this geometry)
Optical mode measurements at 0.6328 .m have been used to determine the y com-
ponent, ov. of the anisotropic diffusion coefficient for this process of fabrica-
ting T1:L1Nb03 wavequides. Specifically, experimentally obtained effectivedmode
indices, n pfe" have been it to published normalized mode dispersion curves under
the ASSurotion 0f a gaussian index profile, with the result Ov = 50 «x 10"3 2

=1 )
S at 1000°C. Similar measurements on waveguides fabricated at 1025°C indicate,

using Equation 2.12, that Dy *= 6.8 x 10" cm s'] and TO = 2.7 x 1o‘°x. Comparable

o = el =
data of Naitoh et al” yield 3 * 1.6 x 10 12 e s ! at 1000°C. From direct pro-
binq of waveguides of known d1ffusion parameters, Fukuma et 019 found D = 4.6 x 10"3

ca‘ s'l at T = 1000°C and Burns et al 10 found D = 4.6 x 10 TI 2 s’1 at T = 1000°C.

For the following calculations, a value of Oy = 4. x 10° cmz 3 1. which is the
average of €1t and the latter two values from the probing experiments, has been

assumed.

The Ti concentration in U.‘lbo3 using the exponential profile approximation
is given by

as
C(x... t) - T exp (xl/é) for x, < 0 (2.14)

where 1 is the number of atoms per unit volume in the sputter deposited film
(a = 5.71 x 022 '3). t is the thickness of Ti deposited on the top surface

10




o A
(units: °A).6and Cis nonmal\:eg such tn:: I Clxys z)zgx‘ ; 17, The quantity
n . -
in is related to C by sn = C(0) at where o 1.6 x 10 cm” . Thus,

37
‘n @ -

~— -

&8

« = 8.6020 X 107" (2.13)

(24

e
where - 1s in units of A and t 1s in units of minutes. Equations 2.12, 2.13,
and 2.14 relate the parameters 'n and ! to the experimental parameters :, t and
T that are used in the actual fabrication process.

For a given T1 layer thickness, +, {f the diffysion time t is less than a
minimum value, tatas there will be a layer of T102 residue left on the surface
after diffusion. [t fs well known that such a T102 residue will increase the
scattering loss and the surface roughness. There is no generally accepted
criterion regarding the maximum thickness of a T102 layer that can remain on
the wavequide surface without fntroducing significant attenuation. The
following qualitative visual insnection criterion for “no Tioz residue” was
devised: Let there be a step discontinuity of the deposited Ti film pattern
tn the form of a straight edge. After diffusion, the sample is placed under
an optical microscope focused on the top surface, at 700X magnification, using
neither filter nor polarizer, in the transmission mode. The boundary line
separating the Ti and NO-Ti region should be clearly visible, and the sample
is translated slowly under the microscope in a direction parallel to the
J boundary line. B8y comparing the two regions and by correlating the observa-
tion with the linear motion, one can now recognize any surface defects such
as Tioz residue patterns that may occur in one region and not in the other
region. [f both regions appear to be identical, the sample is classified as
having no ’102 residue. [f there are noz residue patterns in one reafion,
the sample s then scanned in a direction perpendicular to the boundary line
to assess the total extent of Tioz residue.

Using the preceding criteria, the 7102 residue on Lmbo3 wavequide surfaces
was examined after different diffusion times for several Ti thicknesses. The
result of this experimental investigation is shown in Fiqure 4. From this

n
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- could be defined emnirically

- - - r -
L 25.22 exp [0.0088 <) . (2.16)
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Equation 2.16 (1i.e., the no-residue limit) is represented by the solid curve
with circles in Figure 3. The calcylated mode effective index, Noff of the TEO
mode is plotted as a function of diffusion time t for various Ti layer thicknesses
in Figures 5 and 6. Fiqures 7 and 8 are Fiqures 2 and 3 replotted with mode depth,
Xyr a5 A function of diffusion time, t, for various thicknesses, 7, of the deposited
Ti layer. The non-residue limit and the lines for easy experimental control and
for single mode operation are indicated once more in these Figures. Clearly, one
is only interested in waveguides that fall within these limits.

For a Lmbo3 wavegquide with an exponentially varying Ti atom concentration7.
one fings:

n(x‘) TN, toin exp (x‘/!) {2.17)

where n, is the refractive index of the substrate (nb = 2.18 at : = 0.8350 um).
'n ¢ Py is the refractive index on the waveguide top surface, and ¢ is the

diffusion depth.

Using Conwell’'s result, the electric field of the TEO mode of the LiNb03
waveouide 1s oiven by

sy ® A, I 11 exp (7)) exp (-332)
- - -b -
for X, < 0 4(a Lixb03 (2.18)
|
vi A S (E) exp [~ TI) eX? (=382)
- - ..b -.
for x, > 0 in air (2.19)
where J = Bessel function of the order “y
-
2 ..
wy ® kS [Roes < By ] (2.20)
¢ ® & (2, 2a)’
a .
-« 2 I - 118
kit ‘°¢££ &]

“a
A, * coastant

2, ® effective index of the mode = 8/k .
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The Coupling Geometry

The first part of the calculation assumes; (a) that the directions of quided
wave propagation in the GaAs laser dio?e and the LiNbO3 wavequide are parallel
[1.e., perfect anaular alignment with z"z‘ and (b) that the end surface of LiNb03
waveguide is antireflection coated to eliminate reflections. The geometrical con-
figuration for this part of the calculation is illustrated in Figure 9. Here 2,
is the lonoitudinal separation and & is the transverse displacement of the top
surface of the LaNbO3 wavequide with respect to the center of the laser diode
GaAs active layer.

THE GEOMETRICAL CONFIGURATION OF THE INJECTION

l.:‘.SER-l..ix‘\IbO3 WAVEGUIDE COUPLING PROBLEM

Side View

Axl
Air
1
Y x=e i
/ s
Gl.. XALXA' L LiNDBO -
e w——
i i ! /
! ’ ‘Ga._ Al As
| | ;
| l ///
- 2, o
z=0 FIGURE 9

In the second part of the calculation the anquiar alignment, 2, becomes a
variable. The geometry for this part of the calculation is shown in Figure 10.
The angle, 2, between directions of the provpagation of the guided wave mode in
the GaAs laser diode (also the propagation direction of the caussian beam),

Z. and the direction of propagation of the TEO mode in Ehe LiNb03 wavequide, 3.
is cefined to be positive when it is measyred from the 2' axis in the counter-
clockwise direction. 2z is parallel to z' when a = 0. The displacement, :, for

18
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ANGULAR ALIGNMENT GEOMETRY

T1:LiINDO, Wavecuide

X
Z,

"

L/

z2'=( z’-z0
Face T::Lsz03
waveguile
Edge FIGURE 10
this part of the calculation, is the transverse displacement of the top surface
0f the Lmbo3

chosen for this part of “he calculation.

wavequide with respect to the 2' axis. Constant 24 values were

To obtain the incident field on the L1Nb03 wavequide from the incident beam
given by Equation 2.5, a transformation from x,y,2 to x', y', 2' coordinates will
be made. The a~ropriate transformation is:

x * x' cos & - Z, sin a (2.21)
2= x' sfin a ¢ z, cos ¢ (2.22)

where x' {s the axis parallel to the Lmbo3 wavequide edge and 2 is the axial

displacement.
19




Substituting Equations 2.21 and 2.22 into Equation 2.5, one obtains the
following incident fieid on the L1Nb03 waveguide end surface 2t 2' = 25

- vy (3 - 1) exp [=3k (x, sin & + z, cos € )
', c (x,, 8) = -'-‘ - 2=
e = vz vjit!l siz § = 2, cos @) = Jkwg

’

42k (x, 812 & + 245 cos ) (x, cos & - 2z, sin 8)7 |
.xp; - . 9 J
P & - - 2. s e (e )"

4 (x, sin 9 o cos 8 (:wu )

-
-

Fa ) - = ia @)
'35 ke (x, cos 9 z, sia e)
i

| (2.29)

exp

3
[
o
et
\.!)
| ———

& (x, sia & = iy cos 8" -
-

2.4 Technique for Numerical Evaluation of the Coupling Efficiency
At the end surface of the Liuboj wavecuide one can clearly express ¥t

as a superposition of all the discrete and continuous modes of the Linb03 wave-
quide plus the reflected radiation fields. For any end surface that has an
effective antireflection coating, the reflected radiation fields were found to
be neglinidble and, from the orthoaoonality properties of the moces, the coupling

efficiency is oiven by

"

£ ® coupling efficiency =

In this formation, the coupling efficiency is independent of the normaliza-
tion constants A and A' in Equations 2.5, 2.18, 2.19 and 2.20. For the first part
of the calculation x; and x are related to each other by

R N T (2.25)
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For the second part of the calculation (s ¢ 0) 5 and x' are related to each
other by
X, * x' = A (2.26)

where . is the displacement of the top surface of the L1Nb03 wavequide with
respect to the center of the active layer for & = 0 in both cases, as shown in
Figure S and 10.

The coupling efficiency between the laser diode and the Lmbo3 waveguide
15 determined by calculating the overlap integral between the incident field,
¥inc (Equation 2.5 or 2.23), and the guided wave mode (Equations 2.18, 2.19)
jiven by Equation 2.24.

fquation 2.24 was evaluated numerically by Simpsons rule on the [8BM 360/2065
computer with “x = 0.02 um. The limits of the integration were truncated at values
0f « where (2,2) = (D,2)/e . The Bessel function in Equations 2.8 and

“inc “inc
2.19 was usually of fractional order and real arqument, and was computed by the

R
series

l‘k AN ax
ke D 2

|-
%
et (\

K. WV

«r

where = {5 the garma function and a double precision procedure was used for the
computation. The series was truncated at the kth term when the value of the kth
term wis less than 10'16. Comparison of the J (x) evaluated in this manner with
the tabulated values indicated that the accuracy was better than 4 significant

..
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2.5 Effects of Transverse Displacement
The counling efficiency 1s aiven in Figures 11 through 19 for the case of
perfect anqular alignment (2 = 0)., Figures 11 through 13 show the coupling

efficiency as a function of transverse displacement, 5, for various Xq and ¢
values characterizing the TEO mode in the LiNb03 waveguide and for 0.5 um
separation between the end surfaces of the waveguide and the laser. Figures
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14 through 19 show the results of similar calculations for the same Xy 5 and 3
values obtained at 1.0 .m and 2.0 .m separations,

To 11lustrate the coupling efficiency that may be obtained in experimentally
realizable wavequides, the coupling efficiencies have been evaluated for the ¢
and :n (t and + ) values marked by triangles in Figure 20. To show the significance
of the mode profile variations, points beyond the “no Tio2 residue” limit, typically
for ¢ = 0.7 um, have been included.

Notice that even at £ = 0.7 um and X " 1.35 um, corresponding to 2n = 0.05
and ¢ = 0.7 um, the maximum efficiency is 437 for » = 0.76 .m. Coupling efficiency
of the order of 25% to 30% is obtained in other cases. The coupling efficiency fis
not very sensitive to errors in transverse displacement alignment. The coupling
efficiency also does not degrade rapidly as the longitudinal separation distance
15 increased as shown in Figure 21.

The general conclusion fs that the coupling efficiency is fairly low which
ts caused by the mismatch between the 11Nb03 wavequide mode and the incident
laser diode radtation field. For the chosen beam waist size, Wy the following
observations can be made: for 2 - 0.0 .m, the mode depth 9 is made larger
than w(2), the half beam width, and the beam radius of curvature, R(z) is very
large. There 15 a large amplitude mismatch and small phase variations between

and T For 0.01 um « 2y - 2.0 um, x, > w(2) and R(2) 2z resulting in a

“inc 0
close amplitude match and large phase mismatch between Yinc and vy For zo >
2.0 umy x, <« wl2) and R(2) 1s large, resulting in a large amplitude mismatch

0

and smal! phase variations between . and TR The net effect s a small value

inc
for the overlap integral in Equation 2.24 for all values of 24

The incident radiation field was shown to fit a gaussfan beam with half beam
waist size, w, = 0.2 .m, in Section 2.1. In general, there are two methods which
can be used to determine the parameter, "' (a) to match the caussian beam field
distridbution to the £-field of the guided mode at the laser diode end surface and
(b) to match the gaussian far field distribution to the calculated far field pattern
(40,41) [(or the experimentally measured far field intensity profile) to find wy-
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In the present analysis, "y has been chosen according to method (a). For
coupling efficiency calculations the radiation field distribution in the near
field may be needed. Therefore, matching the gaussian beam to the oscillating
mode profile at the laser end surface may provide a more accurate representation
of the near field radiation pattern. Botez has done a similar calculation to
match a gaussian distribution to the oscillating mode profile for slightly
different Darameters‘G. For an active region thickness d = 0.288 .m, » =
0.9 um, n, = 3.6 and 2n = 0.)4. Equation 15 and Figure 3 (d) in Reference 14
yields wy * 0.32 um.

In order to match the far field patterns, the beam divergence of a gaussian
beam is determined according to

“ = tan-}

(:i;—), (2.28)

where = {s the !/e point of the far field distribution (i.e., the half beam width).
Butlier et al‘s have defined = as the anole subtended between the half intensity
points of the far field intensity distribution in the plane perpendicular to the

junction plane.

Following 23%te: et 3116:
) e ] zan -1 (;’.JM)' (2.29)
o .V
0
we obtain for "
A AL (2.30)
Yo - tan/ q—'
el

Butler et alls have calculated the far field intensity profile. Figure 10
of °eference15 shows “- as a function of the effective aquide width 0.9.d/\0 for
index differences between the active layer and surrouding layers, an = 0.06 to
0.22. Using the physical data of active layer thicknesses and index difference




given for the MDAC-STL laser (1.e., 2d = 0.2 um,
0.14) and the
the .z‘

« 3.8350 um, n e

4_given in Figure 10 of Reference 15, we find "
value experimentally measured by MDAC-STL in the far field is
the beam divergence of a gaussian beam, a Mg value ranoine from 0. 48

15 obtatned.

The variation between the value of Wy ® 0.20396 .m determined by method (a)
tn Section 2.1 and the L values from the far field calculations and experimental
measurements of the intensity profile indicate that the counling efficiency should

be examined for w, = 0.45 um,
displacement
>

2 um for ¢ = 0.7, 1.06 and 1.4 .m at various mode depths Xy

pared %o "y * 0.2 um.

COUPLING EFFICIENCY VS d(um) Z= 0.5 pm

= 0.45 um,

Therefgre, the coupling efficiency as a function of
15 presented again in Figures 22 to 30 for Zy * 0.5 um, 1 um, and
Clearly an increase
tn coupling efficiency by a factor of two can be obtatned at ", * 0.45 um as com-

2.635 and :n =
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2.6 Effects of Angular Alignment
The coupling efficiency between the laser diode and the waveguide for « = 0

1S determined by calculating the overlap integral between the incident electric

field, ¥inc’ as given by Equation 2.23 and the quided wave mode. A small mode

depth, Xy = 2.38 umand 5 = 1.06 .m, is chosen ~s close to the “no TiO2 residue"

limit as experimental fabrication will “llow. The results are shown in Figures
31 and 32 for z, = 0.5 um and 1.0 um, respectively as a function of & (-15° < &
<+15%) and 2(0 < & < 2.4 um).

COUPLING EFFICIENCY VS A(um) Z=0.5um
AS A FUNCTION OF @ (DEG)

S5.0 Y T 1 A\ T T L] Ty M J ey  hihd
SOO - X. (p" " ‘OS re
2 38
50 ]
0 0
3 0 A
30 0 A H
25 0 H
200 A
1S 0 A
100
5 0 4
00 T T v T Y 1 1 T J T g v
00 02 04 06 08 1 0 t 2 1 1 1 6 1.8 240 2.2 TN
A um)
FIGURE 21
44




-

COUPLING EFFICIENCY VS A(um) Z = 1.0 ym
AS A FUNCTION OF 6 (DEG)

SS () " w 1 vevyevevy [ aadaddaadd s ARl AT RAdadd add sl d bt il AAAAAAAAR) RAAAA AL LAY |  AAAAA S 0 A vv

i 0 (duyg X, (pa) 8 1.05 pa
1S 0 . 2 38

vevey v 1] vevy JrYTTYeYYY ey

i T
0.0 0.2 0.9 06 08 1.0 1.2 1.1 i .6 1.8 2.0 2.2 2.1

A (ua)
FIGURE 32

At positive values of &, the incident electric field amplitude decays slower
in the neqative x' direction than in the positive x' direction. Such a field
matches the amplitude variation of the quided wave mode somewhat better. lowever,
the radius of curvature R of the wavefront (i.e., the constant phase surface) of
the incident gaussian beam is also a function of the distance of propacation away
from the laser end surface. Figure 33 {llustrates the variation of R as a function
of z for the gaussfan beam in our calculation. At Z * 0.5 um the phase of the
fncident field for x < 0 varies more rapidly across the waveguide edge at larger
positive angle of 2, and the phase varfation tends to reduce the value of the
overlap integral. The opposite effect occurred for negative values of a. Thus,
the net effect of these two compensating factors, i.e., the amplitude and phase
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BEAM RADIUS OF CURVATURE, R(z), wg = 0.20396 um

4.9
1:5
R
s 58 o TR
(um)
0.5 =
) ‘ : , . .
0 0.5 1.0 xS 2.0
2 (um) FIGURE 33

variations, is tha: the coupling efficiency is not very sensitive to angular mis-
alignment and that a 3lightly higher efficiency is achieved at @ = 10° than at

5 = (:0-

2.7 Comparison with Error Function Complement Diffusion Profile
The possible errors that can be produced by using the assumption of an
exponential diffusion profile have been examined. In an unpublished work,
Nocker” has given a computer calculated electric field pattern of the TEO
mode for V = 9.80 and b = 0.469 in an error function diffusion profile. Using
i the same V value it was found that b = 0.56079 for the equivalent mode in the

exponential diffusion profile. Figure 34 shows a comparison of the field
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patterns in the two cases. Figure 35 shows the calculated efficiency as a
function of displacement for a mode with an exponential diffusion profile with
sn o= 0.09518 and ¢ = 2.0 um and an error function compliement diffusion profile.
Notice the close agreement that exists between the two cases. Therefore, it is
unlikely that the use of an exponential diffusion profile is an important source
of error in the calculation of coupling efficiency.

-

2.8 Coupling Calculation - Gaussian Approximation

To complement the calculation performed at Washington University and described
in Section 2.4 of this report, a second calculation was performed by MDAC-STL.
This calculation took a simplified approach in which the waveguide mode and the
laser mode were both approximted by Gaussians. While such a model cannot be ex-
pected to predict all features of a counling experiment, it does provide a clsoed
form result for the coupling efficiency as a function of both longitudinal and
transverse misalignments The closed form result can then be used to check the
qross features of the exact numerical calculation of the previous section.
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EFFICIENCY (2)
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The electric field emerging from the laser diode and incident along the
z-direction upon the edoe of the planar waveguide was assumed to be of the form:

2
: . " =1,2 oy k(x-2 -i (kz=wt) (2.31)
y [zl = A2) exp l- (ST—) ] exp [i ?é;TT%'] e :

where A(2z) {5 a z-dependent amplitude, » is a transverse offset, k = 2+/3,
and -1(2) and RI(z) satisfy the usual relations

2 2 2
" (2) = w, [‘ ¢ “:—z‘r) ] (2.32)
™o
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and

'ﬂlz
R (2) = 2 [ 1+ (*x}°<) ] . (2.33)

Similarly, the wavequide mode was assumed to be of the form

-i{kz-o 2.34)
vz(x.z) « 8(z) exp {_ (;:b_)?] : 1({kz-ot) (

where w,, 1s the waist radius of the wavequide mode and 8(z) is a z-dependent
amplitude. The coupling efficiency ~ is given by

2
ts MR s bai g o 0 (2.35)
- - *
;0 (x,2) ox' (x,2)dx [ ¥;(x.2) vy (x,2)dx
Performing the necessary integrations, one finds
. Ty 4 2
C 5. J. (C20/ 1) ng * & =
exp = ' 2.
ey ™ i ;—7 e
2
2 2
k W W20 N
h - X -y -.] - .-_.v.o.
where Y [2&1(27 ] [ 2 ] b (2.37)
and n_ = 2w %20 _ (2.38)
2 2
o Plihe

is the maximum value of the coupling efficiency when z = 0.




while this Gaussian-Gaussian coupling model is a very simple model, its
predictions compare very favorably with the results of coupling experiments.
This will be discussed in greater detail in Section 2.6 of this report. It
1s instructive to examine Equation (2.36) in some detail. For example, again
assuming optimum transverse alignment (1 = 0), the role of the phase varia-

tion of [x,2) in degrading the coupiing efficiency can be determined by

plotting ? for both the exact case and the case for which R,(z) = =. A com-
parison of these two cases is shown in Figure 36 for wag * 1.4 um and "0 ©

0.4 um. Both calcuylations yield virtually identical curves for 2 > 30 .m and
both give the same coupling efficiency for z = 0. However the “no phase"
coupling efficiency goes through a large peak near I = 2 .m whereas the incly-
sion of phase effects produces a coupling efficiency which is a relatively slow
and monotonically decreasing function of 2. The large peak in the “no phase”
coupling efficiency 15 to be expected since, as shown in fquation 2.32, the
width of 'I{":) increases with 2 and so there exists some value of z for which
,:(n.:* and .2(:.:‘ have equal widths. Fiuare 37 showt the phase of “ (x,2)

as a function of x for » = 0 and 2 = 2.0 um. The severe departure from constant
phase 15 responsible for the strikina difference between the two curves in Figure 36.

EFFECT OF PHASE ON COUPLING EFFICIENCY

S—

FIGURE 36
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2.9 Laser Diode Development

The laser diodes used in this program were fabricated from cormercial (I77)
wafers of double heterostructure GaAlAs. Figure 38 shows a typical diode layer
confiquration including dooant concentrations and layer thicknesses. The far-
field radtation patterns from several such diodes were measured and found to ex-

nibit a Gausstan dependence upon the coordinate perpendicular to the junction

DIODE LAYER CONFIGURATION

10-3'62

TN P TYPE CAP GaArd v 10T omd GEAMANIUM

TUMP TYPE PASSIVE Gag 3 Alg 30 A T X 10" T emd GERMANIUM

T 010U P TYPE ACTIVE Gag gs Alg 08 Asd X 1017 om3 s1LICON
L———O.AH- TYPE BUFFER LAYER Gag 30 Alg 30 A1 8 X 10" T emd TiN

NTYPE GaAs ) X 1018 cmd SiLICON
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plane. The Gaussian waist parameter (uo) values required to fit the data typically
fell in the range 0.4 .m « ", 0.5 um. The radiation pattern measurements for the
[TT-material laser diodes were compared to those for other commercial diodes and

an example is shown in Finure 39. The solid lines are Gaussians and the tabular
inset gives the type of laser diode, the full width at the half-power (FWHP) points,
and the waist diameter (= Zwo).
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For use in the coupling alignment sensitivity measurements, the laser didoes
were mounted protruding from their heat sinks by about 9 um. The laser diodes
used in the fabrication of the coupler chips were bonded to the silicon substrates
by an indium soldering process. After oxidizing the silicon substrate surface, a
Tayer of nichrome was electroplated onto the 5102. followed by a layer of sputtered
20'd, a layer of electroplated nickel!, and a layer of electroplated indium solder
layer. The final processing step was the indium soldering of the laser diode to
the stack described above. This procedure was found to be successful provided
each surface was kept clean before and during the deposition of the next layer.
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2.10 Javecuide Edge Polishing
Twelve LiHb03 waveguides were successfully polished during the course of

the program. The most serious problem, fracturing of the wavequide at the
scribed identification mark during polishing, was eliminated by scribing the
identification mark in the center of the LiNbO3 substrate before depositing
the titanium (Ti) laver. While some waveguide edges prove easier to polish
than others, no consistent pattern could be identified and the procedure can
be said to be reduced to routine.

The edge polishing procedure involved mounting the waveguides, grinding,
and polishing. Mounting the waveguides was the most critical part of the process.
The wavequides were stacked together with a thin layer of wax (as close to optical
contact as possible) and a piece of similar material was mounted on each side of
the stack to act as riders. Once in contact and cooled, the wavequides wer2
heated 1n a fixture with weight applied to the stack to squeeze out excess wax.

The crystal surface polishing procedure consisted of three operations:
(1) rouch grinding, (2) fine grinding, and (3) polishing. The rough grinding
step required more than one abrastve size 1f less than 0.5mm of material needed
to be reroved. [f more than 0.5em of material needed to be removed then several
di€ferent size adbrasives were required. The fine grinding step required only
one abrasive size. The polishing step first required cleaning the surface and
then two different size polishing powders were used to achieve the desired sur-

face finish,

2.11 Optical Coating Development

The optical coating development consisted of the design, deposition, and
evaluation of a thin film antireflection (AR) coating. The design consisted of a
sinale layer of 99.9999% pure fused silica (SiOz). The AR coating was desioned
to have an optical thickness of a quarter wavelength at . = B840 nm, which is the
approximate center of the ILD wavelength band. The ILD wavelength limits were
defined to be 810 nm to 870 nm, which had corresponding reflectances of 0.12%
and 0.11%7, respectively. Figure 40 is a plot of the calculated reflectance
versus wavelenqgth for the T(:L1Nb03 waveguide and the SK-1 glass witness sample.
Table 1 is a list of reflectance values assocfated with Figure 40.
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% REFLECTANCE

AR COATING FOR WAVE GUIDE EDGE
(ILD Wavelength Range: 810 nm — 870 nm)

SINGLE LAYER Si02 AR COATING

640 680 720 760 800 840 880 920 960
WAVELENGTH - NM
FIGURE 40
The deposition parameters of the thin film AR coating were: . = 840 nm;

optical thickness (nt) = ./4; substrate temperature = 250°C; and the deposition
pressure * 2 «x IG'S torr. A schott glass, SK-1 was used as the witness sample
in each coating run.

The evaluation of the thin film coating consisted of: (1) determining the
index of refraction and thickness of the deposited thin film using an ellipsometer,
(2) measuring the reflectance at near normal incidence (using HeNe laser radiation,

= 633 nm) of the witness sample and wavequide, and (3) measuring the reflectance
at near normal incidence (using ILD laser radiation) of the witness sample and
waveguide.
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TABLE 1
PERCENTAGE REFLECTANCE VERSUS WAVELENGTH
102828
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2.72 8ylk Electromechanical Coupling Experiment
In order to determine the fabrication tolerances associated with the develop-

ment of a laser diode-to-diffused waveguide coupler, the sensitivity of the coupling
efficiency to both longitudinal (z) and transverse (x) alignment was measured. A
sketch of the experimental system is shown in Figure 41 and a photograph is shown

in Figure 42. In this system, a GaAlAs laser diode was mounted on a series of
stages which provided three translational and two rotational degrees of freedom.

Two Burleigh Inchworm translators were used to scan the laser diodes in the x-

and z-directions with respect to the (fixed) wavequide while a silicon detector
monitored the intensity of the m-line coupled out of the waveguide through a

rutile prism.

Since the Burleigh Inchworms were nonlinear, it was necessary to develop a
technique for accurately measuring the displacement of the laser diode with re-
spect to the Lmbo3 waveguide. To accomplish this, two Michelson interferometers
(with a HeNe laser source) were constructed with one mirror of each interfereometer
attached to adjacent sides of the translation stage. The data were taken using a
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2-pen chart recorder with a time based scan. While one pen recorded the m-line
intensity, the second pen recorded the fringes produced by the appropriate inter-
ferometer in response to the motion of the Burleigh Inchworm. In this way, an
accurate record of the m-line intensity as a function of either x or z was readily
obtained. As an example of a segment of a raw data, Figure 43 shows a typical
scan of the m-line intensity as a function of the transverse coordinate x. It is

SAMPLE OF RAW DATA 10-272

m — LINE INTENSITY

INTERFEROMETER
QUTPUT

. “ m

67 FIGURE 43




important to note that the Inchworm cannot scan continuously over a range suffi-
ciently large to cover the total displacement needed in the experiment. Instead,
the Inchworm “pauses”, takes another “bite”, and then continues scanning. These
"pauses” lead to shoulders in the m-line scan and elongation of the fringes and
are clearly evident in Figure 43. In spite of this disadvantageous feature of
the Burleigh Inchworms, no fringes are lost if the data is analvred carefully
and, for example, the data of Figure 43 can be corrected to give the plot shown
in Fiqure 44,
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THROUGHPUT

'8

Figure 45 presents the results of our measurements of the m-line intensity
as a function of 2, the longitudinal separation, for a wavequide with an AR-
coated edge. The data were collected by performing a transverse scan (x) for
several values of 2z, and each data point in Figure 45 represents the maximum
intensity for each value of z. The solid 'ine is merely a guide to the eye, not
a fit to the data, and actually passes through one additional data point at z =
72.5 .m which is not shown on this plot. It should be noted that the vertical
axis in Figure 45 gives the system throughput and not the actual butt-coupling

THROUGHPUT EFFICIENCY VS. ILD/WAVEGUIDE SEPARATION
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efficiency. The system throughput was decreased from 100% by the butt-coupling
efficiency, the prism coupling efficiency, propagation losses in the waveauide,
reflection losses at the prism edge, and reflection losses at the lens positioned
in front of the detector. For the waveguide used in this experiment, an estimate
of 457 for all other system losses resulted in a butt-coupling efficiency of 50%.
Reduced estimates of the prism coupling efficiency give a corresponding increase
in the inferred butt-coupling efficiency.

In addition to providing a measure of the sensitivity of the m-line intensity
to longitudinal misalignment, the experiment measured the transverse misalianment
sensitivity. As the laser diode was translated in the x-direction, the m-line
intensity recorded by the detector assumed a roughly Gaussian shape and a few
examples are shown in Figure 46. The full width at half (power) maximum (FWHM)

0 ee
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TRANSVERSE DISPLACEMENT — .um FIGURE 46

of this intensity distribution is plotted in Figure 47 as a function of the
Tongitudinal (2) separation between the laser diode and the wavequide edge. The

solid Tine 1s a least squares fit to the data points and has the equation h
FWHM (.m) = 0.162 + 1.3 um (2.39)
where 2 is in micron units. 60




FWHM VS. ILD/WAVEGUIDE SEPARATION
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The data presented in Figqure 45 and 47 provide information regarding the
alignment tolerances associated with the fabrication of a hybrid coupling chip.
Figure 45 demonstrated that the coupling efficiency was a slow function of the
Tongitudinal separation. A separation of approximately 15 microns resulted in
only a 50% reduction from the maximum coupled power. The transverse alignment
tolerance, on the other hand, was extremely tight. For laser/waveguide separa-
tions of 5.0 um or less, a transverse displacement of one micron or less in
either direction reduced the couplied power by 50%. Therefore, the fabrication
of a hybrid coupler chip requires a transverse positioning capability with a

resolution of less than one micron.

The bulk electromechanical apparatus has been used to evaluate the effective-
ness of the AR edge-coatings in reducing feedback to the laser diode. Hunsperger,
Yariv, and Lee‘s demonstrated that, when placed in close proximity, the polished
waveguide edre and the front face of the laser diode formed a Fabry-Perot inter-
farometer which modified the amount of power that was coupled into the waveguide.
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In their experiment, the coupled power oscillated between maxima and minima as a
function of the longitudinal (z) separation, with a modulation depth of approxi-
mately 20% of the averaqe power. This same effect has been observed in conjunc-
tion with the work with a similar value for the modulation depth (~20%). Figures
43 and 49 show plots of the m-line intensity as a function of z for both an un-
coated and a coated wavequide edge. For the coated waveguide, the modulation depth
nas been reduced to approximately 2% of the average power and represents a factor
of ten improvement over the uncoated edge.
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THROUGHPUT VS. SEPARATION DATA

(With AR Coating)
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of this report, the Gaussian-Gaussian coupling

model provides a good fit to the measured coupling sensitivity, as shown in

Figure 50.

L
(€0}

necessary

specify both w5 and %0

in comaring fquation [2.36) (with 2 = 0) with the data, it was
The first of these was inferred to be

"t 2.4 micrometers from measurements of the laser diode far field pattern.

The second parameter W,y Was treated as an adjustable parameter. The agreement
1.4 um.
equates 3':3 with the mode depth of the TEO guided wave in Ti:LiNbO3. one obtains
a ] .m mde Adepth which 15 concistent with other measyrements and calculations.

between theory and experiment {s quite good for 1.5 um > wa0

It is important to note
throughput and not coupling
the m-line intensity to the
pare theory and experiment,

efficiency.
total intensity emitted by the laser diode.
the coupling efficiency given by Equation (2.36) was

that the vertical axis of the plot in Figure 50 is
The experimental points are ratios of
To com-
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normaiized 50 that the values at 2z = 0 were the same. This is equivalent to
multiplying the edge-coupling effciency » by a transmission factor which accounts
for all reflections, propagation losses in the wavequide, and the prism couplina
efficiency. Since the agreement between theory and experiment is very good, this
fitting procedure can be used t0 extract the actual (maximum) edge-coupling
effictency from the data. The inferred values of "o Are shown in the tabular
inset in Figure 50 and are "o * 52.8% and Ny ° 49.8% for ¥sg " 1.5 um, respec-
tively.

2.13 Prototype Coupler
The prototype coupler fs presented in Figure 51. [t consfsted of an oxidized
silicon substrate, ILD, TH:LINDO, waveauide, conducting pads, and bond wires. The
substrate %ad a Irm wide by J.005mm deep channel in which a 1.27mm long by 0.25mm
‘e conducting/soldering pad was deposited. The prototype coupler required nine
fabrication steps: (1) a S0.4mm difameter x 1.27mm thick sflicon wafer was cut to
64
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PROTOTYPE COUPLER SCHEMATIC
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the designed configuration, (2] a channel was chemically etched into the silicon,
which served %0 align the ILD junction to the plane of the wavequide, (3) a layer
of stlicon dioxide fS*JZ) was thermally qgrown over the entire surface to provide
electrical fnsylation and a relatively low refractive index interface between the
wavequide and substrate, (4) the condicting pads were deposited, (5) indium was
nlated over the electrode in the channel, (6) the ILD was soldered at the edge

0f the indtum pad, (7) /‘re leads were bonded f‘rom the ILD to the wider electrode,
(8) the wavequids was actively aliioned and coupled to the ILD, and (9) the wave-
quide was bonded onto the substrate.

The nrototvpe coupler successfully coupled radiation from the ILD to the wave-

guide. The photograph in Figure 52 shows the guided wave radiation propacating
from the end of the waveguide. The vertical structure on the bottom of the center
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FIGURE 52

was the quided wave radiation. The bar structure resulted from substrate modes
to tllumination by the ILD. The separation of the [LD and wavequide turned out

%o bde about 12 um, so that only a few percent of the ILD light was coupled into

the

1 TH
LR

e

fixt

flyorescing state. The separation between the p-n iunction and the silicon substrate

was
9.

-~ &
V)

quided mode.
intttally, the height of the p-n junction was determined bv first bonding an

onto a silfcon substrate and then arinding and polishing the silicon and ILD
acilitate the measurement of the thickness of the bonding material. The entire

ure was placed under an infrared microscope and the ILD was activated to a

measured to be approximately 5.5 um. A photograoh of this fixture is shown in
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PHOTO OF SOLDERED ILD
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The shotograph in Figure 54 is an interference pattern between the (LD and 1ts
reflection in the substrate before wavequide coupling. The interference pattern

was used o determine the height of the p-n Sunction above the substrate (Figure 54b).

SOLDERED ILD RADIATION PATTERN
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FIGURE 54
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The equation used to calculate the p-n junction height was:

1.0
$ (2.40)
where \o is the optical wavelength, U ts the separation between the source and
observation plane, and X is the separation between adjacent minima. This measure-

ment was the standard procedure in characterizing the ILD soldering process.

2.14 Improved Coupler

A schematic of the improved coupler 15 shown in Figure 55. The basic fabrica-
tion procedure is similar to the prototype coupler with the following exceptions:
(1) the substrate configuration is a 12mm by 19mm rectangle, (2) the ILD channel
width is 0.5w, and [(3) the addition of two lmm long by 0.25mm wide by 0.125rm
deep drainage channels. The addition of the drainage channels is for the excess
~erent and requires an extra chemical etching step in the fabriccation procedure.

A photograph of one of the two coupler units delivered to NRL 1S shown in
Figure 56. The waveguide fs bonded %o the silicon substrate by UV curing cement
and has been designed %o overhang the silicon substrate to accomodate an ocutput
porism. Because of the tight alignment tolerance in the transverse dimension,
the counler chips achtfeved only a 5% - 10% throughput 4s measured through the
edge 0f the wavequide. This represents an edage-coupling efficiency two to four
times lTess than the theoretical limit of approximately 50%. To achieve the theo-
retical Timit, ¢t will be necessary to devise a scheme to reliably fdentify and
matntain optimum alignment during fabrication. Figqure 57 shows a photograph of
the radiation emerging frorm the edoe of Ti:LiNbO3 wavequide mounted on the coupler
chip. The sharp-edged vertical bars in the photograph correspond to substrate
total-fnternal-reflection modes. The wavequide radiation is rather diffuse and
fs located at the center of the photograph.
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PHOTOGRAPH OF THE IMPROVED COUPLER
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3.8\\CONCLUS!0NS

The efficiency with which a double-heterostructure, GaAlAs laser diode can
be edae-coupled to a Yi:LiHbog diffused wavequide has been studied using both
theoretical and experimental approaches. Both the analytical and the numerical
estimates of the coupling efficiency predict maximum efficiencies of approximately
50 for the laser diodes used in this program. Measurements of the sensitivity
of the coupling efficiency to both transverse and longitudinal misalignment have
been performed and these measurements show the coupling efficiency to be a slow
function of the longitudinal separation and a strong function of the transverse
offset. When the measured data are fit to an analytical model, the results in-
dicate that a maximum coupling efficiency of about 50% has been achieved. Two
coupler chips were fabricated and delivered to NRL. The coupler chips used 3
flip-chip destan and were fabricated on silicon substrates. The units delivered
to NRL had coupling efficiencies of 5% - 10% and thus fell short of the theore-
tically predicted efficiency. This result was due primarily to the stringent
alignment tolerance imposed by the sensitivity of the coupling efficiency to

transverse offset.
]
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