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THERMAL RESIDUAL STRESS STATE IN LASER 
DIODE/HEATSINK JOINT SYSTEMS DEPENDING 

ON THE PROPERTIES OF THE HEATSINK MATERIAL. 
FEM ANALYSIS* 

D a r i u s z K a l i ń s k i " 

The paper presents the results of calculations, performed using the finite element 
method (FEM), which include a comparative analysis of the residual stress state 
induced in the GaAs laser diode/heatsink joint systems that differed from one ano-
ther in the material used for the heatsink (Cu, CuC^, AIN). This analysis permit-
ted us to test the materials examined in terms of the level and distribution of the 
residual stresses developed in the system during its joining operation. The calcu-
lation results show, among other things, that in the model with the CuC^ compo-
site the maximum level of the tensile stresses generated in GaAs (o^AX) about 
6 times lower than that in the systems with a conventional copper heatsink 

1. INTRODUCTION 

T h e mate r i a l s in tended for the fabr ica t ion of hea t s inks fo r s e m i c o n d u c t o r 
dev ices are requi red to sat isfy ex t remely severe d e m a n d s . A m o n g other requ-
i rements , they should have a good thermal conduct iv i ty , a low thermal expan-
sion coef f ic ien t (close to the thermal coef f ic ien t of the semiconductor material) , 
and the ab i l i t y to j o i n wi th the s e m i c o n d u c t o r d e v i c e w i t h o u t g e n e r a t i n g 
cons iderab le stresses. In the technology of s e m i c o n d u c t o r lasers, hea ts inks are 
usua l ly m a d e of c o p p e r [1]. A l t h o u g h the t he rma l conduc t iv i ty of c o p p e r is 
very good (390 W / m K ) , its thermal expans ion coef f i c i en t a (16.8 x I C ^ l / K ) is 
high and misma tched to G a A s ( a = 5.5 x 10 ' '1 /K) , wh ich is the basic mater ia l 
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used for the fabrication of lasers. During the joining operation, this mismatch 
between the thermal expansion coefficients results in high residual stresses 
(thermal stresses), being induced in the system. This deteriorates in a great 
measure the performance of the system. The use of other heatsink materials, 
such as e.g. diamond ( a = 1.0 x 10"^1/K), makes it possible to obtain a better 
matching between the thermal coefficients [2]. For obvious reasons, such a 
design is however expensive and difficult in fabrication. Another way in which 
this problem has been obviated is to use an indium interlayer to join the 
copper heatsink to the laser diode. Indium has a high thermal expansion 
coefficient ( a = 30.5 x 10"^1/K), but it shows good plasticity thanks to which 
the stresses can be relaxed [3]. The thermal conductivity of indium is however 
poor - 71W/mK and thus the indium interlayer must be thin (e.g., 6 pm). 
Although this does not impede the other technological requirements, it is 
inconsistent with the stress-reduction requirement. Moreover, indium tends to 
creep over the GaAs surface, resulting in the laser p-n junction being short-
circuited and the laser being degraded. 

In view of the above remarks, it seemed worth verifying whether such 
materials as the CuCp composite [4-5] (a composite reinforced with short, 
randomly oriented carijon fibres - 40 vol.% Cp, a = 6.0 x 10^1/K) or AIN 
nitride ceramic ( a = 3.0 x 10"®1/K) [6] would be suitable materials for heat-
sinks (Fig.l). 
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Fig.l._Thermal expansion coefficient (a) and thermal conductivity (X) of the materials used 
for heatsink: a) CuCp composite (a composite reinforced with short, randomly oriented car-
bon fibres - 40 vol.% C^; b) AIN nitride ceramic. 
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2. SUBJECT OF THE ANALYSIS AND THE ASSUMPTIONS 
ADOPTED IN CALCULATING THE RESIDUAL STRESSES 

The analysis used models of the laser diode/heatsink systems that differed 
f rom one another by the heatsink material (Cu, CuCp, AIN) (Fig.2). The 
calculations were performed using the numerical program "LUSAS" which 
realised the finite element method. 

The analysis of the stress state in the systems examined (plane stress state) 
was made based on the assumptions: 
• the materials examined show isotropic properties, 
• the phenomena occurring in the materials have a thermo-elasto-plastic charac-

ter, 
• deformations are described by the relationships defined by the linear theory of 

elasticity and small plastic strains, 
• the plastic behaviour of the materials is described using the equations of pla-

stic flow and adopting the Huber-Mises plasticity condition, 
• no temperature gradient occurs in the materials being joined. 
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Fig.2. Models of the Laser Diode (LD => GaAs)/Heatsink (H) joint systems used in finite ele-
ment calculations of thermal residual stresses: a) H => Cu or CuC^, b) H => AIN. 

Fig.3 shows an example of the finite element mesh (for a plane stress state) 
into which one of the models examined has been divided. The meshes were 
made denser in the region where, in the semiconductor element (GaAs), the 
stresses were expected to concentrate, i.e., at its external edge and near the 
semiconductor/heatsink joint line (interface). Thanks to the symmetry of the 
model, it was sufficient to model only one a half of the joint system. 
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Fig.3. Example of the finite element mesh (GaAs/Cu or CuCp) used for calculating the thermal 
residual stresses. 

The materials parameters, such as the thermal expansion coefficient a , Young's 
modulus E, yield stress Re and the Poisson ratio v, used in the calculations are listed in 
Tab. 1. The parameters were temperature - dependent, except the Poisson ratio which 
was assumed to be temperature - independent, and the thermal expansion coefficient 
and the Young modulus of the CuC^ composite since no precise data concerning the 
temperature variation of these parameters within the temperature range examined 
were available (Tab.l). The yield stress Re of the CuCp composite was taken to be 
equal to that of pure copper. 

Table 1. Materials properties (at room temperature) used for the calculation of thermal residual 
stresses [7-10]. 

Materials a(*10"^ 1/K) E (GPa) Re (MPa) V 

Cu 16.5 131.5 50.0 0.345 
C U C F (5.0-8.0) 80.8 - 0.289 
AIN 4.8 310.0 - 0.289 
GaAs 5.5 86.3 - 0.32 
AgCu28 17.4 58.082 35.0 0.34 
SnPb40 24.0 30.0 18.0 0.40 
In 33.0 12.8 1.4 0.445 
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The load imposed on the models is associated with the laser diode/heatsink joining 
process. The decrease of the temperature during the period of time from the beginning of 
the filler metal solidification to the completion of the joining operation, together with the 
difference between the properties (Da, DE) of the joined materials result in residual 
stresses being induced in the system. It has thus been assumed that the residual stresses 
develop in the system during its cooling from the filler metal solidification temperature to 
room temperature (293 K). 

In order to exaggerate the effect of the heatsink material (Cu, CuCp and 
AIN) on the magnitude of the generated stresses, the systems assumed in the 
calculations were joined with the use of a hard AgCu28 alloy. This approach 
was expected to support our supposition that, even under such extremely 
severe conditions (the solidification temperature of this alloy, at which the 
stresses begin to develop, is 1003 K), it is favourable to replace copper with 
some other material. 

3. RESULTS AND DISCUSSION 

The numerical calculations gave maps of the thermal residual stress distri-
bution and the values of the stresses at the central region of the elements. The 
program employed permitted calculating the fol lowing components of the 
stress state: axial stress a^, a^, tangential stress a^^, maximum (CT^̂ X) 
minimum principal stress. 

The comparative analysis was based on the Möhr strength hypothesis, 
recommended for brittle materials, which assumes that the effort of the joint is 
determined by the highest tensile stresses (cTÎ ^X) within the semicon-
ductor device. 

Fig.4 compares the curves of the variation of the maximum principal stress 
CT^^j^, and Tab.2 gives extreme magnitudes (in selected points within the 
semiconductor device) of the stess state components, in model GaAs/Cu (H) 
and GaAs/CuCp (H) systems brazed using the AgCu28 alloy. 

The numerical calculation of the thermal residual stresses developed in the 
GaAs/heatsink (H => Cu, CuCp) systems show that the maximum stress cr^^^ in 
the semiconductor device (GaAs) occur at the free and outer wall (x = 6.0 mm) 
of the device, at a small distance from its joint with the copper or composites 
heatsink (Fig.4-5a). In the GaAs/Cu joint system, maximum value of this stress 
is 20.0 MPa. This region of GaAs is the region of the greatest stress concentra-
tion. This means that, in the extreme case when the stress there exceeds the 
tensile strength of GaAs, the crack is likely to occur just in this region and that 
it is from there where it will propagate throughout the material. 
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We can infer from Fig.4, Fig.5b and Tab. 2 that the magnitude of the maximum 
stress a^^x (within the region of its maximum concentration) in a semiconductor 
device with the CuCp heatsink is about 6 times lower (c^^x ~ MPa) than that in 
a conventional system with a copper heatsink (cr^^x ~ MPa). 

y-axis (mm) 

Fig.4. Comparison of the principal stress distribution along y - axis for x = 6.0 in the model 
systems: GaAs (LD)/AgCu28/Heatsink (H => Cu, CuCp), at the maximum stress concentration re-
gion in GaAs. 

Table 2. Calculated maximum values of the residual stresses prevailing within GaAs in the GaAs/ 
Heatsink (H => Cu, CuC^) system joined using AgCu28 alloy. 

(x;y) 

Stress (MPa) 

(x;y) OY CTMAX Ox OXY OMIN (x;y) 
H H H H H 

(x;y) 

Cu CuCp Cu CuCp Cu CuCp Cu CuCp Cu CuCp 
(0.0;0.01) -0.60 0.00 -0.44 0.00 -325.74 -4.69 -7.15 0.00 -325.87 -0.02 
(0.0;0.1) 0.26 0.00 0.43 0.00 -310.56 -4.66 7.19 0.00 -310.73 -0.02 
(6.0;0.01) 19.99 3.31 20.00 3.31 -1.58 -1.15 8.24 3.65 -4.55 3.14 
(6.0;0.1) 1.69 0.33 1.87 0.34 0.28 0.16 -0.53 0.33 0.11 -0.03 

This advantageous reduction of the stress level is due, among other factors, to the 
decreased difference between the values of the thermal expansion coefficient of the 
CuCp composite and GaAs (Aa = ~ 0.5 x lO'^l/K) compared to the difference that 
occurs in a system with a copper heatsink (Aa = ~ 11.3 x 10"^1/K). 
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Fig.5. The principal residual stress distribution model bonded systems: a) GaAs/ 
AgCu28/Cu, b) GaAs/AgCu28/CuCp. 

Among all the components of the stress state in GaAs, we can distinguish 
the axial stress Oy, since its magnitude and distribution are similar to those of 
the principal stress This can be seen in Fig.6 where the stress o^ active in 
the s e m i c o n d u c t o r e l emen t co inc ides with the p r inc ipa l s t ress (When 
analysing the reliability of the joint , we may replace the principal stress a^^^ 
by the a^ component of the axial stress, which is equivalent to This is 
part icularly convenient in exper imental analyses , since the componen t o^ can 
be measured relatively easily and can be used for determining the effor t in the 
sample) . 
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y-«xi8 ( m m ) 

Fig.6. Comparison of the principal a^^j^(Sl) and axial ŝ  (Sy) stress distribution in the mo-
del system: GaAs (LD)/AgCu28/Cu (H), along the y-axis for x = 6.0, at the maximum stress 
concentration region in GaAs. 

Fig.7 shows the distributions of the stress o^ along the x-axis within the 
semiconductor device of a GaAs/(Cu, CuCp) heatsink system, near the semi-
conductor/heatsink joint interface (y = 0.01 mm). We can see that the stress 
active on the GaAs surface (x = 6.0 mm) is tensile whereas that active inside 
GaAs (x = 0.0 mm) - compressive. This is so because of the bending moment 
acting upon the semiconductor device due to the axial (along the x axis) 
shrinkage of the copper or composite heatsink when the system is cooled 
down from the joining temperature: the heatsink shrinks more than the semi-
conductor device. This bending moment deforms the system components after 
the joining process is completed. By way of example. Fig.8 shows deformation 
images of the models af ter they were cooled to a temperature of 293 K 
(+20°C). These deformation images show the thermal, elastic and plastic defor-
mations that have occurred in the systems when they were cooled f rom 
1003 K to 293 K (730°C to 20°C). 

We also observe a considerable difference in the level and distribution of 
the axial stress a^ (Fig.7b). Within the semiconductor device, the values of this 
stress component are negative (compression). In the copper heatsink system, 
the magnitude of ŝ  varies from about - 325.0 MPa at the central region of 
GaAs (x = 0.0 mm, y = 0.01 mm) to O.OMPa at its outer wall GaAs (x = 6.0 mm. 
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y = 0.01 mm) (Fig.7b). In the GaAs/CuCp system, the stress ŝ  remains almost 
constant and ranges from -4.5 to -6.0 MPa (Fig.7b). 

Fig.7. Comparison of the axial stress c^ (a) and o^ (b) distribution along the x - axis for 
y = 0.01 within GaAs in the model systems: GaAs/AgCu28/Cu or CuCp(H), at the region of 
their maximum concentration. 

a) b) 

Fig.8. Deformation of the model LD/H bonded systems: GaAs/AgCu28/Cu (a) and GaAs/ 
AgCu28/CuCp (b), due to a thermal load of (1003 K ^ 293 K). 

In calculating the residual stresses in the laser diode (LD)/heatsink (H) 
system examined, interesting results were obtained when the heatsink was 
modelled of nitride ceramic AIN (Fig.lb). Tab.3 gives the extreme values of 
the stress state components at certain selected points inside the GaAs semicon-
ductor device in the GaAs/AlN system. Fig.9 shows the axial distribution of 
the stress in the central region of the GaAs/AlN system (x = 0.0 mm) 
near the GaAs - AIN interface and at its free end (x = 6.0 mm). 
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Table 3. Calculated maximum values of the residual stresses prevailing within GaAs in the 
GaAs/AlN system joined using AgCu28 alloy. 

(x,y) 
Stress (MPa) 

(x,y) 
Gv OMAX Ox OxY Omin 

(0,0;0,005) -9.90 24.86 24.83 0.87 -9.92 
(0,0;0,1) -10.01 23.07 23.04 0.87 -10.03 
(6,0;0,005) -15.88 -5.68 -18.46 11.41 -28.66 
(6,0;0,1) -10.64 -10.16 -10.23 0.183 -10.71 

It should be noted that, differently from the situation with the Cu or CuCp 
heatsink (Fig.4), in the GaAs/AlN model, the maximum tensile stresses 
are concentrated in the central GaAs region (x = 0.0 mm) at a small distance 
from the joint with AIN (Fig.9-10). In the central region of the system 
(x = 0.0 mm), the stresses o^^^ are positive (tension) across the entire thick-
ness of the GaAs semiconductor device and their average magnitude is about 
24 MPa. At the free end of the system (x = 6.0 mm), the stresses in 
GaAs are negative (compression), and their magnitude ranges from - 5.68 MPa 
at the distance y = 0.005 mm from the GaAs - AIN interface to - 10.16 MPa at 
y = 0.1 mm. 

LD 

I I I I ' 
0,02 0,04 0,06 0,08 0, 

•x= 0 . 0 m m 
- x " 6 . 0 m m 

y - a x i s ( m m ) 

Fig.9. The principal stress curves o^^^ in the model system: GaAs (LD)/AgCu28/AlN (H), 
along the y - axis (y e-0.1,0.1) at x = 0.0 and x = 6.0. 
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Fig.lO. The principal residual stress distribution (s^^j^) in the model bonded systems 
GaAs/AgCu28/AlN. 

It follows from an analysis of the residual stress state in the GaAs/AlN 
system that the magnitude and distribution of the maximum principal stress 
a MAX depend significantly on the axial component a^ of the stress 
(Tab.3). 

As can be seen in Fig. 11, this distribution of the thermal residual stresses in 
the GaAs/AlN system examined is "reflected" in the final image of its deforma-
tion. 

Fig.l l . Deformation of the model GaAs/AgCu28/AlN bonded system due to a thermal load 
of (1003 K ^ 293 K). 
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The difference in the magnitude and distribution of the residual stresses between 
the GaAs/AlN system and the system with a cooper or composite heatsink can be 
attributed to, among other things, the greater stiffness of AIN (Young modulus of AIN 
ceramic is E = 310.0 GPa), the smaller thickness of the AIN component (0.64 mm 
compared to 1.8 mm with Cu or CuCp heatsink - Fig.2), and the small difference 
between the thermal expansion coefficients of the two components of the GaAs/ AIN 
system (Aa = ca.-0.7 x lO n /K) . 

4. CONCLUSION 

The results of our study show that: 
Heatsinks made of the CuCp composite material ensure a considerable reduc-
tion of stresses compared to those induced in systems with conventional cop-
per heatsinks: the maximum principal stresses CĴ ĵ̂  (at the maximum stress 
concentration region in the GaAs) decrease about sixfold, namely, from 20 MPa 
(with a copper heatsink) to 3.31 MPa (with a composite heatsink). Fig. 12 com-
pares the magnitudes and distributions of the principal stress o^^^ in the GaAs/Cu 
system joined using an SnPb40 solder (thermal load 450 293 K) and an in-
dium interlayer (thermal load 429 -> 293 K). It appears that with the SnPb40 
solder, the maximum magnitude of the stress was about 4.5 times as gre-
at (15.52 MPa) as that calculated in the system with the composite heatsink 
even when this latter was joined using a hard AgCu28 braze (3.31 MPa). It is 
true that with the indium braze, the stress a^^^ is only about 1.5 MPa, but in-
dium has serious drawbacks as mentioned earlier (see: Introduction). 

y-axis (mm) 

Fig.l2. Distribution of the residual principal stress in the GaAs/Cu system soldered using 
In or the SnPb40 solder, along the y - axis (y e -0.2,0.1) for x = 6.0, at the maximum stress 
concentration region. 
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Wi th the AIN ce ramic hea ts ink , the s t resses in the G a A s dev ice , at its 
f ree end - near the GaAs /AlN joining line are compress ive -5.68 MPa) . 
T h e p resence of c o m p r e s s i v e s t resses in th is r eg ion is very bene f i c i a l , s ince 
they prevent the G a A s device f r o m cracking , thereby increas ing the mechan i -
cal s trength and reliability of the entire L D / H sys tem. 
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