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ARTICLE INFO ABSTRACT

Article history: SiC is a wide bandgap semiconductor with better electrothermal properties than silicon, including higher tem-
Received 29 June 2016 perature of operation, higher breakdown voltage, lower losses and the ability to switch at higher frequencies.
Accepted 8 July 2016

However, the power cycling performance of SiC devices in traditional silicon packaging systems is in need of fur-
ther investigation since initial studies have shown reduced reliability. These traditional packaging systems have
Keywords: been developed for silicon, a semiconductor with different electrothermal and thermomechanical properties
sic from SiC, hence the stresses on the different components of the package will change. Pressure packages, a pack-
aging alternative where the weak elements of the traditional systems like wirebonds are removed, have demon-
strated enhanced reliability for silicon devices however, there has not been much investigation on the
performance of SiC devices in press-pack assemblies. This will be important for high power applications where
reliability is critical. In this paper, SiC Schottky diodes in pressure packages have been evaluated, including the
electrothermal characterisation for different clamping forces and contact materials, the thermal impedance eval-
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uation and initial thermal cycling studies, focusing on the use of aluminium graphite as contact material.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Power device packaging involves intimate contact between different
materials with different thermomechanical properties. Coefficient of
Thermal Expansion (CTE) mismatch between the semiconductor, the
die attach and the baseplate causes thermomechanical stresses which
increase the thermal resistance and junction temperature of the device
under power cycling. The wirebond to source/gate metal interface is an-
other reliability concern due to the occurrence of wirebond lift-off. Cur-
rent packaging systems have been developed for silicon rather than
silicon carbide hence, the different thermomechanical properties of
SiC lead to different stresses on the elements of the packaging system.
This results in a reduced power cycling capability of the current SiC de-
vices compared with their silicon counterparts [1].

A packaging alternative where the elements of the packaging sub-
jected to thermomechanical stresses are removed, achieving an en-
hanced reliability, is the press-pack modules [2]. Press-pack modules
also improve the system fault tolerance by failing to short. Press-pack
modules have typically been used in high power applications like
HVDC line-commutated converters where series connected thyristors
are required for high DC voltage blocking capability. Press-pack IGBTs
have been demonstrated by ABB and IXYS. Hence, voltage source
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converter technology in press-pack is possible. In a press-pack module,
the semiconductor is pressed between two copper heatsinks/electrodes,
using an intermediate thermal contact to match the CTE. The weak ele-
ments of the packaging system (solder and wire bonds) are removed
thus achieving enhanced reliability, despite the more complex assembly
system. There are few studies on the implementation of SiC in press-
pack [3,4], however, the availability of larger SiC dies and the limited re-
liability shown by the traditional packaging systems suggest that SiC
press-pack modules could be a suitable alternative, particularly consid-
ering the enhanced power cycling capability demonstrated in [4]. A pro-
totype for the evaluation of a SiC Schottky diode in pressure packages is
presented in Section 2. Here, aluminium graphite as an alternative con-
tact material to molybdenum and DC heating measurements are pre-
sented. The thermal impedance of this packaging system, considering
different forces and different contact materials, is evaluated in Section
3 with initial power cycling results presented in Section 4. Section 5 con-
cludes the paper.

2. Prototype for the evaluation of silicon carbide devices in press-
pack

A prototype for the evaluation of a single 1200 V/50 A SiC Schottky
diode (CPW5-1200-Z050B from Wolfspeed) on press-pack has been de-
veloped and it is shown in Figs. 1 and 2. A die carrier made of PPS is used
for positioning the die and the intermediate contacts used for matching
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Fig. 1. Cross-section of the prototype.

the CTE of the semiconductor. An external case made of PEEK is used for
aligning the copper poles. PPS and PEEK are both engineering plastics,
dimensionally stable with a temperature of operation over 200 °C. The
evaluated prototype is not hermetic, hence the maximum operating
voltage would be limited.

The size of the CPW5-1200-Z050B Schottky diode die is
4.9 mm x 4.9 mm with a thickness of 380 um. The dimensions of the in-
termediate contacts are 3.7 mm by 3.7 mm for the anode contact and
4.9 mm by 4.9 mm for the cathode contact. The intermediate contacts
have a thickness of 1.5 mm and have been machined with a radius of
0.5 mm, with a pressed area of 13.48 mm? and 23.80 mm?. According
to [2], the usual clamping force for optimal electrical and thermal con-
tact ranges from 10 to 20 N/mm? and for the studies on a single chip
presented on this paper clamping forces of 300 N and 500 N have
been selected.

The traditional material for the intermediate contacts is molybde-
num, but aluminium graphite (ALG), a metal matrix composite by
Schunk Hoffmann [5], appears as a suitable alternative. The properties
of ALG2208, anisotropic material, compared with molybdenum and sil-
icon carbide [1,5,6] are shown in Table 1.

With a suitable CTE and a high thermal conductivity [5], the electro-
thermal performance of this alternative material is going to be evaluat-
ed in this paper. A picture of the ALG contact, where the aluminium and
graphite structure is easily identified, is represented in Fig. 3.

2.1. Analysis of the electrical and thermal characteristics using pressure
contacts

A simplified electrical model of the press-pack diode is represented
in Fig. 4 and the thermal model can be represented using a basic
Cauer network, as it has been done in [7] for a press-pack IGBT module.

Table 1
Properties of ALG2208, molybdenum and SiC.
ALG2208 Mo SiC
Thermal conductivity (W/m °C) x,y: 220 138 380
z: 140
Thermal capacity (J/kg °C) 800 217 690
Density (kg/m*) 2300 10,220 3210
CTE (um/m °C) X,y: 8 5.35 43
z:12
Resistivity (Q/m) xy: e~ 53e~ 8 -
z: 6~

The electrical resistance of a conductor is determined by Eq. (1), where
p is the resistivity of the material, d the thickness and A the cross section
of the material.

R=py (1)

The electrical contact resistance can be determined using the Eq. (2)
6].

+ /mH
RContactl -2 = % T (2)

where p; and p, are the resistivity of the materials in contact, H the
hardness of the softer material and F the applied force. The thermal re-
sistances and capacitances are determined by Eqgs. (3) and (4), where d
is the thickness of the material, A the cross section of the material, Ay,
the thermal conductivity, cxeq the thermal capacity and p the density
of the material.

d
Rm = ] 3)
CTH = CheatpdA (4)

The thermal contact conductance, assuming negligible radiation
heat transfer [6,8] is determined by Eq. (5), where ks is the mean ther-
mal conductivity, o the effective root mean square of surface roughness,
m the mean absolute surface flatness, P the contact pressure and Hc the
contact microhardness.

P 0.95
he = 1.25ksg (H_c) (5)

These equations show the impact of the roughness and flatness of
the surfaces in contact on the electrical and thermal contact [4]. For

Fig. 2. Assembly of the prototype (a) without the external case (b) with the external case.
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Fig. 3. Surface of the ALG contact.

this study the contacts have not been plated, hence the surface charac-
terisation of the non-plated molybdenum and ALG contacts is shown in
Figs. 5 and 6. The average surface roughness S, is 0.763 pm for the mo-
lybdenum contacts and 0.736 pum for the ALG contacts. Despite having a
similar average surface roughness, in Fig. 6 the effect of the different ma-
terials composing the ALG structure can be observed.

2.2. Initial measurements and considerations

The initial evaluation of the electrothermal properties of the press-
pack diode has been done using a traditional DC power cycling test
set-up where the calibrated forward voltage at low currents is used
for estimating the junction temperature [9]. Box clamps BX-42, rated
at 300 N and 500 N, and a heatsink model PS260/150B, both from GD
Rectifiers, are used for these DC heating tests.

Fig. 7 shows the forward voltage at high current during the heating
of the diode, where the effect of the contact material on the forward
voltage can be seen. ALG has a higher resistivity, hence the forward volt-
age is higher when ALG contacts are used.

The effect of the clamping force on the forward voltage using ALG as
contact is presented on Fig. 8. According to Eq. (2) and the schematic
shown in Fig. 4, increasing the clamping force reduces the contact resis-
tance, hence it reduces the voltage drop across the press-pack diode. For
a heating current of 30 A the slope of the voltage during the heating has
reduced slightly, suggesting a higher thermal conductivity when the
clamping force is increased, as Eq. (5) indicates.

The thermal response for ALG and molybdenum contacts for differ-
ent DC heating currents and a clamping force of 500 N is shown in Fig. 9.

3. Thermal impedance characterisation

The transient thermal response shown in Fig. 9 is caused by the dif-
ferent thermal impedance of the ALG and molybdenum contacts, as the

Rcontact ALG—Cu

chnmct SiC—-ALG

18iC-ALG  Reontact ALG-cu

Fig. 4. Equivalent electrical model of the press-pack diode.
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Fig. 5. Surface roughness of the molybdenum contact.

measurements and the analytical equations on Section 2 show. The im-
pact of the contact material and the clamping force is going to be evalu-
ated in this section using a dedicated thermal impedance
characterisation equipment that is capable of performing power cycling
and reliability evaluation on a module by extracting the impact of
thermomechanical stresses on the transient thermal impedance of the
module [10].

The thermal impedance which is a function of the thermal transient
can be transformed into a graphical representation of the structure
called the structure function [11]. The structure functions are obtained
by direct mathematical transformations from the heating or cooling
curves [12]. The structure function uses the thermal resistances and ca-
pacitances in the Cauer form (because Cauer networks have a link with
the physical structure) to identify changes in the structure of the device.
There are two types of the structure function, differential and cumula-
tive structure function. In [13] the differential structure function K(Rs)
is defined as the derivative of the cumulative thermal capacitance
with respect to the cumulative thermal resistance.

K(Rs) = G2 6)

The differential structure function is used in Fig. 10 to analyze the
two contacts at the same clamping force (500 N). The x-axis is the cu-
mulative thermal resistance and the y-axis a function of the cumulative
thermal capacitance. To help understand the relationship between Fig.
10 and the physical structure, an analytical calculation using Eq. (3)
was carried out to get an approximate resistance of the die and the con-
tact. In the differential structure function the local peaks indicate a new
interface in the heat flow path, hence from the location of the peaks and
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Fig. 6. Surface roughness of the ALG contact.
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Fig. 7. Forward voltage during heating for different contact materials. Clamping force F =
500 N.

the analytical values shown in Table 2 the relationship between the
structure and Fig. 10 has been deduced.

In Fig. 10 it can be observed that the die region for both ALG and mo-
lybdenum is the same, as the same force and the same die are used. An
increased thermal resistance in molybdenum is observed after the die
region. The total difference between the two contacts is a thermal resis-
tance of 0.339 K/W. This means that for the same power an assembly
with ALG will run at lower temperature. This gives ALG an advantage
of high power density. For the same material (ALG), different clamping
forces were implemented and the differential structure function mea-
sured. From Fig. 11 it can be seen that 500 N gives a better thermal per-
formance as the different materials are in better contact.

4. Power cycling results

The press pack was put under power cycling using constant current
of 30 A to produce a change in the junction temperature during cycling
(AT)) of about 70 °C with a period of 60 s and a duty cycle of 0.5 [9]. One
of the determinants of the number of cycles is the AT}, as the number of
cycles to failure is indirectly proportional to the AT;. The maximum
junction temperature (Tjnqy) for this test is 90 °C and the minimum
(Tymin) is 16 °C. Fig. 12 shows the maximum junction temperature, the
delta T and the minimum junction temperature.

In Fig. 12 repetitive spikes can be observed. This is due to the fact
that after every two hundred cycles the thermal impedance of the de-
vice is measured and transformed into the cumulative structure func-
tion and the differential structure function. The cumulative structure
function is sum of the thermal capacitances (cumulative thermal
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Fig. 8. Forward voltage during heating for ALG and different clamping forces (F = 300 N
and F = 500 N).
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Fig. 9. Junction temperature during heating. ALG and Mo as intermediate contacts,
clamping force of 500 N.
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Fig. 10. Differential structure for ALG (blue) and molybdenum (red) at the same clamping
force (F = 500 N).

capacitance) in the function of the sum of the thermal resistances (cu-
mulative thermal resistance) of the thermal system, measured from
the point of excitation towards the ambient. Discretization of the struc-
ture function results in a Cauer network. The slight dip in the minimum
junction temperature and the maximum junction temperature is as a
result of the changes in the ambient.

The result of several measurements made during power cycling can
be seen in Figs. 13 and 14. The differential structure function is repre-
sented in Fig. 13 with no noteworthy difference in the measurements
performed. The best way of observing these measurements is by using
the cumulative structure function. As mentioned earlier, discretization
of the structure function leads to a Cauer network. Hence, picking a
point on the thermal capacitance axis is the same as picking a point in
the structure of the device and obtaining its thermal resistance. This
cannot be directly implemented with the differential structure function.
By using this process on the cumulative structure function measure-
ments shown in Fig. 14 the degradation on the power module can be ob-
tained in form of the thermal resistance with respect to time.

Table 2

Analytical and measured thermal resistances.
Unit (K/W) Analytical Peaks
Die 0.2219 0.2489
Die + contact 1.0049 0.8908
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Fig. 11. Differential structure for ALG 500 N and 300 N.
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Fig. 12. Power cycling parameters: Tjnqx (red), Tymin (yellow) and AT; (blue).
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Fig. 13. Differential structure function for 6600 cycles.

Three points in the cumulative structure function have been chosen
to check for degradation. These points correspond to the points on cu-
mulative structure function where there is a change in capacitance
which corresponds to the peaks in the differential structure function.
It can be seen in Fig. 15 that at the different interfaces there is no
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Fig. 14. Cumulative structure function for 6600 cycles.
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Fig. 15. Thermal impedance degradation plot.

noteworthy change in thermal resistance which means there is no deg-
radation so far.

5. Conclusions

It has been shown in this work that although ALG has higher electri-
cal resistivity it also has a lower thermal resistance than molybdenum. It
means that for the same power ALG press pack design can be smaller
(by reducing the size of the heatsink for example), also by using higher
clamping force the electrical resistance and thermal resistance can be
reduced. The preliminary cycling tests show no degradation and are
still ongoing. A different failure mechanism is expected due to the ab-
sence of solder, which is the predominant failure mode in SiC according
to [1].

The future work entails the introduction of the solder layer between
the die and the contact to reduce the contact resistance and thermal re-
sistance. However that might have an effect on the reliability. Both an
assembly with solder and no solder will be studied.
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