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EXECUTIVE SUMMARY

A key issue associated with the wider adoption of hybrid-electric vehicles (HEV) and plug in
hybrnd-electnic vehieles {PHEV) is the implementation of the power electronic systems that are required
in these products, One of the pnmany imdustrs goals 15 the reduction i the pnee of these velucles relative
1o the cost of traditional gascling powered vehicles. Today these systems, such as the Prius, utilize ong
coplant loop for the enging at approximately 100°C coolant tomperaturcs, and a sooond coolant loop for
the inverter at 63°C. One way in which significant cost reduction of these svstems could be achieved is
through the nse of a single coolant loop for both the power electronics as well as the intemal combastion
engine (ICE). This change in coolant temperature significantly increases the juonction temperatures of the
devices and creates a number of challenges for both device fabrcation and the assembly of these devices
into inverters and converters for HEY and PHEV applications.

Traditional power modules and the statc-of-the-art inverters in the cument HEY products, arc
based on chip and wire assembly and direct bond copper {DBC) on ceramic substrates. While a shaft to
silicon carbide (5iC) devices from silicon (Si) devices would allow the higher operating temperatures
requiréd for a single coolant loop, it also creatzs a number of challenges for the assembly of these devices
inm power inverters, While this rraditional packaging technology can be extended 10 higher temperatures.
the key igsueg are the subecrate material and condoctor siabilicy, diz bonding marenial, wire bonds, and
bond metallurgy reliabilicy as well as encapsulaton materials that are stable at high operating
temperatures.

The larger temperature differential dunng power cveling, which would be crocated by higher
coolant temperaturcs, places tremendous stecss on traditional aluminum wire bonds that are wsed to
interconnect power devices. Selecuon of the bond metallurgy and wire bond geometey can play akey role
in mitigating this stress. An aliemative solutdon would be o eliminate the wire bonds completzly through
a fondamentally different method of forming a reliable top side interconnect. Similarly, the selders nsed
in most power modules exhibit too low of a liquidus to be viable solutions for maximom junction
temperatores of 200°C. Commonly used encapsulaton materials, such as silicone gels, also suffer from an
inability to operate at 200°C for extended penods of time.

Fossible selutions to these problems st i most cases but require changes to the tmditional
manufactunng process used in these moedoles. In addition, a number of emerging technologes such as 51
nitride, flipchip assembly methods, and the elimination of base-plates would allow reliable module
development for operation of HEV and PHEYV inverters at elevated junction temperatures.

iv



1.0 INTRODUCTION

A key issue associated with the wider adoption of hybrid-clectric vehicles (HEV) and plug in
hybrid-electric vehicles {PHEY) is the implementation of the power electronic systems that are required
in these products [1]. To date, many consumers find the adoption of these technologies problematic based
on a financial analyss of the tihal cost versus the savings available from reduecd fucl consuraption,
Therefors, ong of the pnimary mdustry goals 15 the reduchon in the prce of these vehicles relatnve o the
cost of tradinonal gasoline powered vehicles,

Part of thiz cost reduction must come throngh optimization of the power electronics requined by
these vehicles. [n addition, the efficiency of the systems must be optimized in order to provide the
greatest ranpe possible. For some dnvers, any reducton in the range associated with a potential HEV or
FHEV solution in companison to 2 gasoline powernesd vehiele represents a sigmificant barrier o adoption
and the efficiensy of the power ¢lectromcs plays am important role m this range. Likewise, high
cfhicicnewss are alse mipontant sinee lost power further complhicates the thermal management of these
systems. Reliability is also an imporant concem sinee most drivers have a high level of comfort with
gasoling powered vehicles and are somewhat reluctant to switch 0 a less proven technology. Reliability
problems in the power glectronics or associated components could not only cause a high warranty cost to
the manufacturer, but may also taint these technologies in the consumer’s eves. A larger vehicle offering
in HEV% 15 another important consideration from a powser electronics point of view. A larger vehicle will
need more horsepower, or a larger rated drive. [n some ways this will be more difficult to implement
from a cost and s1ze point of view, Both the packaging of these modvules and the thermal management of
thesge gvatems at competitive price points create significant challenges.

{(ne way in which significant cost reduction of these systems could be achieved is through the use
of a single coolant loop for both the power clectronics as well as the internal combustion engine (ICE)
[2]. This change would reduce the complexity of the cocling system which currently rehies on two loops
 a single loop [3]. However, the current nominal coolant temperature entering these inverters is 63°C
[3], whereas a nommal [CE coolant temperature would be much higher at approximately 100°C. This
change in coolant temperature sighificantly increages the junction temperanires of the devices and creates
a number of challenges tor both device fabncation and the assembly of these devices into inventers and
converters for HEY and PHEY applications. With this change in mind, significant progress has becn
made on the use of SiC devices for inverters that can withstand much higher junction tempemtures than
tradibonal 51 based inveriers [4,3,0]. However, a key problem which the single coolant loop and high
temperature devices is the effective packaging of these devices and related components into a high
temperature inverier, The elevated junction emperatures that exist in these modules are not compartible
with reliable inverters based on exisiing packaging technology.

This epoert sccks to provide a litemture survey of high temperature packaging and to highlight the
issucs related to the implementation of high temperature power clectronic modules fer HEV and PHEV
applications, For purposes of discussion, it will be assumed in this port that 200°C s the targsted
maximum junction temperaire.



20 STATE-OF-THE-ART IN POWER ELECTRONICS PACKAGING

Power modules have traditionally been fabricated or packaged with one of three core
technologies: thick film on ceramic, insulated metal substrates, and direct bond copper on ceramic. Each
of these technologies has its niche market due to performance andfor cost benefits that lend themseshves to
parhcular applications.

Thick films on ceramic snbstrates such as Alomina are still used in a2 number of applications due
ta the celatively low cost of manufacture and their robust natare in the harsh automotive environment.
Howaever, this technology is fondamentally limied by conductors thal can readily be fabricated and vsed
to interconnect the devices, Smce this technelogy relies on sereen prnnted traces, the interconnects are
limited in thickness to a few mils and are lower in conductivity than pure metals due to their cermet
nature. Since high current levels are required in HEV and PHEV power modules, this technology is not
ideal for these applications singe the officiencics and thorefore the vehicle range would be somewhat
diminished in comparison 1o other packaging technologies.

Insulated metal substrates (IMS) are another technology that is commonly used in power
electronic systems. These snbstrates consist of a copper foil bonded to a metal base-plate with the use of
a polymer diclsctric. As a result, this technology also suffers from the inability to create very thick
conductor traces since the copper must be laminated to the metal support plate. In addition, the polymer
diclectric greatly limits both the maximum operating temperature of the module as well as the thermal
management since this polyvmer layer 15 10-100 times lower in thermal conductivity than commonly
avallable ceramic subsirates. While this layer 5 in fact thin. s mopact on thermal performance 15
significant, and as a result IMS technology is prevalent in elatively low power assemblics (less than
1 X3W) rather than in larper traction drives.

The most common technology found in high power systems is direct bond copper on ceramic.
The basic technology was developed in the 1970s and patented by General Elzctric {GE) in 1976 |7] and
enables thick pure Jayers of copper to be mtmately bonded to hugh thermal conductivily ceramics, The
basic prowcess mvolves plasing the copper toil in durcet contact with the ceramue substeate and heating the
assembly in a contralled atmosphere, When the oxvgen content 1o the finng furnace 15 maintauned at a
low level through the ose of nitrogen purze gas and the assembly is heated to 1065°C, a strong sutectic
bond forms between the ceramic and the copper. The resulting combination provides for very low loss
circuoit interconnects capable of withstanding hondreds of amperes of current and a strong stable diglectric
layer. Initially, the technolagy was adopted for use with Alumina substrates where copper was bonded to
both sides in order to ereate a circunt interconnect structure,  This technology 15 now commaonly available
for vse with Alumina, Beryllum Oxide, and Aluminum Minde {(AIN) substratzs and has become the
foundation for high power modules based on insulated-gate bipolar transisior (IGBTs), metal oade
gemiconductor figld-¢flect trangistors (MOSFETSs), diodes, and similar components commaonly utilized in
a di¢ rather than a wafer foomat.  As shown in Fig. |, this material can be obtained in a pancl form to be
etched or etched to the user's desired specifications by several vendors. The most popular DBC substeats
uhilizes copper layers ranging from 0.2-0.4 mm in thickness in conjunction with AIN substrates. AIN is
attractive due to the high thermal conductivity and low toxicity of this matenial in companzon to Alumina
and Beryllium Owide respectively. In addition, the thick conductors combined with high breakdown
gtrength of the material make it g naoural choice for many applicarions [3].



Fig. 1. A paneof DBC on Alumina and a small etched Ni plated DBC on AIN hoard.

2.1 TRADITIONAL MODULE ASSEMBLY

Building on the core DBC technology. a number of assembly methods have been developed over
the vears to provide reliable power modules at a reasonable cost. The dominate assembly method in use
today is illustrated in Figs. 2 and 3. This approach utilizes solder to attach the devices to the DBC
substrate(s). as well as to attach the DBC substrate(s) to a metallic base-plate. The copper metal is applied
to both sides of the ceramie substrate and generally etched or pattemed on one side only, This patterned
side serves as the circuit mterconnects. while the backside metal allows for easy mounting of the substrate
to the heat spreader. The base-plate acts as a mechanical support for the module and allows for the entire
assembly to be securely bolted to a heat sink. In addition to its role in mounting the devices to the DBC
substrates, the solder also provides the back-side clectrical contact for the power devices, The top side
contact to the power devices 1s provided by aluminum wire bonds which are created between the DBC
metallization and the metallization on the device. Historically. the die metallization has been aluminum,
and in many cases the substrate metallization has been nickel plated copper. This approach results in a
monometalhic construction on the die surface that is ideal in terms of avoiding inter-metallic formation.
These iter-metallic areas at the bond interface can lead to reduced strength and reliability problems.
Ideally, from a wire bond perspective, the substrate metallization would also be aluminum to provide a
pure monometallic structure capable of inter-metallic formation, However, aluminum 15 undesirable as a
substrate metallization due the extreme difficulty associated with solder attachment of devices to
aluminum. A thin oxide forms on the surface of aluminum when exposed to even small quantitics of
oxveen and 1s difficult to remove. This oxide laver inhibits solder wetting and bond formation. Therefore.
the industry in large part adopted electroless nickel finishes on DBC substrates to enable high quality wire
bonding as well as cost effective die attachment,
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Fig. 3. Cross section of a traditional power module,

This MNickel coatng is generally applied with an electroless plating process. This approach 1s
attractive since it coats the edges of the DBC as well as the traces and can be easily applied to etched
DBC patterns, One issue with Nickel plated finishes is that bonding difficulty can be experienced on
heavily oxidized samples. This problem can easilv be avoided by storing samples in an inert atmosphere
prior to wire and dic bonding and/or removal of the oxide prior to bonding with an appropnate chemical
ctchant or a plasma cleaning process.

Solders are then used to attach both the power devices 1o the DBC and the DBC 1o the base-plate.
which is normally made from Nickel-plated copper. Generally, two solder materials are used with
dissimilar melting points to allow the die to be first bonded to the DBC, then for the DBC to be bonded to
the heat spreader, and the electrical connectors to the DBC without reflowing the die again. It 18 desirable
to have a 2540°C temperature difference between the two solders. While a verv large number of possible



solutions exist for solder materials. the Tin-Lead allovs such as Sn3 (Sn 5%/Pb 953%) or
Sn63 (Sn 63%37% Pb) are attractive due to the low cosl. high degree of compliance. strength. and
wetting charactenistics. Over the last few vears. the trend in the industry is away from the lead based
solders to alternative materials, such as Tin Silver Copper alloys, in order to meet the Restriction of
Hazardous Substances Directive (RoHS) enacted in Europe.

The two primary wavs that die are attached i1s with printed solder paste or with solder preforms.
In the first case (printed solder paste). the paste contains a flux and 1s nonmally dispensed or screen
printed on te the substrates. The die arc then placed and then heated in a reflow oven to activate the flux
and then melt the solder. The result 15 a thin bond ling of solder (metal) between the die and the substrate
or board, This 1s fast and efficient but can lead to a lack of uniformity in the solder bond thickness and
voiding

The second method uses a thin foil of solder material placed on the substrate instead of the
printed zolder. These toils are generally referred to as “preforms™ in the industry and are cut to roughly
the same size as the die. If vou examing a prefrom. it appears as a small flat rectangle of metal foil about
the thickness of a sheet of paper. A hquid flux in some cases 15 used with these preforms and the entire
assembly 1s heated as in the printed case to ereate the solder bond,

This process is well developed and allows for efficient high volume production. Careful process
control is required, particularly for the die bonding process in order to minimize void formation in the
solder bond. As illustrated in Figs. 4 and 3. a -~ 10% void fraction. or percentage area of voiding. is typical
for this process and is acceptable for most products assuming that the maximum single void size Is
mimmized. The use of vacuum soldenng can dramatically reduce solder void formation; however, this
process 15 more difficolt to execute 0 a high volume production environment due to the need for a
10-200 man evele in a vacuum chamber

Fig. 4. Acoustic microscopy image of solder die bond line,



Fig, 5. Cross section of a solder bond line.

Once the entire module has been assembled. these modules have histoncally utilized a plastic
housimg molded or bonded (o the base-plate in order to provide mechanical protection for the power
device and wire bonds. as well as support for the power terminals. Thermosets (such as epoxies) and
Thermoplastics (such as thermoplastic polvester) have been used by a number of companies for this
application, In older style modules, the clectrical leads are soldered directly to the DBC substrates and
protrude through the module housing. Many of the newer style modules utilize metal structures integrated
into the housings to provide the electrnical connections to the external circuitry. Wire bonds are generally
used to provide the high current connections between the DBC substrates and these metal terminals. This
approach can be more reliable and reduce assembly costs for a range of current densities: however. they
are more limited m current density than connectors which are soldered directly to the DBC conductor [9].

2.2 ADVANCED POWER MODULE ASSEMBLIES

It has been recognized within the industry for a significant number of vears that the traditional
approach to power module fabrication has a number of limitations which include:

o (Coefficient of thermal expansion (CTE) mmsmatch between copper base-plate and DBC
substrate,

= Solder void formation 1n die attachment and DBC to base-plate bond.
Rehability mitations and parasitic ¢lectncal effects caused by wire bonds.

This thermal expansion mismatch between the Si or SiC power devices, with CTE values of
2.8 ppm/°C and 4.2 ppm/°C respectively, and the DBC substrate builds stress into the solder joint and die
and can result in failure of the module. A similar effect can also be observed in the bond line between the
substrate and the base-plate, Stress in the die bond can be alleviated through the use of compliant die
attach matenals or by matching the CTE of the substrate and power devices. In most modules, a
combination of these techniques is utilized since many solders are available that are somewhat comphant
in nature and still offer good eleetrical and thermal performance. In addibon, DBC AIN is a good CTE
match to S1 power devices and an excellent match to SiC power devices. However, the substrate to base-
plate mismatch is much more difficult to eliminate in the traditional structure since the substrate options
are limited by the need for a high thermal conductivity dielectric. It is technically possible to utilize base-
plate materials that are closely matched to the ceramic and therefore greatlv improve the overall CTE
match, but at an ncreased cost. A vanety of matenals such as aluminum SiC composite base-plates
(AISIC), copper graphite metal matnix composites, and copper molvbdenum have been developed and are
used m the acrospace industry. However, the cost of these matenals 13 sigmficantly higher than the
traditional nickel plated copper base-plate, and therefore. these technologies have not enjoyed widespread
adoption in the commercial markets.



Instead of vsing alternative base-plare materials. a nomber of manufacturers have developed
pover madule assemblies which do away with the base-plate and associated solder interface completely
in favor of pressure contacts between the DBC substrate and the heat sink. Packages such as the
SEMITOP™, SKiiPPACK™, and MiniSKiiP™ are examples of approaches developed by SEMIKRON
Intcrnational [10-12]. The basic idca s to provide vmiform pressure over the DBC substrte in a mannce
that provides & sohid contact between the back side of the DBC and a heat sink.  Sinee the heat sk and
DBC arc not bonded together. they ars able 1o ¢xpand and contract separately thereby ¢levating stress that
wiuld otherwise build up due 10 thermal expansion differences in the two materials. Consistent uniform
pressure is required to minimize the thermal resistance of the interface between the heat sink and the DBC
substrate. Without this pressure, the thermal resistance would be very large and the power ratings of the
modules would require considerable derating to maintain reliable device terperatures. Some risks axist in
apphyiyg pressure ta the DBC directly without a base-plate sinee the ceramice diglestne is far more fragile
than a metal base-plate.

Wirg bond failore is ancthor koy concom. A recont roport illustrated that modules arc very
reliable if the junction temperatures arg limited 10 125°C. However, increasing the junction temperature
to 150°C creates a temperature difference between the device junction and the coolant loop (AT,) of 85°C.
This much larger temperatire difference has been shown to lead to wire bond lift-off in only 41 000-
42 200 power cycles. At this point, the delamination in the solder joint between the DBC substrate and
base-plate was measured to be only 4.6% |2]. Therefore, wire bond lifi-off and heel erack formation 1s 2
key limiting factor for power modules. The principal prablem 15 the large CTE of the aluminum wire
relative to the 51 or 51C device, As the module ¢xpands and contracts due to thermal deviations in the
wirg, devices, and substrat:, the wires flex and contract in response to these thermal cxcursions. In
conteast, the changes in the devices and substrate are far smaller and the result is stress on the wire bonds.
Poorly formed or mechanically damaged bonds may gxhibit heel breaks at the location where the wire
bends up from the die surface. This mechanical damage may be the result of inappropriatz bond
parameters, usually too much bonding force and ultrasonic power, or some ather physical damage created
during assembly or use. These heel eracks may not be visible after the initial assembly, but they grons in
response to the stress created dunng the modules operation and may lead to premature failore of the
module. However, for well formed bonds, the principal faillure mechanigm is wire bond lifi-off where the
bond comes looge from the die surface and leaves behind a thin laver of aluminum, followed by heel
cracks crcatcd by CTE mismaiches in the module [14]. [ has been shown that this process of wire bond
lifi-off begins by crack formation in the bond weld near the die surface [L5]. As the crack propagates, the
current density is increased in the surmounding bond area ultimately leading to interruption of the coment
and lift-off of the wire from the die surface. One possible schition to this problem is the use of
malvbdenurn tabs that are saldered to the die surface. The wire bonds are then formed on the surface of
the tabg. which in some cases may be plated with nickel or aluminum. Since the molybhdenum has a CTE
valug (5.1 ppm/°C) that 12 closer to the aluminum wire (238 ppm/C) than the semiconductor device
{2.6 ppm/°C for Si). this metal tab reduces the steess in the wire bonds and improves reliability [16]. This
concept has been known to be effective for a very long time and has been used in a vanety of high
rcliability packaging apphications for years [17). More recently this technique has beon appliced to power
modules to improve their overall reliabilicy [18].

Another way in which the industry has worked to eliminate the problems associated with wite
bonds is through the use of novel assembly methods which make connections 10 both sides of the devices
with golder or braze allove. There are a wide vanety of thege methods, some of which are based on metal
clips or structures | 19-24]. while other methods are based on ceramic [23-27] ar polymenc interconnect
structures placed on top of the device |28-32)]. All of these methods seek to use alternative methods to
make the top side electrnical connections without wire bonds. An example of one of these packaging
methods that was developed (patent pending) is illustmated in Fig. & Thas particular module was designed



for use with spray cooling and combines a 600Y 1GBT and 600Y dicde into a single flip-chip assembly
which is bonded to a DBC substrate and occupies shghtly less space than the nommal chip and wire
approach. The power devices processed to create a solderable metallization on the top surface of the
device and are then bumped with solder as shown in Fig. 6 |33-35] The die is then flip-chip bonded to
DBC and an alummum nitride heat spreader 15 used to ercate the topside electrical contact. This type of
approach greatly reduces the inductance of the top side connection and has potential for improved
reliability [34].

Flip chip diode &
IGBT

Solder Bump

Bumped IGBT

Fig. . Flip-chip bonded power package designed for liguid spray cooling.

2.3 CURRENT HEV MODULE ASSEMBLIES

Initial electronic components found in HEVs, including the inverters and converters, are based on
this traditional module structure. As has been reported and is clearly visible in the images provided in a
prior Qak Ridge National Laboratory (ORNL) report’ [3]. both the Prius converter module and the
integrated power electronics module (IPEM) which form the heart of the inverter and boost converter are
fabricated with DBC technology. In both cases, IGBTs and power diades have been bonded to DBC AIN
substrates with solder and then wire bonded vsing heavy alummum wire bonds, The DBC substrates are
soldered to base-plates which are then bolted to coldplates. Water flowing through the cold plates
effectivelv cools the modules, Silicone Gel encapzulation is clearly visible as 18 commonly used in
industry standard modules, such as the one illustrated in Fig, 2, To date, these modules have been able to
leverage the traditional technology effectively since the operating temperatures of the module are within
the specifications of normal industrial motor drives.

" Figures 5.5, 5.6. 5.7 on pages 53 and 54, as well as Figs. 5.12 and 5.13 on page 57 from Ref. [3),



3.0 HIGH TEMPERATURE HEVY POWER MODULES

In erder to develop modules for HEV applications that can operate at huygh tempecatures, a nuriber
of key 1ssucs must be addressed m traditional mverier packages. Pnimanly the wssues arc:

The effect of high temperature on the substrate material.

Reliahility of the conductor matzrial and its adhesion to the substrate .

Traditional diz bonding matenals are inadequate for extendad use at 200°C.

Wirc bonds and bond metallurgy must be carctully considered.

Encapsulation materials must be eliminated or be stable at high operating temperatures.

3.1 SUBSTRATE MATERIALS

In terms of 5 use for automotive power inverters operating at 200°C, AIN offers several
attractive features, including a close match in CTE to 5i and SiC as well as good themmal stability . For
this application while operating at these temperatures, most palvmernic substmtes are not suitable either
due 1o their low glass transihion temperatures or their very low thermmnal conductivities. [n contrast, cermmic
gubsirates are viable optiong at temperatured well above 200°C, and they offer much higher thermal
conductivities than any other viable dielectric option. However, it should be noted that the material
propertics change significantly with respect to temperature. The thermal conductivity of all the commonly
vsed coramics dececase with increasing tomperature, as illusirated in Fig. 7 [36-38]. As can be seen from
the graph, AIN substrates oifers a thermal conductivity of ~170 W/mK at room temperature. which then
decreases to ~13)0 WimK with the exact values somewhat dependent on the vendor. While this effect is
undesirable, the change is gradual and can be accounied for in a modules thermal design. The CTE of
these matenials also closely matches Si and SiC devices over a wide temperature. as illustrated in Fig. 8. It
12 also intergsting 1o note that Deremer ec al. [37] analyzed the effects of high @mperature processing on
AN substrates. Thig gnalvsiz involved firing the substeates repeatedly ar 830°C and then measuring the
thermal condoctivity and sorface oxide content uging secondary 1on mass spectrometry (SIMS). Thig data
illustrates that after five temperature excursions to 830°C, the thenmal conductivity of the substrates were
unchanged and while the top 8 nm of the substrate was shightly oxidized. no degradation of the substmates
was observed. [n addition, numerous researchers have demonstrated the stability of AIN in conjunction
with thick film gold metalhzatens for applicabions such as mstrumentation of jet engines at MHKPC
ambient [39]. One can infer from this wsting that the AIN substrates are stable for operating wemperaturss
well above those proposed for HEY applications, as well as any assembly operations that & moduole might
be subjected to.

A separate but related question is the ability of the conductor material in combination with the
substrate matenal to reliably operaie at the desired temperatures over the intended product lifetime. Fora
lower power systen, the conductors are normally thin se that the substrate cxpansion and contrachon s
dominaicd by the substrate matenal itself and oot the conductor. Fer a high power svstem, a thick highly
conductive trace 15 required so that the module losses are mimmized. In addinon. a trace that s too thin
for the required current density may actually fail due w overheating created by the clectrical losses in the
conductor. Therefore, since this thick condnctor is required and all of the good conductors have high CTE
values relative to ceramics and power devices, the siresses in a power snbsirate are much higher than in a
low power substrate. This fact makes the design of power modules more complicated in this respect than
low power systems with low corrent densities. While oiher options are possible, thick copper lavers are
ideal due to the hagh current densities common i the power cireuitry. The key 1ssue 18 the CTE of the
copper lative to the coramie substrate, While no published data on the strength of bare AIN DBC
substratcs as a function of thermal ¢veling is available, this data is available for Alumina [40] The ke
issue is the thickness of the copper relative & the ceramic, as well as the ceramic sirength. In this study.



DBC layers thinner than (0.4 mm (16 mils) are capable of withstanding more than 10.000 temperature
shock eveles’ from -40-110°C without failure. Very thick copper lavers lead to fracture of the ceramic
substrate and failure after much fewer thermal cveles. This effect can also be observed in published peel
strength data for Alumina and Beryillia DBC substraies, where a decrease in peel strength is observed as
the copper thickness increases [41]. Similar analysis conducted by one DBC vendor! suggests that similar
performance is exhibited by AIN DBC. The primary problem with thicker lavers tends to be at the lower
end of the temperature cycle rather than at the upper end of the cycle. This low temperature failure
mechanism can be mitigated by “dimpling™ the conductor at the edges of the copper traces. These dimples
are simply small holes etched in the top side copper metallization in a regular pattern along the edge of
the trace. Dimples effectively reduce the stress at the comers. where the stress is concentrated. and greatly
increase the stability of the DBC substrate relative to thermal shock [42]. A recently published report on
AIN DBC substrates bonded 1o AISIC also confirms this thickness effect; however, 1t is unclear from this
data which solder was used to mount the DBEC to the AlSiC base-plate, and what role if any this may play

in the reliabilitv of the overall structure [43].
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It is also interesting to note that the overall bond strength of the DBC substrate may be impacted
by the soldening process used to bond the die to the substrate or the substrate to a base-plate. Published
data clearly indicates that fluxless soldering processes which utilize hyvdrogen to inhibit oxide formation
can dramatically reduce the bond strength between the copper and ceramic lavers [41] For example.
forming gas which contains 10% hydrogen and 90% mitrogen and 1s commonly used in this process.
attacks the oxide bond and dramatically weakens the substrate

An alternative substratc material 15 direct bond aluminum (DBA) [44]. DBA is very similar to
DBC, but the metal laver bonded to the substrate is pure aluminum rather than pure copper. DBA
substrates offer shightly lower electrnical conductivity and thermal conductivity than DBC substrates:
however. published data suggests that DBA substrates mav be less prone to delaminating than DBC
substrates. This difference is attributed to the aluminum’s lower module of elasticity in comparison o
copper, which generates lower levels of stress at the DBA to ceramic interface than for copper in the DBC
to ceramic interface. While aluminum is significantly higher in CTE than copper. the DBA is constrained
to some degree by the ceramic in much the same way as the DBC is constraingd by the ceramic substrate
[45]. As a result, the CTE of the DBA substrates is only slightly higher than DBC substrates on
cquivalent thickness ceramic with equivalent metal thickness. This technology 1s new and more analysis
15 needed to explore its potential for high temperature modules. However. it should be noted that
selectively plating nickel on DBA substrates would allow solder or braze attachment of power devices to
nickel and wire bonding of aluminum wires directly o aluminum,

Another altemative substrate material is silicon mitride (8i:M,) which is now available with DBEC
metallization (Kvocera). Little published data 15 available on these matenials: however, the 5i:N, ceramic
15 stronger than Alumina or aluminum nitride. Since the failures in most DBC substrates is cracking in the
ceramic just beneath the DBC laver, the Si;M; substrates are advertised to be able to better withstand
thermal cyching without fracture of the ceramic substrate.

11



3.2 DIE ATTACHMENT MATERIALS

A very wide range of die atlachment metheds are in vse today, Adhesives are vnattractive for
these applications duc to thor infenor thermal and clectneal conductivity. In addition, 1t has been shown
that whilc 10 some cascs the bulk thermal conductivitics can be improved through the use of filler
materials. the interfacial resistance can still be quite hizgh. For power modules. the mast common die
aftach materials are the solder such as the lead tn alloyvs. These materials offer good glectrical and
thermal conductivity with a soft compliant nature that absorbs some of the stresses created by CTE
differences between the die and substrate. In contrast, hard solders such as high gold content alloys and
some braze matenials transter the bulk of the stress te the die and may resolt in reduced reliability [96].
Many of these soft solders are available with process temperatures well above 200°C and ame therefore
gtrong candidates for high temperature die gttachment in PHEV and HEV applications. The mosgt likely
lead based solders are the high lead content allovs such as 95 5Pb 28n 2. 5Ag or 95Pb 55n. With liquidus
temperaturcs in exeess of 300°C, the materials arc able to withstand the ropeated excursions to high
temperatures [47].

Alternative methods are also under development such as lead free solders that conform to the
ROHS directive [48], as well as sintered silver die attach methods [49.30] To date, these methods have
not enjoved wide-gpread adopaon in the industry, and more analysis is needed o aceess their suitability
for high temperature HEV and PHEV applications.

3.3 WIRE BONDS

Two primary igsues most be addressed for reliable top side connection to power devices; inter-
metallic growth and reliability dunng powerftemperature cycling The top side device interconnget
technology that is wsed in the power industry today 12 ultrasomic heavy aluminum wirg bonding,.
Aluninum wirc 15 the dominate tcchnology in this industiry since its soft naturc allows the use of much
larger wires than is nommally possible with harder metals [51]. However, aluminum has a low melting
point elative to other metals and is susceptible to inter-metallic fonmation if bonded te inappropriate
metals. Also, its Jarge CTE as compared 1o 31 devices and common substrate maternials can lead 1o bond
lift-off and module failure,

The tendency to Form inter-metallic compounds is both a time and temperature dependent
phencmenon, and therefore, is exacerbatad by operation of the devices at elevated junction temperatures.
The most commonly studied form of aluminum mter-metallic 15 the senes of gold aluminum alloys which
torm when aluminum wire is bonded to gold metallization [32). This fonmation 15 sometimes referred to
as the purple plague duc 1o the visible color change crecated by AuAl and leads to bond falure smee
formation of these allovs creates vouds i the bond lme and weakens the bond, This process of voud
formation can occur at temperatures as low as 173°C and in ime frames as short as 30 hours, While this
gold aluminum imter-metallic problem does not occur in power modules since gold is normally avoided,
similar potential problems can oconr with other metallization. For example, it has been documeanted that
aluminum and copper can form inter-metallic compounds that also weaken the bond between the copper
and alominum wire |33 In this case, the presence of air inhibits the growth process through the
formation of metalhe oades. However, the system stll extubats reduced strength after aging at high
temperaturcs. Some of the test data dlustraics an almost 30% deercase i the pull strengths of these bonds
after agimg i air for LK) hoors at 200°C [33]. Smular deercases have been measurcd for agmg at 230°C
and 300°C. This data shows that initially the bond strength drops within 10 hours of aging, but then levels
out with stable bond strengths bevond 400 hoors of aging ar 300°C. This would indicate that from an
inter-metallic point of view, this technology may have some potential for high temperature operation,
provided that the initial drop in bond strength can be accountad far in the module design.
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However, a more reliable although slightly higher cost solution may be the mickel aluminum
system. Nickel has been used in microelectronics for a wide vanety of applications. but one of its virtues
15 the very low rates of diffusion of most matenals with respect to nickel. It has been documented that
alummum wires bonded to mckel surfaces exhibit very little change in resistivity (~1%) when aged at
temperature as high as 300°C for hundreds of hours [34). Data also indicates that very mmor amounts of
diffusion occur between the two matenals [35] and munimal amounts of imter-metallic compounds are
formed [36]. Destructive pull tests conducted on these samples resulted in wire breaks rather than bond
failures indicating that, as desired. the aced Al-Mi bonds are stronger than the Al wire itself, This daia
suggests that aluminum wire bonds on nickel metallization do not significantly degrade due to inter-
metallic formation below 330°C. However. it is also known that plated nickel finishes can become brittle
after aging at elevated temperatures; therefore. care must be taken to ensure adeguate adhesion between
the mickel plating and conductive base copper laver.

One way 1o elimmate the concerns associated with wire bonds and the intrinsic CTE nmismatch
that exists between the conductive bond wires and the power devices, is to climinate the wire bonds
completely, As discussed in Section 2 2 of this report, manufacturers have begun to implement flip-chip
and other wire bondless packaging methods. particularly at the low end of the power range. While all the
published methods to date have focused on Si devices rather than SiC devices, an opportunity exists to
exploit these technologies to enable high temperature power inverters for traction drives in PHEV and
HEV wehicles. The kev positive attnbutes of this approach melude:

e Ability to use more closelv CTE matched structures for top side contacts,

* Introduction of lower parasitic inductance and resistance,
The use of high temperature soft solders would potentially allow these packages to operate at
much higher temperatures than traditional chip assembly.

While more work is needed in this area. the authors have developed a prototvpe package that
eliminates wire bonds for high power Si1C devices. As illustrated wm Fig. 9. this package utihzes a CTE
matched hid to conneet to the top die surface which i1s bumped with soft solder spheres. Preliminary data
suggests that this tvpe of package has the potential to operate rehably over a wider temperature range than
conventional packages,

Fig. 9. A prototype flip-chip package.
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3.4 ENCAPSULATION

As shown in Fig. 2, conventional modules are encapsulated wath a diclectne gel commonly
composed of silicone [57-63]. The pnnepal purpose of this gel 15 to mprove the breakdown strength of
the package by preventing arcimg between the dic surface, ware bonds, and adjacent metal features, The
material also serves to protect the devices and wirg bonds from moisture and contaminants, as well as to
aid in reducing mechanical stresses in the devices and bonds. The breakdown voltage of air is
approximately 3 kV/mm but is a sirong function of humidity. In conirast, the dielectric gels have
breakdown values of approximately 18 kVimm, depending on the exact prodoct. GE makes a number of
gels [64] as do several other compamies. One of the mam functions of the gel is to suppress arcing in the
module. If the gel 1s not used then the air in the module has 2 moch lower break-down voltage and arcing
can occur. Homidity further redoces the break-down voltage of air and can create arcing at much lower
voliages than would be possible with the use of 3 gel. The problem for a 200°C junction temperature is
that the maximum operating temperaturg of commeraially available gels is 200°C or less. This does not
leave an adequate safety marein and may result in arcing inside the package and failore of the inverter.
MNew encapsulates that can operate at higher temperatures are needed to enable existing chip and wire
technology to be extended to higher temperatures.

For flip-chip package configurations, surface coatings may be adequate 1o prevent the electrical
breakdown of thege structures. It has been shown that polyimide coatings which are stable at much higher
operating tempetatures can effectively prevent arting along the sides of power devices [65] The
adaptation of this approach to fhp-chip power packages would enable both high voltage and high
temperaturc operation without the need for improved silicone gels.
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4.0 SUMMARY & CONCLUSIONS

Traditional power modules are based on chip and wire assembly and DBC on ceramic substrates,
Whilc this tecehnology can be exicnded to hagher tempoerturcs, the key 1ssucs are the substrate matenal
and conductor stability, dic bonding material, warg bonds, and bond metallurgy reliability as well as
encapsulation materials that are stable at high operating temperatures. Possible solotions 0 these
problems exist in most cases, bot require changes to the traditional mannfacturing process used in these
modules. In addition, a number of emerging technologies such as 8i;N, snbstrates, flip-chip assembly
methods, and the elimination of baze-plates would allow reliable medule development for aperation of
HEV and PHEV invertars at elevated junction temperatures.,
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