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Abstract—Comprehensive measurements of the dependence of
the weld width, penetration depth, and joint strength on the Au
coating thickness in laser welding techniques for semiconductor
laser packages are presented. The results obtained from the
Invar–Invar joints show that the welded joints with thick Au
coating exhibit narrower weld width, shallower penetration, and
hence less joint strength than those the package joints with thin
Au coating. A finite-element method (FEM) has been carried
out on the effect of Au thickness on laser beam penetration in
Invar–Invar joints. This method has been employed successfully
to predict the laser beam penetration in laser welded Au-coated
materials that the weld width and the penetration depth are
reduced as the Au coating thickness increases. The likely cause
for the reduction is the increased thermal conduction of thicker
Au in the welded region. In addition to Au coating, the effect of
Ni coating on laser beam penetration is also presented. Detailed
knowledge of the effect of Au coating thickness on laser beam
penetration is important for the practical design and fabrication
of reliable optoelectronic packaging having laser welded Au-
coated materials.

Index Terms—Au coating, finite-element method, laser welding,
optoelectronic packaging.

I. INTRODUCTION

TWO common package styles, which are widely used for
laser-based transmitters in lightwave communication sys-

tems, are the dual-in-line package (DIP) and butterfly package
with fiber pigtails [1]. For high frequency package applications
the butterfly style has an advantage due to the shorter wire
path of the configuration. The laser welding technique offers
significant advantages in construction optoelectronic packages
such as semiconductor laser components. This construction
method provides strong joints which should improve long-
term stability of the package. Manufacturing costs should be
reduced because the methods can be applied to high- speed
and high-volume production.

When laser welding is applied to semiconductor laser DIP or
butterfly packages, it is usually necessary to have mechanical
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elements such as substrates, tubes, and clips of house materials
to facilitate fiber handling and retention within the package.
The thermal expansion of such elements may cause stresses
and alignment changes. It is therefore necessary to use housing
materials with low coefficient of thermal expansion (CTE) [2],
[3]. Invar [4] or Kovar [5], for example, with its very low CTE
is frequently used as the housing material for microelectronic
and optoelectronic packaging. In this work the Invar with CTE
of 1.5 10 / C is used for study. The Invar alloy [4], which
contains approximately 64% Fe and 36% Ni, provides good
weldability characteristics for laser welding.

The housing material of Invar is often coated with an Au
thin film to promote good solderability to achieve good chip
bonding. However, the laser welding process can be influenced
by the thickness of the Au coating on the housing materials.
An excess thickness of Au coating on housing materials in
laser welding process may cause undesirable reactions which
can reduce laser beam penetration [6], [7] or generate defects
[8]–[10] in the welded region. The reduction of the laser beam
penetration results in less joint strength in the welded region.
Both the effect of joint strength reduction and defect forma-
tion in the welded sections may affect package reliability.
Therefore, for the most practical design and fabrication of
reliable optoelectronic packaging, an optimal strategy for the
Au coating thickness is necessary to ensure both the highest
weld strength and the good solder adhesion on the same
housing materials in the laser welding process. Such a design
of Au thickness must recognize that an Au coating that is too
thick will reduce laser beam penetration and generate defect,
and a coating that is too thin will result in poor solderability.

Despite numerous studies on the laser welding technique
for large joint applications [11], only limited information is
available for optoelectronic joining applications in which joint
strength is the prominent issue for package reliability. In
this work, we present the experimental measurements and the
finite-element method (FEM) to study the dependence of the
laser beam penetration on the Au coating thickness in DIP
constructions comprised of all Invar materials. The results
of this study have led to an important understanding of the
requirements for the design of Au coating thickness of housing
materials in semiconductor laser packaging.

The rest of this paper is organized as follows. In this work,
Section II will describe the laser welding system, the package
construction, and the weld spot measurements. Section III will
present the measurements of the weld width, penetration depth,
and joint strength without and with Au coatings. Section IV
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Fig. 1. Schematic diagram of the laser welding system.

will describes the FEM model and Section V will present the
results of simulations without and with Au and Ni coatings. A
discussion and brief summary are given in Section VI.

II. L ASER WELDING SYSTEM

AND EXPERIMENTAL PROCEDURE

A. Laser Welding System

In the process of fabricating a DIP, dual-beam laser weld-
ing was used to connect the pigtail fiber assembly to the
semiconductor laser. Fig. 1 shows the experimental setup of
the laser welding system. The system consisted of a pulsed
Nd YAG laser and a fiber optic beam-delivery system. The
wavelength of Nd YAG laser was 1.064m. Two laser beams
delivered from the Nd YAG laser to the workpiece were
accurately adjusted with the same energy and with the incident
angles of (45 1 ). The laser energy required to create the
welds was delivered simultaneously through two fibers placed
180 apart as shown in Fig. 1. Under such a setup, two laser
beams were delivered symmetrically around the welded joint.
The simultaneous and identical energy delivery may reduce
post-weld-shift (PWS) in the two components because the
solidification-shrinkage of both welds can compensate each
other, resulting in minimized displacement shifts [10], [12],
[13]. The – – driving stage was used to align the fiber to
laser chip so that the coupled power could be maximized.

Invar materials without and with Au coating were used. A
circular spot of average 0.75 mm in diameter was produced
by a well-focused laser pulse on the Invar plate. The diam-
eter of the welded spot decreases as the laser pulse energy
decreases. The impinging laser pulse energy for each different
Au thickness of Invar plate were scanned by every 1 J. The
lowest energy spot was then obtained when the laser pulse
was punching through the plate.

B. Package Construction

The DIP construction consisted of a 1.3m laser, the Invar
housing materials, a TE cooler, and a single-mode fiber as
shown in Fig. 2(a). The Invar plate,-channel, and Invar tube
of the Invar housing materials with very low CTE were chosen
to secure the fiber in alignment with the semiconductor laser
in order to minimize the thermal stress and strain developed.
Machining accuracy of flatness and finish of Invar housing
materials were designed to be less than 10m. In a DIP

(a)

(b)

(c)

Fig. 2. (a) Top view of a dual-in-line package showing the pigtail fiber to
laser connection, (b) Invar plate-to-Invar plate joint, and (c) the penetration
depth and weld width of weld spot.

construction, the fiber-to-Invar tube and the submount-to-Invar
plate assemblies were solder joints, where the Invar tube-to-u
channel and the u channel-to-Invar plate assemblies were weld
joints. Both silver–tin and gold–tin solders were employed
to form the solder joints. In this study of the laser welding
process, both solder joints for good adhesion and weld joints
for high strength in the same housing materials were essential
for ensuring good reliability in optoelectronic packages.

C. Weld Spot Measurements

There were a total of four welded spots on the laser-welded
Invar tube-to- -channel or -channel-to-Invar plate joints as
shown in Fig. 2(a). To simplify the study of the laser welding
process on the DIP, thechannel-to-Invar plate and the Invar
tube-to- channel joints were substituted by the Invar plate-
to-Invar plate joints as shown in Fig. 2(b). The thicknesses
of the upper and lower Invar plates were 0.3 and 1.2 mm,
respectively. The thicknesses of Au plating in the range of
1–5 m were measured by the metallographic microscope. A
4 m Ni underlayer was used on all Au-plated Invar plates.

Fig. 2(c) shows a laser-welded spot. The penetration depth
was measured in the direction of the laser beam, while the
weld width was measured in the direction along the contact
interface. The laser weldability of the weld width and the pen-
etration depth in the laser welding process for optoelectronic
packaging were directly observed using metallographic meth-
ods. The standard procedures of the metallographic preparation
were the sample sectioning, mounting, grinding and polishing,
chemical etching, microscope examination, and measurements
[10].

III. M EASUREMENT RESULTS

A. Joint Strength

To examine the laser weldability, the joint strength of the
welded samples was measured with a push test fixture of
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Fig. 3. A push test fixture.

Fig. 4. Joint strength as a function of Au coating thickness for different
laser power density.

inhouse design. The fixture consisted of a force gauge and
a holder as shown in Fig. 3. Five samples at each welded spot
were measured under push test. The joint force in kgw unit
was obtained by measuring the amount required to break the
welded sample from the holder.

Fig. 4 shows the measured results of the average joint
strength as a function of Au thickness for different laser power
densities. The joint strength decreased as the Au thickness
increased, but the joint strength increased linearly as the laser
power density increased. A Au coating of 5m thickness
was found to reduce the joint strength by about one third of
that without Au coating. Fig. 4 indicates that the Au coating
thickness has a strong influence on joint strength in the laser
welding technique for Invar–Invar packages.

B. Weld Width and Penetration Depth

Figs. 5 and 6 show the penetration depth and the weld width
as a function of Au thickness for different laser power den-
sities. Five samples at each welded spot were measured from
metallographic photos. These samples used for the penetration
measurements were different from those used for the joint
strength measurements because the former required the welded
sample to be broken. The penetration depth was measured
in the direction of the laser beam, and the weld width was
measured in the direction along the joint interface as shown
in Fig. 2(c). Figs. 5 and 6 show that the penetration depth and
weld width decreased as Au thickness increased. The results
of penetration depth and weld width measurements correlated
well with the joint strength measurements. The Invar–Invar
packages with thick Au coating showed narrower weld width,
shallower penetration, and hence, less joint strength than those
of the packages with thin Au coating. Figs. 4–6 clearly indicate
that the thickness of Au coating on housing material has strong

Fig. 5. Measured and simulated penetration depth as a function of Au coating
thickness for different laser power density.

Fig. 6. Measured and simulated weld width as a function of Au coating
thickness for different laser power density.

effect on joint strength, weld width, and penetration depth in
the laser welding technique for optoelectronic packages. Based
on the results of joint strength and laser beam penetration
studies in the laser welding process, the optimum thickness
of Au coating is found to be 2 m in which both the highest
weld strength and good solder adhesion on the same housing
materials can be achieved.

IV. FINITE ELEMENT METHOD (FEM)

There were a total of four welded spots on the laser-welded
Invar tube-to- -channel or -channel-to-Invar plate joints as
shown in Fig. 2(a). Due to the symmetric geometry of the
weld pattern, only one weld spot is considered for the FEM
simulation. The melting pool of the weld spot formed an
elliptical area. The spot areas of the melting pools produced
by different laser energies were measured with an optical
microscope and were found to range from 0.25–1 mm.
Metallographic analysis was used to determine the depths
of the melting pools. These penetration depth ranged from
300–800 m. The spot area and melting pool depth were the
parameters used for meshment of the FEM simulation.

A. General Finite Element Model

The numerical simulations of the laser beam penetration
in the welded joints were performed using a commercial
MARC finite element package. The axial symmetry model
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Fig. 7. A representative finite-element method model showing the Au coat-
ing, the heating flux zone, and the melting pool.

and temperature variant material properties were used. The
thicknesses of the upper and lower Invar plates were 0.3 and
1.2 mm, respectively. Due to symmetry about the centerline,
only half the geometry was used as shown in Fig. 2(b). Fig. 7
shows a representative FEM model with 3m thickness of Au
coating. The meshes with triangle type elements were created
with an automatic mesh generator.

B. Material Characteristics

The material properties of Invar, Au, and Ni at room
temperature used in the simulation are listed in Table I. In this
study, the values of the CTE, Young’s modulus, and Poission’s
ratios are temperature dependent. The temperature dependence
of the Young’s modulus of Invar, Au, and Ni materials were
assumed to have similar behavior to that of stainless steel (SS)
304L because of the limit of the experimental data available
for the Invar, Au, and Ni materials. The Young’s modulus
as a function of temperature for SS 304L was obtained from
Metals handbook [4]. The thermal conductivity, specific heat,
and mass density values used in the simulation are listed in
Table II.

C. Thermal Load Conditions

The laser welding process involves a highly focused laser
beam being absorbed and conducted into the material being
welded, creating a localized molten weld pool [14]. The
melting temperatures of Invar, Au, and Ni in the melting pool
were assumed to be 1500C. In this study of the FEM model,
the boundary conditions were the free edges. The thermal load
on the model was the distributed laser power density. Using the
laser power density ranging from 2.7–4.310 W/cm , and
the heating time of 3 ms, the temperature profile and profile
propagation with respect transient time were simulated.

V. FEM SIMULATION RESULTS

A. Weld Width and Penetration Depth

Fig. 8 shows the simulation results of the temperature
profiles for a 3 m thickness of Au coating. A mesh with 925

TABLE I
THE PHYSICAL CONSTANTS OF THEYOUNG’S

MODULUS, POISSION RATIO, AND CTE

TABLE II
THE MATERIAL PROPERTIES OFTHERMAL

CONDUCTIVITY, SPECIFIC HEAT, AND MASS DENSITY

Fig. 8. The temperature profile after heating time of 8 ms for a 3�m
thickness of Au coating.

nodes, 1578 triangle elements for Invar, and 160 triangle ele-
ments for Au was employed for the simulation. The different
thickness of Au coating of 0, 1, and 5m were also simulated.
The penetration depth and weld width were obtained when the
melting pool began solidification at the temperature of 1500
C. The plots of the penetration depth and weld width as a

function of Au thickness for different laser power densities
are shown in Figs. 5 and 6, respectively. The results show
that the weld width and the penetration depth decreased as the
Au coating thickness increased. These numerical simulations
are in good agreement with the measured results in which the
weld width and the penetration depth were found to be reduced
as the Au coating thickness was increased. The results indicate
that the FEM is an effective method for predicting the effect
of Au coating thickness on laser beam penetration in laser
welded Au-coated materials.

B. Temperature Profile Propagation

Fig. 9 shows the temperature variation as a function of time
for different thickness of Au coating. The locations of A and
B indicate the simulation points at the inside and outside
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(a)

(b)

Fig. 9. The temperature profile variation as a function of time for different
thickness of Au coating: (a) point A at the inside of the melting pool and (b)
point B at the outside of the melting pool.

of the melting pool, respectively. In this study, the thermal
loading time was 3 ms. After 3 ms of heating, the laser
beam was turned off and the welded spot began the cooling
period. For the same transient time, the temperature change
with the thick Au coating increased more quickly then with
the thin Au coating during the heating process, while during
the cooling process, the temperature change with the thick Au
coating also decreased more quickly then with the thin Au
coating. The temperature profile variation with respect to the
Au coating thickness is shown in Fig. 10. Fig. 10(a) and (b)
show the temperature of welded spot at the heating period,
while Fig. 10(c) and (d) show the welded spot at the cooling
period. The results obtained from both of the heating and
cooling periods indicate that at the same position, the welded
joints with the thick Au coating exhibited lower temperatures
than those with the thin Au coating. The temperature profile
and profile propagation of Figs. 9 and 10 clearly indicate that
the thermal conduction in welded regions increased as the Au
coating thickness increased. This shows that the Au coating
thickness has a significantly strong effect on the temperature
profile variations.

Fig. 11 shows the dimension of the melting pool for dif-
ferent thickness of Au coating. The dimension of the melting
pool decreased as the Au coating thickness increased. Fig. 11
clearly indicates that the cause for the reduction of the size
for the melting pool, and hence the laser beam penetration
as the Au thickness increases, is due to the increased thermal
conduction of thicker Au in the welded region as shown in
Figs. 9 and 10. This is due to the thermal conductivity of Au
of 317.9 W/mK being much higher than the Invar of 16.5
W/mK.

(a)

(b)

(c)

(d)

Fig. 10. The temperature profile variation with respect to the Au coating
thickness: (a) during heating of 1.5 ms, (b) during heating of 3 ms, (c) after
heating of 5 ms, and (d) after heating of 10 ms.

Fig. 11. The dimension of the melting pool for different thickness of Au
coating.

C. Effect of Ni Coating

In addition to Au coating, the effect of Ni coating on laser
beam penetration was also simulated by FEM. In this study



CHENG et al.: EFFECT OF AU THICKNESS ON LASER BEAM PENETRATION 401

a 4 m Ni underlayer on all Au-coated Invar was used for
simulation. The simulation results of the penetration depth and
the weld width as a function of Au thickness for different laser
power densities with a 4m Ni underlayer coating are shown
in Figs. 5 and 6, respectively. These numerical simulations are
also in good agreement with the measured results. The result
indicates that the Ni coating has a impact on the laser beam
penetration. However, this 4m Ni underlayer coating may be
a secondary effect to contribute to the laser beam penetration
in welded materials. This is due to the thermal conductivity of
Ni of 90 W/mK being higher than Invar of 16.5 W/mK, but
being lower than Au of 317.9 W/mK.

VI. CONCLUSION

Recently, the thermal conductivity reduction of Ni plating
on Cu and Al alloy packages in laser welding process has
been reported [15]–[17]. With the formation of Ni/Cu or Ni/Al
solid solution in the welded section, the thermal conductivity
of Ni/Cu or Ni/Au is lower than that of pure Cu or Al.
Therefore, the laser beam penetrates the Ni-plated Cu or Al
more deeply than it does for pure Cu or Al. A similar effect
of the formation of Au/Invar solid solution in the welded
sections for laser welded Au-plated Invar may therefore be
assumed. Detailed measurements of the thermal conductivity
of Au/Invar is important and will be pursued in a separate
study. Nevertheless, in this study the reduction of laser beam
penetration in laser welded Au-plated Invar materials was
found.

In summary, we have presented the experimental results and
the finite-element calculation for the effect of the Au coating
thickness on the laser beam penetration in semiconductor laser
packages. The experimental results showed that the welded
joints with thick Au coating exhibit narrower weld width,
shallower penetration, and hence less joint strength than those
package joints with thin Au coating. The numerical simulation
was in good agreement with the measured results that the weld
width and the penetration depth were found to be reduced as
the Au coating thickness was increased. The likely cause for
the reduction of the laser beam penetration as the Au thickness
increases is due to the increased thermal conduction of thicker
Au in the welded region. This study indicates that the FEM
is an effective method for predicting the effect of Au coating
thickness on laser beam penetration in laser welded Au-coated
materials. The effect of Ni coating on laser beam penetration
in laser packages was also simulated successfully by the FEM.
Detailed knowledge of the effect of Au coating thickness on
the laser-welded Au-coated materials, which gives both the
highest weld strength and good solder adhesion, is essential for
the practical design and fabrication of reliable optoelectronic
packaging.
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