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1. Context and objectives 

Expertise of packaging for optoelectronic components requires the solution of optical, 
mechanical and electrical problems in the same way. The purpose of this study is to present 
three-dimensional simulations using finite element method (FEM) of thermomechanical 
stresses and strains in transmitter Laser modules induced by Nd:YAG crystal Laser welds 
on main sub-assembly Laser submount. Non-linear FEM computations, taking into account 
of experimental σ(ε) measured curves, show that Laser welding process can induce high 
level of strains around the Laser welding zone, bearing the Laser diode, responsible of an 
optical axis shift and a gradual drop of the optical power in relation with relaxation of 
accumulated stresses in the sub-assembly (Sherry and al., 1996). Typical stresses are close to 
160 MPa with drift about 5 MPa with the dispersion of energy level of laser Nd : YAG beam. 
The introduction of both material and process dispersion in order to evaluate their impact 
on product life time distribution has been taking into account. Thermal cycles (-40°C/+85°C 
VRT) are used to estimate the robustness of the technology assembly. Previous paper 
demonstrated that Laser submount near laser welding zones is the most sensitive part of 
optical system (Deshayes and al., 2003).The gradual changes of stresses distribution from the 
laser welding process and after thermal cycles are estimate using FEM. Experimental 
analyses were also conducted to correlate simulation results and monitor the output optical 
power of Laser modules after 500 thermal cycles. 
The development of high bandwidth single mode fibre optics communication technologies 
coupled with the availability of transmitter components for wavelength multiplexing has 
created a revolution in the transmission technology during the last fifteen years. These 
performances can be reached by packaging interface and control circuits with the optical 
chips leading to the concept of high reliable technically-advanced Laser modules. Reduced 
cost, low consumption, hermetical and highly efficient optical coupling between the Laser 
diode and the single-mode fibre associated to a mechanical stability are some of the key 
issues. Moreover, packaging of such systems requires the resolution of optical, 
thermomechanical and electrical problems. 
These problems are often highly interactive and the stability of optoelectronic devices is still 
an essential factor to ensure high bandwidth data transmission, acceptable bit-error rate and 
develop reliable solutions. In actual telecommunication applications, photonic systems 
involve a non direct mechanical alignment between the laser diode and the optical fibre 
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(Deshayes and al., 2003; Breedis and al., 2001). Generally, one or two lens are used to for this 
optical alignment. For instance, mechanical stability requires tolerances less than 1 µm to 
avoid a power change higher than 10 %, which must be consistent during the lifetime of the 
module and across the temperature range. 
For optical alignment, three primary techniques have been developed to align and connect 
the light-emitter to the optical fibre associated with different package configurations (Jang, 
1996; Song and al., 1996) :  

 Solder with V-groove, 
 Epoxies, 
 Nd:YAG Laser welds. 

It has been already demonstrated that Nd:YAG Laser welding technique is the most 
effective method to satisfy performances criteria previously described. Due to inherent 
advantages, a growing number of communication systems integrators are requesting Laser 
welded packages for their end-users. However the challenge of containing the solidification 
shrinkage caused by the light-metal interaction during the welding process, resulting in a 
weld shift leading to the reduction of coupling efficiency and device throughput stability 
(Song and al., 1996). 
Standard qualification procedures, in particular power drift monitoring, must be conducted 
to validate the system with respect to tolerances through temperature cycling or storage 
temperature characterizing the limits and the margins of the technology. Actual standards 
tend to be 500 cycles in the temperature range -40°C/+85°C without failures (Goudard and 
al., 2002). These ageing tests are generally realized in order to evaluate all the parameters in 
relation with failure distribution but more than one hundred modules must be performed 
during several thousands hours mixing different life test conditions. These results can allow 
determining the robustness of the technology but due to a high complexity of the package, 
cannot give accurate information on the failure origin, which is responsible of the optical 
power drift. To face qualification challenges, new processes are now being proposed 
focusing on reliability concerns at the early stage of the product development. In this 
approach, the qualification is considered as a long-term process rather than a final exam at 
the end of the development (Goudard and al., 2002). Based on environmental and functional 
specifications, the product development can start with a technical risk analysis phase. This 
phase aims at pointing out the major risks for a given product design. In this case, physical 
simulation (thermal and/or mechanical) represents an attractive tool to assess and weigh up 
the risk criticality (Mcleod and al., 2002). 
The purpose of this paper deals with results achieved from nonlinear thermomechanical 
simulations using finite-element method (FEM) of a direct modulation 1.55 µm Laser 
module (10 mW) for telecommunication applications. This study completes the 
thermomechanical studies in laser diodes module emitting at 1550 nm (Mcleod and al., 
2002). 
This paper will be developed in three main parts: 

 description of the methodology to implement in FEM the Nd:YAG Laser welding 
using electro-thermal analogies, 

 calculations of stresses and strains after Laser welding process between the Laser 
diode platform and the lens holder taking into account of experimental process 
parameters, 

 

 impact of calculated strains on optical misalignment (angular deviation of the 
optical axis) with respect to dispersion process. 

 
2. Laser welding model for FEM 

2.1 Theory of laser material interaction 
a. Spatial structure and coherent 
The structure of laser wave is critical for understand the thermal flow during the laser 
welding process. This part presents the basic structure of laser wave. 
The spatial structure of laser wave can be expressed considering the electric field  z,y,xE  
by equation (1): 
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With 222 yxr  : transversal radius,  0,y,xEE0  : transversal electric field, 
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curvature radius of the laser beam. 
The geometry of the laser beam can be represented by the fig 1. 
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Fig. 1. Geometry of the transversal structure for the Gaussian propagation 
 
The ω0 correspond to the beam waist that is critical for la laser welding process. The beam 
waist has been experimentally explored on the optoelectronic module as the fig. 2 shown. 
There are two different zones in the laser welded joints: the melting zone (Tliq < T < Tmax) 
and the Heat Affected Zone (HAZ). The melting zone corresponds to the structure of the 
laser beam and we observe the beam waist equal to 200 µm in the case presented in fig.2. 
The quasi circular lines located in HAZ (Tlim < T < Tliq) correspond to the isothermal line. 
The laser beam intensity is described by a Gaussian Low as proposed by equation (2): 
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The Tmax is the maximal temperature estimated at 1823 K, Tmin = 600 K is the minimal 
temperature corresponds to the solidification of material and Tliq is the limit between liquid-
solid phase temperature. In this condition, the material is not liquid but melting with liquid 
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(Deshayes and al., 2003; Breedis and al., 2001). Generally, one or two lens are used to for this 
optical alignment. For instance, mechanical stability requires tolerances less than 1 µm to 
avoid a power change higher than 10 %, which must be consistent during the lifetime of the 
module and across the temperature range. 
For optical alignment, three primary techniques have been developed to align and connect 
the light-emitter to the optical fibre associated with different package configurations (Jang, 
1996; Song and al., 1996) :  

 Solder with V-groove, 
 Epoxies, 
 Nd:YAG Laser welds. 

It has been already demonstrated that Nd:YAG Laser welding technique is the most 
effective method to satisfy performances criteria previously described. Due to inherent 
advantages, a growing number of communication systems integrators are requesting Laser 
welded packages for their end-users. However the challenge of containing the solidification 
shrinkage caused by the light-metal interaction during the welding process, resulting in a 
weld shift leading to the reduction of coupling efficiency and device throughput stability 
(Song and al., 1996). 
Standard qualification procedures, in particular power drift monitoring, must be conducted 
to validate the system with respect to tolerances through temperature cycling or storage 
temperature characterizing the limits and the margins of the technology. Actual standards 
tend to be 500 cycles in the temperature range -40°C/+85°C without failures (Goudard and 
al., 2002). These ageing tests are generally realized in order to evaluate all the parameters in 
relation with failure distribution but more than one hundred modules must be performed 
during several thousands hours mixing different life test conditions. These results can allow 
determining the robustness of the technology but due to a high complexity of the package, 
cannot give accurate information on the failure origin, which is responsible of the optical 
power drift. To face qualification challenges, new processes are now being proposed 
focusing on reliability concerns at the early stage of the product development. In this 
approach, the qualification is considered as a long-term process rather than a final exam at 
the end of the development (Goudard and al., 2002). Based on environmental and functional 
specifications, the product development can start with a technical risk analysis phase. This 
phase aims at pointing out the major risks for a given product design. In this case, physical 
simulation (thermal and/or mechanical) represents an attractive tool to assess and weigh up 
the risk criticality (Mcleod and al., 2002). 
The purpose of this paper deals with results achieved from nonlinear thermomechanical 
simulations using finite-element method (FEM) of a direct modulation 1.55 µm Laser 
module (10 mW) for telecommunication applications. This study completes the 
thermomechanical studies in laser diodes module emitting at 1550 nm (Mcleod and al., 
2002). 
This paper will be developed in three main parts: 

 description of the methodology to implement in FEM the Nd:YAG Laser welding 
using electro-thermal analogies, 

 calculations of stresses and strains after Laser welding process between the Laser 
diode platform and the lens holder taking into account of experimental process 
parameters, 

 

 impact of calculated strains on optical misalignment (angular deviation of the 
optical axis) with respect to dispersion process. 
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2.1 Theory of laser material interaction 
a. Spatial structure and coherent 
The structure of laser wave is critical for understand the thermal flow during the laser 
welding process. This part presents the basic structure of laser wave. 
The spatial structure of laser wave can be expressed considering the electric field  z,y,xE  
by equation (1): 
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Fig. 1. Geometry of the transversal structure for the Gaussian propagation 
 
The ω0 correspond to the beam waist that is critical for la laser welding process. The beam 
waist has been experimentally explored on the optoelectronic module as the fig. 2 shown. 
There are two different zones in the laser welded joints: the melting zone (Tliq < T < Tmax) 
and the Heat Affected Zone (HAZ). The melting zone corresponds to the structure of the 
laser beam and we observe the beam waist equal to 200 µm in the case presented in fig.2. 
The quasi circular lines located in HAZ (Tlim < T < Tliq) correspond to the isothermal line. 
The laser beam intensity is described by a Gaussian Low as proposed by equation (2): 
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The Tmax is the maximal temperature estimated at 1823 K, Tmin = 600 K is the minimal 
temperature corresponds to the solidification of material and Tliq is the limit between liquid-
solid phase temperature. In this condition, the material is not liquid but melting with liquid 
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and solid and the Young Modulus is 100 time less than solid material. This condition explain 
the HAZ until diameter around 800 µm 
 

Heat 
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Tmax=1823 K 

Tliq=1473 K 

 
Fig. 2. Geometry of the transversal structure for the Gaussian propagation 
 
The main objective of the FEM model is to simulate the same phenomenon but the great 
difficulty is to apply Gaussian thermal flux on the laser welded zone. 

 
2.2 Methodology for build FEM model 
a. Pattern geometry 
Actual graphic performances of the simulator allow, without difficulty, to building a 
complex geometric model generally coming from the design plans of the considered system. 
The most important difficulty resides in the dividing of the geometric model in finite 
elements. It is necessary to follow a procedure of model building very strict allowing to 
insure, in the final, to obtain an optimum pattern. 
 
b. Finite elements definition 
The FEM consist to find an approximate solution of exact solution with field of 
discretization defined on sub-domain Ωi of global domain Ω. The sub-domain Ωi have been 
build considering equation (3). 
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~
, defined for each sub domain ΩI is called local field family and is generally 

defined as polynomial function. The global field family )t,M(F~ , obtained by superposition 
of local fields, is called interpolation function space of domain Ω. 
The field for each sub-domain ΩI is determined by a finite number of value of field (or value 
of first order derivation) in arbitrary points in the sub-domain and called nodes. The local 
field is an interpolation between the values associated to nodes. The sub-domain with its 
interpolation is called element. 
Find a solution by finite element method consists in the determination of local field that can 
be attributed for each sub-domain for the global field )t,M(F~  calculated by superposition 
of local field is close to real solution of the problem. 

 

c. Elements and geometry combination 
The elements constitute for software resolution a little volume element for integration or 
differential equation resolution. In international reference, it exist only three different 
geometric references: Cartesian, geometrical and cylindrical. In Finite element model, the 
single element can be associated as an elementary discrete volume d3τ.  
For example, we consider Cartesian representation. In this case, the elementary volume is a 
parallelepiped element defined by equation (4): 
 

dzdydxd3   (4) 
 
and represented by fig. 3. 
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Fig. 3. Cartesian geometric reference and elementary volume 
 
For cylindrical and spherical representation, the finite element can be adjusted to form a 
single elementary volume allowing to describe respectively cylindrical or spherical system. 
The accuracy of the simulation results for system considered is, in part, related to both 
element design and their number. 
 
d. Physical associated to element 

 Mechanical elements 
Elements of this type require material's features properties listed below: Young 
modulus, poison ratio, plastic modulus, coefficient thermal dilatation, material 
density. This element allows to perform linear or non linear simulation taking into 
account of non-linearity of materials (plastic deformation, creep,…). The non linearity 
is also induced by geometry structure as contact of area to simulate pivot link for 
example. 

 Thermal elements 
Elements of this type require material's features properties listed below: thermal 
conductivity, material density, heat capacity, and enthalpy for material phase change. 
This element allows to perform linear or non linear simulation taking into account of 
non-linearity of materials (phase change). 

 Coupled field elements 
Coupled field associate in same time the mechanical, thermal, electrical and magnetic 
simulations. In this case, the material behaviour is considered as linear and all 
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and solid and the Young Modulus is 100 time less than solid material. This condition explain 
the HAZ until diameter around 800 µm 
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For cylindrical and spherical representation, the finite element can be adjusted to form a 
single elementary volume allowing to describe respectively cylindrical or spherical system. 
The accuracy of the simulation results for system considered is, in part, related to both 
element design and their number. 
 
d. Physical associated to element 

 Mechanical elements 
Elements of this type require material's features properties listed below: Young 
modulus, poison ratio, plastic modulus, coefficient thermal dilatation, material 
density. This element allows to perform linear or non linear simulation taking into 
account of non-linearity of materials (plastic deformation, creep,…). The non linearity 
is also induced by geometry structure as contact of area to simulate pivot link for 
example. 

 Thermal elements 
Elements of this type require material's features properties listed below: thermal 
conductivity, material density, heat capacity, and enthalpy for material phase change. 
This element allows to perform linear or non linear simulation taking into account of 
non-linearity of materials (phase change). 

 Coupled field elements 
Coupled field associate in same time the mechanical, thermal, electrical and magnetic 
simulations. In this case, the material behaviour is considered as linear and all 
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simulations are performed in same time. In the case where it is necessary to perform 
thermal and mechanical simulations, for example, on the structure with non-linear 
material properties, the solution is to perform, in the first time the thermal simulation 
and in the second time to execute the mechanical simulation. The thermal simulation 
became boundary conditions of the mechanical simulation for this example. 

 
e. Geometry of elements 

 Regular elements 
Elements are also characterized by their geometry in Cartesian coordinates (x, y, z), 
cylindrical (ρ, θ, z) and spherical (ρ, θ, φ) for three dimensional simulation. Generally 
this kind of elements is constituted by 8 or 16 nodes as it indicates in fig. 4 and is 
named regular elements. 
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Fig. 4. Regular element 
 

 Tetrahedral elements 
The second geometry of elements is tetrahedral useful for mesh an intersection with 
two different regular geometry, cylindrical and cubic for example. The structure of 
this element is described by fig. 5 and the element is build with 4 or 9 nodes. 
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Fig. 5. Tetrahedral element 
 

 Prism elements 
The last geometry of elements is prism useful for mesh a centre of cylindrical 
geometry for example. The structure of this element is described by fig.6 and the 
element is build with 6 or 15 nodes. 
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Fig. 6. Prism element 

 
2.3 Building of laser welding process model 
To build the laser welding process model, the main idea is to consider an electro-thermal 
model. The electrical part can give us a Gaussian distribution of the equipotential line. For 
simple application of electrical condition, we can simulate a Gaussian spatial distribution of 
equipotential. Using a adapted electrical conductivity, the thermal heat, caused by potential 
different between two isopotential, has also a Gaussian distribution. Then it is very simple 
and optimum to elaborate an electrothermal model about laser welding process. 
Fig. 7 presents the electrical boundary condition on the cubic volume around the real laser 
weld volume. The laser beam simulate has the same characteristics than one previously 
presented in fig.2. The boundary conditions of potential are ground for five face of cube as it 
shown in fig. 7. On the last face of cube, the punctual potential VYAG is applied in the centre 
of the face O(0,0,0). The meshing method must build node for this specific point O.  
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Fig. 7. Laser welding zone in electrical boundary conditions 
 
The VLAS potential is calculated using the thermodynamic relations of enthalpy ΔH based on 
the heat transfer and phase change. To simulate laser pulse energy ELAS deposited on the 
surface of the laser welding zone, the VLAS is also a pulse. The time whitening of the pulse Δt 
is related by the total power PLAS deposited during the laser welding process.  The relation 
between electrical model and thermal one is proposed in equation (5). 
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With m: the total ma of laser welded zone, Cp : the calorific capacity of material: Lf: the latent 
heat of material. 

 
3. Modelling setup 

3.1 Design of the laser module 
Semiconductor Laser package bodies are typically either cylindrical-type or box-type styles. 
For light wave communication systems, box-type bodies are widely used and in particular 
Dual-In-Line or Butterfly packages with fibre pigtails. This study is focused on 1.55 µm 
Butterfly package Laser module and a technological description is presented in fig. 8. The 
DFB Laser diode (Distributed Feedback Laser diode InP/InGaAsP) emitting at 1.55 µm is 
soldered with a AuSn solder joint (8 µm) on the Laser submount (AlN), and then the 
submount is attached to the Laser platform (composed by a submount and 2 columns 
bearing the lens holder) in Kovar by a SnSb solder joint (8 µm). Lens 1, used to collimate the 
Laser beam from the Laser diode, and the isolator are welded to a lens holder (Kovar) by 
means of Nd:YAG Laser welding process. 
The Laser platform and the lens holder are also welded corresponding to the sub-assembly 
1. This last element is then attached to the thermoelectric cooler and mounted with a 
SnPbAg solder joint (10 µm) in a Butterfly-type package (Kovar). The sub-assembly 2 is 
composed of a second lens, used to focalized Laser beam into the fibre core, glued with an 
adhesive material into a circular ferule (Zirconia/Kovar). Finally, the sub-assembly 2 is 
Nd:YAG Laser welded to the Butterfly-type package providing a complete hermiticity for 
the system. 
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Sub-assembly 1 
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Fig. 8. Description of the Laser module showing the two main sub-assemblies  
 
As an alternative to the common adhesives or solders used in the light-coupling process, 
Nd:YAG Laser welding offers a number of attractive features such as high weld strength to 
weld size ratio, minimal heat affected zone, reliability providing some benefits : low heat 
distortion, non-contact process, repeatability and ability to automate (Sherry and al., 1996). 
Nevertheless, the main drawback of Laser welding is that the intense energy input, resulting 
in severe thermal gradients, can contribute to generate strains driving elements out of 
alignment. Motions in excess of 10 µm can be thus introduced and submicron alignment 
usually requires some type of motion compensation after the initial welds to hold required 
tolerances (Hayashi and al., 1996). 

 

3.2 Finite element analysis conditions 
In order to calculate levels of stresses and strains after Nd:YAG Laser welding process 
between the Laser diode platform and the lens holder, FEM simulations are performed. 
Different models and boundary conditions are defined in this part. Sub-assembly 1 is 
composed of the Laser platform and the lens holder essentially in Kovar. The model is based 
on electrical, thermal and mechanical simulation using a multiphysics approach and will 
allow to extract isothermal contour plots to evaluate magnitude of thermal gradients in the 
sub-assembly 1. The final goal is to calculate residual stresses and the resultant optical beam 
axis deviation after this process. 
Fig. 9-a presents the global model of sub-assembly 1 with a planar symmetry (Ox, Oy). 
Fixed points, considered as nodes without any degrees of freedom, represent fixing flanges 
used in manufacturing process to maintain the lens holder and the Laser platform during 
Laser welding process. The external loads are listed below: 
 

 Weight is applied on the gravity centre, 
 A Clamp forces Fpres are applied on the back of the lens holder during Laser 

welding process to guarantee an adjustment between Laser platform and lens 
holder, 

 Laser heating boundary conditions are shown in fig. 9a and modeled by Joule 
heating considering the well-known thermal/electrical analogies. The 
equipotential surface is adjusted to obtain a maximum temperature at 1400 K. We 
use two different electrical characteristics to traduce a localized heat source as 
generated by a Nd:YAG Laser beam. This part will be developed in the next 
section. 

Fig. 9 describes an optimized model with 7526 elements and 11803 nodes using three-
dimensional tetrahedral multiphysics transfer elements was used for this sub-assembly 1 
which is mainly composed of Kovar. 
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Fig. 9. Sub-assembly 1 simulated design with external loads (a), optimized FEM mesh model 
(b) 
 
Material properties are assumed to be dependent on temperature (see table 1 below). The 
time dependence of Laser welding process has conducted us to run time-dependent 
(transient) simulations. 
Fig. 10 summarizes the chronograms of pressure force, voltage of the top volume welded 
VYAG1 and voltage the bottom volume welded VYAG2. On the top of fig. 10, we note the time 
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With m: the total ma of laser welded zone, Cp : the calorific capacity of material: Lf: the latent 
heat of material. 
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used in manufacturing process to maintain the lens holder and the Laser platform during 
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 Weight is applied on the gravity centre, 
 A Clamp forces Fpres are applied on the back of the lens holder during Laser 
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Material properties are assumed to be dependent on temperature (see table 1 below). The 
time dependence of Laser welding process has conducted us to run time-dependent 
(transient) simulations. 
Fig. 10 summarizes the chronograms of pressure force, voltage of the top volume welded 
VYAG1 and voltage the bottom volume welded VYAG2. On the top of fig. 10, we note the time 
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dependence of the thermal cartography analyses. In this study, the laser heating is modelled 
by Joule heating taking into account electrical/thermal energy considering that a Laser 
welded joint can be associated to an electrical resistance calculated from the same area of 
material (Kovar). 
 

 Kovar 
 27°C 600°C 1200°C 

CTE (µm/°C) 5.13 5.86 11.5 
Young modulus 
(GPa) 

138 138 138 

Yield strength (MPa) 345 245 50 
Poisson ratio 0.317 0.317 0.317 
Thermal conductivity 
(W.m-1.°C-1) 

17.3 17.3 17.3 

Heat capacity (J.kg-1) 439 439 649 
Melting point (°C) 1450 

Table 1. Values of the material physical properties of Kovar using in sub-assembly 1 versus 
temperature 
 
To evaluate the thermal energy developed in the volume of the welded joint, we considered 
the relation between the enthalpy variation and the electrical energy (6) : 
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with ΔH defines the enthalpy variation, R is equivalent of an electrical resistance of the 
Laser welded joint volume, V corresponds to the time-dependent applied voltage (VYAG1 
and VYAG2) and Δt is the YAG Laser pulse duration (2.5 ms).  
 

 

Results 

presF


 

 

VYAG2 

 

VYAG1 

Time (ms) 

2,5 

2 

9 

Thermal cartography 

Final results 

500 g 

10 V 

10 V 

 
Fig. 10. Time dependence of boundary conditions for Sub-assembly 1 

 

VYAG1 and VYAG2 correspond respectively to inferior and superior Laser welded joint and are 
not applied simultaneously as shown in fig. 10. 
Deposed energy with a YAG Laser is calculated considering electrical energy dissipated 
from a resistance on which an applied voltage allows to simulate a thermal energy in the 
volume of the spot weld with a temperature close to the melting temperature. Our 
simulations are based on the following expressions giving the relation between electrical 
energy and thermodynamically conditions (7): 
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Equations (7) give the heating conditions corresponding to the Laser energy quantity 
deposed on the material with Cp defines as heat capacity (in J.kg-1.°C-1) and Lf represents 
the latent heat of melting given in Joule. Cooling conditions taking into account of latent 
heat solidification Ls, given in Joule, are resumed by equation (3). It is known that, for 
Kovar, the heat capacity parameter has temperature dependence and literature allows to 
extract the value until 1200°C rather than heat latent of solidification which is difficult to 
obtain (Cheng and al., 1999). This parameter traduces cooling effect which is critical in this 
case. So proposed simulations are computed at a temperature close to 1473K corresponding 
to the temperature at which thermomechanical constants are given in table 1. All 
thermomechanical properties have been used to simulate the Laser welding process and 
give thermal and mechanical solutions. 

 
4. Results and discussions 

4.1 Thrmomechanical simulations 
Nd:YAG Laser welding process involves a highly focused Laser beam responsible of a non-
uniform temperature distribution on the focus point. Simulated energy deposed allows 
being close to melting temperature of Kovar material (1473K). Fig. 11 shows the nodal 
solution contour plot of thermal cartography of Laser platform after first Laser welding 
process.  
 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045
Distance sur l'axe Oz palette laser / porte lentille (m)

Te
m

pé
ra

tu
re

 (K
)

Liquid zone

100 µm

Heat afected zone

900 µm

0

 
Fig. 11. Variation of the temperature along the column of the Laser submount 

www.intechopen.com



Laser welding process: Characteristics and inite element method simulations 171

 

dependence of the thermal cartography analyses. In this study, the laser heating is modelled 
by Joule heating taking into account electrical/thermal energy considering that a Laser 
welded joint can be associated to an electrical resistance calculated from the same area of 
material (Kovar). 
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Thermal conductivity 
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Heat capacity (J.kg-1) 439 439 649 
Melting point (°C) 1450 

Table 1. Values of the material physical properties of Kovar using in sub-assembly 1 versus 
temperature 
 
To evaluate the thermal energy developed in the volume of the welded joint, we considered 
the relation between the enthalpy variation and the electrical energy (6) : 
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Laser welded joint volume, V corresponds to the time-dependent applied voltage (VYAG1 
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VYAG1 and VYAG2 correspond respectively to inferior and superior Laser welded joint and are 
not applied simultaneously as shown in fig. 10. 
Deposed energy with a YAG Laser is calculated considering electrical energy dissipated 
from a resistance on which an applied voltage allows to simulate a thermal energy in the 
volume of the spot weld with a temperature close to the melting temperature. Our 
simulations are based on the following expressions giving the relation between electrical 
energy and thermodynamically conditions (7): 
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Equations (7) give the heating conditions corresponding to the Laser energy quantity 
deposed on the material with Cp defines as heat capacity (in J.kg-1.°C-1) and Lf represents 
the latent heat of melting given in Joule. Cooling conditions taking into account of latent 
heat solidification Ls, given in Joule, are resumed by equation (3). It is known that, for 
Kovar, the heat capacity parameter has temperature dependence and literature allows to 
extract the value until 1200°C rather than heat latent of solidification which is difficult to 
obtain (Cheng and al., 1999). This parameter traduces cooling effect which is critical in this 
case. So proposed simulations are computed at a temperature close to 1473K corresponding 
to the temperature at which thermomechanical constants are given in table 1. All 
thermomechanical properties have been used to simulate the Laser welding process and 
give thermal and mechanical solutions. 

 
4. Results and discussions 

4.1 Thrmomechanical simulations 
Nd:YAG Laser welding process involves a highly focused Laser beam responsible of a non-
uniform temperature distribution on the focus point. Simulated energy deposed allows 
being close to melting temperature of Kovar material (1473K). Fig. 11 shows the nodal 
solution contour plot of thermal cartography of Laser platform after first Laser welding 
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The temperature variation along the column of Laser platform can be fitted by a Gaussian 
law expressed as equation (8): 
 

 0
22

101 Wr-exp)T-T(T)r(T   (8) 

 
With T0 = 1427K, the maximal temperature of Laser weld, T1 = 600K the minimal 
temperature of Laser weld and W0 the beam waist defined as the minimum radius of the 
Laser beam. 
Experimental and calculated beam waist values are the same and evaluated around 150 µm 
(Deshayes and al., 2003). The good agreement between experimental and calculated values 
validate the simulation approach for Laser Nd:YAG welding process. 
Fig. 12 compares strains in sub-assembly 1 structure before and after Nd:YAG Laser 
welding process. Strain occurring in the column is observed and this particular view 
(deformed and no deformed nodal solution plots) allows highlighting optical beam axis 
deviation of the lens holder.  
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Fig. 12. Residual effective strains deformed and undeformed view located in sub-assembly 1 
 

 
Fig. 13. Residual effective Von Mises stress (Pa) after Laser welding on the sub-assembly 1 

 

Fig. 13 clearly shows the residual effective Von Mises stresses close to 55 MPa located in the 
column base of the Laser Platform after Laser welding. 
Thermal gradients (≈ 1100K) along columns of Laser platform induce maximal 
displacements close to 2 µm located in the column base after Nd:YAG Laser welding process 
in manufacturing conditions and maximal strains of 0.05% (fig. 13). These displacements are 
observed by optical axis angular deviation θ and Δx, Δy and Δz axial deviations. Calculated 
values of previous parameters are obtained from simulation results. 
In fig. 14, two nodes of lens holder representing optical axis have been considered. We also 
reported Δx, Δy, Δz and θ deviations of optical axis allowing to give its final position after 
total Laser welding process. 
Considering this two nodes, optical axis deviation resulting from residual stress after Laser 
welds can be evaluated close to an angular deviation of θ = 0.03° and axial deviations of 
Δxmax = 2 µm, Δy = 0 and Δzmax = 0.1 µm. Experimental analyses for evaluation of optical 
coupling drop in 1550 nm Laser modules have reported that optical power losses about 40 % 
result from two critical values of parameters variation: 
 

 An angular deviation θ of 0.02° between sub-assembly 1 and sub-assembly 2, 
 Δy, Δz deviations of 10 µm between Laser diode and Lens holder. 

 
At this step of the manufacturing process, optical coupling between lens holder and Laser 
diode is correct because Δy, Δz deviations are close to 0.1 µm corresponding to optical 
coupling losses lower than 0.1%. Thus, an operator could not suspect a possible 
displacement of the first lens axis after Nd:YAG Laser welds. The assembling step between 
the pigtail and the sub-assembly 1 requires then a dynamic alignment to find maximal 
optical coupling. In this case, the operator can adjust a possible optical beam axis deviation 
without any information about the value of the previous deviation and the level of 
accumulated stresses trapped in the sub-assembly one. 
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Fig. 14. Residual effective strains deformed and unreformed view located in sub-assembly 1 
 
After Nd:YAG Laser welds, intrinsic and extrinsic stresses can appear. Intrinsic stresses are 
generally related to only Laser YAG energy deposition on metal surface. The most 
important accumulated stress is located inside the HAZ caused by huge plastic deformation 
and very rapid thermal variation in welded joints (Jang, 1996; Panin and al., 1998). Extrinsic 
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The temperature variation along the column of Laser platform can be fitted by a Gaussian 
law expressed as equation (8): 
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(Deshayes and al., 2003). The good agreement between experimental and calculated values 
validate the simulation approach for Laser Nd:YAG welding process. 
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deviation of the lens holder.  
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observed by optical axis angular deviation θ and Δx, Δy and Δz axial deviations. Calculated 
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reported Δx, Δy, Δz and θ deviations of optical axis allowing to give its final position after 
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welds can be evaluated close to an angular deviation of θ = 0.03° and axial deviations of 
Δxmax = 2 µm, Δy = 0 and Δzmax = 0.1 µm. Experimental analyses for evaluation of optical 
coupling drop in 1550 nm Laser modules have reported that optical power losses about 40 % 
result from two critical values of parameters variation: 
 

 An angular deviation θ of 0.02° between sub-assembly 1 and sub-assembly 2, 
 Δy, Δz deviations of 10 µm between Laser diode and Lens holder. 

 
At this step of the manufacturing process, optical coupling between lens holder and Laser 
diode is correct because Δy, Δz deviations are close to 0.1 µm corresponding to optical 
coupling losses lower than 0.1%. Thus, an operator could not suspect a possible 
displacement of the first lens axis after Nd:YAG Laser welds. The assembling step between 
the pigtail and the sub-assembly 1 requires then a dynamic alignment to find maximal 
optical coupling. In this case, the operator can adjust a possible optical beam axis deviation 
without any information about the value of the previous deviation and the level of 
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Fig. 14. Residual effective strains deformed and unreformed view located in sub-assembly 1 
 
After Nd:YAG Laser welds, intrinsic and extrinsic stresses can appear. Intrinsic stresses are 
generally related to only Laser YAG energy deposition on metal surface. The most 
important accumulated stress is located inside the HAZ caused by huge plastic deformation 
and very rapid thermal variation in welded joints (Jang, 1996; Panin and al., 1998). Extrinsic 
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stresses are caused by external loads applied during process and discontinuity of materials 
on the interface (Inoue and Koguchi, 1997). In our case, the most important external load is 
represented by pressure strength Fpres used to ensure an adjustment between Laser platform 
and lens holder. 
Relaxation of accumulated stresses in the sub-assembly 1 can occur and could be accelerated 
by defects induced in the welded zone (Inoue and Koguchi, 1997; Hariprasad, Sastry and 
Jerina). Rapid solidification processing in HAZ leads to a metastable phase formation, solid 
solution or dispersion strengthened alloys and intermetallics and the whole physical 
phenomenon is at the origin of defects formation located in welded joints (Hariprasad, 
Sastry and Jerina; Cheng and Wang, 1996). It has demonstrated that metallic alloys creep 
fatigue is related to defects rate located in welded joints considered as a metallic alloy zones 
(Asayama, 2000). In particular, a model based on molecular dynamics calculations, 
developed by J.D. Vazquez, has discussed on isotropic and anisotropic relaxation 
phenomenon from simulations of lattice relaxation of metallic alloys considering the sudden 
appearance of vacancy or an interstitial site in the crystal (Dominguez-Vazquez, 1998). This 
microscopic relaxation model allows highlighting macroscopic effective displacement of 
system responsible of relaxation phase. Experimental measurements, using in particular an 
optical method, have been also conducted to observe strains, stresses and fractures of 
welded joints at the mesoscale level (Panin and al., 1998). This study has characterized, in 
bulk material, the accumulated stresses located in HAZ and their evolution after Laser 
welding process. So our interpretation of gradual optical power drift between the sub-
assembly 1 and the pigtail can be explained by relaxation phenomenon and time evolution 
can be directly related to the number and the location of defects into the welded joints but 
also in the structure. 
Experimental procedure has been established to localize strains and stresses in sub-assembly 
1 during the whole step Nd:YAG Laser welding process and evaluation of relaxation 
phenomenon after thermal cycles. 

 
4.2 Ageing tests analysis 
Qualification procedures, in particular power drift measurement, must be conducted to 
validate the system with respect to tolerances through temperature cycles or storage 
temperature characterizing the limits and the margins of the technology. Actual standards 
tend to be 500 cycles in the temperature range -40°C/+85°C with a failure criterion of 10% of 
optical power drift. The methodology of failure diagnostic for optoelectronics components 
and modules for telecommunication applications imposed to do ageing tests to validate 
different assumptions coming from the simulation results. The detailed of this procedure is 
presented by (Y. Deshayes and al., 2003). 
First ageing tests have been made on 1550 nm InGaAsP/InP DFB Laser diodes. After 500 
thermal cycles –40°C/+85°C, no failure occurred on Laser diodes. Measurements have been 
made with a specific test bench with temperature dependence has been developed to 
monitor P(I), I(V) and L(E). This result demonstrates that optical power drift is only 
associated to misalignment in relation with thermomechanical aspects. The second ageing 
test is made on nine different optoelectronic modules in final packaging. Fig. 13 shows 
variations of ΔEta (%) defined by :  
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with Popt is initial optical power measurement of the laser module, ΔPopt is the difference 
between optical power measured after ageing time and initial optical power measurement 
and I is the current value for optical power measurement. 
This experimental procedure has been applied on nine InGaAsP/ InP 1550 nm Laser 
modules (LM1 to LM9) versus thermal cycles –40°C/+85°C. In fig. 8, evolution of ΔEta (%) 
measured at 100 mA from 0 to 500 thermal cycles (-40°C/+85°C) are reported. Experimental 
and simulation results lead to give failure modes and assumptions on failure location 
(Deshayes and al., 2003): 

 sudden total optical power drop explained by a break located in the optical fibre 
core, 

 gradual optical power drift outside the failure criteria limit in relation with 
thermomechanical aspect responsible of columns deformation in sub-assembly 1 
and related by stresses relaxation phenomenon, 

 gradual optical power drift inside the failure criteria demonstrating the relative 
instability of optical coupling in Laser module especially on sub-assembly 1. 
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Fig. 15. Ageing test results on 1550 nm InGaAsP/InP Laser module 

 
4.3 Optical misalignment using process dispersion 
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to define "generic" accelerated test and assess both robustness and reliability of the 
component. In this case, technological dispersion modelling represents an attractive tool to 
identify the effect of a critical technological parameter on the optical deviation distribution 
and reduce time duration of tests. Among these parameters, we can list: material properties, 
geometric dimensions, welding and solder processes… 
Fig. 13 reveals the difference of behaviour between optical modules in term of optical 
coupling deviations, could be related to manufacturing process dispersion. As we have yet 
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stresses are caused by external loads applied during process and discontinuity of materials 
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with Popt is initial optical power measurement of the laser module, ΔPopt is the difference 
between optical power measured after ageing time and initial optical power measurement 
and I is the current value for optical power measurement. 
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thermomechanical aspect responsible of columns deformation in sub-assembly 1 
and related by stresses relaxation phenomenon, 

 gradual optical power drift inside the failure criteria demonstrating the relative 
instability of optical coupling in Laser module especially on sub-assembly 1. 
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identify the effect of a critical technological parameter on the optical deviation distribution 
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demonstrated, the most sensitive manufacturing process is Nd:YAG Laser welding 
associated to clamp forces Fpres and Laser heating conditions (E0). Until now, 3D FEM 
simulations have been performed considering Fpres and E as average constant values called 
Fpres0 and E0. The range of these last parameters is limited by manufacturing process. The 
parameter Fpres is set from Fpres0 ±20% and laser Nd:YAG energy from E0 ±20% according 
with manufacturer specification (Gibet, 2001).  
In the case of clamp force Fpres variation limited by Fpres0 ±20%, less than 10-5 degree on 
angular deviation is observed and stresses stay constant. For this configuration, the impact 
of clamp force variations on the optical coupling efficiency could be considered as 
negligible. 
The Laser Nd:YAG energy E corresponds to the one absorbed by the welded joint. The 
amplitude of dispersion can be correlated both to the reflectance of the Laser impact area 
and thickness of gold deposed on the Kovar mainly composing the sub assembly 1. The 
absorbance of Laser energy is related to the thickness of gold, water concentration and 
roughness of the material surface (Watanabe and al., 2004; Martin, Blanchard and 
Weightman, 2003; Zhang, 2004). The thin film of gold allows to adsorbed infrared 1µm 
wavelength laser Nd:YAG beam. 
Fig. 16 reports variations of optical angular deviation versus energy of the Laser beam. In 
the same time, we report the maximal stress located in top welded zones. The global study 
indicates that welding zone is the most critical zone, so FEM simulation has been optimized 
to precise stresses in welding zone. After specific analyses, we identify that top welding 
zone is the most critical zone and amplitude of stress is optimized. The energy variation is 
the experimental data given by manufacturer. It is shown that higher is the energy deposed 
on the welded zone, higher is the stress level but lower is the optical deviation. This key 
result is closely correlated with results reported by W.H. Cheng (Jerina; Cheng and Wang, 
1996). The displacement is critical because 2/100° induces 40 % of optical power losses and 
explain the magnitude of ΔEta (%) shows in fig. 8. The drift of stresses and displacements 
versus energy E/E0 is weak and indicates that energy level of Nd: YAG cannot be adjusting 
to reduce the optical misalignment. So, this key result indicates that the architecture of the 
system should be optimized to reduce the impact of laser welding process on the optical 
misalignment.  
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Fig. 16. Optical angular deviation and stresses accumulated versus energy laser Nd:YAG 

 

The different behaviour of different modules shows in fig.16 can be explained by the initial 
stresses and displacements. This phenomenon is associated to the fact that laser submount 
and lens support are hyper static system. The methodology presented in this paper conduct 
manufacturer to modified the design of laser submount taking into account all these results. 
The new optical module are now qualified using the same standard requirements for 
telecommunication applications. 

 
5. Conclusion and perspectives 

Laser welding process in sub-assembly 1 has been identified as the most potential critical 
zone and to correlate simulation results using ANSYS software, experimental analyses have 
been also investigated (Deshayes, Béchou and Danto, 2001). 
Calculated optical misalignment in sub-assembly 1 have demonstrated an angular optical 
beam axis deviation of 0.03° and responsible of a possible first lens axis movement 
confirming that Laser welding process can induce optical instability of Laser modules and 
degradation of performances for telecommunication applications. The main solution could 
be given by a better optimization of the Nd:YAG Laser power density close to 1.5.105 
W/cm2. For this technology, average Nd:YAG Laser power density reaches 2.5.105W/cm2 
and can generate bulk defects and thermal stresses in welded joints (fig. 17). W.H. Cheng 
has established that optical losses in Laser modules can relate to the presence of bulk 
fractures (Jerina; Cheng and Wang, 1996). It has also been highlight that power density is 
responsible of bulk defects and accumulative stresses. In our case, the presence of bulk 
defects, observed in fig. 17, could explain random acceleration of time stress relaxation 
allowing optical power decrease. The time before failure corresponding to ±10% of the 
optical power drift is directly related to the manufacturing process and to the order of static 
non determination from a mechanical point of view of the system strongly dependent on the 
Laser platform and the lens holder design. All conditions are correlated to a mechanical 
misalignment between Lens axis and pigtail. The major cause of bulk defects formation in 
the Laser welding process for sub-assembly 1 is due to the excess Laser energy. The other 
causes are gas bubbles trapped within the weld sections and the heterogeneous nucleation 
in welded joints (Jerina; Cheng and Wang, 1996). 
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demonstrated, the most sensitive manufacturing process is Nd:YAG Laser welding 
associated to clamp forces Fpres and Laser heating conditions (E0). Until now, 3D FEM 
simulations have been performed considering Fpres and E as average constant values called 
Fpres0 and E0. The range of these last parameters is limited by manufacturing process. The 
parameter Fpres is set from Fpres0 ±20% and laser Nd:YAG energy from E0 ±20% according 
with manufacturer specification (Gibet, 2001).  
In the case of clamp force Fpres variation limited by Fpres0 ±20%, less than 10-5 degree on 
angular deviation is observed and stresses stay constant. For this configuration, the impact 
of clamp force variations on the optical coupling efficiency could be considered as 
negligible. 
The Laser Nd:YAG energy E corresponds to the one absorbed by the welded joint. The 
amplitude of dispersion can be correlated both to the reflectance of the Laser impact area 
and thickness of gold deposed on the Kovar mainly composing the sub assembly 1. The 
absorbance of Laser energy is related to the thickness of gold, water concentration and 
roughness of the material surface (Watanabe and al., 2004; Martin, Blanchard and 
Weightman, 2003; Zhang, 2004). The thin film of gold allows to adsorbed infrared 1µm 
wavelength laser Nd:YAG beam. 
Fig. 16 reports variations of optical angular deviation versus energy of the Laser beam. In 
the same time, we report the maximal stress located in top welded zones. The global study 
indicates that welding zone is the most critical zone, so FEM simulation has been optimized 
to precise stresses in welding zone. After specific analyses, we identify that top welding 
zone is the most critical zone and amplitude of stress is optimized. The energy variation is 
the experimental data given by manufacturer. It is shown that higher is the energy deposed 
on the welded zone, higher is the stress level but lower is the optical deviation. This key 
result is closely correlated with results reported by W.H. Cheng (Jerina; Cheng and Wang, 
1996). The displacement is critical because 2/100° induces 40 % of optical power losses and 
explain the magnitude of ΔEta (%) shows in fig. 8. The drift of stresses and displacements 
versus energy E/E0 is weak and indicates that energy level of Nd: YAG cannot be adjusting 
to reduce the optical misalignment. So, this key result indicates that the architecture of the 
system should be optimized to reduce the impact of laser welding process on the optical 
misalignment.  
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The different behaviour of different modules shows in fig.16 can be explained by the initial 
stresses and displacements. This phenomenon is associated to the fact that laser submount 
and lens support are hyper static system. The methodology presented in this paper conduct 
manufacturer to modified the design of laser submount taking into account all these results. 
The new optical module are now qualified using the same standard requirements for 
telecommunication applications. 
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Laser welding process in sub-assembly 1 has been identified as the most potential critical 
zone and to correlate simulation results using ANSYS software, experimental analyses have 
been also investigated (Deshayes, Béchou and Danto, 2001). 
Calculated optical misalignment in sub-assembly 1 have demonstrated an angular optical 
beam axis deviation of 0.03° and responsible of a possible first lens axis movement 
confirming that Laser welding process can induce optical instability of Laser modules and 
degradation of performances for telecommunication applications. The main solution could 
be given by a better optimization of the Nd:YAG Laser power density close to 1.5.105 
W/cm2. For this technology, average Nd:YAG Laser power density reaches 2.5.105W/cm2 
and can generate bulk defects and thermal stresses in welded joints (fig. 17). W.H. Cheng 
has established that optical losses in Laser modules can relate to the presence of bulk 
fractures (Jerina; Cheng and Wang, 1996). It has also been highlight that power density is 
responsible of bulk defects and accumulative stresses. In our case, the presence of bulk 
defects, observed in fig. 17, could explain random acceleration of time stress relaxation 
allowing optical power decrease. The time before failure corresponding to ±10% of the 
optical power drift is directly related to the manufacturing process and to the order of static 
non determination from a mechanical point of view of the system strongly dependent on the 
Laser platform and the lens holder design. All conditions are correlated to a mechanical 
misalignment between Lens axis and pigtail. The major cause of bulk defects formation in 
the Laser welding process for sub-assembly 1 is due to the excess Laser energy. The other 
causes are gas bubbles trapped within the weld sections and the heterogeneous nucleation 
in welded joints (Jerina; Cheng and Wang, 1996). 
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This chapter reports 3D thermomechanical simulations and experimental tests in order to 
identify critical zones in a Butterfly-package Laser module showing that three main zones 
must be carefully analyzed: shape and volume of glue in the ferule, solders and, in 
particular, Laser welds. Laser welding process is a useful and effective method to ensure 
hermeticity and secure metal parts but the mechanical distortions due to severe thermal 
gradients should be controlled within allowance limits. The accumulated stresses are close 
to 160 MPa in welded zones. The main advantages of this technique are given by precision 
of alignment close to ±0.2 µm, the whole process fully automated to contain the cycle's time 
within 60 to 90 seconds. But it has been shown that one of the main inconvenient of the 
Laser welding process is the excess of deposed Laser energy resulting in high thermal 
gradients (700 K on 200 µm) and residual stresses (around 160 MPa) in the Laser platform 
responsible of an optical misalignment and a possible failure in terms of optical power drift 
requirements. We have demonstrated that FEM simulations, to predict distortion of Laser 
welding which is very difficult to measure, is very attractive and can be applied to different 
package configurations. 
Such a study is attractive for the definition of more realistic and optimized realistic life cycle 
profiles, taking advantages of previous methodologies already experienced in the field of 
microelectronics or military industries. 
Experimental failure analyses will be also conducted to validate thermomechanical 
simulations, focused in particular on Laser welded joints in order to propose assumptions 
for accumulated strains relaxation phenomenon. In this context, both thermal, electrical and 
thermomechanical simulations on the package must be realized using an original approach 
based on multiphysics computations of ANSYS software, in particular for electro-thermal 
Nd:YAG Laser modelling (Fricke, Keim and Schmidt, 2001). First, a description of the Laser 
module is given and 3D-FEM models of each sub-assembly are presented taking into 
account of the different materials characteristics versus temperature and external loads 
related to manufacturing steps. The last section gives simulation results of the main sub-
assemblies of the Laser module concluding on thermomechanical sensitivity of critical zones 
and the impact on a possible optical axis misalignment. 
Our activities are now focused on FEM predictions that could be improved by a detailed 
knowledge of the effect of bulk defects located in Laser welded joints on stresses relaxation 
phenomenon and also by a better implementation of heating and cooling conditions in 
computations. The final objective is to improve packaging design rules and optical 
misalignment reduction in order to achieve highly reliable bandwidth single mode fibre 
communication systems. 
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