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Abstract: The effect of solder joint fabrication on the thermal properties of IGBTs soldered onto
glass-epoxy substrate (FR4) was investigated. Glass-epoxy substrates with a thickness of 1.50 mm,
covered with a 35 um thick Cu layer, were used. A surface finish was prepared from a hot air
leveling (HAL) Sn99Cu0.7Ag0.3 layer with a thickness of 1 <+ 40 um. IGBT transistors NGB8207BN
were soldered with SACX0307 (Sn99Ag0.3Cu0.7) paste. The samples were soldered in different
soldering ovens and at different temperature profiles. The thermal impedance Z,(t) and thermal
resistance Ry, of the samples were measured. Microstructural and voids analyses were performed.
It was found that the differences for different samples reached 15% and 20% for Zy,(t) and Ry,
respectively. Although the ratio of the gas voids in the solder joints varied between 3% and 30%,
no correlation between the void ratios and Ry, increase was found. In the case of the different
soldering technologies, the microstructure of the solder joint showed significant differences in the
thickness of the intermetallic compounds (IMC) layer; these differences correlated well with the time
above liquidus during the soldering process. The thermal parameters of IGBTs could be changed due
to the increased thermal conductivity of the IMC layer as compared to the thermal conductivity of
the solder bulk. Our research highlighted the importance of the soldering technology used and the
thermal profile in the case of the assembly of IGBT components.
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1. Introduction

Soldering is still one of the most important joining technologies in microelectron-
ics. Almost all electronic devices contain components that are fixed to the circuit board
by soldering. Compared to other joining technologies (such as adhesives), the solder
joints form mechanically strong, electrically conductive and reliable joints. In the electron-
ics industry, the most typical is convection reflow soldering; however, in some applica-
tions, vapour phase soldering is used. Soldering methods differ in thermal profiles and
soldering atmospheres.

A consequence of the mandatory implementation of lead-free soldering technology
in the EU (under RoHS Directive 2002/95/EC and RoHS 2011/65/EU) was that, since
2012, almost no electronic equipment has contained lead. Until 2006, tin-lead alloys
(e.g., 635n37Pb or 60Sn40Pb) were mainly used in the electronics industry. As a result of
the transition to lead-free technology, the widespread use of tin-silver-copper (SnAgCu,
SAC) solder alloys, e.g., 96.55n3Ag0.5Cu (SAC305) or 95.55n4Ag0.5Cu (SAC405) was
introduced [1].
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There is an increasing demand for high-quality joints and reliability relating to minia-
turization, but also in the application of high-temperature power electronics [2]. The
insulated gate bipolar transistor (IGBT) is a fully controllable power semiconductor device
that allows one to switch voltages and currents of high value [3]. They are commonly
used in switch-mode power converters [4]. Their applications include wind turbines,
aircraft, and electric vehicles [5,6]. Choi et al. analyzed the main failure mechanism of IGBT
modules. They found that the key factor affecting the highest junction temperature and
reliability of IGBT modules was the bond-wire lift-off, but just as often it was the cracking
and fatigue of the solder layer [7]. Moreover, at elevated temperatures, irreversible plastic
deformation can occur in the solder layer, resulting in the formation of internal crack
damage [5]. In a discrete IGBT, the high current causes significant heat flow in the structure,
so materials with good thermal and electrical conductivity are required.

The properties of IGBTs are strongly influenced by temperature. It affects both the
electrical properties of this device and its reliability. The junction temperature of the device
rises above ambient conditions as the power dissipated increases. From the point of view
of an electronics systems designer, information about the value of junction temperature is
critical for choosing the appropriate cooling system and for estimating the lifetime of the
device. The efficiency of a cooling system is typically evaluated using junction-ambient
transient thermal impedance waveform (Z(t)). Its value at a steady state is called junction-
ambient thermal resistance (Ry,). Its value is related mainly to the cooling system used,
but also to the type of device and the surface of the solder pads [8,9].

In such structures, the substrate acts as a heat sink. Figure 1 shows the theoretical heat
flow through the component to the substrate.
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Figure 1. A simplified diagram of the heat flow through the component to the FR4 substrate. The arrows show an example

of the direction of heat dissipation.

Heat is generated when the current flows through the component to the substrate.
Heat flows from the hotter to cooler areas—the arrows in Figure 1. The heat from the
inside of the element reaches the substrate through the soldered joints. From Sixty to
ninety-five percent of the thermal energy can be dissipated by the FR4 substrate. In
the whole structure, only the Ry, value of the solder joint can change according to the
applied soldering technology and thermal profile. Therefore, a properly designed assembly
increases the reliability of the device [10].

The quality of the solder joints is very important for proper heat transfer in the
soldered structure [2]. It was proven that degradation of the solder joints leads to an
increase in thermal impedance and thus accelerates the failure possibility of the device [11].
Moreover, aging leads to changes in temperature distribution, thermal impedance, fatigue
resistance, and the shearing of the solder joints as well [11]. One of the most important
quality factors that can influence thermal management in these components is gas void
formation (empty spaces in the solder joints) [11]. Due to their high surface tension,
lead-free solder alloys are more prone to void formation, since the outgassing of volatile
organic compounds (e.g., fluxes) from the melted solder is limited [12]. The main influence
of void presence could be the change in the thermal and electrical parameters of the
components, since they can significantly affect the homogeneity of the connection. As a
result, “hot spots” on the chip can appear, which limit the useable power or could damage
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the component as well. Assembly of the power components with a big thermal pad (like
transistors or LEDs) encourages problems owing to the limitation of voids. As was proven
by Nowottnick, voids that have already formed in the solder joint cannot be removed by
re-soldering, as, by merging some of the smaller voids into bigger ones, their final size
could increase [13]. The other important quality factor is the microstructure of the solder
joint. The intermetallic compounds (IMC) layer thickness at the solid interfaces and the
dispersed IMC phases in the solder joints are most likely to have an effect on the thermal
and electrical parameters of the solder joints [14]. The microstructure of the solder joints
is determined by the heating method of the soldering technology used and the thermal
profile as well. The amount and duration of the inflowing heat (so-called heating factor)
into the molten solder influences the IMC formation significantly. Busek et al. [15] have
proven that the increase in the heating factor facilitates the growth of the IMC layer.

If the solder joints are of poor quality, heat transfer from the power semiconductor
element to the FR4 substrate could be ineffective. As a consequence, this can lead to it
being damaged as a result of exceeding the maximum working temperatures of the power
semiconductor element. Therefore, this study aimed to investigate the influence of the
soldering thermal profile on void formation and microstructure of the solder joints and,
consequently, the thermal parameters of IGBTs.

2. Materials and Methods
2.1. Sample Preparation

Glass-epoxy laminate (FR4), with a thickness of 1.50 mm (Satland Prototype, Gdarisk,
Poland), covered with a 35 pm thick Cu layer, was used as a substrate. The surface finishing
was prepared from the hot air leveling (HAL) Sn99Cu0.7Ag0.3 layer with a thickness of
1 + 40 pm. IGBT transistors NGB8207BN (Vcgs = 365 V, Icmax = 20 A, Tp, = 275 °C,
package TO-263, ON Semiconductor, Phoenix, Arizona, USA) were soldered onto the
substrates with SACX0307 (Sn99Ag0.3Cu0.7) paste (LOCTITE HF 212, Henkel Adhesives,
Diisseldorf, Germany) (Figure 2).The solder joints were prepared using stencil printing
with a stencil thickness of 125 um. To prevent a short circuit from forming during the
soldering, the stencil aperture was narrowed by 10% over the thermal pad. The samples
were soldered with different soldering ovens: a batch oven, convection reflow ovens
3-zones SMT 460C (Essemtec AG, Aesch, Switzerland), 4-zones (TWS AUTOMATION,
Avenza, Italy), and a vapour phase soldering oven (ASSCON Quicky 450 VPS, Konigsbrunn,
Germany). The thermal profiles of the soldering processes are shown in Figure 3, and a
detailed description of them is given in Table 1. The thermal profiles were measured at
a soldering pad of the PCB, typically at the terminals of the IGBT. For the purposes of
comparison, the samples were soldered with hot air (Infrared Preheater Quick 854ESD and
Lead-Free Rework Station QUICKS856AE, Quick Soldering Co. Ltd., Changzhou, China).
Five samples were fabricated in each oven. Single-factor variance analysis and Tukey’s test
were performed using Statistica software (TIBCO Software Inc, CA, -USA) at a significance
level () of 0.05.

Figure 2. Test sample of NGB8207BN transistors soldered onto FR4 substrate.
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Figure 3. Soldering thermal profiles.
Table 1. Soldering ovens.
Soldering Type of Heating Temperature (°C) Time (s)  Atmosphere
pre-heating 150-180 140
Batch oven Infrared radiation reflowing 210-254 200 Air
cooling 254-170 180
pre-heating 160-180 60
3-zones tunnel oven Convection reflowing 213-247 40 Air
cooling 247-150 70
pre-heating 140-175 50
4-zones tunnel oven Convection reflowing 210-240 50 Air
cooling 240-140 30
pre-heating 125-187 50
Vapour phase oven Heat conduction reflowing 206227 60 Inert
cooling 227-150 130
pre-heating 120-195 15
Hot air soldering Convection reflowing 195-221 10 Air
cooling 221-175 50

2.2. Thermal Measurements

The thermal impedance Z;(t) and thermal resistance Ry, of the samples were mea-
sured. For this purpose, the measuring set-up, shown in Figure 4, was used [16]. An indirect
electrical method was used based on gate-emitter voltage Vg as a thermo-sensitive param-
eter [17]. During the measurements, the FR4 substrate with soldered IGBT was fixed to a
liquid-cooled heat exchanger [18] to increase the cooling efficiency of the FR4 substrate [19].
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Figure 4. Transient thermal impedance Z,(t) measurement set-up scheme.

In the measuring set-up, the thermal impedance Z,(t) was determined in three steps.

Calibration of the thermometric characteristic. The characteristic describes the depen-
dence of a thermo-sensitive parameter on temperature. The calibration was performed
at a closed switch (S;). The measurement current (Iy) of 1.3 mA flowed through
the transistor. During calibration, the temperature of the transistor was regulated
by a thermostat, in which the device being tested was situated. The slope of the
thermometric characteristic was calculated on the basis of this characteristic;
Heating. In the second step of measurements, the heating power was dissipated in the
transistor operating within the active range, and its internal temperature increased as
a result of self-heating. In this stage, switch (S;) was opened. The current Iy flowed
through the self-heating device. This step ended after a thermally steady-state was
obtained. At this point, junction temperature of the transistor should be around
100 °C. At the steady-state, the value of the voltage drop (Vcg) in the self-heating
device was measured. The value of heating power (Py) was equal to the product of
the voltage drop of the self-heating device and current Iy. In the case of the performed
measurements, it was equal to 4.9 W;

Cooling. This step began after the change in the state of the switch S; at time t = 0 and
meant the measurement of the waveform of the thermo-sensitive parameter until the
steady-state was obtained. Then, the current flowed through the transistor, which was
equal to the calibration value. Vg voltage was measured at defined time intervals
with an analogue-to-digital (A /D) converter and recorded by a PC. The waveform
of junction temperature (T;) of the IGBT were calculated according to the use of
the thermometric characteristic measured during calibrations and the waveform of
voltage Vgg(t) measured in the third step of measurements. Finally, the transient
thermal impedance was calculated using the following equation:

Ti(t) — T,

Zn(t) =~ (1)

where T; is junction temperature, T, is ambient temperature and Pp is heating power.

Thermal resistance Ry, corresponds to the values of thermal impedance Zy;(t) at the

steady-state.
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2.3. Investigations of the Solder Joints

For void identification, a 2-dimensional (2D) static imaging technique was employed
using Micro-CT Imaging. All X-ray measurements were performed using a GE Sensing &
Inspection Technologies Phoenix X-ray Gmbh “Nanotom 180 N” (Waygate Technologies,
Hiirth, Germany). The temperature distribution inside the test samples was measured
using a thermo-vision camera FLIR i5 (InfraTec, Dresden, Germany). The microstructure of
the solder joints was investigated on metallographic cross-sections using optical microscopy
(Olympus BX50, Tokyo, Japan) and Scanning Electron Microscopy (FEI Inspect S50, Thermo
Fisher Scientific, Waltham, MA, USA).

3. Results and Discussion

The values of thermal resistance Ry, and the waveforms of transient thermal impedance
Zy,(t) for different samples are presented in Figures 5 and 6. In Figure 5, the small squares
represent the average; the horizontal lines indicate the median; the borders of the boxes
indicate the -0 standard deviation; the crosses mark the min-max values. The differences
in thermal resistances were observed.
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Figure 5. Thermal resistance (Ry;,) of NGB8207BN transistors soldered onto FR4 substrate in different
soldering ovens.
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Figure 6. Transient thermal impedance waveforms of NGB8207BN transistors soldered onto FR4
substrate in different soldering ovens.
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Single-factor variance analysis of the results proved that there were statistically impor-
tant differences between the samples at a significance level of 0.05. The letters A, B, and C
in Figure 5 mean statistically important differences between the samples. According to
Tukey’s test, the samples soldered in a batch oven had the lowest thermal resistance, which
was surprising, and they differed significantly from all of the other samples. Thermal
resistance in the case of the tunnel ovens was slightly but statistically higher. The highest
values were obtained from the samples soldered in the vapour phase (VPS) oven and man-
ually with hot air. As was proven earlier, vapour phase soldering can be a very effective
soldering method, especially for large-component soldering, but it has some limitations.
First of all, because of the intensive heating, solder joints performed with VPS can exhibit
greater voiding and tombstone failures. A vacuum option seems to be necessary for this
type of soldering. Without the application of underpressure in the last 5 s of soldering,
the quality and the solder joint was much worse [12,20].

The results of the transient thermal impedance (Figure 6) showed differences in the
course of the curves after 10s for the different soldering ovens, which reached 15% between
the samples. This is due to the fact that solder joints are responsible for the longest thermal
time constant of the IGBTs under investigation. Before 10s, the smaller differences in the
curves are the only measurement errors.

Figure 7 shows a thermal image of a transistor which was soldered in the batch oven.
The heat distribution was similar for all the samples. Heat was effectively removed from the
transistor by the liquid flowing through the heat exchanger. A large temperature gradient
was observed between the edges of the sample and the middle. The temperature of the
FR4 substrate started to decrease considerably from 4 mm from the IGBT component and
did not exceed 30 °C. The temperatures of the exchanger and the liquid flowing through it
were close to the ambient temperature. The detected temperature maximum was 15 °C
higher than the measured junction temperature. This was due to the difference between
junction and case temperatures of the IGBT, which was particularly visible in the conditions
where the device being tested was effectively cooled [21]. Moreover, such a high value of
discrepancy may also be affected by averaging the temperature over an area larger than
the structure of the transistor, which is the heat source used by the infrared camera [22].
This suggests that our measurement method (Figure 4) is more accurate and suitable for
microelectronics applications than the frequently used thermo-vision camera.

Figure 7. An exemplary thermal image of NGB8207BN transistors soldered in a batch oven.

The voids ratio for the samples is presented in Figure 8 and Table 2. While the voids
were being calculated, only the area of the thermal pad was taken into account; since
most of the heat was dissipated here, it is marked by a rectangle in Figure 8. The voids
percentage differed significantly. The highest voids percentage area was observed for the
samples soldered in a 4-zones tunnel oven, reaching 30%. For the rest of the samples,
this parameter did not exceed 12%. However, the standard deviation was relatively high.
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Figure 8. X-ray images of the solder joints under the IGBT: (a) batch oven, (b) 3-zones tunnel oven,
(c) 4 zones tunnel oven, (d) vapour phase oven, (e) hot air soldering.

Table 2. Voids percentage area.

Soldering Average Void Ratio (%)
Batch oven 69+15
3-zones tunnel oven 128 £ 6.7
4-zones tunnel oven 309 +£49
Vapour phase oven 112+ 4.6
Hot air soldering 3.6+22

As was assumed, the reason for the increase in Ry, could be the increase in voids in
the solder joints. Empty spaces in a metal structure could act like insulation. However,
interestingly, the voids ratio did not correspond to the results of R;;, measurements. The
highest Ry, values were observed for the samples soldered in a VPS oven and manually
with hot air. It suggested that the voids ratio in the solder joint, up to a threshold of 30%,
was not a crucial parameter affecting the thermal management of the IGBTs. The worst VPS
results were not caused by the limiting effect of the vapour on the possibility of effective
flux outgassing during the soldering process, as was suspected.

The increase in Ry, values was probably caused by the microstructure changes in
the solder joint. Typically, the SAC solder joints are composed of the 3—Sn matrix and
intermetallic compounds (IMCs), such as CugSns, CusSn, and AgsSn [23]. IMCs presented
both in the solder bulk as isolated dissolved islands and as an IMC layer (typically CugSns)
between Cu pad and solder alloy. The microstructure, especially IMC presence, changed
the thermal and electrical parameters of solder joints.
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The structure of the solder joints can be seen in Figure 9. It can be described “a
sandwich” structure, with upper and bottom parts. The upper part meant the interface
between the component (transistor) and the solder joint, the bottom part corresponded to
the interface between the solder joint and the FR4 substrate. According to the statistical
evaluation, the thickness of the solder joints was 122.1 & 12.6 pm. Both interfaces contained
a Cu layer, which takes part in the formation of IMC layers. The microstructural analysis of
the solder joints can be seen in Figure 10. Generally, the microstructure of the solder joints
was similar, but some differences also occurred. The IMC layer was the thickest in the case
of the batch oven (Figure 10a). It reached 3 pm at the upper side of the solder joints; in
the other cases, the typical thickness was under 2 pm on both sides of the solder joint. A
high amount of agglomerated Ag;Sn was found at 3-Sn grain boundaries in the case of the
4-zones tunnel oven (Figure 10c). This is unusual in the case of a low-Ag content solder
alloy. In the other cases, only evenly distributed AgsSn dots are visible at the Sn grain
boundaries. According to the distribution of the AgzSn IMCs, the size of the 3-Sn grains
can be approximated (since the AgzSn IMCs are located at the grain boundaries [14]). The
3-Sn matrix was the finest (<20 um) in the case of the 3-zones tunnel oven. Soldering in the
batch oven and the hot air soldering resulted in an average grain size of around ~20 pm.
The largest grains (>40 pm) were observed for the samples soldered in a 4-zones tunnel
oven and with vapour phase soldering. The number of dispersed CugSns islands was the
highest in the case of the batch oven and the hot air soldering. In the case of the hot air
soldering, Kirkendall voids were found in the lower interface of the Cu base and the IMC
layer, which could have formed due to the rapid heat flow into solder joints (Figure 3).

T y ; 1

Cu,Sn,IMC layer
Solder layer
Cu,Sn,IMC layer

Cu wiring

FR4 substrate 100 pm

Figure 9. An exemplary “sandwich structure” of the solder joints under IGBT soldered in batch oven
(SEM micrograph).

A deeper analysis of the IMC layer thicknesses can be seen in Figure 11. Considerable
IMC thickness differences have been found between the soldering technologies, which
correlate well with the “time above liquidus” during the soldering process. Time above
liquidus means the time that the solder joint spends in the liquid state during the reflow
process, practically the time above the liquidus point of the applied solder alloy. In our case,
it was the time above 217 °C (SACX0307 solder alloy). The time above liquidus values can
be calculated from the thermal profiles (Figure 3) for all samples. The longer liquid state of
the solder results in a thicker IMC layer [15]. If we compare the thermal profiles (Figure 3)
with the average IMC thicknesses (Figure 11), it can be concluded that they correlate well.
Usually, the IMC layer was a little thicker at the bottom side of the solder joint than at the
upper side. The only exception was the batch oven. Interestingly, the Ry, values (Figure 5)
are inversely proportional to the IMC layer thicknesses (Figure 11). The lowest Ry, values
were measured in the case of the batch oven (~15 K/W) with the thickest IMC layers
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(bottom and upper together over 5 um). The highest Ry, values were measured in the case
of the vapour phase and hot air soldering (~18K/W) with the thinnest IMC layers (lower
and upper together around ~3 pm). The specific thermal properties of the bulk SnAgCu
solders and the CugSns IMC are around 55-60 W/mK [24] and 34 W/mK [25]. However,
recent studies have proved that bonded Cu-Sn IMC joints made by solid-liquid interphase
diffusion could reach specific thermal conductivity of between 120 and 140 W/mK [26,27].
Therefore, the role of the IMC layer in the heat transfer of solder joints needs further and
deeper investigation, since it is surely not negative, as our results also showed.

a) Batch Oven

c) 4-zones tunnel oven m

Ag,Sn
agglomeration

d) Vapour phase oven A

e) Hot air soldering m

Dispersed

Cu,Sn, ‘ v

Kirkendall voids

Figure 10. SEM micrographs of the solder joints under the IGBT: (right bottom side of the solder
joint, left upper side of the solder joint): (a) batch oven, (b) 3-zones tunnel oven, (c) 4-zones tunnel
oven, (d) vapour phase oven, (e) hot air soldering.
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Figure 11. The IMC layer thicknesses of the solder joints soldered in different soldering ovens.

4. Conclusions

The effect of solder joint preparation on the thermal properties of the IGBT soldered on
FR4 substrate was investigated. It was found that both the soldering technology used and
the thermal profile could change the thermal impedance Zy,(f) and thermal resistance Ry,.
The differences were between 15% and 20% for Zy,(t) and Ry, respectively. The best results
were observed in the case of a batch oven with infrared heating. Although the ratio of the
gas void in the solder joints varied between 3% and 30%, no correlation between the void
ratios and Ry, value increase was found. This means that, in the case of the power package
TO263, the void ratio of the solder joint is not as important from the perspective of the
proper working of the component, as was supposed by the microelectronics industry. The
microstructure of the solder joint showed significant differences in IMC layer thicknesses in
the case of the different soldering technologies, which correlated well with the time above
liquidus during the soldering process. The thermal parameters of the IGBT soldered onto
the FR4 substrate could be changed due to the increased thermal conductivity of the IMC
layer as compared to that of the bulk solder joint. Our research highlighted the importance
of the soldering technology used and the thermal profile in the case of IGBT components.
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