The Effect of Residual Stress on Coupling Power Loss of VCSEL
Modulus
Jao-Hwa Kuang1, Chao-Ming Hsu2, Ah-Der Lin3, Jyun-Wei Luo3
1.Dept. of Mech. and Electro-Mech. Engr., National Sun Yat-Sen Univ.,
kuang@faculty.nsysu.edu.tw
2.Dept. of Mech. Engr., National Kaohsiung Univ. of App. Sci.,
jammy@cc.kuas.edu.tw
3.Dept. of Mech. Engr., Cheng-Shiu Univ.,ader@csu.edu.tw
Kaohsiung, Taiwan
Abstract. In this article, the effect of residual stress on active region misalignment of laser light sources for vertical
cavity surface emitting laser (VCSEL) modulus has been studied. The post-weld-shift variation of active region
introduced from the residual stress distribution variation for different VCSEL solder joints, i.e. tin-silver (Sn/3.5Ag) and
tin-lead (Sn/37Pb) solder joints, are simulated by employing the thermal-elastic-plastic finite element model of MARC
package. The ball grid solidification in reflow process and the creep deformation in the acceleration aging were
simulated and analyze. The time and temperature dependent material properties of solders are employed. Numerical
results indicate that the post-weld-shift introduced from residual stress in the solidification process are significant, and
are also the key reasons to reduce the coupling efficiency in VCSEL packaging. The non-sequential components models
in commercial Zemax optical package were used to estimate the optical coupling power loss between the active region
and the fiber tip in VSCEL modulus. The results show that the proposed post-weld-shift model is feasible to analyze
and to improve the solder joint design in the VCSEL packaging.
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1. Introduction
Manufactured by GeAs, the VCSEL modulus is an active opto-electronic device, and quite different from traditional
laser diodes [1]. It has a compact volume coupled with fiber by circle beam, and is made in an arrayed form for better
fiber communications [2] [3]. The optical coupled power of a VCSEL modulus depends upon residual stress distribution
and the corresponding PWS (post-weld shift) after the reflow process [4]. To ensure the reliability of the VCSEL
modulus for temperature-fluctuating operations, the endurance tests are necessary and versatile [5]. The notable item is
the acceleration aging test. In the test, the thermal stresses dominate the VCSEL modulus deformation which induces
the active region misalignment for VCSEL. The misalignment has a strong influence on the optical coupled power loss
[6]. Basically, the VCSEL modulus is classified into three parts; VCSEL structure, micro-solder ball and silicon bench
(substrate), as shown in figure 1. The dimensions of VCSEL modulus are 4200x1200x2400µm. The sizes of a VCSEL
structure are 1000x300x265.5µm. In the opto-electronic packaging, solder surface mounted technology (SMT) is used
to connect the components [7]. To assemble the VCSEL modulus, SMT uses different solder ball joints, such as
Sn/37Pb and Sn/3.5Ag solders. Of particular interest, the pad design is the layout for laser sources, layers mounting
markers, and solder ball positioning, etc.

(a) VCSEL modulus

(b) Details of VCSEL structure
Fig.1 Schematic illustrations of VCSEL
In this study, both Sn/37Pb and Sn/3.5Ag solders are simulated. The residual stresses for both solders are calculated
for the reflow process and acceleration aging test. The coefficient of thermal expansion (CTE) of GaAs is two times as
that of silicon. Due to the CTE difference between GaAs and Si, the residual stress has great influence on the yielding
and misalignment of VCSEL. The effect of creeping is included in the acceleration aging test. The active region
misalignment induced by the residual stress will be investigated for evaluating the optical coupled power loss for
VCSEL.

Fig.2 Finite element mesh model for VCSEL modulus
2. Finite element model for VCSEL modulus
Surface Evolver simulating the solder solidification process is used to predict the shape of solder during the reflow
process. The reflowed solder shape will be reconstructed in the finite element package of MSC, MARC. Figure 2 shows
the VCSEL mesh model symmetric about yz-plane. The substrate is made of pure silicon and its sizes are
1000x300x250 µm. The node number is 12480 for VCSEL structure, 960 for micro-solder ball, and 7800 for substrate,
respectively. The laser sources in the VCSEL structure indicated by points A are located at the center of the active
region, as shown in figure 1 (b). The primary composition of VCSEL structure consists of GaAs, Au, Pt and Ti.
Considering the creeping effects, the power of first order is included in this study[8].
On the boundary, the nature convection coefficient for a local area was proposed by Ellison [9] based upon
experimental method. Table 1 lists the experience factors of the nature convection coefficient having a value of zero on
the symmetric surface. The nature convection coefficient can be written as below.
h =2.79k (△T/L) m (W/m2‧℃)
where h is the nature convention coefficient, △T the temperature difference between boundary and environment(℃),
m the first experience factor, k the second experience factor, and L the characteristic length(m). Furthermore, the corners
of yz-plane (the symmetric plane) are fixed, and the other points of yz-plane have no displacement in the x-direction.
The material of VCSEL modulus follows the isotropic-hardening rule, von- Mises yielding criterion, and Prandtl-Reuss
flow rule. The optical coupled power loss of VCSEL modulus is estimated by Zemax using its powerful non-sequential
module. The roughness of the reflection surface is close to the quality of mirror, and the maximum clear aperture is
50µm. Each laser source diode contains 1000 layout rays and 50000 analysis rays of 8mW.
Table 1 Experience factors for convection by Ellison [10]
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Fig.3 Reflow process for VCSEL using Sn/37Pb solder joints.

3. Numerical results and discussion
In the simulation, the process sequence is the reflow process followed by the acceleration aging test. The
temperature profile of the reflow process is shown in figure 3(a). The time period for a VCSEL modulus is 3 minutes in
the reflow process. According to Bellcore standard TA-TSA- 000983, the acceleration aging test in this study has a
temperature of 85℃ maintained for 5000 hours. The residual stress distribution is then calculated and the corresponding

displacement of VCSEL modulus is then estimated. The mechanic-thermal coupled field is adopted in the numerical
analysis.
The joints of VCSEL structure use Sn/37Pb or Sn/3.5Ag solder ball. The solder ball joint has a significant effect on
the misalignment of the active region in view of deformation induced by the residual stresses. Figure 3(b) presents the
residual stress distribution of Sn/37Pb solder joints used by the VCSEL modulus for the reflow process. After the reflow
process, the maximum von Mises stresses is 28 Mpa and its position is marked by point P. It is found that point P is
located at the interface between the solder joint and the pad, as shown in figure 3(b). As shown in figure 4, the stress
variation of point P is calculated for the reflow process and the acceleration aging test which follows the reflow process.
It is observed that the stress of point P is close to zero at the melting point of Sn/37Pb solder. In the solidification stage,
the stress of point P rises up and finally come to a fixed value, the residual stress of point P. Similarly, the residual stress
is 45.8 Mpa for Sn/3.5Ag solder joint. According to figure 4 (b), the stress relaxing caused by creeping is obvious.
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Fig.4 Stress variation of the point P for Sn/37Pb solder joints.
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Fig.5 Displacement of point A of VCSEL using Sn/37Pb solder joints

(a) Simulation model

(b) Power distribution
Fig. 6 Simulation of Zemax
As shown in figure 6, the optical coupled power loss is simulated by Zemax. The fiber material is BK7, 125µm
diameter and 4200µm length. The core material is SF11 with 40µm diameter and 4200µm long. In industry, the initial
alignment of the VCSEL structure and fiber is set to have the greatest power transmitting efficiency. Then followed by

the reflow process, the VCSEL structure and fiber are jointed. Generally, the optical coupled power loss will increase
for each process or test. According to the numerical simulation, the center of the active region, point A, has the greatest
PWS. The displacement and the corresponding optical coupled power loss are listed in table 2. According to the table,
the displacement changes from 0.155µm to 0.140µm for the Sn/37Pb solder joints, and from 0.212µm to 0.184µm for
the Sn/3.5Ag. However, the optical coupled power loss increases from 0.25% to 4% for the Sn/37Pb solder, and 1.875%
to 5% for the Sn/3.5Ag solder.
Table.2 Active region displacement (µm)/ Optical coupled power loss for different solder ball grid array joints
Solder materials
Sn/37Pb
Sn/3.5Ag
Reflow Process only
0.155 / 0.25%
0.212 / 1.875%
Reflow Process +Aging test
0.140 / 4%
0.184 / 5%
4. Conclusions
In this study, the residual stress distribution and the deformation for Sn/37Pb and Sn/3.5Ag ball grid array of
VCSEL were investigated. The corresponding optical coupled power loss was estimated by the displacement from the
finite element analysis. The simulated results reveal that both the post-solder-shift and the creep deformation may affect
the coupling efficiency significantly. However, due to the high melting point, the Sn/3.5Ag ball grid array joint always
provide the better coupling efficiency than the Sn/37Pb joint during the acceleration aging test.
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