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Influence of heat flow direction on solder ball interfacial layer
Alexandr Otáhal, Ivan Szendiuch
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This paper deals with the research of an intermetallic layer of SAC305 solder balls soldered from three directions of the
heat flow in the ball-attach process for BGA package. From the point of view of the heat flow direction, the samples were
soldered by infrared heating. The heat sources were placed on the top, bottom and both lateral sides of the BGA package.
After the solder balls-attach process, a metallographic cross-section was performed, followed by selective etching to visualize
the relief of the intermetallic layer. Images of the interfacial between the solder and solder pad were taken from the created
samples, followed by measurement of the average thickness and root mean square roughness of the intermetallic layer. The
results showed changes in the intermetallic layer. The largest thickness of the intermetallic layer was observed on samples
soldered from the top and both sides. Soldering with the bottom infrared heater resulted to the smallest thickness of the
intermetallic layer. The same trend was in the roughness of the IMC layer. The greatest roughness was found for samples
soldered by the top and both side heaters. The top soldered samples exhibit the smallest roughness.
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1 Introduction
Microelectronic packages have many different designs,
each of which has certain advantages and disadvantages.
Considering the soldering process and the consequent
quality and reliability, there are certainly the biggest
problems with the BGA and QFN and other similar packages. This is due to the increased number of solder pads
as well as their smaller dimensions and pitch. This work is
focused on the ball-attach process, or re-balling process,
for BGA packages with usage of solder ball preforms.
Reliable solder joints in BGA packages can be achieved
by correctly selected factors entering the soldering process. For example, these factors included the compatibility of the materials, the appropriate design of the package
and of the printed circuit board, the temperature profile
of the solder and many others. All these parameters are
addressed in a large number of publications. One parameter in the researches is still neglected. This parameter
is the direction of heat flow in the soldering process. In
this publication, its importance is solved from the point
of view of the process of ball-attach process, or reballing
process, on the BGA packages with focus on the research
of the intermetallic layer, more precisely its thickness and
roughness. The thickness and roughness of the intermetallic layer in the process of the ball-attach/reballing must
be ensured as small as it can be because (Cu, Ni)6 Sn5
and (Ni, Cu)3 Sn4 increase with each further process of
reflow [1, 2]. After inadequate soldering of a BGA package on a PCB, the reliability of the resulting joint due to
the thickness of the intermetallic layers can be reduced.
The ball-attach and reballing processes influence the final solder joint of BGA package. This is the reason why

this research could help to ensure better reliability and
durability of BGA solder joint.

2 Theory
During the soldering process, a large number of factors
influence the quality of the solder joint. If we focus on the
intermetallic layer and the intermetallic compounds for
the SAC305 soldering alloy, some fundamental parameters influencing their formation and growth have been
identified. In the first phase of the soldering process, nucleation is formed. The crystal nucleus is the basis for
the crystal growth in the cooling phase. For the combination of SAC305/ENIG materials, their formation is
dependent on the activation energy that is critical for the
formation and growth of intermetallic layers. Creation of
η phase (Cu6 Sn5 ) is significantly faster than that of ǫ
phase (Cu3 Sn) due to the greater driving forces between
the soldering surfaces/molten solder during the soldering process [3]. Similarly, formation of intermetallic layers
composed of ternary compounds of Ni, Cu, Sn has a faster
growth for (Cu, Ni)6 Sn5 than for (Ni, Cu)3 Sn4 [4, 5].
The higher heat flow during the soldering process ensures
faster intermetallic compound formation. Long-term exposure to higher temperatures, such as repeated exposure
to the soldering process, causes an increase in the thickness of the intermetallic layers [1, 2]. The thickness mainly
affects the mechanical strength of the joint, which results
in a lower mechanical resistance after exceeding a certain
IMC thickness [6, 7]. As a result, it is necessary to protect
the soldered joint against excessive heat and exposure to
the multiple soldering process. However, one parameter
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Fig. 1. Soldering station “Power Tower” with two infrared heaters
and a cooling fan

has not been fully explored yet, namely the direction of
the heat flow in the soldering process. The direction of
heat flow can also be one of the influences significantly
affecting the structure and properties of the resulting soldered joint. This is confirmed by Wang and Panton who
described the reduction in the number of voids in solder
balls for different directions of heat flow and cooling [8].
Another research described the influence of the temperature gradient directly on the thickness of the intermetallic
layer (Cu6 Sn5 , Cu3 Sn). The thickness of the intermetallic layer was smaller at the hot end and larger at the cold
end due to the thermomigration of the solder alloy elements [9]. Based on these publications, a hypothesis on
the influence of the heat flow direction on the spherical
soldered joint structure was established.

ceramic infrared heaters (IR Heaters) embedded in stainless steel covers which are placed in a horizontal position
opposite each other. The soldering station was used to
ensure the heating directions for the soldering process.
In order to assess the impact of the heat flow direction
on the intermetallic layer of the solder balls, three cases
of position of the infrared heaters were determined. The
first case was determined by supplying heat only from
the bottom heater – bottom IR, Fig. 2(a). The second
case was heating by the top heater – top IR, Fig. 2(b).
The third case was with both infrared heaters – both IR,
Fig. 2(c). The soldering station was also equipped with a
fan 80 × 80 mm for cooling.
All cases of the position of infrared heaters and their
thermal effects are shown in Fig. 2.
The assembled dummy BGA samples were ball-attached using the Power Tower soldering station. The soldering profiles were optimized according to the SAC305
solder balls and solder flux SMF-08 manufacturer (NeVo,
Shenmao Technology Inc.). The main criterion for the
design of the soldering profiles was the unification of the
basic parameters for all three directions of heating, as
shown in Fig. 3. The melting temperature is marked by
the dashed line. The temperature was measured with a
K-type thermocouple at the top of the BGA dummy.
The position of the thermocouple was chosen purposely
to simulate the usual selective soldering process practice,
where a feedback temperature sensor is placed on the top
of the package or the PCB. The temperature during soldering was controlled by a PID controller.

3 Experiments
3.1 Equipment and reflow soldering

Fig. 3. Temperature profiles for all three cases of reflow soldering

The most important part of the experiment was the
Power Tower soldering station, which is shown in Fig. 1.
The soldering station was created from two 80 × 80 mm

Basic parameters of the temperature profile, Fig. 3, relevant to the formation and growth of intermetallic com-

Fig. 2. Principal illustration of the position of infrared heaters during soldering: (a) – bottom IR, (b) – top IR, and (c) both IR
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Fig. 4. Sample of dummy BGA with solder balls assembled for
soldering process

Fig. 5. Interfacial of solder-solder pad for bottom IR samples

where t1 is time of beginning of integration, t2 is time of
end of integration, T (t1 ) is temperature and Tm is the
melting temperature of the solder alloy (SAC305). The
value of the heating factor of the reflow soldering profile
used for this research was 308 s ◦C.
The BGA samples (Fig. 4), the so-called dummy BGA,
has been designed to be resembled to the BGA package as
far as possible with its parameters in relation to the PCBs
used in the manufacturing process. The recommendation
was based on the IPC-7351B standard. The dummy BGA
was made of base material FR4 with a black solder mask
to provide better absorption of infrared radiation from
the heating elements during the soldering process. Furthermore its surface was more rough and matt than the
commonly used green solder mask. Dummy BGA dimensions were 11 × 11 × 1.5 mm. The soldering pads were
designed with a diameter of 400 µm, with respect to the
used 500 µm solder balls, and with the ENIG (electroless
nickel – immersion gold) surface finish.
The samples were embedded in resin and then metallographic cross-sections were made. After the cross-section
process, selective etching was followed to highlight the
interface between the solder and the solder pad, intermetallic layer. Selective etching was performed according
to IPC-TM-650, 2.1.1 Microsectioning, Manual and Semi
or Automatic Method. A solution of 94 % C5 H5 OH, 4 %
HN03 and 2 % HC1 was used for selective etching. The
process was run at room temperature.

Fig. 6. Interfacial of solder-solder pad for top IR samples

4 Analysis of intermetallic layer
After the cross-sections were processed, optical micrographs of the samples were taken in the region of the interfacial between the solder and solder pads. Subsequently,
computer image analysis was performed using software
ImageJ for determination of the thickness of the intermetallic layer and its roughness. First, the mean surface
level (MSL) was determined, which is the average value
of the IMCs layer thickness using the area of the intermetallic layer A and its length L [11]

Fig. 7. Interfacial of solder-solder pad for both IR samples

Table 1. Parameters of temperature profile

Parameter
Ramp up rate to peak temperature
Maximum temperature
Cooling
Time above liquidus
Heating factor

Unit
◦
C /s
◦
C
◦
C /s
s
s ◦C

Value
1.2
235
4
30
308

MSL =

pounds are summarized in Tab. 1. In addition to the basic
parameters of the temperature profile, the heating factor (Qη ) was calculated. This parameter has been determined for comparability with previous and future research. The heating factor was calculated using the expression [10]
Qη =

Z

t1

t2


T (t1 ) − Tm dt

(1)

A
.
L

(2)

From the MSL value, roughness was calculated with
the unevenness correction of the solder pad layer, which
was the nickel layer on copper. The correction was important for more accurate results, as the following formula
for calculating the effective surface roughness is applicable to the measured layers with a planar backing layer.
The root mean square roughness was calculated according
to the following equation [11, 12]

Rrms

v
u
N
u1 X
=t
Z2
N i=1 i

(3)
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Fig. 8. Scanned area by the method EDS/SEM (yellow arrow)

Fig. 9. (a) – SEM micrograph and (b) – EDX line plot of interfacial
layer between solder and solder pad

where N is the total number of measured values, i is the
order of the measured value and Zi is the thickness of
the intermetallic inequality measured from the MSL.
These equations were chosen because of the exact value
of the surface roughness in the description of the intermetallic layers.

5 Results
In Figs. 5, 6 and 7 from [19], the intermetallic interfaces for Bottom IR, Top IR and Both IR samples are
presented. In addition to the copper layer and the IMC
layer, the nickel-phosphorus layer can also be observed.
Different thicknesses and roughness of the intermetallic
layer can be determined from the images, which will be
further investigated by the calculations in this paper.

For verification of the composition of the intermetallic
layer, elemental analysis was performed using the energy
dispersion spectroscopy (EDS) method integrated in the
Tescan MIRA II electron microscope. The scanned area
is shown in Fig. 8 marked by a yellow arrow.
Results of EDS analysis are shown in Fig. 9. The yellow arrow in Fig. 8 is identical to the arrow on the SEM
image in Fig. 9(a) and shows the x-axis analysis direction,
thus 0 is equal to the start of arrow and 10.5 is equal to
end of the arrow. Figure 9(b) shows the distribution and
representation of copper, nickel, phosphorus and tin elements in the intermetallic layer at the interface between
the solder and the copper surface. Also individual layers are marked (solder pad – Cu, nickel and phosphorus
(ENIG) – Ni-P, intermetallic layer – IMC and solder).
The main part of this research was the determination
of the mean surface level and the root mean square roughness of the intermetallic layer. The graphical dependence
of the thickness of the intermetallic layer for all three
cases of infrared emitters is shown in Fig. 10. The results show the smallest thickness for samples soldered
only by the bottom infrared heater, ie 1.641 µm. The
Both IR samples showed the thickness of the intermetallic layer 2.573 µm, which was closer to the intermetallic
layer thickness of the Top IR samples. The largest thickness (2.715 µm) was measured for the Top IR samples.
The root mean square roughness of the intermetallic
layer is shown in Fig. 11. The smallest roughness values
(0.901 µm) was achieved for Bottom IR samples which
confirms the micrographs shown in Figs. 5, 6 and 7. Also
for the Top IR samples and Both IR samples, optical microscopy inspections were confirmed. Top IR samples had
the IMC layer roughness of 1.296 µm and in third case,
for, Both IR samples had an average value of roughness
1.628 µm.

6 Discussion
The results of the solder-copper interface analysis
showed different values in terms of the thickness of the
intermetallic layer and its roughness. One of the basic
parameters that could influence the test results was the
soldering profile. For exact verification of the correct settings of the temperature profiles, a heating factor calculation was used to help optimize the soldering profile from
the point of view of reliability control, repeatability, soldering process and quality of the resulting soldered joint
[2, 13–15].
The different thickness of the intermetallic layer was
partly caused by the position of the feedback thermocouple for controlling the temperature profile. The thermocouple was attached on the top of the sample. The
parameters of the soldering profiles for all three cases are
identical, but the heat flow intensity rate was influenced
by the position of the infrared heaters and position of
feedback thermocouple. The solder balls were heated directly using the top infrared heater (both IR and top IR).
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Fig. 10. Thickness of intermetallic layer for all three cases of
position of infrared heaters(bottom IR, top IR and both IR)

Fig. 11. Roughness of intermetallic layers for all three cases of
position of infrared heaters(bottom IR, top IR and both IR)

Whereas, when the bottom infrared heater was used, the
solder balls were heated only through Dummy BGA.
Another factor which could influence the thickness and
mainly the roughness of the intermetallic layer was the
flow of the liquid solder due to the thermal gradient.
The moving inside the melted solder (Marangoni effect,
natural convection etc.) contributes to a certain extent
to the growth of intermetallic crystals and their spalling
[16–18]. In [19], the influence of the direction of heat flow
on the crystallographic orientation of solder balls SAC305
for soldering on the Dummy BGA case was determined,
namely the creation of more nuclei with different crystallographic orientations for soldering from the top side and
both sides at the same time (upper and lower heating).
Research in [20] describes the phenomenon, when the application of the DC electric current to the drop of the tin
solder placed on the copper surface affected the wettability and formation of the intermetallic layer. It was caused
by a combination of Marangoni flow and electromigration
phenomena. However, the ratio between Marangoni effect
and natural convection and the intermetallic phase reaction is not known. Further research is needed in this area.
The main factor affecting the intermetallic layer thickness seems to be thermomigration in the molten solder.
A different thermal gradient inside the solder ball during
soldering causes migration of Cu and Sn elements. Cu migrates toward the warmer end and Sn turns to the end
colder. For this reason, probably, Bottom IR samples had
a narrower intermetallic layer than both IR and top IR
samples [9].
The results of intermetallic layer roughness measurement corresponded to the known phenomenon. Roughness is directly related to the thickness of the intermetallic layer, as described in [21]. The influence of the moving
of the melted solder on the roughness of the intermetallic
layer should be investigated in further research.

• The location of the temperature sensor is essential.
The amount of supplied heat during the soldering process from the point of view of the heat source position
(from the bottom, from the top and from both sides) is
decisive for the ball-attach process of solder preforms.
The measured temperature does not correspond to the
supplied heat because the amount of heat energy is not
the same for formation of intermetallic layers.
• The intermetallic layer exhibits different thicknesses
for solder balls attached by heat flow from three different directions – from the bottom, from the top and
from the both sides. The smallest intermetallic layer
thickness was observed for bottom IR samples. Due to
the verification of the statistical significance of the results for the top IR heater and the both IR heaters a
similar thickness of intermetallic layer can be considered.
• The average quadratic deviation of the root mean
square roughness of the intermetallic layer also shows
marked changes. The bottom IR samples had the
smallest roughness, compared with the samples soldered by the top infrared heater (top IR) and the two
heaters simultaneously (both IR).
In the context of our previous research published at
EMPC 2017 [19] it can be hypothesized that intermetallic
layers are partly influenced by movements of the melted
solder due to different concentration and the temperature
gradients.

7 Conclusion
Findings of this work were as follows:
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