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Abstract

The thermal contact resistance between a clip-attached TO 247 package and heat sink
is a very large contributor to the total thermal resistance. Therefore, it is important to
investigate its reliability and lifetime behavior. The novelty of this investigation is the
new, detailed lifetime behavior measurement results of thermal contact resistance between
package and heat sink. We have carried out an accelerated lifetime test on 30 samples at
110 °C with acceleration factor of 35 for 18 weeks, corresponding to 12.1 years operating
life in indoor environments. The samples were 7 without interlayer film, 12 with 12.5 um
thick silver film and 11 with 6 um thick silver film. At the start of the test, the average of the
thermal contact resistance of samples with 12.5 pm silver film was 20.7% lower, and with
6 pum silver film, the average of thermal contact resistance was 8.7% lower than the average
of thermal contact resistance of samples without film. During the first operating month,
thermal contact resistance decreased by an average of 5%. Then followed an additional
5% decrease for 12 years. All individual samples show lower thermal contact resistance
after 12.1 years compared to the start. No failures were observed, not even among high
outliers. By a visual inspection of heat sink surfaces, high outliers can be avoided from
start. The thermal contact resistance variation is smaller for samples with silver films
compared to samples without film. Samples show decreasing thermal contact resistance
with increasing dissipated power. Several previously known stabilizing mechanisms can
hypothetically explain the results. Not only the softness of silver, but also the high ductility
and Poisson Ratio, which elongate a 12.5 pm thick film more than a 6 pm thick pm film, are
hypothesized to better fill out microscopic voids. We observe silver film surface structure
changes when comparing aged silver films to un-aged silver films, indicating material
movements, but no exact mechanism could be proven. Therefore, the explanations studied
are hypothetical. Since all measured thermal contact resistances were lower after 12.1 years,
our conclusion is that stabilizing types of mechanisms are dominant during the operating
lifetime for indoor environments.

Keywords: thermal contact resistance; electronics cooling; component; power package; TO
247; thermal interface material; accelerated lifetime testing; reliability; silver; thin films

1. Introduction

Power electronics has gone through a very significant evolution in power handling
capabilities in the last decade, with the introduction of SiC power devices, resulting in
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increased integration of components and diminishing size of power systems and subsys-
tems. At increased power densities in power electronic systems, a more concentrated heat
generation is anticipated.

Parallel to the increased and concentrated heat generation from power chips, new,
more advanced cooling techniques have been developed for power electronics [1]. Employ-
ment of active cooling techniques, such as heat pipes and usage of two-phase materials
as coolants and development of jet impingement techniques, has resulted in significantly
improved cooling capabilities [2,3]. Simulation-based optimization of passive cooling
devices, such as heat sinks, has also significantly contributed to more efficient cooling [4].

There are three major thermal interfaces constituting the largest obstacles for efficient
cooling in a typical electronic subsystem. The first is inside the package between the chip
and the package heat spreader. The second, and often largest obstacle, is the thermal
interface between the package and the heat sink, and the third interface is between the
heat sink and the environment. If there are no thermal interface materials, nor advanced
cooling methods employed, in the interface, two materials touch each other with their
surface roughness and planarity issues resulting in microscopic voids at the interface, filled
with air, which makes it a significant obstacle for heat conduction. A large contribution to
the total thermal resistance between the power semiconductor device junction to ambient
comes from the thermal contact resistance between the power package and heat sink. One
additional difficulty in optimizing the thermal interface between the package and heat
sink is that these parts come very often from different manufacturers with production
qualities of surfaces not adjusted to each other. The reliability of power packages and
their thermal effects on junction temperature and lifetime have been widely studied [5-7],
but the reliability and lifetime behavior of the relatively large thermal contact resistance
between the package and heat sink is less investigated. Therefore, the operating lifetime
behavior of thermal contact resistance between the package and heat sink is of importance
in understanding the general reliability of power subsystems.

One of the most used package types for discrete power components is the TO
247 power package. There is a large variety of attachment methods of the TO 247 packages
to heat dissipating surfaces. Most widely used are clips and screw attachments. Clip
attachment generates the lowest mechanical pressure between the TO 247 package and
the heat sink and therefore results in higher thermal contact resistances compared to other
attachment methods. If we can demonstrate improvements of thermal contact resistance
at the low pressures of clip attachment, at least similar improvements can be expected at
higher attachment pressures. An investigation of the reliability and lifetime behavior of the
clip attachment’s thermal interface resistance is therefore a priority.

Optimization of complex thermal interface materials is a difficult task [8,9] and there-
fore an analysis of simple metallic materials is of importance. Silver is widely used in
microelectronics and packaging as conductive interconnect and interlayer material and
in adhesives [10,11]. Gold is also a soft material with a low oxidation rate; however, the
cost of ultra-thin gold films at the same thickness is more than three times that of silver
films. This makes gold films difficult to widely introduce as interlayer material. Ultra-thin
silver films with thicknesses of 2 um-20 um are less studied but of interest as interlayer
material between the package and heat sink because the silver film’s possible ability to fill
out microscopic voids.

This study aims to answer two research questions: How does the thermal interface
resistance between the TO 247 package and aluminum heat sink behave during operating
lifetime? What improvements can we obtain by introducing an ultra-thin silver film
as a thermal interface layer? The aim of our investigation was to achieve quantitative
measurement results over the behavior of the thermal contact resistance between a clip-
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attached TO 247 package and heat sink over its lifetime, in an indoors, static environment,
which represents the basis of further reliability analysis in different environments.

2. Materials and Methods
2.1. Method for Measuring Thermal Contact Resistance

The mechanical pressure from a commercial clip towards a TO 247 power package
and heat sink is in the order of 0.1-0.6 MPa and represents the lowest pressure on average
among different mechanical attachment methods. Since thermal contact resistance rapidly
increases with decreasing mechanical pressure [12,13], it is important to investigate possible
improvement methods of thermal contact resistance, especially when using commercial
clips, and monitor also the thermal contact behavior during the operating lifetime.

The concept of our measurement method of thermal contact resistance between a TO
247 package and aluminum heat sink is shown on Figure 1. From the heat generating
power diode inside the TO 247 package, the heat flow was directed towards the fins of the
heat sink by immersing it into ice water. Thermal sensors of type Pt 1000 were attached
to the heat sink and the TO 247 package, respectively. The thermal contact resistance
between the package and heat sink was measured by dividing the temperature difference
measured between the package and the heat sink by the measured dissipated power of the
power diode.

TO 247 Package with
\ Power Diode Inside

Pt1000 Thermal sensor
Heat Flow

Ultra thin Silver film

Ice-water

Figure 1. The concept of the heat transfer experiment.

2.2. Experiment Design

We designed our experiment to minimize the thermal interaction between the top
side of the heat sink and the surrounding air and direct the heat flow down towards the
ice water at 0 °C. We chose a heat sink with thermal resistance of 1 K/W resulting in the
temperature of the top side of the heat sink to be around 22 °C, close to the surrounding air
temperature, when 22 W of power was dissipated on average from the power diode [14].

The Pt 1000 type of thermal sensor was chosen, with 1000 Ohm resistance at 0 °C, to
minimize the influence of parasitic electrical contacting resistances.

The Pt 1000 sensor attached to the TO 247 package was placed as close as possible
to the thermal interface of the package. It was attached by thermal glue in the corner on
the side of the TO 247 package where the sensor also had contact with the heat spreader
metal of the TO 247 package. The distance to the interface was not more than 34 mm.
However, this placement of the sensor resulted in a lower temperature measured compared
to the true temperature of the thermal interface on the package side. The difference can be
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described as the parasitic heat flow from the package towards the Pt 1000 sensor, times the
thermal spreading resistance of the metal heat spreader over the 34 mm distance.

The Pt 1000 sensor attached to the heat sink was placed also as close as possible to the
heat sink side of the thermal interface on the side of the package with the thermal glue at a
distance also of 3-4 mm from the interface. Closer placement was not possible because of
the risk of the thermal glue getting in thermal contact with the TO 247 package by accident.
This placement of the sensor resulted also in a lower temperature measured compared
to the true temperature of the thermal interface on the heatsink side. The difference can
be described also here as the parasitic lateral heat flow from the heat sink interface to the
Pt 1000 sensor, times the heat sink lateral thermal spreading resistance over 3—4 mm.

The resulting difference, or temperature difference measurement error, due to the
placements of sensors, is only the difference between these two above-described measure-
ment differences. Since the placement distances are similar, the heat flows are through
metals with low heat resistivities (for aluminum typically 0.00422 m-K/W). By our experi-
ment design, we had low parasitic lateral heat flows, and we did not compensate in our
calculations for this error. As a verification that no major source of error was affecting the
thermal contact resistance measurements, a comparison between measured and calculated
thermal contact resistance was presented in [14] where the same measurement method was
employed, using the calculation formula from [13]. We carried out also control measure-
ments by placing two Pt 1000 sensors on the heat sink side and measured the temperature
difference between the sensors. The difference was only 0.25 °C while the temperature
difference between the heat sink and package was 31.2 °C at 22.3 W dissipated power,
resulting in a shift of measured thermal contact resistance only by 0.8%.

2.3. Experiment Description

For each thermal contact resistance measurement, fresh ice water was prepared, and
the fins of the aluminum heat sink were immersed in it. Before powering up the diode,
the temperatures of the heat sink and the TO 247 package were monitored to cool down
below 5 °C, verifying adequate thermal contacts between the package, the heat sink and the
ice water. A photograph of the experimental setup is shown in Figure 2. After the silicon
power diode was turned on, 18 A of current was forced through it, and the diode voltage
drop was measured on the pins of the package. Around 22 W of power was dissipated.
The temperature of the package and the heat sink were measured every 5 min during
15 min of thermal stabilization time. During this stabilization, we monitored also the
temperature difference to remain almost constant between package and heat sink. After
15 min of thermal stabilization, we measured the temperatures at the TO 247 package
and the heat sink, and we calculated the temperature difference from these simultaneous
single measurements. This difference is divided by the dissipated power, resulting in
the thermal contact resistance. We used this static measurement method because of its
simplicity, compared to dynamic methods [15,16].

Since each clip, package and heat sink have a unique combination of clip mechanical
pressure, package thickness and heat sink surface quality, each experimental sample has
shown its unique thermal contact resistance.

2.4. Materials Used
The materials used in our experiments were as follows:

Mechanical clips designed for TO 247 packages—30 pieces.
TO 247 packaged Si power diodes with T junction max = 175 °C—30 pieces.
6 um and 12.5 pm thick high purity silver films—11 and 12 pieces.

L

1 K/W thermal resistance, aluminum, degreased, finish heat sinks—30 pieces.
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5. Pt 1000 type of temperature sensors—60 pieces.
6. 5.6 mm diameter meander type of pressure (force) sensor—1 piece.

Figure 2. Photograph of the experiment setup.

2.5. Sample Preparation

The most important parameters affecting the thermal contact resistance between heat
sinks and clip-attached TO 247 packages are the heat sink surface roughness and planarity,
the mechanical pressure from the clip on the package, and the TO 247 package thickness.
Every sample has its unique combination of these parameters; therefore, a significant
number of samples had to be prepared to give a realistic picture of the distribution of
thermal contact resistance, its behavior during the operating lifetime and possible failure.
We prepared 30 samples [17]: 7 without any interlayer film, 12 with 12.5 um interlayer
silver film and 11 with 6 um interlayer silver film.

Before mounting the samples, the contact surfaces of all 30 heat sinks were visually
inspected and classified from the smoothest surface to the roughest surface in 7 quality
classes and numbered in increasing order. The package thicknesses of all 30 TO 247 pack-
ages were measured and found to vary only by 0.012 mm from 4.998 mm to 5.010 mm. Even
so, the packages were sorted in a decreasing thickness order. The mechanical pressures
from all 30 clips were measured on the same reference TO 247 package and heat sink by the
5.6 mm diameter meander type of pressure sensor.

At mounting, the samples were combined with the smoothest surface paired with
the thickest TO 247 package, and with the clip giving the highest pressure, resulting in
an expected best combination for the thermal contact resistance. The sample mounting
continued then towards the worst possible combination. A table with exact combinations of
heat sink surface classification, measured package thicknesses and clip pressures, together
with how these were paired to specific samples, is available in the supporting Excel data
file. Samples without film and with 12.5 um and 6 pm films were evenly distributed over
the quality distribution of these 30 samples. By this method, we created the wide spread of
combinations for thermal contact resistance, wider than an arbitrary combination. Figure 3
shows a visual difference between three heat sink surfaces: the smoothest heat sink surface
on the left, a typical surface in the center and the roughest on the right side of the picture.
At more rough heat sink surfaces, we see obvious roller marks parallel to the fins on the
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surface originating from the heat sink manufacturing process. The general recommendation
for heat sink surface roughness is Ra = 0.4-1.6 um. Surface roughness measurements are
done in one line, giving quantitative results. The human eye can quickly and with good
sensitivity scan in two dimensions and recognize patterns but does not give quantitative
results. In this study, we used a visual classification resulting in 7 classes, and out of that
only 1 class was recognized as outlier. The exact result of this classification is available in
the supporting Excel document.

Figure 3. Photograph of 3 heatsink surfaces: with the smoothest surface on the left, a typical surface
in the center and the roughest in the right of the picture.

As a clip was locked to a TO 247 package when mounting a sample, it was never
opened again during the accelerated lifetime test and measurements. In this way, we
ensured the undisturbed continuity of the same clip pressure along the lifetime test.

The samples were named with the following convention: A letter N denotes no
film sample, S denotes a silver film sample with 12.5 um silver film, and S with a small
t (thin) at the end of the sample name denotes 6 pm silver film. After the letter comes the
numbering of the sample. Samples which were regarded as outliers already before the first
measurements are denoted with a big O letter in the beginning of the sample name. The
two letters AG at the end of the name denote the Advance Group samples. In the middle
of the sample, name there is a slash, and after the slash is the heat sink identifying number.
The lower the heat sink number, the better the heat sink surface quality. Some samples
have a heat sink identifier starting with D, meaning the sample is from one separately
purchased batch.

2.6. Method for Monitoring Operating Lifetime

For evaluation of operating lifetime behavior of thermal contact resistance, we carried
out an accelerated high temperature storage test. The maximum operating temperature
of the Si power devices with the TO247 packages and heat sinks with clips were specified
above 120 °C. However, the maximum operating temperature of the thermal glue for the
Pt 1000 sensors” attachments was specified to 120 °C. For this reason, we set the oven
temperature for the accelerated operating life test to 110 °C.

Since the package-to-heat-sink interface temperature for all different industrial applica-
tions is not possible to know, we have to accept the generally used average temperature of
55 °C as the average thermal interface temperature during the operating lifetime [18]. With
this input data, we obtained an acceleration factor of 35, as described in detail in Section 2.7.
For applications with other, especially higher interface, temperatures, an adjustment of the
acceleration factor must be made. Figure 4 shows the experiment samples placed in the
test oven.
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Figure 4. The experiment samples were placed in oven for accelerated lifetime test.

The thermal contact resistances of all samples were measured at the start of the test
and after 12 h, 24 h, 48 h, 1 week, 2 weeks, 4 weeks, 6 weeks, 8 weeks, 10 weeks, 12 weeks,
14 weeks, 16 weeks, and 18 weeks in the test. All samples were simultaneously put into
and taken out from the oven and all samples were allowed to naturally cool down to room
temperature before measurements started.

The dependence on dissipated power of the thermal contact resistance was measured
for 3 samples (1 with 12.5 um silver film, 1 with 6 um silver film and 1 without film) at
start and after 6, 12, and 18 weeks in the test. At measurements, on a few occasions, new
Pt1000 sensors with new thermal glue were attached and the temperature was measured
both with the new sensors and the sensors submitted to oven treatment. No significant
differences were observed, proving that level of aging of the thermal glue and the thermal
sensors did not affect the measurements. The measurement of thermal contact resistance of
all 30 samples on each measurement occasion required 3 working days. This measurement
time has not been included in the lifetime calculation.

For two samples, also denoted in the sample names as the Advance Group (AG),
one without film with sample name “ON0/DReflAG”, and one with 12.5 pm silver film
with sample name “S6/n11AG”, we started the accelerated test 10 weeks before all the
other samples, with the purpose to give an indication of the experiment functionality
and the behavior of thermal contact resistance. These two samples were tested 28 weeks,
corresponding to 18.8 years operating lifetime.

2.7. Calculation Method of the Acceleration Factor

Failure rates (R) for temperature-dependent failure mechanisms can be described by
the Arrhenius Equation (1).
R=A x exp (—EA/le) (1)

where R denotes the failure rate, E 4 is the activation energy of the dominant, temperature-
dependent failure mechanism, k is Boltzmann'’s constant k = 0.0000862 eV /K and T; is
the typical average temperature of the device during its lifetime. A is a pre-exponential,
material-dependent constant.

To accelerate temperature-dependent failures, an accelerated lifetime test must be
carried out at a temperature (T,) significantly higher than the average temperature during
lifetime. The acceleration factor, AF, for the test is calculated with the help of two Arrhenius
equations at T and T, respectively; see Equation (2), comparing two cases: the operating
life at a typical average case-to-heat sink interface temperature at T; = 55 °C in normal
operation compared to the oven temperature of the accelerated test at T, = 110 °C in this
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investigation. This calculation method of the acceleration factor, AF, follows the JEDEC
standard, given in the JEDEC publication 122H [19].

AF =exp (Ea/k) x (1/T1) = (1/T2))) (2)

This calculation formula is widely used in electronics technology and product quali-
fications. Since most failure modes in electronics, as well as failure models of interfaces
due to migration or oxidation are significantly temperature dependent, the use of the
Arrhenius equation is a valid and relevant method for investigations of thermal contact
resistances. The activation energy describes how strong temperature dependence has a
failure mechanism. A higher value of E4 means stronger temperature dependence and
a larger acceleration factor. There are, however, many different failure modes in power
electronics and at thermal interfaces such as migration, oxidation, etc. Even for the same
failure mechanism, there are variations in activation energy depending on geometries, layer
thicknesses and other environmental factors such as humidity. For example, the activation
energy for corrosion can vary between 0.3 and 1.1 eV and for electromigration it can vary
between 0.5 and 1.2 eV [20]. Since we do not know the exact failure mechanism in this
study, we cannot precisely calculate the acceleration factor. We must rely on generally ac-
cepted empirical knowledge in electronic systems where a widely used value for activation
energy is 0.7 eV. We use this value in our calculations, also, to get a comparable timeline
to other accelerated test results in electronics. With this input data by using Equation (2),
the calculation resulted in the acceleration factor of 35.0, assuming the component is in use
100% of time.

3. Results
3.1. Measurement Results at Start of the Accelerated Lifetime Test

The thermal contact resistance Rt was measured at the start of the lifetime test for all
30 samples. The results are summarized in Table 1 below.

Table 1. Measurement results of thermal contact resistance (Rt) of all 30 samples at start of the test in
three groups: with no film, with 12.5 um and 6 pm silver film.

No Film 12.5 um Silver Film 6 um Silver Film

Sample Name Rt [K/W] Sample Name Rt [K/W] Sample Name Rt [K/W]
N1/D7 1.47 0S21/2 1.15 S1t/4 1.58
N2/13 1.59 52/6 1.67 S3t/8 1.68
N3/21 1.33 54/10 1.53 S5t/11 1.74
N4/29 1.82 56/n11AG 1.54 S7t/16 1.83
N5/D4 1.83 S8/18 1.23 S9t/20 1.5
ONG6/48 2.74 S10/D6 1.56 S11t/24 1.48
ONO/DReflAG 2.32 S12/26 1.49 513t/28 1.73
S14/D9 1.55 S15t/32 1.8
S16/34 1.41 S17t/36 1.85
S18/38 1.64 S19t/41 1.81
520/43 1.18 0S22t/45 1.9

06523/47 1.86

Average 1.87 Average 1.48 Average 1.72
Min to Max 1.41 Min to Max 0.71 Min to Max 0.43
3 sigma no outliers 0.46 3 sigma no outliers 0.23 3 sigma no outliers 0.35
% of No Film 79.3 % of No Film 91.8

The results show that on average the samples with silver film have lower thermal
contact resistance compared to no-film samples. Specifically, 12.5 um silver film samples
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have 79.3% and 6 um samples have 91.8% of thermal contact resistance of no-film samples
on average. Since the distribution of the measured thermal contact resistances are over-
lapping, we have made a statistical evaluation of the significance of these differences with
unpaired t-tests. As expected, the difference of 20.7% between no film and 12.5 um films is
statistically significant, while the 8.2% difference between no-film samples and 6 um film
samples is statistically not significant.

Analysis of measurement results’ distributions shows significantly higher difference
between minimum to maximum (Min to Max) values for no-film samples (1.41 K/W)
compared to 12.5 um (0.71 K/W) and 6 um (0.43 K/W) silver film samples. Taking out high
outliers (above 1.85 K/W) and low outliers (below 1.30 K/W), the remaining samples show
also higher 3 standard deviation (3 sigma) for no-film samples (0.46 K/W) compared to
12.5 um (0.25 K/W) and 6 um (0.35 K/ W) silver film samples. This data supports a general
observation of a significantly smaller variation of thermal contact resistances in samples
using silver interlayer films.

3.2. Thermal Contact Resistance Behavior in the Beginning of Operating Lifetime

Significant changes have been observed in the thermal contact resistance during the
first months of operating lifetime. Measurement results of all 30 samples show significant
decrease in thermal contact resistance, on average 5%. This change happens both for
samples without film and with silver films at both 12.5 um and 6 um thicknesses. Figure 5
below shows this initial behavior in four graphs.

Figure 5a shows the change on average of the different film groups: no film samples,
12.5 um and 6 pm film samples. Figure 5b shows the behavior for each sample with no film,
Figure 5c shows the 12.5 pm film samples, and Figure 5d shows the 6 um film samples’
behavior. For a better view, each of the four graphs starts with an insert with larger time
scale for the first 0.2 year of operating life.

We can observe when comparing the graphs in Figure 5, that the average thermal
contact resistance of no-film samples remains the highest during the first months of operat-
ing life compared to 6 um and 12.5 um film averages. The relative lower value of thermal
contact resistance for 12.5 um and 6 pum film samples compared to no-film samples remains
unchanged during this time period.

Comparing the distribution of no-film samples in Figure 5b to 12.5 um film samples in
Figure 5c and 6 pm film samples in Figure 5d shows a much wider distribution for no-film
samples compared to 12.5 pm samples and even tighter distribution for 6 um samples.
However, the average value of 6 pm samples is higher than the average of 12.5 pm samples.

The highest thermal contact resistance outlier is a no-film sample (heat sink No. 48.),
with the roughest heat sink surface, the highest outlier among the 12.5 um samples is a
sample also with rough heat sink surface (heat sink No. 47.) and the highest outlier among
the 6 um samples is also a sample with rough heat sink surface (heat sink No. 45.). Those
three heat sinks were also initially recognized to have significantly rougher surfaces than
average. The relative difference in thermal contact resistance of these outliers compared to
their group averages is highest among no-film samples and smallest among 6 um samples.

3.3. Thermal Contact Resistance Behavior During 12.1 Years of Operating Lifetime

All 30 samples were submitted to continuing accelerated lifetime tests and the thermal
contact resistances were measured after 1, 2, 4, 6, 8, 10, 12, 14, 16, and 18 weeks in the oven
at 110 °C corresponding to a total of 12.1 years of operating lifetime. Figure 5 shows the
thermal contact resistance behavior during 12.1 years of operating lifetime, in Figure 5a
for sample group averages, Figure 5b for no-film samples, Figure 5c for 12.5 pum silver film
samples and Figure 5d for 6 um silver film samples.

https://doi.org/10.3390/en19153493


https://doi.org/10.3390/en19153493

Energies 2026, 19, 3493 10 of 18
(@) Average of Thermal Contact Resistances vs. Operating Lifetime
= 3.00+ - = 3.00 e ;
g s 280 g 5 280 Average of no film samples
8% 560 ) 60 | Average of 6 um silver
% 8 550 % 8 550 film samples
& 2 240 & 2 240 | —— Average of 12.5 um silver
© ® 220 © ® 220 film samples
£2 5007 £2 5007
g < 1'80 T v—— g < 1'80 'W
8= 1 8= 1
= o 1607 = o 1607
c o I .
EQua0l™— ERuMOT T
3 E g b3
B I B E— | B T T T T T T 1
0.00 010 0.20 000 200 400 600 800 1000 1200 14.00
Operating Lifetime at Acc Factor 35 [Years]
(b) Thermal Contact Resistance of All No Film Samples
_ and Their Average vs. Operating Lifetime
S 800 1 3 08 AT
= 2.80 = 2.80 ! e N2M3
o 2.60 o 260
§ 250 § 250 NNzl
Bosot~———. Zoao —— N4/29
& 220 | 2 220 —— N5/D4
S 200 S 2.00 ON6/48
£ 180 S £ 180 —— ONO/DRef1AG
8 160 T~ . 3 160 —— Average allN
o o ge a
s 1401 ——— 5 140 ‘
€ 1201 € 120
2 10+— 2 100+ ; ; ; : . . |
= 000 010 020 000 200 400 600 800 1000 1200 14.00
Operating Lifetime at Acc Factor 35 [Years]
() Thermal Contact Resistance of All 12.5 pm Silver Film
= s Samples and Their Average vs. Operating Lifetime
2, 3007 2, 3007 —— 082112
o 2.80 o 2.80 —— S2/6
2 260 2 260 —— S4/10
g 2.50 | g 2.50 | —— S6/n11AG
% 2.40 | % 2.40 | —— 58/18
® 590 2 590 —— S10/D6
x <. @ Z.
T i a i S$12/26
g 2,00 | d g 2.00 | —— S14/D9
= 1.80 = 1.80 S16/34
3 160 == o 160 T _. $18/38
S 140- S 140 : 52043
Elol o Eiool s Awegedl's
= 000 010 020 £ 000 200 400 600 800 1000 1200 14.00
Operating Lifetime at Acc Factor 35 [Years]
(d) Thermal Contact Resistance of All 6 um Silver Film
g = Samples and Their Average vs. Operating Lifetime
2 3.00 - X 3.00 - —— Sit/4
o 2.80 o 2.80 A —— S3t/8
2 260 4 2 260 4 S5t/11
£ 250 ] % 250 | —— ST71/16
‘w240 | ‘w240 | —— S9t/20
& 2.20] & 2.20] Stit/24
[ e —— B 2.00 | —— S13t/28
£ 180 ]E £ 180 & —— S15/32
S 16071 : G 160 — = s : —— S17t/36
O 1407 ==—— O 140fF ——F———— =1 —— S19t/41
g 1201 g 1201 —— 0S221/45
5 100 +——— 5 100 ; ; ; . ; | , —— Average all St
e 000 010 020 £ 000 200 400 600 800 1000 12.00 14.00

Operating Lifetime at Acc Factor 35 [Years]

Figure 5. Thermal contact resistance behavior of 30 samples during 12.1 years of operating lifetime.

(a) Film group averages of thermal contact resistance, (b) Thermal contact resistance for samples with
no film and their average, (c) Thermal contact resistance for samples with 12.5 pm film and their

average, (d) Thermal contact resistance for samples with 6 um film and their average.
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We observe that the average values of no-film, 12.5 pm and 6 pm silver film groups
show a continuous, smooth behavior with no tendency of significant increase during the
12.1 years of operating lifetime, as shown in Figure 5a. Similarly to initial observations, the
largest variation of thermal contact resistances is in the no-film group, significantly larger
than that of the 12.5 um and 6 pm silver film groups. The 6 um silver film group has the
smallest distribution, but their average value is higher than the 12.5 um silver film group.
As initially observed, we see that samples with the roughest heat sink surfaces continue to
result in the highest thermal contact resistances, both in the group of no-film samples with
heat sink No. 48, in the group with 12.5 um silver film with heat sink No. 47, and also in
the group of 6 um silver film with heat sink No. 45. These rough surface samples show
significantly larger measurement-to-measurement variations compared to their groups. In
Figure 5d, we can see a small decreasing tendency of thermal contact resistances for the 6
um silver film group, especially after 6 years.

In Table 2 below, we summarized thermal contact resistances of all 30 samples at
the start of the test, at 12.1 years’ operating lifetime, the averages and the percentages
of changes.

Table 2. Summary of all 30 samples thermal contact resistances, Rt, at start and after 12.1 years
of operating lifetime, the averages and the percentages compared start values and compared to
no-film group.

No Film Samples Rt [K/W] 12.5 pm Silver Film Samples Rt [K/W] 6 pum Silver Film Samples Rt [K/W]
Rt at Rt at Rt at
Rt at % of Sample Rt at % of Rt at % of
Sample Name Start 12.1 Start Name Start 12.1 Start Sample Name Start 12.1 Start
Years Years Years
N1/D7 1.47 1.3 88.5 0S21/2 1.15 1.12 97.3 Sit/4 1.58 1.31 83.2
N2/13 1.59 1.39 87 S2/6 1.67 1.48 88.7 S3t/8 1.68 1.48 87.8
N3/21 1.33 1.16 87.4 54/10 1.53 1.37 89.5 S5t/11 1.74 1.49 85.5
N4/29 1.82 1.72 94.7 S6/n11AG 1.54 1.36 88.2 S7t/16 1.83 1.65 90
N5/D4 1.83 1.6 87.8 S8/18 1.23 1.17 94.8 S9t/20 15 1.39 92.6
ONG6/48 2.74 2.58 94.2 510/D6 1.56 1.46 93.3 S11t/24 1.48 14 94.7
ONO/DRef1AG 2.32 2.14 92 512/26 1.49 1.27 85.2 S13t/28 1.73 1.51 87.5
S14/D9 1.55 1.41 91.1 S15t/32 1.8 1.43 79.7
516/34 1.41 1.25 88.3 S17t/36 1.85 1.63 88.3
518/38 1.64 1.46 89 S19t/41 1.81 1.64 90.5
520/43 1.18 1.09 925 0S22t/45 19 1.67 87.8
0S23/47 1.86 1.83 98.6
Average 1.87 1.7 90.2 Average 1.48 1.35 91.4 Average 1.72 1.51 88
Min to Max 141 1.42 100.6 Min to Max 0.71 0.74 103.6 Min to Max 0.43 0.36 84.8
3 sigma no 046 051 1104  OSBMANO o030 1074 3 sigma no 035 019 556
outlier outlier outlier
% of No 79.3 79.7 % of NoFilm  91.8 88.8
Film

We can observe from the “% of start” columns in Table 2, that no samples’ thermal
contact resistance has reached its start value (100%). This presents the most important
finding of this study, that no samples have failed, not even our outliers with the roughest
heat sink surfaces. From the beginning of the test, we defined “failure” as 20% increase
of the thermal contact resistance from its original value with the second limitation, that
the power diode is not surpassing its maximum junction temperature rating before the
20% increase. Since we employed high maximum temperature diodes of 175 °C and ice
water cooling of the heat sink, the maximum junction temperature limitation did not occur.
Observing a general decrease in thermal contact resistance over the 12.1 years of lifetime,
we did not need to employ our specific definition of failure.

We see a general decrease in thermal contact resistance after 12.1 years of operation
of around 10%. Out of that 10%, around a 5% decrease occurs already during the first
months of operation, as described earlier. Compared to the no film group, we see also
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after 12.1 years of operation lower thermal contact resistances on average of 20.3% for the
12.5 pm silver film group and of 11.19% for the 6 um silver film group. Analysis of the
distribution of thermal contact resistances between the start and 12.1 years of lifetime shows
that the variation of thermal contact resistances slightly increases with a few percentages
for the no-film group (100.6%) and the 12.5 um silver film group (103.6%), while we see
a decrease for 6 pm silver film group (84.8%). However, the variation of thermal contact
resistances between samples in each group remains much smaller after 12.1 years lifetime
for the 12.5 um silver film group (min to max = 0.74 K/W) and the 6 pm silver film group
(min to max = 0.36 K/W) compared the no-film group (min to max = 1.42 K/W). This
supports a general observation of the advantage of using interlayer silver film to lower the
variation in thermal contact resistance between samples. This observation remains valid
also after 12.1 years of lifetime.

3.4. Thermal Contact Resistance Behavior of Advance Group Samples During 18.8 Years of
Operating Lifetime

Two samples, called Advance Group as described in Section 2.6, started the 110 °C
oven accelerated lifetime test 10 weeks earlier than all other samples, and therefore in total
they had 28 weeks of oven time, corresponding to 18.8 years of operating lifetime. They
were one sample with no silver film and one sample with 12.5 um silver film. Figure 6
shows the results.

Thermal Contact Resistance of the Advance Group (AG) Samples vs. Operating Lifetime

260
240
2.20
2.00
1.80
160
1.40

1.00

oo —

1.20 1

0.00

200 400 600 800 1000 1200 1400 1600 1800 2000
Operating Lifetime at acc Factor 35 [Years]

No film sample ONO/DReflAG  —e— 12.5 ym silver film sample S6/n11AG

Figure 6. Two Advance Group samples’ thermal contact resistances as a function of operating lifetime.
“ONO0/DRefl AG” sample without film and “S6/n11AG” sample with 12.5 um silver film.

We can conclude from Figure 6 that no major changes in thermal contact resistance
behavior occur between 12.1 and 18.8 years of operating life for these two samples, and
the thermal contact resistance values are lower than at start of the lifetime test even after
18.8 years of operating lifetime.

3.5. Dissipated Power Dependence of Thermal Contact Resistance and Its Behavior During 12.1
Years of Operating Lifetime

Three samples have been analyzed for how their thermal contact resistance depends
on dissipated power at the start of the lifetime test and at 4 years, 8 years and 12.1 years
of lifetime. The first sample was named “N4/29” without film, the second sample was
named “S12/26” with 12.5 um silver film, and the third sample was named “S11t/24” with
6 um silver film. The heat sinks” surfaces were nominal in these three samples. Figure 7
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summarizes the results. Figure 7a shows the three sample thermal contact resistances at the
start of the lifetime test and at 12.1 years of operating lifetime. Figure 7b shows the thermal
contact resistance for the no-film sample (N4/29) at start, after 4 years, after 8 years and
after 12.1 years of operating lifetime. Similarly, Figure 7c shows this data for the 12.5 um
silver film sample (512/26) and Figure 7d does so for the 6 um silver film sample.

(a) (b)
Thermal Contact Resistance vs. Dissipated Power
Thermal Contact Resistance vs. Dissipated Power for No Film Sample

2.00 A 2.00 7
= 1.9041 = 1.90
s S
8 8
s 1701 € 1704 \
= 3
3 160 3 1601
& &
C 450 ‘\' T 150
Q Q
@ - @
€ 140 € 140
<} [}
© 130 © 130
£ £
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N4/29 12 yeasrs S12/26 12 years S11t/24 12 years —o— N4/29 8 years N4/29 12 years
(© (d)
Thermal Contact Resistance vs. Dissipated Power Thermal Contact Resistance vs. Dissipated Power
for 12.5 um Silver Film Sample for 6 um Silver Film Sample
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Figure 7. Thermal contact resistance vs. dissipated power of three samples during 12.1 years of
operating lifetime. (a) Thermal contact resistance at start and after 12.1 years for 3 samples: No
film, 12.5 pm, 6 pm film. (b) Thermal contact resistance of no-film sample at start and after 4, 8 and
12.1 years. (c) Thermal contact resistance of 12.5 um film sample at start and after 4, 8 and 12.1 years.
(d) Thermal contact resistance of 6 um film sample at start and after 4, 8 and 12.1 years.

We observe from Figure 7 that all three samples show decreasing thermal contact
resistance with increasing power dissipation, both at the beginning of the lifetime test
and after 12.1 years of lifetime. This decreasing tendency is largest for the no-film sample
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and smallest for the 6 um sample. The change in thermal contact resistance after the
12.1-year lifetime is largest for the 12.5 um silver film sample and smallest for the 6 um
silver film sample. Because just a few samples were tested, none of the above observations
are statistically proven.

3.6. Visual Comparative Surface Evaluation of Aged Silver Film Surface Compared to Unused Film

One sample with 12.5 um silver film aged to 18.8 years of lifetime, named S6/n11AG
from the Advance Group (AG), was opened after 28 weeks in the oven at 110 °C, and the
silver film surface towards the heat sink was compared to an unaged silver film surface.
A photograph of this comparison is shown in Figure 8.

Figure 8. Visual comparison of a silver film surface after 18.8 years aging on the left side compared to
an unused (unaged) silver film surface.

The sample with 12.5 um silver film aged to 18.8 years of lifetime shows no significant
discoloration due to oxidation compared to the unaged film. A small discoloration is
present only on the left edge of the film. This points towards the conclusion that no
significant in-diffusion of oxygen occurred during the aging process. We observe that the
surface morphology has changed, as the surface becomes more rough and uneven for the
aged silver film. This indicates that movement of the silver material could occur under
aging and mechanical pressure.

4. Discussion

Results in Table 1 show that at the start of the lifetime test, samples with 12.5 um
silver film on average have 20.7% lower thermal contact resistances and samples with
6 pum silver film on average have 8.2% lower thermal contact resistances compared to the
average of no-film samples. However, the thermal contact resistance distributions of these
three groups are overlapping due to large variations of heat sink surface qualities, clip
pressures and package thicknesses. Statistical analysis of the above differences shows
that only the 12.5 pum thick silver film group’s result of 20.7% lower average thermal
contact resistance is statistically significant. Larger sample sizes of each group could
have improved the statistical significance of the results. Analysis of distributions in Table 1
shows significantly smaller variations both for min to max and non-outlier samples’ 3 sigma
values for the silver film samples compared to no-film samples. These results indicate a
mechanical interaction between the silver film and the heat sink and package surfaces. One
hypothetical, not proven interaction is the softening of the silver film and consequently the
silver filling out more microscopic voids between the TO 247 package and the heat sink.
Therefore, the volume of air-filled voids diminishes, resulting in lower thermal contact
resistance. Also, some co-planarity issues between the TO 247 package and the heat sink
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surfaces are possibly levelled out by silver films. This not-proven levelling out effect can be
explained by the known Indentation Size Effect, where areas of silver film not in full contact
with the package or heat sink due to non-planarity do not experience the full mechanical
pressure, behaving harder and therefore remaining unchanged in thickness, while in areas
experiencing the full mechanical pressure, the stress will result in more significant thinning
of the film, pushing out silver material due to its high ductility. Published simulation
results [8] show also optimization possibilities by thermal interface structures. For Press-
pack type of packages, having much higher, ca. 20 MPa mechanical pressures, experimental
results [21] also show an even larger, very significant decrease in thermal contact resistance
due to the softening effect of the inserted ultra-thin silver film. In this investigation, the
thermal contact resistance change is smaller due to much lower mechanical pressure from
the clips, varying between 0.1 to 0.6 MPa.

We observed in Table 1 that the highest outliers in each group were the samples with
the roughest heat sink surfaces, numbered 48, 47 and 45, respectively. This points out that
the heat sink surface quality is a major parameter affecting thermal contact resistance. As
Figure 3 demonstrates, a simple visual inspection of heat sinks’ top surfaces could be a
sufficient method to exclude these outliers. The thermal contact resistance improvement
on average is more than double for the 12.5 um film group than for the 6 um group,
indicating that other factors than only the silver material softening are responsible for
the improvement compared the no-film group. As previously known, silver has a high
ductility, manifested in the high Poisson Ratio of 0.3, representing that the perpendicular
strain of silver is 30% of the strain in the direction of stress. At the same clip pressure, this
results in double elongation of 12.5 um film compared to 6 pm silver film; consequently, the
12.5 um can fill out more of the microscopic voids. In this study, we cannot unambiguously
prove that this effect is the main responsible mechanism.

Figure 5 shows the thermal contact resistances of all samples and group averages
during the operational life of 12.1 years. All samples and group averages exhibit a decrease
of around 5% in thermal contact resistances in the first operational month. We can attribute
this effect to the possible softening of sharp top edges of the heat sink contact surfaces [22].
This decrease is not dependent if we use a thermal interface material but contributes
positively to the thermal contact resistance stability. If we compare the thermal contact
resistance distributions in Figure 5b with Figure 5¢,d, we see smaller variations within the
12.5 um and the 6 um groups, compared the no-film group. This shows that the smaller
variations within the silver film groups remain also during the operating lifetime. This is
an additional advantage of using ultra-thin silver interface films.

An important result of this study is shown in Table 2. None of the 30 samples fail
after the accelerated lifetime test corresponding to 12.1 years of lifetime. This indicates that
there is no inherent failure mode between a clip-attached TO 247 package and aluminum
heat sink in an indoor, steady state environment, which should limit the lifetime below
12.1 years. This important result is, however, limited to indoor, dc type of applications,
since no power cycling [23], humidity, nor vibration or mechanical shock test were included
in this study [24].

We see that thermal contact resistances are improving and getting lower in an ac-
celerated lifetime test even as long as 18.8 years lifetime for a few samples evaluated, as
shown in Figure 6. Several previously known stabilizing mechanisms can give hypothetical
explanations for this improvement. Firstly, the sharp tops of the aluminum heat sink
surface are smoothing out due to the applied mechanical pressure already at the beginning
of the operating life affecting all samples. Secondly, the high ductility manifested in a high
Poisson Ratio of 0.3 of silver makes inserted silver films better at filling out microscopic
voids. This effect is larger for the 12.5 pum silver film than for the 6 um silver film. Thirdly,
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the stress-strain characteristics for silver [25] show a large temperature dependency where
already at 50 °C to 60 °C some early plasticity occurs. This effect is fully reversible when
temperature goes down. The Indentation Size Effect [26,27] can also contribute to the
observed smaller thermal contact resistance improvement with 6 pm film than 12.5 ym
film. Finally, also the softness [28] of the silver material is contributing to level out surface
non-planarity. We have been able to observe changes in the surface structure indicating
a possible movement of silver material in aged films compared to non-aged films in Fig-
ure 8 but not able to directly point out and prove which of the above known stabilizing
mechanisms are responsible for the lower thermal contact resistance. Further analysis of
the aged film compared to new film would be needed to identify the responsible mech-
anism. Such analysis could be SEM/EDS or 3D surface measurements [29]. Among the
above-mentioned stabilizing mechanisms, we think that the material softening and the high
ductility mechanisms are the most plausible explanations. To evaluate this hypothesis and
distinguish between different mechanisms, we propose to evaluate other materials such as
aluminum films, since aluminum is a harder material but has a similar, high ductility as
silver. Possibly several of these physical effects contribute to lowering the thermal contact
resistance [30] over the operating lifetime.

The clip-induced mechanical pressure is also one important affecting parameter for
changes in thermal contact resistance. It does not seem to degrade during the lifetime of
12.1 years.

One known phenomenon that could increase thermal contact resistance is oxidation
of interface surfaces in vicinity of the microscopic voids that can produce high thermal
resistance oxides. This phenomenon does not seem to occur in this study done in an indoor
environment and not at enhanced humidity.

An additional stabilizing result is presented in Figure 7. The thermal contact resis-
tance is getting lower with increasing dissipated power and consequently with higher
TO 247 contact surface temperature, regardless of the use of interlayer silver films. One
probable explanation is that when the TO 247 package gets warmer, it expands also in
thickness, and therefore increases the mechanical pressure from the clip, resulting in smaller
microscopic voids. This phenomenon will also have a stabilizing effect.

In the search for other, less expensive thermal interface material, ultra-thin aluminum
film with high ductility and Poisson Ratio is an interesting candidate. The cost of ultra-thin
high-purity aluminum films is approximately 30% of silver films or less.

5. Conclusions

1. The main novelty of this study is the detailed measurement results during the
operating lifetime of the thermal contact resistance between a clip-attached TO 247 package
and aluminum heat sink. We evaluated 30 samples with and without thin interlayer silver
films by an accelerated lifetime test.

2. The main finding is that no failures in thermal contact resistances occurred in 30 sam-
ples after 18 weeks of accelerated lifetime test at 110 °C with the calculated acceleration
factor of 35, corresponding to 12.1 years of operating lifetime in an indoor environment.
Not even samples with high, outlier thermal contact resistances failed. All samples show
improved, lowered thermal contact resistances on average of 10% after 12.1 years of lifetime.
From this 10%, an initial lowering of 5% occurs during the first months of operating life.
Two samples, one with 12.5 pum silver film, one with no film have been evaluated even for a
longer operating lifetime of 18.8 years, where no failures, nor significant changes in thermal
contact resistance, have been observed. We observed silver material surface changes indi-
cating material movement could occur in aged silver films, but no single mechanism could
be pointed out and proven to be responsible for the lowered thermal contact resistances.
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We can, however, conclude that stabilizing aging mechanisms are dominant during this
indoor environmental lifetime test.

3. Samples with 12.5 pm silver film show on average 20% lower thermal contact
resistance than the average of no-film samples. Samples with 6 pm silver film show on
average 8% to 11% lower thermal contact resistance than the average of no-film samples.
Samples with 12.5 um and 6 pm silver films show smaller variations of thermal contact
resistance than no-film samples. From these results, we can conclude that there is an
advantage in using ultra-thin silver films as thermal interface material.

4. We could identify high outlier thermal contact resistances for samples with very
rough heat sink contact surfaces. We conclude that it is possible to prevent high outlier
thermal contact resistances by a visual inspection of heat sink contact surfaces.

5. We demonstrated that increased power dissipation, with higher package tempera-
ture, results in lower thermal contact resistance. This has also a stabilizing effect.
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