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This study investigates the effects of two different catalytic activation techniques on the thermal perfor-
mance of the flip-chip heat spreaders. The two activation techniques studied are thin nickel-copper strike
and galvanic initiation. Thermal diffusivity and surface roughness of these heat spreaders were studied
using the Nano-flash Apparatus and Infinite Focus Microscopy. High temperature storage tests were car-
ried out to investigate the extent of intermetallic diffusion between the nickel and copper layers. The
results show that heat spreaders with thin nickel-copper strike catalytic activation technique have a
lower thermal diffusivity due to the low thermal conductivity of nickel-copper layer. Moreover, the
nickel-copper layers grew thicker from around 0.2 pm at initial time to around 0.55 pm after high tem-
perature storage duration of 168 h. On the other hand, heat spreaders processed using the galvanic ini-
tiation technique did not form any nickel-copper intermetallic diffusion layer. As a conclusion, the
galvanic initiation technique can potentially provide better thermal performance for heat spreaders used
in semiconductor packages.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal management is an important step in the design, man-
ufacturing, and field service of semiconductor devices. Heat gener-
ated in the silicon during its service life has to be dissipated to
ensure overall device reliability and performance for high power
packages [1]. In flip-chip packages, the heat generated is dissipated
via the die back to the ambient through heat sinks, as depicted in
Fig. 1a [2]. Depending on customers, certain flip-chip packages re-
quire intermediate heat spreaders for better thermal performance
and/or die back protection, as shown in Fig. 1b [2]. Fig. 1b shows
the cross-section of a typical flip-chip ball grid array (FCBGA), in
which an intermediate heat spreader made of nickel plated copper
is attached on the silicon die back with thermal interface material
(TIM). In turn, the larger heat sink is attached on the back of the
heat spreader via second layer of TIM, as shown in Fig. 1b. Table
1 displays the typical package dimensions for FCBGA that have
been marked in Fig. 1, all the dimensions will vary depending on
the customer requirements.

Nickel plated copper heat spreader acts as a medium to dissi-
pate heat from the silicon die to the larger heat sink. Copper is cho-
sen as the material for heat spreaders in flip-chip ball grid array
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packages due to its high thermal conductivity [3]. A thin layer of
nickel is plated to the copper to improve wear resistance and to
prevent the oxidation of copper [4,5]. Nickel can be plated onto
copper surfaces by either electroless plating or electrolytic plating
techniques. This paper will focus on electroless nickel plating only.
Electroless nickel plating technique refers to a chemical coating
process that is being used to deposit nickel onto copper. This tech-
nique operates without electricity and provides a very uniform
thickness over the most complicated shapes. It overcomes the ma-
jor problem of non-uniform plating thickness that result from the
variation in current density caused by the geometry of the plated
body and its relationship to the plating anode as typically seen in
electrolytic plating [5,6].

Electroless nickel deposits are generally semi-bright, but this
will vary depending on bath composition and surface finish of
the base material. The initial nickel deposit is self-catalyzed in
the chemical reduction process, with the deposition of nickel
continuing until the operator terminates the process by taking
out the specimen from the bath. Provided that there is a chemically
cleaned surface, metals that are spontaneously deposited with
nickel when immersed in an electroless nickel plating solution,
are nickel, cobalt, iron, zinc, titanium, beryllium, and palladium.
Metals such as lead, cadmium, antimony, and bismuth are catalytic
poisons and incapable of direct electroless nickel deposition. These
metals can be electroless nickel deposited by first applying a layer
of nickel electrodeposit. Plastics, ceramics, silver, copper, and
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Fig. 1. Schematic illustration of thermal architectures. (a) Architecture I, typically used in laptop applications. (b) Architecture II, typically used in desktop and server
applications. I - heat sink; II - TIM; IIl - heat spreader; IV - TIM; V - die; VI - underfill; and VII - package substrate.

copper alloys require catalytic activation such as galvanic initiation
or a thin nickel electrodeposit (strike) [6].

The objective of this paper is to study the thermal performance
of heat spreaders with different catalytic activation techniques.
The effects of surface roughness and intermetallic growth on ther-
mal performance of heat spreaders were also studied on freshly
plated and isothermally aged specimens.

2. Experimental procedures

Two types of heat spreaders with different catalytic activation
technique were used in this study. Both heat spreaders are
30 x 30 mm? in area with 0.7 mm of thickness in the middle of
the heat spreaders and plated with a thin layer of nickel. The
intrinsic properties of the heat spreader are assumed to be the
same but different in catalytic activation technique before plating
process. Heat spreaders that contain an additional catalytic activa-
tion layer used in the present work are named as heat spreader A,
while heat spreaders without additional layer are named as heat
spreader B. Both heat spreaders were cross-sectioned from the side
to display each layers inside the heat spreader. Elements contained
inside both layers of heat spreaders were characterized using Phi-
lips XL 30 ESEM (Scanning Electron Microscope) equipped with an
Oxford Instruments Inca X-sight Energy Dispersive X-ray (EDX)
system. After the elements of both thin layers had been identified,
thin layer formed by catalytic activation treatment process were
characterized by Siemens D5000 X-ray Diffractometer (XRD) to
identify the compound at the catalytic activation layer.

High temperature storage (HTS) tests for heat spreaders were
performed at 150 °C for 24, 48, 96, and 168 h in Despatch LAC
HTS Oven. Accelerated aging at high temperature was used to pro-
mote nickel-copper intermetallic growth. All the samples with
same initial catalytic activation technique were baked under differ-
ent time ranges to see the growth of catalytic activation layer.
Cross-sections of heat spreader were prepared in the normal
metallographic manner using Buehler Ecomet 3, by taking care
not to smear the thin metal layers. In addition, the deformation
of the thin metal layers due to the polishing process had to be min-
imized. Specimens were mounted in a low heat evolution epoxy to
reduce the risk of heat-induced stress damage to the samples. After
potting and curing, samples were wet-grinded with 180, 400, 800,
and 2000 grit size grinding papers and then polished with 9 um
and 3 pm diamond suspension on silk cloths. Finally, samples were
polished by 0.05 pm colloidal silica suspension on polyurethane
cloth. Optical imaging was performed with Olympus BH3-M]JL
microscope to measure the thickness of each layer.

Thermal diffusivities of heat spreaders were determined using
Netszch LFA 447 Nano-flash thermal diffusivity meter after the
HTS tests. The samples were cut into round shapes with diameter

of 12.7 mm in order for the sample to be fitted into the test appa-
ratus’s sample holder tray. The thickness of the samples was mea-
sured by Mitutoyo Series 293 Micrometer while the density of the
samples was measured by Alfa Mirage MD-300S Electronic Den-
simeter to get the necessary information for thermal diffusivity
calculation. Samples were coated by graphite prior to thermal dif-
fusivity test in order to enhance the absorption of laser energy and
the emission of infra-red radiation to the detector. Thermal diffu-
sivities were measured with the preset parameters of 100% optical
filter, medium pulse width and 10x gain of preamp at the test
apparatus.

Finally, both heat spreaders surface roughness were measured
by Alicona Infinite Focus Microscope (IFM) to study the effect of
different catalytic activation technique towards surface roughness
of electroless nickel plating. The IFM was performed on a scanning
area of 500 x 500 um and the height scanned is 40 pum. For each
sample, the results are presented in the 3D view of processed heat
spreader surface and the section analysis showing topography of
each sample. Average roughness (R,) and root-mean-square rough-
ness (Rq) were collected over the entire measurement.

3. Results and discussion
3.1. Identification of the catalytic activation technique

As the heat spreader for this study is made from copper and
needed to be plated with nickel, therefore catalytic activation is re-
quired to deposit the initial nickel onto the surface. Deposition of
the initial nickel onto the surface of the heat spreader starts the
chemical reduction process. Typical catalytic activation procedures
for surface treatment of metals include the application of momen-
tary cathodic current (galvanic initiation), thin nickel strike, the
application of palladium film, and the immersion of the part in re-
ducer solution such as dimethylamineborane (DMAB) [6-9]. Cata-
lytic activation processes for both heat spreaders were determined
by EDX and XRD characterization.

Table 1
Typical FCBGA package dimensions.

Mark Description Dimensions (mm)
A Substrate thickness 1.2

B Flip-chip thickness 0.82

C TIM thickness 0.05-0.08

D Heat spreader thickness 0.7

E Solder ball thickness 0.3-0.6

X1 Package area 25 x 25-45 x 45
X2 Flip-chip area 5x5-14 x 14
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According to theory, electroless nickel plating using galvanic
initiation catalytic activation process will form an additional layer
of material besides electroless nickel plating layer and copper
layer. However, this nickel deposit layer can be ignored because
it is too thin as it is even hard to recognize under high magnifica-
tion scope. Nickel, palladium, and other strike techniques also cre-
ate a thin layer of deposit onto the copper substrate before
electroless nickel plating process begins. The material of the thin
deposit layer will depend on the material that was used to perform
strike plating. Electroless nickel plating process with DMAB will
only form one layer of plating deposit onto copper substrate. This
deposit layer contains boron, phosphorus and nickel inside the
electroless nickel plating layers.

SEM image of the cross-sectioned heat spreader A is shown in
Fig. 2a. It can be found that three layers of materials exist in this
heat spreader. EDX analyses performed onto the cross-section
units using point scan and each layers spectrum analyses are
shown in Fig. 2b-d. Nickel, phosphorus and platinum are shown
in electroless nickel plating layer in EDX spectra in Fig. 2b. This
layer is the electroless nickel plating layer that contains both nickel
and phosphorus deposits. The followings are the cathodic reactions
of electroless nickel plating:

H,PO; + 2H' + e~ — P+ 2H,0 (1)
2H" +2e~ — H, 2)
Ni; +2e~ — Ni (3)

According to the above equations, hypophosphite is reduced to
atomic phosphorus; hydrogen ions are reduced to hydrogen gas
while nickel ion is reduced atomic nickel in the cathodic reactions
[7,10]. Both the atomic phosphorus and the atomic nickel depose

on the base surface forming nickel-phosphorus (Ni-P) alloy. Plati-
num is found in the spectrum because it was used as a coating
material for better SEM image capturing, it also appear on other
spectra and can be ignored for the same reasons.

The spectrum analysis in Fig. 2c shows that nickel and copper
are the elements deposited on this layer. The thin layer of Ni-Cu
alloy whose thickness is less than 1 micrometer produced by direct
current plating from a sulphate type bath (using an aqueous citrate
electrolyte containing Ni and Cu sulphates) and the alloy composi-
tion was varied by changing the deposition current density [11-
15]. The followings are the cathodic reactions for nickel-copper
electrodeposition:

Nij +2e~ — Ni (4)
Cuj +2e — Cu (5)

In the cathodic reactions, nickel and copper ions in the sulphate
solution change to atomic nickel and copper [9]. Both the atomic
copper and the atomic nickel were deposited on the substrate’s
surface forming the nickel-copper thin layer. Fig. 2d shows copper
is the only element found and its high intensity level suggests that
this layer is the copper layer of heat spreader. Hence, nickel-cop-
per strike was used as the catalytic activation technique for heat
spreader A.

Fig. 3 shows the SEM image and the EDX spectra for heat sprea-
der B. Only two layers of material were found inside SEM image of
heat spreader B in Fig. 3a. The elements inside spectrum for elec-
troless nickel plating layer (Fig. 3b) and copper layer (Fig. 3c) are
similar with EDX spectra of heat spreader A. Electroless nickel plat-
ing layer contains nickel and phosphorous; while copper is the
only material that exists in copper layer. According to the spectra,
galvanic initiation catalytic activation technique was used to cata-
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Fig. 2. SEM image and EDX spectra of heat spreader A. (a) Cross-sectional SEM image of heat spreader A; (b) EDX spectrum of electroless nickel plating layer; (c) EDX

spectrum of Ni-Cu electrodeposition layer and (d) EDX spectrum of copper layer.
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Fig. 3. SEM image and EDX spectra of heat spreader B. (a) Cross-sectional SEM image of heat spreader B; (b) EDX spectrum of electroless nickel plating layer; and (c) EDX

spectrum of copper layer.

lyze the electroless nickel plating process for heat spreader B. The
manufacturer uses electrolytic initiation of plating in the electro-
less nickel bath with a rectifier or touching the work with a piece
of steel or aluminum wire. This changes the electropotential of the
surface and allows plating to begin on the surface. The manufac-
turer uses the application of momentary cathodic current to elec-
troplate some nickel on the surface and cut off the electricity
when deposited nickel is sufficient to catalyze the electroless nick-
el plating process.

In normal phenomenon, nickel and copper are fully miscible
and form a binary isomorphous phase diagram. With certain addi-

Lin(Cps)
1

2

3

tion forces or under specific critical environments, two intermetal-
lic compounds which are Cugg1Nig 19 and Cus gNi may appear in the
nickel-copper alloys [13,14]. XRD analysis was performed to iden-
tify the compounds that had been formed during nickel-copper
strike. The XRD spectrum was edited with computer interface soft-
ware DIFFRAC and EVA as shown in Fig. 4 between the range of 40°
and 80°. Fig. 4 shows the XRD pattern of the copper and nickel met-
als while Ni-Cu bimetallic particles pattern did not exist. Pure cop-
per shows the characteristic reflections at 43.3°, 50.4°, and 74.2°
related to the (111), (220) and (220) planes. Similarly, pure Ni
metal shows characteristic reflections at 44.4°, 51.8°, and 76.4°

2-Theta-Scale

Fig. 4. XRD spectrum of Ni-Cu electrodeposition layer in heat spreader A.
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corresponding to the (111),(200) and (220) planes [16-18]. This
proves that thin nickel-copper strike technique did not form any
intermetallic compound.

3.2. Effect of high temperature storage on intermetallic diffusion

In this section, intermetallic diffusions between each heat
spreaders’ layer under HTS condition were studied by normal
metallographic cross-section. Fig. 5 shows the Ni-Cu electrodepos-
ition layer for heat spreader A which has been grown under HTS
condition from initial time (O h) until 168 h. Meanwhile, Fig. 6
shows the electroless nickel plating layer was getting thinner after
HTS condition. These show that intermetallic diffusion happen at
Ni-Cu electrodeposition layer and electroless nickel plating layer.
Diffusion of Ni-Cu electrodeposition layer actually occurred from
two directions; nickel-phosphorus and copper layer. The magni-
tude of the diffusion coefficient D, is indicative of the rate at which
atoms diffuse. Equation of diffusion coefficient is as follows:

D = Doexp (—Qq/RT) (m?/s) (6)

where Dy is the temperature-independent pre-exponential (m?/s),
Qg is the activation energy for diffusion (J/mol), R is the gas
constant, 8.31]J/mol K and T is the absolute temperature (K). The
Ni-Cu metal diffusion rate is very low which can be attributed to
its lower temperature-independent pre-exponential (Dg=2.7 x
10> m?/s) and higher activation energy (Qq =256 K) if compared
with other metals [3,19].
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Fig. 5. Nickel-copper thickness with different time conditions in heat spreader A.
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Fig. 6. Nickel-phosphorus thickness with different time conditions in heat spreader
A.

From an atomic perspective, the diffusion process is a stepwise
migration of atom from lattice site to lattice site. These atomic mo-
tions can occur in two different models, namely vacancy diffusion
and interstitial diffusion. Vacancy diffusion involves the inter-
change of an atom from a normal lattice position to an adjacent va-
cant lattice site or vacancy. Interstitial diffusion involves an atom
that migrates from an interstitial position to a neighboring space
that is empty. Interstitial diffusion happens on different size of
atoms when the small sized atoms migrate through the empty
space in the crystal structure of the big atoms. Both copper and
nickel have face centered cubic lattice structures with almost iden-
tical lattice constants of ac, = 0.361 nm and ay; = 0.352 nm and its
lattice mismatch is approximately 2.5% [11,17]. Hence, the diffu-
sion happened at Ni-Cu electrodeposition layer is vacancy diffu-
sion rather than interstitial atomic movement because same size
atom can only diffuse in the presence of empty spaces.

Fig. 7 shows the electroless nickel plating layer thickness under
different time conditions. Electroless nickel plating layer thickness
does not show any trend of getting thicker or thinner in this figure.
After HTS condition, heat spreader B did not show any diffusion
layer formation between electroless nickel plating layer and the
copper substrate. This is because the deposited atoms are arranged
orderly onto the surface of copper during electroless nickel plating
deposition process. There is lack of vacancy for copper atom to dif-
fuse into the electroless nickel plating layer. Therefore, electroless
nickel plating layer provides a strong wear resistance and high
anti-corrosion material for today’s industry. However, for the Ni-
Cu electrodeposition layer in heat spreader A, nickel and copper
atoms create some vacancies during deposition onto the copper
surface. This facilitates copper and nickel atoms to diffuse easily in-
side the Ni-Cu electrodeposition layer. A very low electrodeposit-
ion current can improve the deposition quality with less vacancy
created in the deposition process. But this will also affect the depo-
sition rate to become very slow and take very long time for the
deposits to reach the required thickness.

3.3. Effect of high temperature storage in thermal diffusivity

The key material property that affects transient heat conduction
is the thermal diffusivity. Thermal diffusivity represents the speed
heat diffuses through a material. Noted that the thermal conduc-
tivity, k represents how well a material conducts heat, and the heat
capacity, pc, represents how much energy a material stores per
unit volume. Therefore, the thermal diffusivity of a material can
be viewed as the ratio of the heat conducted through the material
to the heat stored per unit volume [2]. Thermal diffusivities of heat
spreaders under different HTS condition were measured using

Nickel-phosphorus Thickness vs HTS Condition
95% CI for the Mean
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Fig. 7. Nickel-phosphorus thickness with different time conditions in heat spreader
B.
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Nano-flash thermal diffusivity meter in this section. Figs. 8 and 9
show the thermal diffusivity for heat spreaders A and B under dif-
ferent HTS condition. Comparing these two graphs, it clearly indi-
cates that for all aging time, the thermal diffusivities as measured
in mm?/s are higher for heat spreader B than heat spreader A. Fig. 8
shows that the thermal diffusivity of heat spreader A is in the range
of 35 mm?[s to 60 mm?/s, while Fig. 9 shows that the thermal dif-
fusivity of heat spreader B is in the range of 60-85 mm?/s. The low-
er thermal diffusivity of heat spreader A can be attributed to the
presence of the nickel-and-copper alloys.

It is known that the thermal conductivity of an alloy of two
metals is usually much lower than the thermal conductivity of
both metals before they are alloyed. Even a small amount of for-
eign molecules with good heat conductivity in pure metal will seri-
ously disrupt the transfer of heat in that metal. For example, the
thermal conductivity of constantan (55%Cu, 45%Ni) is 23 W/mK,
while the thermal conductivities of copper and nickel are 401 W/
mK and 91 W/mK, respectively [3]. Fig. 10 shows the average ther-
mal conductivity of the nickel-copper deposition layer inside heat
spreader A under different aging hours. Thermal conductivities of
nickel-copper deposition layer fall between 60 W/mK till 80 W/
mK. This results show that the thermal conductivity of nickel-cop-
per deposition layer is lower than both pure nickel and copper me-
tal. This phenomenon is affecting thermal diffusivity because
thermal diffusivity is proportional to thermal conductivity. There-
fore, the Ni-Cu electrodeposition layer slows down the heat diffus-
ing rate.

Thermal Diffusivity vs HTS Condition
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Fig. 8. Thermal diffusivity of heat spreader A at different time conditions.
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Fig. 9. Thermal diffusivity of heat spreader B at different time conditions.

3.4. Effect of catalytic activation technique to surface roughness

The topographies of the heat spreader A and B were further ana-
lyzed using IFM. Two roughness parameters were used to deter-
mine the surface roughness of the heat spreaders, namely
average roughness (R,) and root-mean-square roughness (Rg).
Average roughness is the average deviation of the profile form a
mean line over the length of the assessment. Root-meat-square
roughness is calculated by square rooting the mean of the profile
deviation’s square. Both heat spreaders’ surface roughness calcu-
lated by two roughness parameter formulas are shown in Fig. 11.
Roughness analysis using the IFM software quantitatively shows
the difference of R, between heat spreaders A and B which was
0.3074 pm and 0.5800 pm, respectively [18]. On the other hand,
R4 of the heat spreaders A and B was 0.3889 pm and 0.7260 pm,
respectively. The results in Fig. 11 show that heat spreader A with
Ni-Cu electrodeposition layer has a much smoother surface than
heat spreader B without Ni-Cu electrodeposition layer. The
smoother surface of heat spreader A is due to the deposition of
nickel-copper which has smoothened up the copper surface ear-
lier. A rougher surface is more difficult for solid thermal interface
material to fill up the crevices of the heat spreader and the effec-
tiveness of heat dissipation is reduced. However, this effect can
be minimized by using silicone gel thermal interface material
which conforms better to surface irregularities [1].
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Fig. 10. Thermal conductivity of heat spreader A at different time conditions.
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Fig. 11. Roughness of different heat spreaders under different roughness
parameters.
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4. Conclusion

This study shows that galvanic catalytic activation of heat
spreaders before nickel plating significantly improves the thermal
performance relative to thin copper strike activation because the
galvanic initiation technique does not form any nickel-copper
electrodeposition layer which has a low thermal conductivity. Even
though galvanic initiation technique has a rougher surface, it can
easily be resolved by using better thermal interface material.
Therefore, it can be concluded that the galvanic initiation could
be a better choice as this technique results in copper heat spread-
ers with higher thermal diffusivity.
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