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Study on the Method to Measure the Junction-to-Case
Thermal Resistance of Press-Pack IGBTs

Erping Deng

Abstract—Accurate measurement of the junction-to-case ther-
mal resistance of press-pack insulated gate bipolar transistors
(PP IGBTSs) is a great challenge due to their special packaging
style and working conditions. The traditional thermocouple and
transient dual interface methods have been successfully applied
to measure the junction-to-case thermal resistance of wire-bonded
IGBT modules. In this paper, a single fast-recovery diode (FRD)
chip submodule is fabricated to determine the best method to mea-
sure the junction-to-case thermal resistance of PP IGBTs. There-
fore, both the traditional thermocouple method and the transient
dual interface method were used to measure the junction-to-case
thermal resistance of the collector-side cooling with the emitter-side
adiabatic. The transient dual interface method, which does not re-
quire locating a thermocouple to measure the case temperature, is
ideal for the PP IGBTs measurement based on the experimental
results and theoretical verification. Most importantly, both bulk
thermal resistance of specific layers and thermal contact resistance
between multilayers in PP IGBTs can be obtained by transforming
the transient thermal-impedance curve.

Index Terms—Junction-to-case thermal resistance, press-pack
insulated gate bipolar transistors (PP IGBTs), traditional thermo-
couple method, transient dual interface method.

I. INTRODUCTION

O SATISFY the growing requirements of applications of
T insulated gate bipolar transistor (IGBT) devices, the ca-
pacity and reliability have become great challenges for IGBT
devices. Press-pack IGBTs (PP IGBTs) have gradually been ap-
plied to high-voltage and high-power-density applications such
as electric locomotives and high-voltage direct current (HVDC)
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Fig. 1. Schematic diagram of PP IGBTs.

transmission because of their high power density, double-side
cooling, and easy to connect in series [ 1], [2] compared to typical
wire-bonded IGBT modules. The simplified internal structure
of the studied PP IGBT is shown in Fig. 1, which shows a multi-
layered structure [3]. Two copper electrodes (i.e., collector and
emitter poles) provide the electrical and thermal paths for the
silicon chips. The silicon IGBT chips are sandwiched by two
molybdenum plates, which assist the uniform distribution of the
clamping force. A silver shim plate, a silicon IGBT chip, and
two molybdenum plates form a chip assembly [3]. An exter-
nal clamping force is also required to maintain the electrical
and thermal contact of all components within PP IGBTs. It is
well known that the thermal resistance is the strongest focus
of semiconductor devices and the criterion to evaluate the abil-
ity of heat dissipation. Furthermore, accurate measurement of
the junction-to-case thermal resistance is notably important for
manufactories to optimize the packaging internal structure and
to take full advantages of the devices for users.

Currently, the most commonly used method to measure the
thermal resistance of power semiconductors is the traditional
thermocouple method, which was proposed by IEC, MIL stan-
dard [4] and JEDECS51-1 standard [5], and also called the steady-
state method. The junction-to-case thermal resistance R;. can
be calculated using formula (1) because the junction tempera-
ture 77, the case temperature 7, and the power dissipation P of
the device under test (DUT) are provided [6]

T, - T.
L

The junction temperature 7} can be indirectly measured us-
ing an electrical method. The relationship between the voltage
drop caused by a notably small constant current and the junction

R;. = (1)

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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temperature is the most used method, which is defined as the
K factor [7]. Although this method is notably simple and easy
to perform, the accuracy is significantly affected by the ther-
mocouple position, clamping force for fixture, thermal grease,
etc. Thus, this method is often not sufficiently reproducible and
accurate [8]. In 2010, the JEDECS51-14 standard specified a new
method (i.e., the transient dual interface method, which is also
named as the transient method) to measure the junction-to-case
thermal resistance R, of semiconductor devices without mea-
suring the case temperature using a thermocouple between the
case and the heatsink [9]. This method considerably improves
the accuracy and reproducibility.

According to the measurement principle of the junction tem-
perature 7}, the aforementioned two methods are the electrical
method [10]. Additional, the optical and physically contacting
methods are also introduced to measure the thermal resistance
by some literatures, for example, the fiber optic and thermal
camera methods [11]. However, those methods cannot be used
in the packaged devices, let alone the devices that need the
external clamping force.

The traditional thermocouple method is the most used method
to measure the junction-to-case thermal resistance R;. of wire-
bonded IGBT modules, and the transient dual interface method
was recently introduced by some semiconductor manufacturers,
such as Infineon [12]. The difference of the packaging styles and
working conditions between PP IGBTs and wire-bonded IGBT
modules may make the methods well used in wire-bonded IGBT
modules but not suitable for PP IGBTs. Furthermore, an exter-
nal clamping force of approximately 1- 2kN/ cm? is required
to maintain the normal operation of PP IGBTs [13] which is
much higher than the recommend clamping force of 10N/ cm?®
for fixture during the thermal resistance measurement [9]. The
thermocouple inserted between the case and the heatsink can be
easily damaged due to the external clamping force, and the heat
path will also be influenced by the inserted thermocouple. Un-
fortunately, the accurate measurement of the junction-to-case
thermal resistance I2;. of PP IGBTs remains a great challenge.
Instead of the junction-to-case thermal resistance R;., only the
junction-to-heatsink thermal resistance R, is provided in the
datasheet of PP IGBT’s manufacturers such as Westcode and
Toshiba [14]. Z. C. Dou et al. measured the junction-to-case
thermal resistance ;. of PP IGBTs using the parallel and se-
ries connection relationship between the thermal resistance un-
der the collector-side cooling and that under the emitter-side
cooling [15]. The accuracy of the experimental results is still
affected by the thermocouple position, thermal grease, etc.

In this paper, a single fast-recovery-diode (FRD) chip sub-
module is designed and fabricated to meet the requirements of
the traditional thermocouple method for PP IGBTs, such as a
specific channel for thermocouples to measure the case temper-
ature was designed on the collector and emitter electrode pole
surface. The FRD chip studied in this paper is 3300 V/100 A
for power system application. The junction-to-case thermal re-
sistance of the single FRD chip submodule was measured using
both traditional thermocouple and transient dual interface meth-
ods. Most importantly, the effect of these two methods on PP
IGBTs is discussed, and a comparison is made. Based on the
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experimental results, the most suitable method to measure the
junction-to-case thermal resistance of PP IGBTs is proposed in
this paper. The basic structure of this paper is set as follows.
The basic principle of those two methods and the review of
the junction-to-case thermal resistance measurement of PP IG-
BTs are introduced in the first part. The second section mainly
presents the principle of the transient dual interface method and
data analysis. A single FRD chip submodule is fabricated to
measure the junction-to-case thermal resistance using those two
methods in the experimental part. Then, the experimental re-
sults of the transient dual interface method are well verified by
the theoretical values. Some conclusions are drawn based on
the experimental data and analysis in the conclusion. Further-
more, a suitable method to measure the junction-to-case thermal
resistance of PP IGBTs is introduced.

II. MEASUREMENT PRINCIPLE

Between the two aforementioned methods, the traditional
thermocouple method is relatively simple and the most com-
mon used method to measure the junction-to-case thermal re-
sistance of power semiconductor devices. Therefore, the prin-
ciple of the transient dual interface method is presented in this
paper.

The transient dual interface method requires two measured
transient thermal impedance (Z;},) curves of a power semicon-
ductor device in contact with a temperature-controlled heatsink.
The first test is performed with no thermal interface material
between the DUT and the heatsink, i.e., direct contact or with-
out grease. For the second measurement, a thin layer of ther-
mal grease or oil is applied at the interface, i.e., contact with
grease. The thermal grease in the interface changes the ther-
mal contact resistance and ensures a clear separation of the
Zyn, curves. The transient thermal impedance that corresponds
to the splitting point is defined as the junction-to-case thermal
resistance I2;. [9].

A. Transient Thermal Impedance Curve

Fig. 2 shows the measurement principle of the Z;}, curve [16].
Two direct current sources provide the heating and sensing cur-
rents for the device under test (DUT), respectively. A constant
voltage Vg ¢. is required to be applied to the IGBT chip’s gate so
the device channel is open and current flows through during the
measurement. A heating current /4,ive 1S flowed into the DUT
to heat it to reach the thermal equilibrium. Then the heating cur-
rent Iq,ive 18 switched to a sense current Iy.,se to measure the
voltage drop during the cooling phase. The junction temperature
T} during the cooling phase is acquired through the recorded
voltage drop and K factor, which is the relationship between
voltage drop and junction temperature for short [16]. Finally,
the transient thermal impedance Zi},, cooling (t) of the DUT dur-
ing the cooling phase can be obtained by (2). Furthermore, the
junction behavior of the heating phase is similar to the cooling
phase, so the transient thermal impedance Zi1, heating (t) during
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Fig. 2. Principle diagram of the measurement. (a) Test circuit. (b) Thermal

transient test sequence.

the heating phase can be calculated by (3) [17]

Zth.cooling (t) - (T‘] (t) - Cr] (t = 0)) /P
Zth,heating (t) = Zth,cooling (t = O) - ZthVCooling (t) .

@
3

B. Determination of the Thermal Resistance

The principle of the determination of the junction-to-case
thermal resistance of the power devices is shown in Fig. 3.
Two Zi, curves are required to measure with two different
contact interface conditions: with and without thermal grease,
which causes the two Z;;, curves to separate at some point of
time ¢, in Fig. 3(b). Because the heat paths only differ at the
case surface, those two Z;;, curves are always consistent from
the junction-to-case surface. Therefore, the transient thermal
impedance Z), (ts), which is specified at the splitting point, is
assumed to be the junction-to-case thermal resistance ;. of the
DUT.

As defined in JESD51-14 [9], for power devices with ther-
mally high conductive die attach, Z,(¢,) is sufficiently close
to the “steady-state resistance” to serve as a reliable measure-
ment for ;.. However, if the semiconductor package contains
an internal barrier to the heat flow the two Z;;, curves can di-
verge “too early”, i.e., Zu,(t;) < Rj. [18]. In this situation,
these Z;), curves have to be converted to their corresponding
structure functions in order to determine the junction-to-case
thermal resistance [19]. In PP IGBTs, all the metal layers have
a high thermal conductivity and the thermal contact resistance
between layers is lower enough under such a high clamping

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

Device under Test

Heat-sink

Device under Test
_/

=

< Thermal grease or oil

e

Heat-sink

(a)
1.1

— Zth with thermal grease
1.0 | Zth without thermal grease

08
0.8
0.7

th (rij

=< 06 I | | I |
§ 05 /

£

N 04
03
02
0.1

0.0
10°

10° 10" 10° 10" 10* 10° 10*
t(s)
(b)

10°  10* 10°

Fig.3. Principle of the transient dual interface measurement. (a) Two different
test conditions. (b) Transient thermal impedance curve.

force. Therefore, no internal barrier to the heat flow is expected
in the press pack packaging and the separation of the Z,), curves
is sufficiently closed to the ‘“‘steady-state resistance.” All the
junction-to-case thermal resistance Ryy, in this paper is deter-
mined by the separation of the Z;, curves.

III. EXPERIMENTS
A. Test Bench

The fixtures of the commercial thermal resistance tester are
not suitable for PP IGBTs because of their special packaging
style and working conditions. In this paper, we designed two
fixtures dedicated for PP IGBTs and used the thermal resistance
tester to measure the junction-to-case thermal resistance and
transient thermal impedance curves, respectively.

According to the principle of the transient thermal impedance
Zi, curve measurement, the K factor [7], which accounts for
the relationship between the junction temperature and the volt-
age drop, should be measured to predict the junction tempera-
ture during the test. Then, the transient thermal impedance is
recorded. The fixtures for the K factor and transient thermal
impedance curve measurements are shown in Fig. 4.

Four nuts were used to constrain the displacement to
sustain the desired clamping force, which was provided by a
standard pressure machine. A disc spring was required to com-
pensate for the physical movements during the clamping and
thermal-expansion process. The clamping force hardly affected
the K factor as long as the studied PP IGBT was in good contact
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(b)

Fig. 4. Measurement fixtures. (a) K factor measurement fixture. (b) Thermal
resistance measurement fixture.

because the measurement current was notably small [20]. Fig. 5
shows the results of the 3300 V/360 A PP IGBT manufactured
by Westcode under 5 and 8 kN with a constant sense current
of 20 mA. The results show that the fixture can fully satisfy
the measurement requirements because the slopes (°C/V) are
exactly identical, except for a difference of 0.02 (°C) in the
intercept.
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Fig.5. Comparison between voltage-temperature calibration curves (K factor)
measured with a clamping force of 5 and 8 kN.

The fixture to measure the transient thermal impedance curve
consisted of dual heatsinks, a DUT, a disc spring, a clamping
force sustaining plate, a hydraulic pump and a pressure sensor.
Dual heatsinks are used to supply the needed clamping force and
heat dissipation path. This fixture can easily realize the function
of collector-/emitter-side and double-side cooling for the DUT
via managing the dual heatsinks. The clamping force uniformity
on the surface is also very important for the results. Thus, a
hemisphere is proposed to in this fixture because it is very good
at the surface flatness adjustment. As mentioned earlier, the
disc spring is needed to compensate the physical movements
during the process of clamping and thermal expansion. The
clamping force sensor, which is connected in series with the
DUT, is used to record the clamping force of the DUT and to
deliver to display in real-time. The hydraulic pump provided
a continuously adjustable clamping force ranges up to 50 kN,
which fully satisfied the requirements of all current ratings of
PP IGBTs.

B. Object of Experiment

As is known, multiple chips are connected in parallel in PP
IGBTs to increase the current rating, so there is inevitably a
slight difference among those chips. To exclude interference
factors, a single FRD chip submodule was designed to predict
the thermal resistance behaviour of PP IGBTs in this paper. The
single FRD chip submodule is shown in Fig. 6, and the object in
the test bench is marked in red in Fig. 4. The reason why we used
a single FRD chip rather than a single IGBT chip submodule is
to reduce the complexity of the experiment. Because an external
constant voltage is required to apply to the IGBT chip’s gate so
the device channel is open and current flows through during the
measurement. Meanwhile, grooves are needed to shape into the
pedestals, as well as other components on the emitter side, for
the gate pin of the housing.

Two copper electrodes (collector and emitter poles), an FRD
chip, two molybdenum plates surrounding the FRD chip, and a
silver shim plate form a single FRD chip submodule. The ther-
mal resistance of the submodule under double-side cooling is
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Fig. 6. Schematic diagram for the single FRD chip submodule.

the parallel relationship of the value under collector-side cool-
ing (R;.()) and emitter-side cooling (R2;.(.)). In this paper, the
transient thermal impedance under collector-side cooling was
measured with the emitter-side adiabatic.

According to the mounting instruction from the PP IGBTs
manufactures such as ABB [21] and Westcode [22], a pressure
of approximately 1.2kN/cm? is ideal for PP IGBTs. There-
fore, a clamping force of 1 kN was applied to the submodule
according to its clamped area and the aforementioned standard
pressure. This high clamping force on the submodule made the
thermocouple, which was located at the interface between the
case and heatsink to record the case temperature, malfunction.
We designed both collector and emitter poles for the submodule
in this paper, and a channel for thermocouples to measure the
case temperature was designed on the pole surface to satisfy
the requirements of the traditional thermocouple method. The
thermocouple channel is marked in red in Fig. 6.

C. Experimental Results

1) Traditional Thermocouple Method: Many studies pro-
pose that the traditional thermocouple method is not sufficiently
reproducible and accurate because the accuracy is affected by
many factors such as the clamping force for fixture, thermal
grease, thermocouple position, etc. Furthermore, much differ-
ent from wire-bonded IGBT devices, the clamping force for
the fixture also significantly affects the thermal contact resis-
tance in PP IGBTs. In this paper, the junction-to-case thermal
resistance of the single FRD chip submodule under different
clamping forces was measured using the traditional thermocou-
ple method and repeatedly tested under the rated clamping force
(@ 1 kN).

a) Results of repetition measurement: The junction-to-
case thermal resistance ;. of the single FRD chip sub-
module with the collector-side cooling under rated clamping
force (@ 1 kN) was repeatedly measured, and the results are
shown in Table I. All experimental conditions were consistently
maintained throughout the test, and the measurement number
represents the repetition of the test. The disc spring can mini-
mize the effect of thermal expansion to some extent. However,
the submodule will sustain thermal expansion generated by the
high temperature of the FRD chip with the external constraint by
the fixture and eventually increase the clamping force because
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TABLE I
RESULTS OF THE REPETITION MEASUREMENTS AT 1 KN

No I.(A) PMW) T;(°C) Rj.(K/W) Deviation (%)
1# 50.082 121.3 1254 0.73706 10.6%
2# 50.103 121.5 121.9 0.70084 12.4%
3# 49.998 121.3 118.1 0.66391 13.4%
4# 50.033 121.2 117.2 0.65580 14.0%
S5# 50.096 121.6 116.0 0.64685 14.8%
o# 50.701 120.5 115.8 0.63617 15.4%
T# 50.075 121.7 115.7 0.63374 15.6%
8# 49.901 121.5 113.5 0.61666 15.6%
o# 49.963 122.0 112.8 0.61392 16.0%
10#  50.047 121.3 112.5 0.61280 17.8%
11# 49914 122.1 112.0 0.60840 18.4%
12#  49.901 121.5 111.7 0.60052 18.6%
130 -
—a— Junction temperature 0.74
128 " | | | —=—Thermal resistance '
0.72
o 126 1
% 124 \ | I I ] 0.70 g
= =
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Fig. 7. Results of the repetition measurement at 1 kN.

that the disc spring is not able to totally eliminate the thermal
expansion. The deviation in Table I is the increase in clamping
force during the measurement and the base value for the devia-
tion is the rated clamping force of 1 kN, which is applied to the
submodule before the thermal resistance measurement. From
the data in Table I, we observe that the thermal resistance I2;.
is quickly reduced with the repeat measurement and tends to be
approximately stable after the 12th test.

As shown in Fig. 7, the thermal resistance ;. is reduced
with the repeated measurement because the thermal contact re-
sistance among multiple layers in the single FRD chip sub-
module is reduced. It can be proven that the change in thermal
contact resistance with repeated test is caused by the high tem-
perature during the measurement and external constraint. The
temperature is the most important parameter that affects many
material properties such as the microhardness. The high temper-
ature decreases the microhardness of microcontacts (i.e., they
soften). Thus, the microcontact of the contact surface experi-
ences an elasticity deformation or even a plastic deformation
at high temperature under the external clamping force during
the measurement. Then, the decrease in microhardness leads to
a larger contact surface area and reduces the thermal contact
resistance. Although the temperature of the FRD chip and other
components is reduced after the test is completed, the deforma-
tion remains unable to be fully restored to the previous state and
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TABLE II
SURFACE ROUGHNESS COMPARISON

R, (um)  Collector Mo  Collector_Chip  Emitter_Chip  Emitter_ Mo  Emitter_Silver
Before 0.344 0.495 0.147 0.334 0.286
After 0.268 0.147 0.057 0.307 0.087
120 —a— Junction temperature | 0.74 TABLE III
128 | —a— Thermal resistance | .72 RESULTS UNDER VARIOUS CLAMPING FORCES
gi [ [ [ 0.70
‘-’; 122 0.68 No I.(A) P(W) T;(°C) R;.(K/W) Deviation (%)
7] 0.66 g
% 180 064 = 500 49908 1204 1214 0.69583 15.88%
S ns 062 S 600 50012 1208  119.4 0.66828 11.29%
® 116 060 8 700 49.928 121.6 1184 0.64991 8.23%
2 14 058 2 800  49.894 1213 1160 0.63698 6.08%
E 12 S S 900  49.887 1212 1129 0.60960 1.52%
< 110 - - e i Tw 1000 49914 1212 1121 0.60048 -
r 054 E
S 108 P~ \-\_ - = 1100 49.949 1213 1107 0.58972 —1.79%
- K ~ 052 @
g 106 < — 1200  49.942 1213 109.2 0.57472 —4.29%
S 104 T : 1300 50.061  122.1 108.2 0.56310 —6.23%
102 4 ik 1400 49.949 1218  107.0 0.55534 ~7.52%
100 048 1500 49.998 1224  106.1 0.54398 —9.41%
400 600 800 1000 1200 1400 1600 1800 2000 1600 49.935 122.4 104.3 0.53137 —11.51%
Clamping force (N) 1700 49.963 1227  103.3 0.52111 —13.22%
1800  50.103  123.1 102.7 0.51272 —14.61%

Fig. 8. Results under various clamping forces.

eventually causes a decrease of surface roughness. Surface prop-
erties, such as the surface roughness, no longer changes after
several repeated thermal resistance measurements because the
surface eventually undergoes a plastic deformation rather than
elasticity deformation. The surface roughness of all contact sur-
faces in the single FRD submodule was measured after several
repeated measurements through a surface roughness tester (Mi-
tutoyo SURFTEST SJ-310), as shown in Table II and compared
with the values before the thermal-resistance measurement.

R, is the surface roughness; “before” and “after” denote the
status of the thermal-resistance measurement.

As expected, the observed surface roughness of the com-
ponents is much smaller after testing than before testing,
particularly the components of the collector side, because the
thermal-resistance test only measures the junction-to-case ther-
mal resistance I?;. of the collector-side cooling with the emitter-
side adiabatic.

b) Results under various clamping force: The material
properties, machining precision and temperature and clamping
force significantly affect the thermal-contact resistance. The
aforementioned experimental results show that 2. of the single
FRD chip submodule is deeply affected by the temperature.
Table IIT shows the experimental results under various clamping
forces of the submodule (500—1800 N). The data show that
the thermal resistance gradually decreases with the increase in
clamping force, but the rate of decrease slightly declines. Similar
to the effect of the temperature, the increase in clamping force
decreases the microhardness and causes a larger contact surface
area. Thus, the thermal resistance decreases with the increase in
clamping force as shown in Fig. 8.

Itis observed that the junction-to-case thermal resistance ;.
of the single FRD submodule under 1000 N is 0.60048 K/W,

which is notably consistent with the value in Table I
(0.60052 K/W). This phenomenon also indicates that the mate-
rial property of microhardness no longer changes after the 12th
test, and the thermal resistance tends to be stable.

2) Transient Dual Interface Method: According to the prin-
ciple of the transient dual interface method, two Zi; curves
should be measured with two different interface conditions be-
tween the DUT and the heatsink for the separation. The transient
thermal impedance Z, (¢5) at the splitting point is assumed to
be the junction-to-case thermal resistance ;. because the Zi;,
curve does not change from the junction to the case between
those two cases. In general, the substrate is used for heat dis-
sipation and electrical insulation between the semiconductor
chips and the heatsink in typical wire-bonded IGBT modules or
the packaging of TO-247. Thus, thermal grease (mostly electri-
cal insulated) is the most commonly used interface material in
contact interfaces to improve their thermal conductivity. Nev-
ertheless, the packaging of PP IGBTs is completely different.
Heatsinks are used to dissipate heat and conduct current in PP
IGBTs. The electrical insulated thermal grease is no longer suit-
able for changing the interface conditions because it resists the
flow of current. Furthermore, such a high external clamping
force makes the thermal contact resistance between the DUT
and heatsink notably small, which is notably difficult to dis-
tinguish the splitting point to determine the junction-to-case
thermal resistance. To increase the difference of the interface
between the DUT and the heatsink, a suitable metal thickness
(such as a bus bar) is proposed to insert into the interface in this
paper.

a) Results of repetition measurement: Similar to the tra-
ditional thermocouple method, the single FRD chip submodule
cooling-phase curves of the collector-side cooling under the
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Fig. 9. Repeated measurements results at 1 kN. (a) Cooling-phase curves.

(b) Cumulative structure functions.

rated clamping force of 1 kN are repeatedly measured. Fig. 9(a)
shows the cooling-phase curves with seven repetition measure-
ments. The data in Fig. 9(a) show that the junction temperature
of the FRD chip gradually decreases with repeated tests, but
the rate of decrease slightly declines, which is consistent with
the results of the traditional thermocouple method. The cooling-
phase curve can be transferred to the heating-phase curve and
cumulative structure function to indicate the thermal contact
resistance change more explicitly, as shown in Fig. 9(b). We
can see that the thermal resistance, which is caused by thermal
contact resistance, reduces with the repeated measurements.

b) Results under various clamping forces: The cumula-
tive structure functions of the single FRD chip submodule under
various clamping forces are also obtained through the measure-
ment to show the influence of clamping force on thermal contact
resistance, which is shown in Fig. 10. We can see that the cu-
mulative structure function moves to the left as the clamping
force increases, i.e., the thermal contact resistance is reduced.
The thermal resistance on the left side of the red line, which is
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Fig. 10. Cumulative structure functions under various clamping forces.

consistent with various clamping force, is the FRD chip. Fig. 10
indicates the variation of the thermal contact resistance caused
by various clamping forces more specify. Thus, not only the
thermal contact resistance between the DUT and heatsink but
also within the submodule will be affected by the clamping
force.

According to the principle of the transient dual interface
method, the Z;;, curves from the junction to the case should
not be changed between those two cases. In order to research
the influence of the clamping force on the determination of the
junction-to-case thermal resistance more specific, the transient
thermal impedance curves under the clamping force of 0.8 and
1 kN with/without insert metal are measured. The results under
the clamping force of 1 kN and slight change it to 0.8 kN with
insert metal are shown in Fig. 11.

In Fig. 11(a), the Z;;, curves are highly consistent before
the splitting point with the exception of a slight discrepancy at
107° to 1073, The reason of the slight discrepancy is that the
metal insertion slightly changes the thermal contact resistance
between the FRD chip and the molybdenum plate when the
test fixture and submodule were reassembled. The junction-to-
case thermal resistance Z, (¢;) of the single FRD submodule
according to Fig. 11(a) is approximately 0.535 K/W based on
the splitting point. In Fig. 11(b), we can see that the slightly
change in clamping force during the measurement with insert
metal change the thermal contact resistance within PP IGBT
and eventually cause an earlier splitting point. The junction-
to-case thermal resistance Z, (t5) according to Fig. 11(b) is
difficult to identify and approximately 0.39 K/W, which is much
lower than the normal value. The reason is that the clamping
force variation with insert metal, which is changed from 1 to
0.8 kN by adjusting the hydraulic pump, changes the transient
thermal impedance curve from the junction to the case and
makes it different from the curve without insert metal. Thus,
strictly keeping the clamping force in consistency during those
two Zyy, (t5) curves measurement is extremely important for the
transient dual interface method.

3) Results Analysis: According to the experimental results
of the traditional thermocouple and transient dual interface
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Fig. 11.  Influence of the clamping force on the determination of the junction-
to-case thermal resistance. (a) With a consistency clamping force (1 kN). (b)
Slightly change in the clamping force.

methods, the thermal resistance of PP IGBTs is significantly
affected by the temperature and clamping force because of the
microhardness. The transient dual interface method obtained a
slightly lower junction-to-case thermal resistance of the single
FRD chip submodule (0.535 K/W) than the traditional thermo-
couple method (0.60048 K/W).

The experimental results of the traditional thermocouple and
transient dual interface methods are slightly different. However,
the Z,(ts) determined based on the splitting point of tran-
sient thermal-impedance curves is not necessarily equal to the
“steady-state” junction-to-case thermal resistance ;. defined
by (1) and can be measured using the traditional thermocouple
method. The reason is that the steady-state (long-term) heat flow
distribution in the device differs from the transient heat flow dis-
tribution at time ¢, [21]. The method that obtains a closer result
to the actual thermal resistance remains to be verified.

The transient thermal-impedance curve describes the thermal-
resistance change through the junction to the case during the
heating/cooling phase and includes some important thermal in-
formation for each specific layer in the DUT. Cumulative and
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differential structure functions can be derived from this curve
through mathematical transformations such as deconvolution
and discretization. The cumulative and differential structure
function formulas are shown in (4) and (5), respectively

C(R)=c-p-k-A*>-R (4)
p(R) =dC(R)JdR=c-p-k- A? 5)

where C'(R) is the cumulative structure function and denotes the
thermal capacity (W-s/K), p(R) denotes the differential struc-
ture function (W? - s/ K?), R is the thermal resistance [K/W],
A is the sectional area [m?], k is the thermal conductivity
[W/(m - K)], c is the constant-pressure specific heat [J(kg - K)],
and p is the material density (kg/ m?).

Equation (4) shows that the relationship between the thermal
capacity and thermal resistance of the specific material with
equal cross-sectional areas is linear and has identical slope of
the cumulative structure function. In other words, whenever the
specific material or cross-sectional area is changed, the slope
of the cumulative structure function also changes. Equation (5)
shows that the amplitude of the differential structure function
p(R) is not related to the thermal resistance but the material and
geometric parameters. The interface between different materials
or different cross-sectional areas can be identified through the
inflection point in the differential structure function because the
inflection point indicates the junction of different materials or
different cross-sectional areas.

The transient thermal-impedance curve of collector-side cool-
ing under the rated clamping force (@ 1 kN) was measured, and
the cumulative and differential structure functions are shown
in Fig. 12. The horizontal axis denotes the sum of the thermal
resistance in the heat flow path of the submodule. Along the
direction of the thermal-resistance increase, the thermal resis-
tances are in the sequence of the FRD chip resistance, thermal
contact resistance between chip and molybdenum, molybdenum
thermal resistance, thermal contact resistance between molyb-
denum and the collector pole, collector pole thermal resistance
and other external thermal resistance (short for heatsink thermal
resistance).

The dimensions of the studied FRD chip in this paper are
13.53 mm x 13.53 mm x 0.41 mm, and its measured thermal
conductivity is 117.5 W/(m-K). Hence, the theoretical thermal
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resistance of the FRD chip is 0.019 K/W. It conforms with
good accuracy to the measured 0.02 K/W. The results indicate
that both bulk thermal resistance of specific material layers and
thermal contact resistance between specific layers can be clearly
identified.

The junction-to-case thermal resistance of the single FRD
chip submodule obtained using the cumulative structure func-
tion is 0.5588 K/W, which is assumed to be the theoretical value
in this paper. Assuming the theoretical value sets as the basis, the
deviation of the traditional thermocouple method and the tran-
sient dual interface method is 6.9% and —4.2%, respectively.
The experimental result of the traditional thermocouple method
is slightly higher than the theoretical value, and the transient
value is slightly lower but much closer to it.

IV. CONCLUSION

In this paper, both traditional thermocouple and transient
thermal-impedance methods are proposed to measure the
junction-to-case thermal resistance of the single FRD submod-
ule to verify a suitable method for PP IGBTs. The preliminary
conclusions are as follows.

1) Because of the external clamping constraint and the high
temperature generated by the FRD chip during the test, the
junction-to-case thermal resistance of the submodule and
the junction temperature of the FRD chip decrease with
repeated measurements and tend to eventually stabilize.
Meanwhile, the clamping force has a dramatic influence
on the junction-to-case thermal resistance of PP IGBTs
because that the thermal contact resistance between vari-
ous layers is affected by it.

2) The traditional thermocouple method is good for the
junction-to-heatsink thermal resistance measurement in-
stead of the junction-to-case of PP IGBTs with the limits
of their packaging style and working conditions. However,
as we know, if only the junction-to-heatsink thermal resis-
tance is provided, the different cooling system between the
measurement and application makes it difficult for users
to take full advantage of it. The most important aspect of
the traditional thermocouple method is the accurate mea-
surement of the case temperature, so the electrode pole
or heatsink should be customized if we want to measure
the junction-to-case thermal resistance of PP IGBTs. The
customized electrode pole or heatsink increases the cost
and difficulty of this experiment. Most importantly, it is
notably difficult to ensure that the thermocouple actually
measures the case temperature and not the temperature of
the heatsink or an average value in between.

3) The transient dual interface method does not require a
thermocouple to measure the case temperature, which is
an excellent advantage to compensate for the shortcom-
ings of the inability of PP IGBTSs to locate a thermocouple.
However, two important factors significantly affect the ac-
curacy of the transient method in measuring the junction-
to-case thermal resistance of PP IGBTs. One of the
important factors is the clamping force, which affects the
thermal contact resistance between the case and heatsink
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and within PP IGBTs. The different clamping forces be-
tween those two transient thermal-impedance curves mea-
surements change the thermal contact resistance within
PP IGBT and eventually cause an earlier splitting point.
It is also notably important to handle the interface condi-
tion because the improper interface condition will cause
an overlap of those two curves, and the splitting point is
not obvious to identify the junction-to-case thermal resis-
tance. Therefore, strictly maintaining the clamping force
of the studied PP IGBT in consistency and proper handling
of the interface are notably important to the transient dual
interface method for PP IGBT’s measurement.

4) The traditional thermocouple method is not suitable to
measure the junction-to-case thermal resistance of PP 1G-
BTs with the disadvantages of overestimating the value
and requiring a thermocouple to locate into the case sur-
face. The transient dual interface method can more rapidly
obtain the junction-to-case thermal resistance of PP IG-
BTs, which is closer to the actual value. Meanwhile, both
bulk thermal resistance of specific material layers and
thermal contact resistance between specific layers can be
clearly identified using the transient method.

In summary, the transient dual interface method is suitable to

measure the junction-to-case thermal resistance of PP IGBTs.
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