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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 investi-
gate its reliability and lifetime behavior. The novelty of this investigation is the new, de-
tailed lifetime behavior measurement results of thermal contact resistance between pack-
age 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 µm thick 
silver film and 11 with 6 µm thick silver film. At the start of the test, the average of the 
thermal contact resistance of samples with 12.5 µm silver film was 20.7% lower, and with 
6 µm silver film, the average of thermal contact resistance was 8.7% lower than the aver-
age 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 addi-
tional 5% decrease for 12 years. All individual samples show lower thermal contact re-
sistance 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 ductil-
ity and Poisson Ratio, which elongate a 12.5 µm thick film more than a 6 µm thick µm 
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 explana-
tions 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 dur-
ing 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 

Academic Editor: Vincenzo  

dʹAlessandro 

Received: 18 June 2026 

Revised: 16 July 2026 

Accepted: 22 July 2026 

Published: 24 July 2026 

Copyright: © 2026 by the author. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 



Energies 2026, 19, 3493 2 of 20 
 

https://doi.org/10.3390/en19153493 

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 im-
proved 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 in-
terface 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 cool-
ing 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 be-
tween the package and heat sink is less investigated. Therefore, the operating lifetime be-
havior 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 attach-
ment 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 attach-
ment 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 mi-
croelectronics 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 µm–20 µm 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 mi-
croscopic 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 meas-
urement results over the behavior of the thermal contact resistance between a clip-at-
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tached 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 pos-
sible improvement methods of thermal contact resistance, especially when using commer-
cial 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 be-
tween 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. 

 

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 3–4 mm. However, 
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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 de-
scribed 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 3–4 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 acci-
dent. This placement of the sensor resulted also in a lower temperature measured com-
pared 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 exper-
iment 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 calcu-
lated thermal contact resistance was presented in [14] where the same measurement 
method was employed, using the calculation formula from [13]. We carried out also con-
trol measurements 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 dissi-
pated 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 dissi-
pated. The temperature of the package and the heat sink were measured every 5 min dur-
ing 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 sin-
gle measurements. This difference is divided by the dissipated power, resulting in the 
thermal contact resistance. We used this static measurement method because of its sim-
plicity, 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. 
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Figure 2. Photograph of the experiment setup. 

2.4. Materials Used 

The materials used in our experiments were as follows: 

1. Mechanical clips designed for TO 247 packages—30 pieces. 
2. TO 247 packaged Si power diodes with T junction max = 175 °C—30 pieces. 
3. 6 µm and 12.5 µm thick high purity silver films—11 and 12 pieces. 
4. 1 K/W thermal resistance, aluminum, degreased, finish heat sinks—30 pieces. 
5. Pt 1000 type of temperature sensors—60 pieces. 
6. 5.6 mm diameter meander type of pressure (force) sensor—1 piece. 

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 µm interlayer 
silver film and 11 with 6 µm 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 pres-
sures 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 con-
tinued then towards the worst possible combination. A table with exact combinations of 
heat sink surface classification, measured package thicknesses and clip pressures, together 
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with how these were paired to specific samples, is available in the supporting Excel data 
file. Samples without film and with 12.5 µm and 6 µm 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. Fig-
ure 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 surface originating from the heat sink manufacturing process. The general recom-
mendation for heat sink surface roughness is Ra = 0.4–1.6 µm. Surface roughness meas-
urements 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. 

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 en-
sured 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 µm silver film, and S with a small t (thin) 
at the end of the sample name denotes 6 µm silver film. After the letter comes the num-
bering 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. 

 

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. 

2.6. Method for Monitoring Operating Lifetime 

For evaluation of operating lifetime behavior of thermal contact resistance, we car-
ried out an accelerated high temperature storage test. The maximum operating tempera-
ture of the Si power devices with the TO247 packages and heat sinks with clips were spec-
ified 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 ap-
plications is not possible to know, we have to accept the generally used average tempera-
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ture 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 sam-
ples placed in the test oven. 

 

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 µm silver film, 1 with 6 µm 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 measure-
ment 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/DRef1AG”, and one with 12.5 µm 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, corre-
sponding 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 × exp (−EA/kT1) (1)

where R denotes the failure rate, EA is the activation energy of the dominant, temperature-
dependent failure mechanism, k is Boltzmann’s constant k = 0.0000862 eV/K and T1 is the 
typical average temperature of the device during its lifetime. A is a pre-exponential, ma-
terial-dependent constant. 
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To accelerate temperature-dependent failures, an accelerated lifetime test must be 
carried out at a temperature (T2) significantly higher than the average temperature during 
lifetime. The acceleration factor, AF, for the test is calculated with the help of two Arrhe-
nius equations at T1 and T2, respectively; see Equation (2), comparing two cases: the oper-
ating life at a typical average case-to-heat sink interface temperature at T1 = 55 °C in nor-
mal operation compared to the oven temperature of the accelerated test at T2 = 110 °C in 
this investigation. This calculation method of the acceleration factor, AF, follows the 
JEDEC standard, given in the JEDEC publication 122H [19]. 

AF = exp ((EA/k) × ((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 Ar-
rhenius equation is a valid and relevant method for investigations of thermal contact re-
sistances. The activation energy describes how strong temperature dependence has a fail-
ure mechanism. A higher value of EA means stronger temperature dependence and a 
larger acceleration factor. There are, however, many different failure modes in power elec-
tronics and at thermal interfaces such as migration, oxidation, etc. Even for the same fail-
ure 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 
accepted empirical knowledge in electronic systems where a widely used value for acti-
vation 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 Equa-
tion (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. 
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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 µm and 6 µm silver film. 

No Film 12.5 µm Silver Film 6 µm Silver Film 
Sample Name Rt [K/W] Sample Name Rt [K/W] Sample Name Rt [K/W] 

N1/D7 1.47 OS21/2 1.15 S1t/4 1.58 
N2/13 1.59 S2/6 1.67 S3t/8 1.68 
N3/21 1.33 S4/10 1.53 S5t/11 1.74 
N4/29 1.82 S6/n11AG 1.54 S7t/16 1.83 
N5/D4 1.83 S8/18 1.23 S9t/20 1.5 
ON6/48 2.74 S10/D6 1.56 S11t/24 1.48 

ON0/DRef1AG 2.32 S12/26 1.49 S13t/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 
  S20/43 1.18 OS22t/45 1.9 
  OS23/47 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 µm silver film samples 
have 79.3% and 6 µm 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 µm films 
is statistically significant, while the 8.2% difference between no-film samples and 6 µm 
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) com-
pared to 12.5 µm (0.71 K/W) and 6 µm (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 µm (0.25 K/W) and 6 µm (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 sam-
ples without film and with silver films at both 12.5 µm and 6 µm 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 µm and 6 µm film samples. Figure 5b shows the behavior for each sample with no 
film, Figure 5c shows the 12.5 µm film samples, and Figure 5d shows the 6 µm film sam-
ples’ 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 oper-
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ating life compared to 6 µm and 12.5 µm film averages. The relative lower value of thermal 
contact resistance for 12.5 µm and 6 µm film samples compared to no-film samples re-
mains unchanged during this time period. 

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

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 µm samples is a 
sample also with rough heat sink surface (heat sink No. 47.) and the highest outlier among 
the 6 µm 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 µm sam-
ples. 
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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 
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with no film and their average, (c) Thermal contact resistance for samples with 12.5 µm film and 
their average, (d) Thermal contact resistance for samples with 6 µm film and their average. 

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 ther-
mal 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 µm silver 
film samples and Figure 5d for 6 µm silver film samples. 

We observe that the average values of no-film, 12.5 µm and 6 µm 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 µm and 6 µm silver film groups. The 6 µm silver film group 
has the smallest distribution, but their average value is higher than the 12.5 µm 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 µm silver film with heat sink No. 
47, and also in the group of 6 µm 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 re-
sistances for the 6 µm 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. 
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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 µm Silver Film Samples Rt 

[K/W] 
6 µm Silver Film Samples Rt [K/W] 

Sample 
Name 

Rt at 
Start 

Rt at 
12.1 

Years 
% of Start Sample Name 

Rt at 
Start 

Rt at 
12.1 

Years 

% of 
Start Sample Name 

Rt at 
Start 

Rt at 
12.1 

Years 

% of 
Start 

N1/D7 1.47 1.3 88.5 OS21/2 1.15 1.12 97.3 S1t/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 S4/10 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 1.5 1.39 92.6 
ON6/48 2.74 2.58 94.2 S10/D6 1.56 1.46 93.3 S11t/24 1.48 1.4 94.7 

ON0/DRef1A
G 2.32 2.14 92 S12/26 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 
    S16/34 1.41 1.25 88.3 S17t/36 1.85 1.63 88.3 
    S18/38 1.64 1.46 89 S19t/41 1.81 1.64 90.5 
    S20/43 1.18 1.09 92.5 OS22t/45 1.9 1.67 87.8 
    OS23/47 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 1.41 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 

outlier 0.46 0.51 110.4 
3 sigma no 

outlier 0.23 0.24 107.4 
3 sigma no 

outlier 0.35 0.19 55.6 
       % of No Film 79.3 79.7  % of No Film 91.8 88.8  

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. Ob-
serving 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 
after 12.1 years of operation lower thermal contact resistances on average of 20.3% for the 
12.5 µm silver film group and of 11.19% for the 6 µm 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 per-
centages for the no-film group (100.6%) and the 12.5 µm silver film group (103.6%), while 
we see a decrease for 6 µm 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 µm silver film group (min to max = 0.74 K/W) and the 6 µm 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 
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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 Op-
erating Lifetime 

Two samples, called Advance Group as described in 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 µm silver film. Figure 6 shows 
the results. 

 

Figure 6. Two Advance Group samples’ thermal contact resistances as a function of operating life-
time. “ON0/DRef1AG” sample without film and “S6/n11AG” sample with 12.5 µm 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 µm silver film, and the third sample was named “S11t/24” with 
6 µm silver film. The heat sinks’ surfaces were nominal in these three samples. Figure 7 
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 
µm silver film sample (S12/26) and Figure 7d does so for the 6 µm silver film sample. 

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 and 
smallest for the 6 µm sample. The change in thermal contact resistance after the 12.1-year 
lifetime is largest for the 12.5 µm silver film sample and smallest for the 6 µm silver film 
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sample. Because just a few samples were tested, none of the above observations are statis-
tically proven. 

 

Figure 7. Thermal contact resistance vs. dissipated power of three samples during 12.1 years of op-
erating lifetime. (a) Thermal contact resistance at start and after 12.1 years for 3 samples: No film, 
12.5 µm, 6 µm 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 µm film sample at start and after 4, 8 and 12.1 years. (d) 
Thermal contact resistance of 6 µm film sample at start and after 4, 8 and 12.1 years. 

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

One sample with 12.5 µm 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 
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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. 

The sample with 12.5 µm 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 pre-
sent 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. 

 

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. 

4. Discussion 
Results in Table 1 show that at the start of the lifetime test, samples with 12.5 µm 

silver film on average have 20.7% lower thermal contact resistances and samples with 6 
µm 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 µm 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 im-
proved 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 val-
ues for the silver film samples compared to no-film samples. These results indicate a me-
chanical 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 con-
tact resistance. Also, some co-planarity issues between the TO 247 package and the heat 
sink 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. Pub-
lished 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 
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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 µm film group than for the 6 µm group, indi-
cating that other factors than only the silver material softening are responsible for the im-
provement 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 µm film compared to 6 µm silver film; consequently, the 12.5 
µm 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 de-
crease 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 ther-
mal contact resistance distributions in Figure 5b with Figure 5c,d, we see smaller varia-
tions within the 12.5 µm and the 6 µm 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 alumi-
num 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 applica-
tions, 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 accel-
erated 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 hypothet-
ical 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 begin-
ning 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 micro-
scopic voids. This effect is larger for the 12.5 µm silver film than for the 6 µm silver film. 
Thirdly, the stress-strain characteristics for silver [25] show a large temperature depend-
ency where already at 50 °C to 60 °C some early plasticity occurs. This effect is fully re-
versible when temperature goes down. The Indentation Size Effect [26,27] can also con-
tribute to the observed smaller thermal contact resistance improvement with 6 µm film 
than 12.5 µm 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 struc-
ture indicating a possible movement of silver material in aged films compared to non-
aged films in Figure 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 
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responsible mechanism. Such analysis could be SEM/EDS or 3D surface measurements 
[29]. Among the above-mentioned stabilizing mechanisms, we think that the material sof-
tening 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 low-
ering 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 in-
door environment and not at enhanced humidity. 

An additional stabilizing result is presented in Figure 7. The thermal contact re-
sistance 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 op-

erating 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 
samples after 18 weeks of accelerated lifetime test at 110 °C with the calculated accelera-
tion factor of 35, corresponding to 12.1 years of operating lifetime in an indoor environ-
ment. 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 oper-
ating life. Two samples, one with 12.5 µm 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 indicating material movement could occur in aged silver films, but no 
single mechanism could be pointed out and proven to be responsible for the lowered ther-
mal contact resistances. We can, however, conclude that stabilizing aging mechanisms are 
dominant during this indoor environmental lifetime test. 

3. Samples with 12.5 µm silver film show on average 20% lower thermal contact re-
sistance than the average of no-film samples. Samples with 6 µm silver film show on av-
erage 8% to 11% lower thermal contact resistance than the average of no-film samples. 
Samples with 12.5 µm and 6 µm silver films show smaller variations of thermal contact 
resistance than no-film samples. From these results, we can conclude that there is an ad-
vantage 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. 
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5. We demonstrated that increased power dissipation, with higher package temper-
ature, results in lower thermal contact resistance. This has also a stabilizing effect. 
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