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Micro-bumps are now being developed with diameters smaller than 10 um. At
these dimensions, only very small amounts of solder are used to form the
interconnections. Surface oxidation of such small micro-bumps is a critical
issue. The key question is whether the oxide film on the solder bumps acts as a
barrier to formation of solder joints. In this work, the mechanical stability of
the oxide layer on solder bumps was investigated. Solder bumps with 35-um
radii were heated for different times. Auger electron spectroscopy was used to
determine the thickness of the oxide layer on the solder bumps. Solder bumps
with known oxide layer thicknesses were then heated in a low-oxygen envi-
ronment (<50 ppm) until they melted. The mechanical stability of the oxide
layer was observed by use of a high-speed camera. Results showed that a
14-nm-thick oxide layer on a solder bump of radius 35 um was able to with-
stand the molten solder without cracking, leading to a non-wetting solder
joint. A thermal stress model of the surface oxide layer revealed that the stress
varied substantially with bump size and temperature, and increased almost
linearly with temperature. Upon melting, the thermal stress on the oxide
increased abruptly, because of the higher thermal expansion of molten solder
compared with its solid state. On the basis of the experimental results and the
thermal stress model of the oxide film, the maximum oxide thickness that can
be tolerated to form a solder joint was determined, e.g. 14 nm oxide can
support liquid solder, and thus lead to a non-wetting condition. This work
provided a new method of determination of the maximum stress of oxide film
for solder joint formation.

Key words: Surface oxidation, micro solder bump, fracture, soldering,
wetting, thermal stress

INTRODUCTION

The sizes and pitches of micro-bumps on Si dies
continue to decrease. The recent use of through-
silicon-via interconnects enables the sizes and pit-
ches of micro-bumps to shrink to 10 and 25 um,
respectively."? At these dimensions, only very small
amounts of solder are needed to form the intercon-
nection. As the size of the solder bump decreases,
the oxide layer on the solder becomes more resistant
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to reflow. In addition, the probability of non-wetting
for these tiny solder joints also increases. Thus, an
oxide-free solder bump surface is essential to
establishing reliable solder interconnects.

In our earlier work we investigated Cu oxide-in-
duced non-wetting of solder joints. It was found that
when the oxide layer exceeded a thickness of 12 nm,
the incidence of non-wetting solder joints increased
exponentially.® Luo et al.* measured the surface
oxide on Sn3.5Ag0.5Cu (SAC305) solder bumps by
use of transmission electron microscopy, and found
a thin surface oxide layer approximately 6 nm thick
on the as-received solder bumps. After aging at
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150°C for 120 h, the oxide layer grew to 50 nm
thick. The thickness of oxide on the solder bump
was proportional to the square root of elapsed
time.>* In other studies, the surface oxide that
formed on Sn4Ag70.5Cu particles mainly comprised
Sn,0 and Sn0.>" As the oxide thickens, the solder
coalesces more slowly.”® As a consequence, the
thicker oxide layer usually increases the reflow time
and the soldering temperature required to establish
an equivalent wetting angle. To slow the oxidation
of micro bumps, a micro-alloying process was
introduced for Pb-free solder. Common allogring
elements for this purpose include Ge and P.%!

In this work, we investigated the thermal residue
stress and critical surface oxide thickness of the
bumps. The stability of the oxide layer was first
observed by use of a high-speed camera. Different
thicknesses of surface oxide on heated solder micro-
bumps were examined to determine the critical
oxide thickness. A model of thermal residue stress of
surface oxide on micro-bumps is discussed in detail.

EXPERIMENTAL

Solder micro bumps with a radius of 35 ym were
used. The solder was Sn doped with 0.5 wt.% Cu.
Some of the solder bumps from same box were
heated to 150°C for up to 48 h. Every 12 h, several
solder bumps were analyzed for surface oxide
thickness. The oxide depth was profiled by use of
Auger electron spectroscopy (AES) under a vacuum
of 1077 Torr during sputtering. The sputtering rate
was approximately 2.2 nm/min, which was cali-
brated by use of a silica sample. Each measurement
was recorded after a depth of 0.25 nm was reached.
The accelerating voltage was 10 keV and the cur-
rent was I, = 2 x 108 A. The specimens were tilted
at an angle of 30°. A total of five solder bumps were
measured for each condition. After the oxide thick-
ness was characterized, solder bumps with oxide
layers 4.2 and 7.2 nm thick were placed on to a hot
stage for reflow up to 250°C. Thermal profiles of
solder bumps were collected by use of thermocou-
ples. After reflow, the surface morphology of the
solder bumps was examined by use of scanning
electron microscopy. Solder bumps with oxide layers
7.2, 12.2, and 14.1 nm thick were used for in situ
observation during reflow. At 200, 225, and 250°C,
micrographs of the bump surface were recorded by use
of a high-speed camera with a time resolution of 1 ms.
The effect of temperature on oxide thickness on the
bump surface were studied. The mechanical stability
of the oxide layer on heating was then determined.

RESULTS

Figure 1 shows the typical AES depth profile of
the solder bump. Surface oxide on the 35-um solder
bumps was sputtered by use of AES. The oxide layer
was determined to be 4.2 nm thick on the basis of
the intersection of the two slopes. The solder bump
was then reflowed in a nitrogen environment with

less than 50 ppm O,. The solder bump was observed
to have a smooth and round surface, as shown in
Fig. 2a. We then reflowed a solder bump with a 7.2-
nm oxide layer on the surface; Fig. 2b shows the
surface morphology of the solder bumps after reflow.
When the oxide layer was 7.2 nm thick, a crumpled
bump surface was observed after reflow.

To understand the different surface morphology,
bump surfaces with oxide layers of different thick-
ness were inspected during reflow by use of a high-
speed camera with 100x magnification. Figure 3a,
b, and ¢ show sequential micrographs of oxide layers
7.2, 12.2, and 14.1 nm thick, respectively, at 200°C,
225°C and 250°C. The micrographs show the pro-
gressive cracking of the oxide layer during reflow.
When the oxide layer was 7.2 nm thick, the oxide
shattered and separated upon melting, as shown in
Fig. 3a. For the 12.2-nm-thick oxide layer, Fig. 3b
shows that the oxide tended to fracture along cracks
in the lining. The thermal stress energy was mostly
consumed by fracture of the oxide surface, so there
was less energy for shattering. With the 14.1-nm-
thick oxide layer, the molten solder of the micro-
bump was contained within the oxide layer, as
shown in Fig. 3c. This observation is similar to the
filling of a balloon with water. For the 14-nm-thick
surface oxide layer on the solder bumps, a smooth
solder bump surface was observed after the molten
solder had cooled. Thus, increasing the thickness of
the oxide layer on the solder bump produces an
initially smooth surface; this then crumples and is
followed by another smooth surface.

DISCUSSION

Thermal Stress Model of Surface Oxide
on Spherical Micro-solder Bump

Thermal stresses and strains of the oxide gener-
ated during heatin% have been well researched for
Si as substrate.'®'® However, analysis of the sur-
face oxide on soldered bumps is mostly based on
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Fig. 1. AES depth profile of the 4.2-nm thick oxide layer on a 35-um-
radius solder bump. Thickness of the oxide layer was defined on the
basis of the intersection of the two slopes.
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Fig. 2. Surface morphology of 35-um-radius soldered bumps after reflow: (a) bump surface with 4.2-nm-thick oxide layer; (b) bump surface with
7.2-nm-thick oxide layer.
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Fig. 3. Sequential micrographs of oxide layers 7.2, 12.2, and 14.1 nm thick on 35-um-radius solder bumps during reflow at 200, 225, and 250°C.
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wettability and observation.>®® To better explain
above experimental results, we developed a thermal
stress model for the surface oxide of a spherical
micro-solder bump. A list of symbols is provided in
Table 1.

Several assumptions were made:

e A plane-strain condition was assumed. The strain
of the entire oxide thickness was considered to be
evenly distributed. The effects of plasticity and
creep on both the oxide and metal were neglected.
The tensile stresses were uniformly distributed
over the oxide section, and the effects of the
curvature of the spherical wall were neglected.
The thickness of the oxide relative to the solder
bump was too thin; thus, a biaxial stress model
was applied.

e The oxide layer was assumed to be uniform and
defect-free. Oxidation was based on anions and
cations via thermal diffusion.

Table I. List of symbols

oL Circumferential stress

o) Radial stress

A Area of solder bump

o Radius of solder bump

x Thickness of oxide layer

P Pressure

Y Specific interfacial surface free energy

H Reciprocal radius (mean curvature)

P, Maximum pressure in the SnO film

P, Built-up pressure inside solder bump

t Critical oxide thickness of solder bump

E Young modulus of SnO,

v Poisson ratio

P, Pressure induced by thermal expansion
of solid Sn

Py, Pressure induced by thermal expansion
of liquid Sn

P, Pressure induced by solder melting

P, Atmospheric pressure

Po Compressivity of oxide

o Expansivity of solid oxide

p Compressivity of solder

Osn(s) Expansivity of solid solder

Osn(L) Expansivity of liquid solder

op Heat capacity of oxide at constant pressure
Cov Heat capacity of oxide at constant volume
Spherical solder bump volume

T Absolute temperature

o Bump radius

T, Initial absolute temperature at solid stage for
solder bump

T, Final absolute temperature at solid stage for
solder bump

TL Absolute temperature at liquid stage for
solder bump

Th Melting temperature for solder bump

Ps Solid-state density of solder

0L Liquid-state density of solder

Po Density of oxide film

S, Tin oxide entropy

M Molecular weight

e The oxide layer comprised only tin oxide (SnO and
Sn0O5) and was homogeneously distributed. The
growth of oxide was negligible during the heating
of the solder micro-bump because the heating
time was within seconds and the oxygen concen-
tration was below 50 ppm.

e The temperature gradient of the micro-bump was
negligible as the dimensions were on the micron
scale.

Consider a thin oxide layer on a spherical solder
micro-bump as illustrated in Fig. 4; the stresses on
the oxide layer can be balanced as:

P,=P,+2)H — P, and H:rE
0

Pa:Pv+4y/r0_Pat (D
4
P,=Py+Pn+PL+-"— Py
0

Each stress can then be derived individually.

Maximum Stress the Oxide Film
Can Support, P,

When an oxide film on a spherical solder bump is
heated, two types of stress develop: o1, is compres-
sive and in the tangential direction whereas oy is
tensile and in the radial direction. These stresses
are at right angles to each other. The force acting on
the oxide film is Pz,.rg; the area resisting this force is
2nryx. For a thin oxide film, ro(um) > x(nm); the
stress applied to the thin oxide is oy = ~*. Because
the strain is isotropic, gy = o1, = L e

For radial elastic straln &= ar % =gy s (1—v), and
the volumetric strain is 4¥ = 3e. °By suf)stltutlng for
&

dVvV 3Py,
V  2Ex

(1-v) 2)

Because dV =VouodT —VSdP and, dP =

[CpdT — TdS),*® Eq. 2 becomes: Tvao
dv 3P;r,
V—aodT—ﬁodP— o (1-v) (3)

where V for the solid film can be expanded to
27((3rdx + 3rox? + 3. Again, ro > x; x% and x? are
negligible, and V = 4nrix. By replacing dP and V in
Eq. 3:

3P,r,
2Ex

Bo

dnrixooT

(1-v) = aodT — [CopdT — TdS|

4)

where [CopdT — TdS] is in joules per mole per
kelvin. Eq. 4 is converted to mass/molecular weight.
For thin films to which the biaxial model is applied,
the mass/molecular weight can be measured in the
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Fig. 4. Schematic diagram of surface oxide on a micro solder bump.

linear form %’.20 By incorporating this factor, we
obtain:

3P,r,

- __Por -
ol (1Y) = 20dT — g 37 CordT — TdS]
_ 2Ex Bop
Ps = 37"0(1—1)) {OCOdT 477:7‘%T060M [CowpdT TdS}}

(%)

Stress Development on a Solder Bump Under
Solid Pg and Liquid Py,

At constant volume, dS =% — Vug,dP?°; the

integration produces P = W C, ln AS} and
AS =C, 1n% % Then, P, = yL- (Inf) [Cp ~C,] and
Cp—Cy =—p>

B Tsf%sn(s>> ( ﬂ) )
P, = <—ﬂ In T, (solid) (6.1)

TVag,20, ; hence:

Stress Development on Solder Bump During
Melting P,,

During melting, the temperature of the system is
constant; the solder changes from the solid to the
hqu1d state under the conservation of mass:

—dP,dV = mg it) and m, = Vp.. Com-
b1n1ng these terms, We obtain:

dp=1 [1 — ”—S} 7)
B oL
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By substituting the var1ables from Table II, we cal-
culate % =34.29 x 103, Harrison®! obtalned
23 x 1073, so the results are a good match.

Dependence on Thermal Stress of the Maxi-
mum Thickness of Oxide Film on the Solder
Bump Allowing Formation of a Solder Joint

By substituting Egs. 6.1, 6.2 and 7 into Eq. 1, we
obtain the thermal stress equation:

B TsOCsn(S)> < Ts> 1 { Ps} (TLo‘Sn(L)>
Pl} - mo 3 - T a
( AN YA s R

T 4y
“(ngg) + P
()]

We then replace P, with Eq. 5 and rearrange the
equation to obtain the maximum oxide thickness on
the solder bump:

3ro(1-)
2E{0dT ~ 5:f8ty; [CopdT — TdS] |

Tsas,n<S)>< Ts) 1{ _Ps] (TL“Sn(M)
(5 o) g0+ (55

TL 4/
X <1n T—m> % — Pat)
9

This model can be used to determine the maximum
oxide thickness on the solder bump which can still
form solder joint.

Figure 5 shows the thermal stress of surface oxide
when using Eq. 8 to analyze solder bumps of radius
35 um under non-fracture oxide conditions. The
values were obtained from the literature, and are
listed in Table II. The figure shows that the thermal
stress on the oxide film increased almost linearly
with increasing temperature until the melting
point. At the melting stage, the thermal stress
suddenly increased rapidly because of the change of
thermal expansion from solid to liquid with con-
servation of mass. Equation 9 is used to determine
the maximum oxide thickness on a solder bump
which supports the thermal stress. Figure 6 shows
that, when the solder bump is in the solid state, the
maximum oxide film is required to increase expo-
nentially with increasing temperature. During
reflow, the oxide thickness must increase abruptly,
to support the change in thermal stress. Under
natural conditions, the growth of oxide thickness on
the solder bump depends on the square root of the
elapsed time, with the temperature as an exponent.?
Thus, the 1ncreased thermal stress will crack most
of the oxide film on the solder bump unless a much
thicker initial oxide layer is formed. Figure 6 sug-
gests that for a bump of radius 35 ym a maximum
oxide layer thickness of 14 nm is required to support
thermal stress up to 250°C. By comparing to the

x:
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Table II. Variables of the thermal stress model

Symbol Value Ref.

OSn (S) 59.8 x 1078 K1 Harrison?!

OSn (L) 106 x 107 K! (at 513 K) Schramm??

v 0.2 Clavette?

y 65.45 x 103 J/m? Saatci et al.**

B 2.45 x 1071 Pa! Sharafat and Ghoniem?®
Os 7.29 gem ™3 (at 288 K) Sharafat and Ghoniem?®
PL 7.04 gem ? (at 494 K) Sharafat and Ghoniem®
o 11.7 x 1076 K! Madelung et al. 2

fo 45 x 10712 Pa! Madelung et al.2®

0 6.994 g cm 2 Madelung et al.2®

ds 52.34 J mol ' K! Madelung et al.2®
Cop 52.59 J mol™! K™ (at 300 K) Madelung et al.?®

M 150.708 g Madelung et al.2®

E 100 x 10° Pa Barth et al.*’

Py 101,325.01 Pa Wikipedia.org®®

experimental results, the maximum thickness for
the surface oxide layer of a solder bump with a
radius of 35 um is 14.1 nm. The results are a good
match with the plot from the model. In addition,
Fig. 6 suggests that the 7.2-nm-thick oxide layer on
the solder bump can withstand the thermal stress in
the solid state; this is found in Fig. 3. However, the
oxide layer on the solder bump shattered into pieces
during the melting process as the thermal stress on
the solder bump increased abruptly. The shattered
oxide fragments separated from each other, and the
oxide pieces on the molten solder bump surface then
hit each other upon cooling to form the crumpled
surface on the solder bump in Fig. 2.

Figure 7 shows maximum oxide thickness as a
function of temperature for solder bumps of differ-
ent size before melting. The maximum oxide thick-
ness was found to depend on the size and
temperature of the solder bump. For a given bump
radius, increasing the thickness of the oxide layer
improves its resistance to thermal stress. For
smaller bumps, only a thin oxide layer is required to
support the thermal stress without cracking.

The results suggest that a thick oxide layer is likely
to remain on the surface. The oxide layer separates
the solder from the substrate, which results in a non-
wetting solder joint, as reported elsewhere.®>*° In
accordance with the scaling trend of Si gate oxides,
solder micro-bumps will continue to decrease in size
to match performance. The stability of the surface
oxide layer on solder bumps is expected to increase,
leading to non-wetting solder joints. Therefore,
determining the effect of thermal stress on the oxide
film is essential for forming a good solder joint.

SUMMARY

We investigated thermal stress of the surface
oxide layer on 35-um micro bumps. After heating
to 250°C, the bump with a 4.2-nm surface oxide
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Fig. 5. Plot of thermal stress of surface oxide on the 35-um radius
solder bumps under oxide non-fracture conditions.
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Fig. 6. Plot of critical oxide layer of the 35-um-radius solder bumps
as a function of temperature under oxide non-fracture conditions.

layer had a smooth surface. However, bumps with
a 7.2 nm oxide layer had a crumpled surface. The
7.2 nm oxide layer shattered during melting,
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Fig. 7. Relationships among size of solder bump, temperature, and
critical oxide thickness before melting.

because of increased thermal stress. When the oxide
thickness was 12.2 nm, the oxide layer formed cracks
along the lining rather than shattering. Most of the
thermal stress energy was consumed in cracking of
the oxide layer. Bumps with a 14.1-nm oxide layer
were stable to heating even after reflow, and the
solder bump had a smooth surface. The thermal
stress developed by the thin oxide layer on solder
bumps increases almost linearly with temperature
until the melting point. Upon melting, the thermal
stress increases abruptly, because of the higher
thermal expansion of the solder from the solid to li-
quid state. Hence, it will crack most of the oxide film
unless a much thicker oxide film is formed to support
the thermal stress. The experimental results clearly
demonstrate that a 14.1-nm oxide layer can support
heating without cracking. This oxide thickness will
lead to non-wetting solder joints. Thus, as the sizes
and pitches of solder micro-bumps on Si dies continue
to decrease, the effects of the oxide layer on the solder
bump surface will become more prominent.
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