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Abstract—The thermally induced fiber alignment shifts of
fiber-solder-ferrule (FSF) joints in laser module packaging
have been studied experimentally and numerically. From direct
measurements of the metallographic photos with and without tem-
perature cycling, fiber displacement shifts of up to a 0.8&:m were
found after undergoing 500 temperature cycles. Experimental
results show that the fiber shifts increase as the temperature cycle
number and the initial fiber eccentric offset increase. The major
cause of fiber shift may come from the plastic solder yielding in-
troduced by the thermal stress variation and the redistribution of
the residual stresses during temperature cycling. A finite-element
method (FEM) analysis was performed to evaluate the variation
of thermal stresses, the distribution of residual stresses, and fiber
shifts of the FSF joints. Experimental measurements were in rea-
sonable agreement with the numerical calculations. Both results
indicate that the initial offset introduced in the fiber soldering
process is a key parameter in causing the thermally-induced fiber
shift of FSF joints in laser module packaging. The fiber shift, and
hence fiber alignment shift under temperature cycling tests can be
reduced significantly if the fiber can be located close to the center
of the ferrule.

Index Terms—Fiber alignment shift, finite-element method
(FEM), semiconductor laser, semiconductor laser module pack-

aging.

I. INTRODUCTION

EMPERATURE cycling tests are commonly used in th
semiconductor industry to characterize the thermal fatigltj
failure and to predict reliability of the solder joints in the micro

DIP or butterfly package have different material properties and
have different coefficients of thermal expansion (CTE), thermal
conductivities, Poisson'’s ratios, and yield strengths. Because of
the CTE mismatch, different elongations and contractions take
place in the solidification of the solder. These optoelectronic
components experience relative movements in the solidification
process initially, because a distribution of the residual shear and
normal stresses are induced on the solder joint assembly [1].
As aresult of temperature cycles, the fluctuation of the thermal
stress may introduce some thermal yielding locally and redis-
tribute the residual stresses in the solder joints. An alignment
shift of the fiber in the DIP or butterfly package may be ac-
cumulated from successive temperature cycles. Generally, this
fiber alignment shift of a DIP or a butterfly package is very
small, in the micron range. In a typical single-mode fiber appli-
cation, if the fiber alignment shift induced by the temperature
cycling is even a few micrometers, up to a 50% loss in coupled
power may be incurred, and result in performance degradation
of the packaged lasers. Therefore, how to minimize the fiber
alignment shift in the temperature cycling test is one of the key
research topics for the study of yield and reliability in optoelec-
tronic packaging applications.

There are so many components in the DIP or butterfly
ackages that it is difficulty to identify the specific components
hich should responsible for the fiber alignment shift under
gmperature cycling tests. Furthermore, the order of the fiber
alignment shift is quite small, in the micron range. It is also a

electronics packaging technology [1]. Although other meChaif(gcult task to find the proper reference system to measure the

nisms, such as vibration, mechanical and thermal shocks, e, alignment shift in the DIP or butterfly packages. In this

humidity, may lead to solder joint failure, the primary meCh"’V\/ork, we have studied the fiber alignment shift introduced in

nisms are caused by thermal and residual stresses. For high key component, the fiber-solder-ferrule (FSF) assembly in
formance laser-based transmitters in lightwave communicati DIP. A novel métallographic technique using scratch lines

systems, box-type packa_lgesf of th? dL_JaI-in-Iine_ package (D ﬁ)the FSF joints is used as the reference marks for the fiber
and butterfly package with fiber pigtails are widely used [2 lignment shift measurements

{ﬁ]' Box-ltypte_ pack?gesngow enough rtoctJmkfor aln assemb YThe purpose of this study is to provide useful design guidance
i ermtoe ec “tc ctoto er ( N ) c_clj_?]ﬁponen ;)deep aser (t)pe r understanding and evaluating the possible fiber alignment
ion ataconstanttemperature. The connected components Oldiig s nder the temperature cycling tests for optical module
packaging applications. The results of this work have led to fab-
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B. Fiber-Solder-Ferrule (FSF) Assembly
The ends of metallized optical fibers are often sealed by
soldering into ferrules prior to use in laser welding processes
for joining between the ferrule and clip [7]-[9]. Obviously,
the solder joint in an FSF assembly must be able to withstand
higher thermal stress under temperature cycling and aging
(© conditions. Various types of solder, such as Sn/Pb, In, Au, and

Sn/Au, have been used for sealing between the metallized fiber
and metal support ferrule [7]. In this work, the solder joint in an
FSF assembly consisted of a metallized fiber, an Sn(63)/Pb(37)
solder /5, = 183°C), and an Invar ferrule, as shown in Fig. 1
(b). The metallized fiber was fabricated by coating with Ni and
Au using sputting technique. The metallized fiber was then
Fig. 1. (a) Schematic diagram of the top view of a DIP showing the pigtalﬁrocessed through |nS|d_e the Invar ferrule. Finally, the FSF joint
fiber to laser connection, (b) a ferrule-solder-fiber joint, (c) a metallographiyas assembled by heating the solder of Sn/Pb &tQ@0Due to
photo showing the ferrule, solder, fiber and fiber eccentric offset. the solidification shrinkage of the solder in the FSF assembly,
the fiber is difficult to locate at the center of the ferrule tube.
Il. PACKAGE CONSTRUCTION ANDEXPERIMENTAL PROCEDURE An undesired eccentric offset can be introduced. In this article,
the fiber eccentric offset of an FSF assembly was specified by

the center distance between the fiber and the ferrule, as shown
A DIP laser module construction consisted of agmlaser, in Fig. 1 (c).

the Invar housing materials, a TEC, and a single-mode fiber, as
shown in Fig. 1(a). Invar [4] and Kovar [5] with their very lowC. Temperature Cycling Test
CTE have been frequently used as the housing material for optogo|lowing the Bellcore Reliability Assurance Practices of
electronic packaging. In this work, the Invar plate and u-channgd_Tsy-000 983 [10], the process of the temperature cycling
of the Invar housing materials, and Invar ferrule of DIP lasggst is shown in Fig. 2. During the temperature cycling test,
module with the very low CTE of.5 x 107/ °C were chosen e temperature was changed frend0 °C to 85 C within a
to minimize thermal stresses and strains [4], [6], [7]. three-hour cycle. The ramp rate was greater tha€1@in and

In the process of fabricating a DIP, a dual-beam laser weldigige dwell time was 30 min for a total of 500 cycles. The fiber

system was used to connect the pigtail fiber assembly to tgifts were measured and recorded for every 100 cycles.
semiconductor laser. There were a total of eight welded spots on

the laser-welded Invar tube-to-u-channel and u-channel-to-Invar . M EASUREMENTS ANDRESULTS

plate joints as shown in Fig. 1(a). Details on the welding process .

of DIP laser package were found elsewhere [8], [9]. To enhance FiPer Center Shift Measurements

the solderability for chip and wire bonding, the Invar housing The standard procedures of the metallographic preparation
material was coated with Au thin film. In a DIP constructionare the sample sectioning, mounting, grinding and polishing,
the fiber-to-Invar ferrule and the submount-to-Invar plate ashemical etching, microscope examination, and measurements
semblies were solder joints, while the Invar ferrule-to-u-channidl1]. The scratch lines on an FSF assembly were due to grinding
and the u-channel-to-Invar plate assemblies were weld joingsd polishing processes in metallographic preparation, as shown
Both solder joints for good adhesion and weld joints for higim Fig. 3. The reference marks were obtained by choosing the
strength in the same Invar housing materials are essential ifttersection of two scratch lines. Five reference marksOs,
ensuring good reliability in optoelectronic packages [8]. O3, O4, andO; were chosen as the fix references located on

A. Package Construction
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the ferrule to specify the fiber center shifts. In this study, dt Fiber Offset (um)

to the very low CTE of the Invar material, the shape and tt

size of the ferrule was assumed to be temperature invariant in

the temperature cycling test. By defining the reference mark@. 6. The measured and calculated fiber displacement shifts as a function of

on the ferrule as a fixed system and the center of the fiber athafiber eccentric offset for different cycle numbers.

moving point, the thermally induced fiber shifts then could be

determined from the distance variation between the centeratififts were measured from the metallographic photos with and

the fiber and the five fixed reference mark points in the ferrulgithout the temperature cycling tests for every 100 cycles. The

A shift in the micron range can be measured with a powerftémperature cycling tests were measured up to 500 cycles.

microscope. As shown in Fig. 4, the reference magkis used

to determine the fiber center shifts. The fiber center shift B. Results

AS; after 100 temperature cycles can be approximated by  Five FSF assemblies with different fiber eccentric offsets of

. 2 211/2 75, 80, 86, 95, and 103m are used for fiber center shift mea-
A= [(X1 100 = X017+ (Vica00 = V1)) / (@) surements undergoing different temperature cycles. Measured

where X; andY;, X199 andYi-199 are coordinates of the results, as shown in Fig. 5, indicate that the fiber shift is depen-

center of the fiber before and after 100 temperature cyclindggent upon the cycle number and the initial eccentric offset. The

respectively. An average of five measurementa\df;, AS,, fiber shifts increased as the cycle number increased, and then

AS3, AS,, andAS; based on different reference markgaf, became steady after 300 cycles. This fiber permanent shift may

0,, O3, Oy, andO;, respectively, were used to specify the fibecumulate from the thermal yielding and the redistribution of the

center shift. residual stresses within the solder. The combined thermal and
In order to investigate the effect of the initial offset on theesidual stresses will push the fiber toward the center of the fer-

thermal alignment shift, five FSF assemblies with differertle tube, as observed in metallographic photo. A fiber shift up

offsets are used for temperature cycling tests. During the test0.8;:m was observed after 500 cycles.

the surrounding temperature in a heating chamber was changeHig. 6 shows the measured fiber displacements as a function

from —40 to 85°C within a three-hour cycle. The fiber centerof the fiber eccentric offset for different cycle number numbers.
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TABLE |
PHYSICAL CONSTANTS OF THE YOUNG’'S MODULUS,
POISSIONRATIO, AND CTE [14]

Material Invar [Sn(63)/Pb(37)|Fiber
Young’s module (Gpa){ 141  [32 8
Ferrule Yield strength (MPa) [275.6 [34.43 234.4
Poission ratio 0.3 0.4 0.23
o , = Thermal expansion 0.7 247 0.55
\'E:‘;“\‘ AR Solder Coefficient (um/m°C)
S
'A‘A. N
AVAA gy )
Fiber TABLE I
MATERIAL PROPERTIES OFTHERMAL CONDUCTIVITY, SPECIFIC
L X HEAT, AND MASS DENSITY
‘Material Invar  |Sn(63)/Pb(37)|Fiber
Fig. 7. A representative FEM model of an FSF joint with the fiber near the
center. Thermal conductivity|16.4  |50.6 2
(W/mK)
Specific heat (J/kg®C) |258.6 {128 ° 840

The fiber displacements increased as the fiber eccentric offset
increased. This may be due to a severe thermal stresses fluctu- Mass density (Kg/m3) [8080 [1080 2800
ation and the redistribution of the residual stresses around the
solder as the fiber offset increases. Fig. 6 indicates that the FSF
joints with smaller fiber offset (7»m) exhibit a 1.5 times less
fiber alignment shift than those of the FSF joints with large304L. The material properties as a function of temperature for
fiber offset (103um). Therefore, it clearly shows that in theSS 304L were obtained from the Metals Handbook [15].
process of an FSF assembly for laser module packaging, the N N

fiber should be located close to the center of ferrule to redufe Boundary and Initial Conditions

the initial offset effect. In this FEM model, the boundary nodes were considered free
except at the most right edge point. To calculate the residual
IV. FINITE-ELEMENT METHOD (FEM) stresses, the solder was assumed to be heated from the am-

bient temperature 22.5 to 19€ in 20 ms initially and then
the whole ferrule system was cooled down to ambient temper-
Numerical calculations of the fluctuation of the thermahtyre with the assumption of free convection. The cooling time
stresses, the distribution of the residual stresses, and fiQg{s about 180 ms in this study. The melting temperature of
center shifts in the FSF joint during temperature cycling wetge solder in the melting area was %83 The residual stresses
performed using commercial MARC [12] and MENTAT [13]caused from the CTE mismatch and the solidification shrinkage
finite element packages. A plane strain triangular elemegfthe solder were calculated. In the simulation of the tempera-

model with the temperature-varied material properties Wagre cycling test, the surrounding temperature varied frof0
employed in this work. The diameters of the ferrule, solder, aRg 85°C within a three-hour cycle [10].

fiber were 0.9, 0.4, and 0.125 mm, respectively. A mesh with
685 nodes, and 360, 432, and 540 isotropic triangle elemenpts FEM Calculations

for ferrule, solder, and fiber, respectively, was employed for the_l_he modeling approach performed in this study is based on a

_slmula.tlon. F|g. 7 shows a representative FEM model of an I:%'énlinear FEM to describe the total strain in the FSF joint. The
joint with the fiber near the center. Due to the geometry of the

FSF assembly as shown in Fig. 1, a cross section of the sol or}s'ututlve model of total strains in the solder joint is given by
area was meshed for the FEM simulation. Meshes with triangle
type elements were created with an automatic mesh generator.

A. Finite-Element Model

eij = &§; T € + e @

B. Material Properties wheres¢;, e7 . denote the corresponding elastic, plastic, and
The physical constants and material properties of Inver fahermal components of the total strain. According to the gener-

rule, PbSn solder, and fiber at room temperature used in the sitized Hooke’s law for isotropic materials [17], the elastic strain

ulation are listed in Tables | and Il, respectively [14]. The valugs expressed as

of the CTE, Young’s modules, yield strength, Poisson'’s ratios,

thermal conductivity, and specific heat are considered temper- €5 g 0~ Eakkéij 3)

ature dependent. Because of the limit of the experimental data

available for the Inver, the temperature dependence of these maere v, £, o;;, o, and 6;;, are the Possion’s ratio, the

terial properties near the melting temperature region were &ung’s modulus, the stress tensor at thiecomponent, the

sumed to have a tendency similar to that of stainless steel (88ss tensor at thek component, and the Kronecker delta,

_1+l/ v
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respectively. The stress tenssy; can be obtained from the Fiber Solder Ferrule
equation of equilibrium and is given by [17] (um)
Cij.5 T+ pb; =0 with Cij = 0ji 4) 1| 0.839 ~
) ) 21 0.743
wherep, b; and,o;; ; are the material density, the body force, [
and the derivative of stress tensor, respectively. 3] 0648
To calculate the plastic strain, the stress-strain equations fc [4{ ¢ 553
von Mises material with the associated mixed-hardening rule ; 0.457
has been used and expressed as [17] M
6| 0.362
J(oij — i, K) = 3/25,58:; — 02(ep) = 0 ®) 7| 0.267
. 810172 \
whereo;;, K, S;;, €5, 0. are the stress tensor, the hardening U

parameter, the deviatoric reduced stress tensor, the reduced .

fective plastic strain, and the reduced effective plastic strain, re-
spectively. Fig. 8. An equivalent fiber displacement of an FSF joint with an initial®6

. . fiber eccentric offset.
It is well known that the thermal strain versus temperature

behavior is represented as [18]
V. FEM SIMULATION RESULTS
Ez; = CYT(SZ‘]' (6)

Fig. 8 shows the variation of accumulated fiber thermal shifts
wherea, AT, ands;; are the thermal expansion coefficient, th@fter 500 temperature cycling with an initial gén fiber eccen-
temperature difference, and the Kronecker delta, respectivelitic offset of the FEM model. Results indicate that the thermal

In this study of the FEM model, the theory of coupleghifts are varied from 0.17 to 0.§4n near the fiber. The largest
thermo-elastoplasticity is adopted to solve the stress distrishermal shift up to 0.84:m was found near the fiber boundary.
tion in solder joints. Combining (3), (4), (5) and (6), the streskhis thermal shift may be caused by the local thermal yielding
{do}-strain {de} relationship in this coupled thermo-elastoand the redistribution of the residual stresses within the solder.

plasticity model is expressed as [19] Results in Fig. 5 also show that the simulated fiber shifts de-
pend upon the cycle number and the initial fiber eccentric off-
{do} = [C°P][de] — [C*™]dT (7) sets. Up to a J:m fiber shift was predicted after 500 tempera-

ture cycling tests. Comparison with the measured fiber shifts in

where[C<?], [C*"], dT are the matrix of elastoplasticity moduIi,Fig' 5 indicgtes that results calculated f_rom the proposed FEM
the matrix of thermal moduli, and the temperature differencB10del are in reasonable agreement with results measured ex-
respectively. An ambient temperature of 22Gis used as the perimentally. Clearly, detailed knowledge the phenomenon of

temperature reference in this study. thermal alignment shift of a fiber-solder-ferrule undergoing a
The temperature of components of a fiber-solder-ferrufémperature cycling test is complicate. Nevertheless, from the

system,7’, in (2) to (7) can be determined by a two-dimensioﬁnalyzes of the stress distribution variations proposed by the
heat conduction equation and is given by [20] FEM model, it is believed that one of the major causes of fiber

alignment shift experienced in the temperature cycling test is
ar due to the redistribution of the residual stresses within the solder.
VARVT)=Cp- 5 = @Q (8) However, the simulated results of fiber shifts did not become
steady after 300 cycles. The different variation tendency be-
with the heat convection condition on the free surface bounddiyeen the calculated data and the measured data may come from
the ignorance of the creep phenomenon [16] in the tempera-
arT ture cycling tests. To provide an understanding about the fiber
_K% =MT -1T5) ©) alignment shift of a fiber-solder-ferrule joint, detailed knowl-
edge of the combined effect of the residual stresses and creep
wherek, C, p, Q, h, n, andT, are the thermal conductivity, effect within the solder is necessary and will be pursued in a
the specific heat, the density, the heat source, the convectsmparate study.
heat transfer coefficient, the unit vector normal to the melting In Fig. 6, results show that the variation tendency of the sim-
boundary, and the ambient temperature, respectively. ulated fiber shifts and the measured fiber shifts is similar, both
Using (2)—(9) and the commercial MARC [12] andare dependent upon the fiber initial eccentric offset. The mag-
MENTAT [13] finite element packages, the distributions ohitudes of the calculated and the measured fiber shifts are also
residual stresses, thermal stresses, and hence the fiber displaca+easonable agreement. Results in Figs. (5) and (6) indicate
ment shifts in the FSF joints were obtained and are presenthdt the proposed FEM model is effective for predicting the ther-
in Section V. mally induced fiber shifts of FSF joints. Both experimental and
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numerical results clearly show that in the process of an FSF as3]
sembly for laser module packaging, the fiber should be located

as close as possible to the ferrule center to reduce the undesired
thermally-induced alignment shift. [4

(5]
(6]

VI. DiscussioON ANDCONCLUSION

In this study, we have presented the experimental and numergr)
ical results of the thermally-induced fiber alignment shifts of
fiber-solder-ferrule (FSF) joints in semiconductor laser module
packaging. These results can be used for fabricating reliable and
high-performance laser module packages for use in lightwave
communication system applications. The following conclusions
can be drawn from the analyzes which have been presented here:

1) Uptoa0.8:m fiberalignment shift of FSF joints is found [10]
after 500 temperature cycling tests. The fiber alignmenty 1
shifts are increased with the temperature cycles and the
initial fiber eccentric offset introduced in the fiber sol-
dering process.

A larger initial fiber offset (103:m) may introduce a 1.5
times alignment shift than those of the FSF joints with altl
smaller initial fiber offset (75:m). Therefore, in process [14]
of a FSF assembly for laser module packaging, the fiber
needs to be soldered near the center of ferrule in Ord%ﬁs}
to reduce the initial fiber eccentric offset, and hence re-
duce the thermal alignment shift under temperature cyt16]
cling tests.

The major cause of fiber alignment shifts may comey17
from the local thermal yielding and the redistribution of
the residual stresses within the solder during temperatur@sl
cycling tests. The high temperature creep phenomenopg
within the solder may also have significant influence on
the fiber thermal shifts.

A proposed thermo-elastoplasticity coupled FEM model
is employed to simulate distributions of thermal stresses,
residual stresses, and the fiber alignment shifts under dif-
ferent number of temperature cycles.

Numerical results are in reasonable agreement with ex-
perimental results. This indicates that the proposed FE
model is an effective method for predicting the fiber align
ment shifts in soldering joints.

[12]
2)

3)

4)

5)
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