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This paper studied the effects of different catalytic activation processes towards intermetallic diffusion 
and mechanical properties on nickel plated heat spreader after high temperature storage (HTS). Heat 
spreader performs as medium to dissipate heat from silicon die towards heat-sink and is normally made 
by copper that is plated with nickel to improve wear resistance and prevent oxidation of copper. Two 
types of heat spreader that using galvanic initiation and thin nickel-copper electrodeposition surface 
treatment technique had been studied on their hardness and moduli by using Micro Tester and Nano-
indenter. Besides, HTS tests were performed to investigate intermetallic diffusion between the nickel 
and copper layers. Young’s moduli of the heat spreaders which were plated by galvanic initiation and 
thin nickel-copper strike electroless nickel plating catalytic activation techniques were 45 to 65 GPa and 
60 to 80 GPa, respectively. The results found that thin nickel-copper electrodeposition technique gave a 
higher modulus for the heat spreader and this also increased the mechanical strength of heat spreader. 
Diffusion also took place with a very slow rate in nickel-copper layer. 
 
Key words: Heat spreader, electroless nickel plating, galvanic initiation, thin nickel-copper electrodeposition, 
high temperature storage. 

 

 
INTRODUCTION 
 
Thermal is an important issue for latest semiconductor 
package. This is due to more energy that have been 
generated in high power and processing speed 
packages. Among these packages, flip chip ball grid 
array (FCBGA) is the packaging type that creates most 
heat during operation in high frequency application 
(Samson et al., 2005; Kutz, 2005). The ability for the 
substrate  to  transfer  heat  out  from the junction is quite 

limited, especially for epoxy and plastic substrates which 
are made from low conductivity material. Therefore, a 
highly conductive component like the heat spreader 
needs to be attached onto the other side of the die to 
transfer heat of the junction in the opposite direction 
which was shown in Figure 1 (Samson et al., 2005; 
Bolanos, 2007; Ohadi and Qi, 2004). Heat spreader is 
normally  made from copper because copper is a material 
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Figure 1. Schematic of thermal packaging architecture. 
 
 
 

of high thermal conductivity (Cengel, 2006). However, 
copper easily oxidises with air, and copper oxide is not a 
ductile material (Callister, 1999). Copper oxide will affect 
the performance of the heat spreader. Copper oxide is 
also an irritant that causes health implications to human 
body. Therefore, nickel is plated onto the copper heat 
spreader to prevent copper oxidation from occurring. 
Although nickel is also a highly reactive element, it reacts 
very slowly in room temperature and ambient pressure 
(Callister, 1999). Due to its slow oxidation rate, nickel has 
been commonly used for the plating of other metals. 

Advantages of electroless plated nickel over 
electroplated nickel include higher corrosion resistance, a 
very uniform thickness over the most complicated 
shapes, high after-plated hardness, very high hardness 
after a heat treatment procedure, high solderability and 
bondability, and control over magnetic properties (Durkin 
et al., 1993; Kanungo et al., 2006; Taheri, 2003). 
Electroless nickel plating is an autocatalytic process that 
does not use externally applied electric current to deposit 
a layer of nickel alloy with the reducing agent (Taheri, 
2003; Chen et al., 2003). An electroless deposition 
process uses only one electrode without external source 
of electrical current. However, the solution for the 
electroless process involves a reducing agent so that the 
electrode reaction can take place. The electrons are 
supplied by this reducing agent, normally hypophosphite 
that is dissolved in the plating solution. The deposited 
nickel acts as a catalyst for the continuation of the 
chemical reaction until the plating process is terminated 
by taking out the deposited part from the bath (Chen et 
al., 2003; Kantola, 2006; Van Den Meerakker, 1980; 
Watanabe and Honma, 1998). Electroless nickel plating 
process starts spontaneously for some material when 
immersed into the electroless nickel plating solution, 
provided that there is a chemically clean surface. For 
some other materials like plastics, ceramics, silver, 
copper and copper alloys, catalytic activation is required 
to initiate the chemical reduction process (Kantola, 2006; 
Van Den Meerakker, 1980). Prior to the process of 
electroless nickel plating, copper or copper alloys need to 
go through several cleaning and activation processes. 
The purpose of these processes is to clean the oxide 
layer and other impurities, and provide a suitable surface 
for chemical reduction process. The success for copper 
depends upon the activation process used. Some  copper  

 
 
 
 
and copper alloys will not catalytically initiate plating in 
the nickel phosphorus systems without an additional 
activation process after normal preparation (Durkin et al., 
1993; McKinnon, 2003). 

Two types of nickel plated copper heat spreader were 
used in the assembly of flip-chip ball grid array packages. 
A difference in performance from the package was 
noticed after the assembly process. After both heat 
spreaders had been cross sectioned, one of the heat 
spreader was found to have an additional thin layer 
between the electroless nickel deposit layer and copper 
layer. The objective of this paper is to determine the 
intermetallic diffusion between each layer for different 
catalyst activation process after high temperature 
storage. Besides, this paper also studies the moduli and 
hardness test in determining mechanical properties for 
heat spreaders. 

 
 
MATERIALS AND METHODS 

 
Designs of heat spreaders in this project were in accordance to the 
33 × 33 mm FCBGA package and the 30 × 30 mm heat sink. The 
area of the heat spreader was 30 × 30 mm which matched the heat 
sink. The heat spreaders were made from copper and plated with 
nickel. The copper heat spreaders were sent to two different metal 
finishing suppliers which used different catalytic activation 
processes. One of the suppliers used nickel-copper strike as 
catalytic activation technique while another supplier used galvanic 
initiation as their catalytic activation process. The heat spreaders 
that were plated with nickel-copper strike catalytic activation 
technique were named as heat spreader A, while the heat 
spreaders that were plated using the galvanic initiation catalytic 
activation technique were named as heat spreader B. The intrinsic 
properties of the heat spreaders were assumed to be the same but 
difference in catalytic activation technique before electroless plating 
process. 

After the heat spreaders were received from suppliers, most of 
the heat spreaders were put into the high temperature storage 
(HTS) oven for the HTS test. HTS tests for heat spreaders were 
performed at 150°C for 24, 48, 96 and 168 h, respectively. The HTS 
ovens that were used in this project were HTS oven and profiler 
oven. Accelerated aging at high temperature was used to promote 
nickel-copper intermetallic growth. All the samples with same initial 
catalytic activation techniques were baked under different time 
ranges to see the growth of catalytic activation layer. After the heat 
spreaders were taken out from the HTS oven, some heat spreaders 
were cross-sectioned using the normal metallographic manner. 
Cross sections of heat spreaders were prepared by using grinding 
and cross section machine, extra precautions were taken not to 
smear the thin metal layers. Proper processing steps were required 
to ensure quality encapsulation of the samples. In addition, the 
deformation of the thin metal layers due to the polishing process 
had to be minimized. After the samples had been cross-sectioned, 
optical images of each sample were taken by high power 
microscope under x1000 magnification. Finally the thickness of 
each layer had been taken using camera microscope and was 
measured by measurement software. 

Both types of heat spreaders after HTS test were sent for 
mechanical properties tests. These tests provided information about 
the effect of different electroless nickel plating catalytic activation 
techniques towards mechanical behaviors of the heat spreaders. 
Young’s Modulus of the heat spreaders was determined by the 
three  points  bending  test  using  Instron  Micro Tester. Specimens 
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Figure 2. Nickel-phosphorus thicknesses of heat spreader A 
and B under different time conditions with 95% confidence 
interval for the mean. 
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Figure 3. Nickel-copper thicknesses of heat spreader A 
under different time conditions with 95% confidence interval 
for the mean. 

 
 

 

were supported as a simple beam, with the compressive load being 
applied at midpoint, and maximum stress and strain were 
calculated. 

Apart from that, the hardness and reduced modulus of heat 
spreaders were determined by nano indentation test using nano 
indenter. For indentation, a prescribed load was applied to an 
indenter in contact with a specimen. The probe was forced into the 
surface at a selected rate and to a selected maximum force. The 
depth of penetration was measured when the load was applied. The 
area of contact at full load was determined by the depth of the 
impression and the known angle or radius of the indenter. A force-
displacement curve had been obtained during indentation provided 
indications of the sample material’s mechanical and physical 
properties. 
 
 

RESULTS AND DISCUSSION 
 

Intermetallic diffusion after high temperature storage 
 

The purpose of this study is to evaluate intermetallic 
diffusions between each layer of heat spreader under 
HTS thermal aging conditions. Intermetallic diffusions for 
each heat spreaders layer under HTS conditions were 
investigated in this section using normal metallographic 
cross section manner. Figure 2 shows the nickel-
phosphorus thicknesses for heat spreader A and B while 
Figure 3 shows the nickel-copper thicknesses for heat 
spreader A  after  HTS  thermal aging. Figure 2 illustrates  
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the electroless nickel plating layer thickness of heat 
spreader A is slightly reduced from the initial (T0) 
thickness of 2.8 to 2.4 μm after 168 aging h. Meanwhile, 
Figure 3 illustrates the nickel-copper electrodeposition 
layer thickness of heat spreader A increased from the 
initial thickness of 0.2 to 0.6 μm after 160 h aging time. 
Both results demonstrated that intermetallic diffusion took 
place on the nickel-copper layer towards the other layers. 
The diffusion of nickel-copper electrodeposition layer 
actually occurred in two directions; that is, in the direction 
of the nickel-phosphorus and copper layers. The diffusion 
coefficient, D, is the rate at which atoms diffuse. The 
equation of the diffusion coefficient is as follows:  
 
D = D0 exp (-Qd/RT)  [m

2
/s]                       (1)  

 
Where D0 is the temperature-independent pre-
exponential, Qd is the activation energy for diffusion, R is 
the gas constant, 8.31 J/molK and T is the absolute 
temperature. The nickel-copper metal diffusion rate is 
slow because of its low temperature-independent pre-
exponential (D0 = 2.7 × 10

-5
 m

2
/s) and high activation 

energy (Qd = 256 K) compared with other metals 
(Callister, 1999; Wulff et al., 2004). 

Figure 2 illustrates the thickness of nickel-phosphorus 
layer for heat spreader B are ranging between of 3.6 and 
4.3 μm. The results did not indicate any trends in terms of 
the thickness of the nickel-phosphorus layer.  Under all 
aging conditions, it was found that heat spreader B did 
not have any diffusion layers forming between the 
electroless nickel plating layer and the copper layer. The 
deposited atoms are arranged neatly onto the copper 
surface during the electroless nickel plating deposition 
process. There is not enough vacancy for copper atoms 
to diffuse into the electroless nickel plating layer (Durkin 
et al., 1993; McKinnon, 2003). Therefore, electroless 
nickel plating layer provides strong resistance against 
wear and tear, and is able to act as anti-corrosion 
material for today’s industry. 

For the nickel-copper electrodeposition layer in heat 
spreader A, the nickel and copper atoms created some 
vacancies during deposition onto the surface of copper. 
This made the copper and nickel atoms diffuse easily 
inside the nickel-copper electrodeposition layer. Strike 
plating method was used in combination with the plating 
of different metals where the deposits of the strike 
method become the foundation for subsequent plating 
processes. Strike method normally uses a high current 
density and a bath with a low ion concentration (Durkin et 
al., 1993; Singh et al., 2006; Dini, 1993; Marquis et al., 
2006). However, this plating process is extremely slow 
and takes time. In order to shorten the strike time, 
manufacturer normally increases the bath ion 
concentration.  Nevertheless, if the deposition rate is too 
high, poor adhesion and plating quality will occur 
(McKinnon, 2003; Dini, 1993; Fritz et al., 2001). This is 
because  the  deposits  do  not  arrange  orderly   on   the  
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Figure 4. Graph of 3-points bending flexure stress against flexure strain for heat spreader. 

 
 
 
substrate and creates vacancies between the deposits. In 
the case of heat spreader A, increasing the strike rate did 
not affect the plating quality. Instead, the vacancies 
between the deposited atoms help to promote 
intermetallic diffusion of the nickel-copper layers.  
 
 
Effect of catalytic activation technique towards 
mechanical properties 
 
Characterization of mechanical properties in this study 
involved two parts, namely 3-points bending test and 
nano-indentation test. 3-point bending test provided the 
Young’s Modulus information on heat spreaders while 
nano-indentation provided hardness and reduced 
modulus parameters for the heat spreaders. Both of 
these parameters prove to be useful information in 
identifying the mechanical properties of heat spreaders 
which were produced using different catalytic activation 
processes. 

3-point bending test is a flexural stress versus strain 
test that is able to calculate the modulus of elasticity 
(Young’s modulus). 3-point bending test was chosen as 
the mechanical tensile test instead of the tension test 
because the probability of heat spreader being bent in the 
package during operation is higher than being pulled. 
This phenomenon happens when the package faces 
warpage effect due to coefficient of thermal expansion 
(CTE) mismatch  inside  the  package  (Kutz,  2005).  The 

output of this test is recorded on a strip chart as load 
versus elongation, which is dependent on the specimen’s 
size. In order to calculate modulus in an easier way, load 
and elongation are normalized to the flexure stress and 
flexure strain to minimize the geometrical factors. Flexure 
stress (σ) is equal to the load force (F) divided by original 
cross-section area (A0) which is shows in Equation 2. 
Flexure strain (ε) is equal to deformation elongation (Δl) 
divided by original length (l0) which is shows in Equation 
3. 
 
σ = F / A0  [Pa]                                          (2) 
 
ε = Δl / l0                                                  (3) 
  
Figure 4 shows the graph of flexure stress against flexure 
strain after normalisation. From the graph, the 
mechanical behaviour of the heat spreader in the bending 
test can be divided into two parts which were elastic 
deformation zone and plastic deformation zone. Young’s 
modulus was calculated by the gradient of the elastic 
deformation zone, which is flexure stress divided by 
flexure strain. The mechanical behaviour of the heat 
spreader was the same as metal and metal alloys by 
having a high Young’s modulus and wide plastic 
deformation zone (Callister, 1999).  

During the test, it was found that the heat spreaders 
were not broken and the test ended when the heat 
spreaders  started slipping out of the test platform. This is  
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Figure 5. Young’s moduli of heat spreader A and B under different time conditions with 
95% confidence interval for the mean. 

 
 
 
because heat spreader was made by copper, which is a 
very ductile material that is not easily broken during the 
bending test. Both heat spreaders’ electroless nickel 
plating layers were checked after the test ended. There 
were no peelings or cracking lines found on the 
electroless nickel plating layers. This means that both 
nickel-phosphorus layers, which were deposited by 
different catalytic activation processes, still maintained 
the ductility of the heat spreader. 

Young’s moduli of the heat spreaders under different 
HTS conditions were plotted. Figure 5 shows the Young’s 
modulus of thin nickel-copper strike and galvanic initiation 
heat spreaders (heat spreader A and B). The results 
show the Young’s moduli of the heat spreader A are in 
the range of 60 and 80 GPa, while Young’s moduli of the 
heat spreader B are in the range of 45 and 65 GPa. The 
higher Young’s modulus of heat spreader A is probably 
due to the nickel-copper electrodeposition layer, since 
nickel-copper electrodeposition layer is actually a metal 
alloy layer made up of a mixture of copper and nickel 
metals (Callister, 1999; Tench and White, 1984). 

Alloys have higher Young’s modulus than pure metals 
because impurity atoms that exist inside the solid solution 
customarily enforce lattice strains on the surrounding 
host atoms. Lattice strain field interaction between 
dislocation and these impurity atoms restrict any 
dislocative movement. A different size of atom tends to 
diffuse or segregate the surrounding crystal lattice and 
this creates a weak bonding effect. The resistance to slip 
is larger when impurity atoms are present because the 
overall lattice strain must increase if a dislocation is torn 
away from them. Moreover, the same lattice strain 
interactions exist between impurity atoms and 
dislocations that are in motion during plastic deformation 
(Callister, 1999; Tench  and  White,  1984; Hanke, 2001). 

Therefore, a higher stress is necessary initially into 
plastic deformation phase for solid-solution alloys. 

Nano-indentation test is a mechanical property test that 
enables the measurement of hardness and reduced 
modulus of the material at specific places. This highly 
localised test is very suitable to characterise the 
properties of thin coating, and is able to perform a small 
indentation in nano-scale of depth displacement. The test 
determines the hardness and reduced modulus of the 
analytical models from a load-displacement data, where 
force, displacement and time are recorded throughout the 
test (Beake and Leggett, 2002; Choi and Suresh, 2003; 
Dong et al., 2003; Lin et al., 2004; Van Vlient et al., 
2004). Figure 6 shows the load-displacement graph 
plotted from results that were gathered from multiple 
indentation tests on the surface of the heat spreader. 
This graph consists of two parts of load-displacement 
measurement, which were collected during the loading 
and unloading of the indenter’s head. 

The load was applied to Berkovich indenter while in 
contact with the heat spreader. When the load was 
applied, the maximum measured depth of penetration 
was used to calculate the hardness (H) of the heat 
spreader (Nomura et al., 2011; Oyen, 2013; Varughese 
et al., 2011). In Equation 4, the hardness of the heat 
spreader coating was derived by dividing the maximum 
load (Pmax) by the projected area of contact (Ac). The area 
of contact at full load was determined by the depth of the 
impression (hp) and the known angle or radius of the 
indenter. For Berkovich indenter, the value of the contact 
area was calculated in the Equation 5. The reduced 
modulus measurement of the heat spreader coating was 
provided by the shape of the unloading curve. The 
reduced modulus, Er was calculated according the 
formula  provided  by  Equation  6,  where  dP/dh   is   the  
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Figure 6. Graph of multiple plotting loads versus depths of heat spreader in nano-
indentation test. 
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Figure 7. Hardness of heat spreader A and B under different time conditions with 
95% confidence interval for the mean. 

 
 
 
stiffness of the heat spreader coating, β is the correction 
index of the Berkovich indenter (Beake and Leggett, 
2002; Choi and Suresh, 2003; Dong et al., 2003; Lin et 
al., 2004; Van Vlient et al., 2004). The following are the 
related equations for the nano-indentation test to 
determine hardness and reduced modulus: 
 
H = Pmax / Ac  [Pa]                                    (4) 
 
Ac = 3(√3) hp

2
 tan

2
 65.3 = 24.5 hp

2
 [m

2
]                       (5) 

Er = (dP / dh) × ((√π) / 2β(√Ac))  [Pa]          (6) 
 
After both results were calculated according to the 
respective formulas, the entire results were restructured 
and plotted in several graphs. Figure 7 shows the 
average hardness for thin nickel-copper strike and 
galvanic initiation heat spreaders (heat spreader A and B) 
under different HTS time conditions. According to the 
results shown in Figure 7, hardness of heat spreader A 
were found to be in the range of 1 and 3.5 GPa, while the  
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Figure 8. Reduced moduli of heat spreader A and B under different time conditions with 
95% confidence interval for the mean. 

 
 
 
hardness of heat spreader B were in the range of 2 and 
3.5 GPa. Hardness of both heat spreaders are higher 
than the hardness of nickel, which have Vicker’s 
hardness of 638 MPa and Brinell hardness of 700 MPa 
(Callister, 1999). This results show that electroless nickel 
plating provides a very good mechanical strength over 
heat spreader because electroless nickel plating layer is 
an alloy. 

Figure 8 shows the average reduced moduli of the thin 
nickel-copper strike and galvanic initiation heat spreaders 
(heat spreader A and B). Reduced moduli of heat 
spreader A are between 50 and 100 GPa. Meanwhile, 
reduced moduli of heat spreader B are between 60 and 
90 GPa. The reduced moduli of the heat spreaders are 
very close with reduced modulus of nickel, which is 76 
GPa (Beake and Leggett, 2002). 

The results of the reduced modulus can be used to 
determine the elasticity modulus of the sample (Es) 
according to the Equation 7 with the presence of the 
modulus of the indenter (Ei) and the poison ratio of the 
sample (vs) and the indenter (vi) (Beake and Leggett, 
2002; Choi and Suresh, 2003; Dong et al., 2003; Lin et 
al., 2004; Van Vlient et al., 2004). 
 
1 / Er = ((1-vs

2
) / Es) + ((1-vi

2
) / Ei)                       (7) 

  
From the hardness and reduced modulus results that 
were shown by the related figures, it can be concluded 
that the hardness and reduced modulus of heat spreader 
A is slightly higher than heat spreader B. The results 
show a different trend compared with the Young’s 
modulus results for the bending test because both 
experiments were performed under different dimensions. 
The bending test was performed onto the x-y plane of the 
heat spreaders while the indentation test was just 
performed in-situ onto one point of the surface of the heat 
spreaders. 

When the heat spreaders were bent in the bending test, 
the whole nickel-copper deposition layer was bent 
together with other layers and this created significant 
differences in terms of results. For indentation test, 
electroless nickel plating layer was first indented, 
followed by the nickel-copper layer and lastly, the copper 
layer. The results were highly dependent on the hardness 
and the reduced modulus of the electroless nickel plating 
layer because this layer is thicker compared to the nickel-
copper layer. Therefore, the difference of the results was 
not very significant for nano-indentation test. 

Young’s modulus, hardness and reduced modulus 
results showed a decrease with the increase of HTS 
thermal aging time. Both mechanical properties for heat 
spreaders with different catalytic activation processes 
also decreased after thermal stress was applied onto 
these heat spreaders. These behaviours may be due to 
the mechanisms of thermal stress-induced vacancy 
diffusion and grain boundary diffusion. These diffusions 
reduced the mechanical strength of the heat spreader 
(Callister, 1999; Wulff et al., 2004; Razeghi, 2002; 
Tummala, 2001). As a result, both moduli and 
hardnesses of the heat spreader decreased. 
 
 
Conclusion 
 
The HTS and mechanical properties of the different 
catalytic activation techniques were studied and 
compared. This study shows that under HTS condition, 
diffusion took place between the Ni-Cu electrodeposition 
layer and neighbouring layers. Young’s moduli of thin 
nickel-copper strike and galvanic initiation techniques 
were 60 to 80 GPa and 45 to 65 GPa, respectively. 
Consequently, thin nickel-copper strike technique 
provided a higher mechanical strength in bending test. 
Differences on the heat spreaders’ hardness and reduced  
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moduli were not significant for both catalytic activation 
techniques. Besides, mechanical strengths of the heat 
spreaders for both catalytic activation techniques 
decreased when thermal aging time increased.  
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