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EXECUTIVE SUMMARY

High power circuits, those involving high levels of voltages and currents to
produce severa kilowatts of power, would possess an optimized efficiency when driven at
high frequencies (on the order of MHz). Such an approach would greatly reduce the size
of capacitive and magnetic components, and thus ultimately reduce the cost of the power
electronic circuits. The problem with this strategy in conventional packaging, however, is
that at high frequencies, interconnects between the power devices on one board (such as
Power MOSFETSs or IGBTs) and components on another board (such as the coasting
diodes) suffer from severe parasitic effects, thus affecting the overall electrica
performance of the system. A conceivable solution to this problem is the design and
construction of a power electronics module which would incorporate all power devices
and supporting circuitry into one very ssmple and compact module. Such an approach
would reduce interconnect inductances (thus reducing costly parasitic effects), increase
system efficiency and electrica performance, produce a standardization for power
electronic modules, and through this standardization, lower overall industry-wide system
costs and increase power electronic system reliability. This technology would prove

especidly valuable for power electronics in industry, where prevalent power systems such



as half bridge or full bridge converters would benefit greatly from the large reduction of
inductances which currently exist between separate bridge legs.

This thesis will discuss a novel multilayer approach towards the described issues.
A power module has been designed and fabricated which contains one metallization power
layer for the power devices, and a second metalization control layer for the low power
signal components. The two layers are separated by a dielectric layer which serves as an
electrical separation and as a physical spacer. In addition, issues have been addressed
towards optimal physical layout and construction (with regards to thermal dissipation),
materials comparisons have been made, and thermal simulations and experimental
verifications performed.

Issues relating to standardized power electronic module design and the efforts of
this researcher at the Microelectronics Laboratories at Virginia Polytechnic Institute and
State University to contribute to this quickly evolving field will be discussed. Such topics
as power electronic module design, control and driver circuitry design, material issues, and
thermal issues will be discussed.
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CHAPTER 1.

INTRODUCTION

The ultimate goal this research is leading towards is to produce an industry-wide
standardized power electronics module that will form the basis for any power electronics
system. Such a power module would prove to be more efficient then current power
electronic systems, and it would greatly reduce engineering and system costs.!”

Current achievements by the Microelectronics Laboratories include the design, the
fabrication, and the operation of power electronic modules which have incorporated
within them all of the power devices and supporting circuitry of a half bridge converter
circuit. This half bridge converter has been tested and operated under a 3kW load, and
has a so shown the feasibility and realizabilty of the multilayer power module concept

The most significant problem with the power electronic module concept is the
issue of adequate thermal management and consequent electrical performance. With high
power running through dense circuitry comes the undesirable side effect of an intense heat
source. This heat brings out two significant requirements that the materials within the
module must meet in order for satisfactory operation to be obtained. The first
requirement is that the materials must have a high thermal conductivity in order to
adequately dissipate the produced heat to the heat sink. The second requirement is that
the materials within the multilayer module must have matched low coefficients of thermal
expansion (CTE) in order for the module to remain structurally intact. It is believed that a
Metal Matrix Composite (MMC) heat spreader, with its high thermal conductivity and low

CTE has the potential to solve many of these therma management issues. An MMC isa



relatively new state of the art material in which metal is injected into a ceramic matrix
composite. These combines the advantageous characteristics of both materials, resulting
in a light weight, structurally strong material with a high thermal conductivity and low
coefficient of thermal expansion.

The objective of this research was to address these critical issues in order to
design, construct, package, and test the basic power module design within the
Microelectronics Laboratories at Virginia Polytechnic Institute and State University.
Three areas of investigation were undertaken.

The first task was to design the drive and control circuitry that would switch the
half-bridge power converter, and to create a testbed for power electronics module
measurements and evaluations. An Internationa Rectifier Control Chip was chosen as the
single phase controller to drive the pair of IGBTs (Insulated Gate Bipolar Transistors)
found in the half bridge power converter. A considerable amount of effort was involved in
damping gate spikes that had a tendency to destroy the transistors, and negative spikes
that would incapacitate the chip controller.

The second task was to investigate fabrication procedures for a multilayer
approach to power module construction. Direct Bond Copper (DBC) and polymer
adhesion techniques were combined with industry standard Printed Circuit Board (PCB)
technologies to create an approach that was effective as well aslow cost.

The third task was to investigate the use of various thermal heat spreaders,
including AISC MMC, AIN MMC, and comparing those with copper based heat
spreaders. The task included three dimensional therma simulation and analysis of power
modules, and comparing that analysis with experimental results. It was found that by
replacing the industry standard conventional copper heat spreader with more advanced
MMC materids, improved CTE matching could be obtained without sacrificing thermal

conductivity performance.



Through this research, the feasibility of a multilayer power electronics module has
been demonstrated, and wirebond modules were designed, constructed, fabricated,
operated, and tested unbder a high power load. In addition, the advantages of MMC
materias as heat spreaders has been shown through the anaysis of three dimensional

thermal simulations of various power electronic modules.



CHAPTER 2.

THE BASIC THEORY OF POWER

TRANSISTOR DEVICES

The eventual goal of this research is the realization of the power electronics
module as the standard for the power electronics industry. Such a power module would
prove to be more efficient then current power electronic systems, and it would greatly
reduce engineering and system costs. It was therefore important to identify a simple yet
applicable power electronics operation and to design a circuit to achieve that operation.
The operation and power electronics circuit selected was a single phase half bridge power
converter (illustrated in Figure 2.1); it is a simple circuit in configuration and yet it has a
large number of industry-wide applications.

The first real design consideration involved the selection of the proper power
transistor for circuit operation. Considering that the eventual application of a half bridge
converter power module will be to switch high power at high frequencies, two transistor
types were singled as the prime candidates for the power electronics module./?

The first transistor devices under consideration were the power metal oxide

semiconductor field effect transistors, or power MOSFETs. These power devices were



developed in the 1970s, advancing from the MOS integrated circuit technology of the
time.

The double-diffusion MOSFET, or DMOSFET (illustrated in Figure 2.2) has been
the most commercially successful structure of the MOSFET family; it is more stable then
the older V-groove MOSFET, and the new U-groove MOSFET has just begun to become
commercialized!® The DMOS structure is constructed through the use of planar
diffusion technology utilizing refractory gates (such as using polysilicon as amask). The
P region and the N* source regions are diffused through a common window defined by
the polysilicon mask, and the difference in the lateral diffusion between the P and N*
source defines the surface channel .

The power MOSFET is a unipolar device in which current conduction occurs
through the transport of majority carriers in the drift region without the presence of
minority carrier injection (such asis required for bipolar transistor operation). It contains
a high impedance input which greatly smplifies drive circuitry and allows a bias voltage
with very low current (on the order of 100nA) to act as the gate control signal. The gate
control signal is applied to a metal gate electrode which is separated from the
semiconductor surface by an intervening insulator such as asilicon oxide. Due to the low
gate current and the device switching operation, the inherent switching speed orders of
magnitude greater then the older conventional bipolar transistors, making it an attractive
device for circuits operating at high frequencies (where switching power losses

dominate).®



These advantages of the power MOSFET devices, however, are somewhat
diminished by their conduction characteristics which are highly dependent upon
temperature and voltage rating. A solution to this problem was the advent of the
insulated gate bipolar transistor or IGBT (illustrated in Figure 2.3).

IGBT devices have a virtual identical cross-section as that of the power MOSFET
devices. Both types of devices share the same polysilicon gate structures, as well as the
similar P wells with N* source contacts. However, the physical operation of the IGBT is
much closer to the operation of a BJT than a MOSFET. If one inspects Figure 2.2 and
Figure 2.3 closely, one will notice that the main difference between the two devicesis the
presence of a P* substrate layer in the IGBT. It is because of this layer that the IGBT
deviceisaminority carrier transistor, and that layer is accountable for the minority carrier
injection into the N-region and the consequential conductivity modulation. This device
difference accounts for the power MOSFET's shortcomings, for the device does not
benefit from the conductivity modulation, and consequentially a significant portion of the
MOSFET's conduction losses occur in the N-region (approximately 70% in 500V
devices).[®! This change in configuration does have some negative impact on the IGBT
device, however. The reverse and blocking behaviors of the device are affected, and the
result is an inferior gate switching speed performance as compared to a power
MOSFET."  Even though there is a degradation in gate switching speed, the IGBT's
advantages over the MOSFET far outweigh its disadvantages, including a massive
reduction in the voltage drop, a reduction in the temperature dependence, and a virtual

elimination of its dependence upon the voltage rating (asillustrated in Tablel).



Table I: Dependence of Voltage Drop from Voltage Rating

Device Voltage Rating (V) Voltage Drop (V)
IGBT 100 15
300 21
600 24
1200 3.1
Power MOSFET 100 2.0
250 11.2
500 26.7
1000 100

Typica switching frequencies of IGBTs range from 20kHz-50kHz, while Power
MOSFETs often operate at several hundred kilohertz. If the switching speed of the power
circuitry is the absolute most important performance characteristic, then the MOSFET
devices can be paraleled in order to alleviate some of the problems related to the voltage
rating dependency and the voltage drop. As previoudly stated, one of the more important
aspects of the power electronics module is to make it as simple and compact as possible;
therefore, the number of devices involved is a very important issue to consider. For this

reason, the minor loss in switching speed is far outweighed by the advantages of using

only two IGBT devices.




Control

Hin Ry E Trangstor

—E ‘ubber

Riced

Lin Rg E Trans storzY

Figure 2.1: Typical Half Bridge Power Converter



DRAIN

[ ]
[ ]
=
]
]

GATE

[T oxioe

Figure 2.2: Cross-section of Power DMOSFET Device



Figure 2.3: Cross-section of IGBT Device

IN'R'E N NE N

EMITTER

p-

N-

P+

COLLECTOR

GATE

N+

OXIDE

10



CHAPTER 3.

POWER ELECTRONICS CIRCUIT

DESIGN THEORY

3.1 Introduction to Power Circuit Design

Power electronic circuits are those circuits which alter the characteristics of the
electrical energy provided by a source to those characteristics which are required by the
load. Power circuits can be divided into three basic categories;, DC/AC converters,
DC/DC converters, and AC/AC converters, each with a number of topologies and design
approaches. One design topology applicable to both DC/AC converters and DC/DC
convertersisthe use of a half-bridge configuration. As one of the goals of thisresearch is
the standardization of power modules, it was therefore decided to focus on the half-bridge
layout utilizing PWM (pulsewidth modulated) switching. The overall circuit design
process of a power converter can be divided into a number of steps including; circuit
fundamentals, transformer and magnetics design, output filter design, power switch
design, controller and drive design, feedback design, circuit start-up design, and
protection design.®® The emphasis of this research is on the packaging design, so all of

the mentioned basic design steps will not necessarily be utilized.
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3.2 Pulsewidth Modulated Switching Basics

Efficient operation of PWM switching supplies is achieved by chopping the DC
input voltage into rectangular pulses which have an amplitude magnitude equal to the
voltage level of the DC source. That waveform can then be stepped up or down to the
desired level through the utilization of a magnetic component (transformer) and then
properly filtered to acquire the desired AC or DC output. The frequency and duty cycle
of the rectangular waveform are defined as the pul sewidth modulation functions.
3.3 Circuit Fundamentals and Topology !**!

The first required step in designing the power converter circuit is deciding upon
the circuit’s required power capabilities, input and output maximum voltage and current
levels, and the conversion requirement (DC/AC or DC/DC). From this information, the

proper circuit topology can be chosen.

3.3.1 Buck Topology

The buck converter, also known as a down converter, ssmply takes a DC voltage
source and convertsit to a DC output at alower level. Figure 3.1 illustrates a direct down
converter. When the series transistor closes, the shunt diode is forced into a reversed
biasing condition, and when the series transistor opens, the continuity of the inductor
current forces the diode into conduction. In this topology, the inductor and capacitor

components are of sufficient values to eliminate switching frequency components.

12



3.3.2 Boost Topology
The boost converter illustrated in Figure 3.2, also known as an up converter,
works exactly opposite of the buck converter. In this configuration, the transistor and

diode switches are exchanged as are the voltage inputs and outputs.

3.3.3 Buck/Boost Topology

The buck/boost converter illustrated in Figure 3.3 combines the buck and boost
topologies so that the DC voltage output level can be either higher or lower then the DC
input voltage level (depending on the selected switching duty cycle). The inductor and
capacitors are chosen so as to remove any undesirable ac ripple components which may

be present in the waveforms.

3.3.4 Flyback Topology

The flyback converter illustrated in Figure 3.4 is an indirect DC/DC converter
utilizing a filter inductor for isolation purposes, and a transformer for energy storage
purposes. During the first part of the switching cycle, the primary winding of the
transformer takes energy from the input and stores it in the magnetizing inductance.
During the second part of the cycle, the secondary winding removes the energy and
deliversit to theload. The transformer in this case steps the input voltage up or down to
the desired output voltage level. Thus the circuit has the functionality of a buck/boost

converter, except that the power switch isisolated from the load.

13



3.3.5 Half-Bridge Topology

The half-bridge topology illustrated in Figure 3.5 utilizes two power transistors to
“chop” the DC source voltage into a rectangular waveform. This AC waveform can then
be stepped up or down (through a transformer), and filtered as desired if filter is placed on

the output.

3.3.6 Push-Pull Topology
The push-pull converter illustrated in Figure 3.6, also known as the transformer
coupled half-bridge, operates similar to the half-bridge converter. The switch outputs are

centertapped to the transformer’ s primary winding.

3.3.7 Full-Bridge Topology

The full-bridge converter illustrated in Figure 3.7, again works similar to the half-
bridge topology, except that the switching duties are shared by two transistors performing
the same function (thus two switches are on while the other two are off). Thistopology is
used to relieve stresses from the devices, however a problem arises; if an imbalance
occurs, the power will not be shared equally between the two performing switches. A

catastrophic failure of one of the switches could result from this imbalance.
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3.4 Transformer and Magnetics Design

The transformer of the power electronic circuit performs one or more of several
possible functions, depending upon the operational mode of the switching devices and the
overal circuit topology. In aforward mode operational circuit, the transformer serves as
an isolation barrier between the input and output, and it serves to step up or down the
pulsewidth modulated input voltage signal. The function of the transformer in the
flyback mode is different. Energy in this transformer is stored within the core material by
the primary winding and transferred to the secondary when the primary turns off.

The primary function of the circuit inductors is to provide energy storage for
filtering purposes. The inductor acting as a storage element converts a rectangular
waveform into a DC output, with additional filters reducing the observed ripple to
acceptable levels.

Since magnetics were not used in this research, further detail as to the steps

involved in the actual design of inductors and transformers will not be discussed.

3.5 Output Filter Design

The output filter of a power circuit is responsible for rectifying and filtering the
switching ac waveform into the desired voltage output waveform. The output filter's
physical layout and circuit design is very important in regards to efficiency and circuit
reliability. As stated, inductors and capacitors play alarge role in diminishing ac ripples

and producing the desired output signals. For purposes of this research, capacitors were

15



used to remove parasitic spikes at the source and load, but otherwise no filtering was

performed to change the output waveform from its rectangular shape.

3.6 Power Switch and Driver Design

The main purpose of this stageisto convert a DC input waveform to a rectangular
AC output waveform, and central to that function is the power switch. This is the
foundation and central idea upon which most power converters are based. The AC
waveform can then be stepped up or down to the desired voltage level, and then that
waveform can be filtered to produce an AC or DC output. Much detail has aready been
given on the advantages and disadvantages of both Power MOSFETs and IGBTSs, aong
with the proper utilization of these devices within the circuit topology. Voltage and
current maximum levels, as well as the switching frequency of operation are important

factors that need to be taken into consideration here.

3.7 Controller and Driver Design

The control and drive circuitry of the power electronics circuit centers around an
|C chip that typically performs the PWM functions of switching frequency and duty cycle
control, feedback control through a voltage error amplifier, and supplying the proper
drive to the power devices. The more complicated circuits replace voltage controlled
feedback with current controlled feedback and variable frequency control. All of the
functions stated here are typically performed by a PWM IC. The PWM’s drive outputs

are then sometimes used to drive a Driver IC. Thisis especially the case in higher power

16



applications where additional current levels may be required to overcome the capacitave

effects of the power devices in order to turn them on.

3.8 Feedback Design

The feedback of acircuit can be divided into three basic categories, voltage
controlled feedback, current controlled feedback, and variable frequency control (whichis
based upon voltage controlled feedback).

Voltage controlled feedback, asillustrated in Figure 3.8, can be achieved by a
comparator following a voltage error amplifier. The amplifier’ s output is compared to the
ramp voltage across atiming capacitor. The disadvantage of this method isthat it can not
protect against instantaneous overcurrent conditions in the power switch due to core
saturation, and it exhibits afairly slow response time.[** 14

Current controlled feedback includes an ac current feedback loop in addition to
the previously mentioned voltage feedback. This method can be achieved by running the
output of the error amplifier into the input of a comparator that compares the error voltage
against the instantaneous switching current. The controller, through this method, is able
to detect a voltage surge or an impending core saturation condition. This thus makes the
current controlled feedback more robust, though more costly.!* 4

Feedback control is highly dependent upon circuit application and desired load
levels, so again feedback is not a high priority within thisresearch. Control and drive
chips utilizing a fixed frequency and duty cycle control were used instead for sake of

simplicity.
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3.9 Circuit Start-up Design

The start-up and supply circuitry provides the IC supply voltage from the main
DC rail or from afeedback. Typically, there are two portions of the supply circuitry. The
first powersthe ICs under initia start-up conditions as the power circuit turns on from a
totally unpowered state. After start-up, this portion of the circuit becomes disabled as a
second circuit kicksin. Thefirst circuit isless efficient as it draws power from the main
DC rail. The second supply circuit istapped into the inductor or transformer of the power
stage and draws the necessary power from its own output. When this second circuit turns
on, the first turns off.

These designs were eliminated in this research by simply supplying the power
module with two separate DC bias levels, a15V DC for the control and driver chip, and a

high power DC voltage for the power stage.

18



3.10 Protection Design

Protection from catastrophic failure is an important design consideration when
engineering a power electronics circuit. All of the protection mechanisms trace back to
protecting the supply and loads first, and then the power circuit. Typicaly, upon failure
detection, the power electronics will shutdown, either until manually reset, or until

conditions allow it to restart (depending upon the design).

19
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CHAPTER 4.

HALF BRIDGE POWER CONVERTER,

CONTROL, DRIVER, AND LOAD CIRCUITRY DESIGN

4.1 Half Bridge Power Converter Design

As stated, the first design choice was to decide what would be the application of
the test power electronics module. The operation and power electronics circuit selected
was a single phase half bridge power converter; it isa simple circuit in configuration and
yet it has alarge number of industry wide applications.

The second design choice was to decide upon which power transistors would be
chosen to function in the power module. Insulated gate bipolar transistors were chosen
for this task because of their quick switching speeds, high voltage and current operational
capabilities, and low voltage rating dependency. After examining a wide variety of
options and possible selections, the IXGH40NG0OA IGBT device (manufactured by IXY'S,
refer to Appendix A) was finally settled upon as the device of choice™ This selection
was made upon a variety of attractive and required features, as well as upon supply

availability. The IXGH40NGOA is a bare die chip and capable of functioning under a

28



load of 600 volts and 75 amps, both of these being essential design criteria requirements
for the high power and compact nature of the electronics module.

The switching of the devices in a half-bridge power converter is abrupt, and when
an IGBT is turned off in this manner, trapped energy in the circuit stray inductance is
dissipated in the transistor, causing a voltage overshoot (illustrated in Figure 4.1).1%°!

These switching transients could prove detrimental to a device operating under
high current and high voltage, and thus it is imperative to protect the power transistors.
This was accomplished by employing three techniques. The first was to introduce a
resistor to be placed before the device gate. This configuration protects the IGBT by
limiting the turn-on speed of the device, thus alowing the energy time to dissipate from
the device. The second technique used was to apply a snubber capacitor across the pair of
devices in order to cancel stray inductances caused by the load and voltage source
connections. The third technique was to utilize freewheeling diodes placed in parallel
with the IGBT devices. This technique provides residual currents with a nondestructive
path to ground.

The driver control chip is aso susceptible to damage when high power transistors
are being switched at high speeds.*”? The turn off of the transistor can produce a negative
spike which filters back to the control. This negative spike could be dangerous to the
control circuitry, and if large enough, could destroy it. This negative voltage spike can
also be controlled by slowing down the switching speed of the device through the use of a
gateresistor. Figure 4.2 illustrates a graph of the negative spike voltage amplitude versus

the series gate resistance. It can be seen that with no gate resistance, a negative spike of

29



over 90 voltsis returned to the control chip; the result would obviously be the destruction
of the control chip. A gate resistance of 120 W (found experimentally to be the most
effective value) was chosen according to this negative voltage spike criteria and what the
control chip could handle. Thisis discussed in further detail in the Control and Driver
Circuitry Design (4.2).

There are a number of other procedures that can be followed in order to minimize
stray inductances and ensure reliable circuit operation. These procedures include:
minimizing inductances through circuit layout considerations (such as keeping leads as
short as possible or using copper strips instead of wires whenever possible); using
decoupling capacitors as physically close as possible to the power stage; minimizing the

area of high current loops; and using coupled twisted wires whenever possible.

4.2 Control and Driver Circuitry Design

The next step was to design a half bridge driver and control circuit. International
Rectifier's IR21XX series ICs proved to be the most logical choice to fulfill the
requirements of this application. The IR21XX series control chips range from simple
single phase drivers to complex three phase signal feedback drivers, each chip easly
upgradable to its more complicated successor. It was for the ease of increasing driver
complexity and functionality that the IR21XX series chips were selected.!*® One of the
basic chips is the IR2155 single phase driver with frequency control capability. The
IR2155 is a self-oscillating, high voltage, high speed IGBT driver with high and low side

referenced output channels, high pulse current buffer, internal deadtime (to eliminate

30



driver cross-conduction), and fixed 50% duty cycle. Figure 4.3 illustrates the 1R2155

control chip and its supporting circuitry.
4.2.1 Programmable Oscillator Frequency

1
f=
14- (R, +150W)- C,

By picking Cr = 1InF (recommended by manufacturer), the required Ry can be solved for
by choosing a desired frequency. In this case, it was desired that the frequency be
variable, so a potentiometer was used instead of a fixed resistance value. The variable

resistor has arange varying from approximately 500Wto 3MW.

1
f=
14- (R, +150W)- C,

p 250Hz £f £10MHz
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4.2.2 Dropping Resistor

The logic supply voltage of the IR2155 driver control chip is rated at
approximately 15 V with 25 mA supply current. The power electronics module was
desired to operate from a 300 volt power supply (the maximum rated power supply
available), and so a proper dropping resistor had to be designed in order for the control

circuit to be powered by the same power supply.*

VD(:- VCC: ICC . Rl

lcc=5mA VDCZBOOV Vee=15V
b Ry< Voo Ve I <
I 5mA

It also must be kept in mind that with such alarge voltage drop through this resistor that it

must be capable of handling the power dissipation.

P= 1. (Voe- Vee) = 5MA- 285/ @ 15Watts
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4.2.3 Clamping Capacitors

C;L:CZZJ.ITF

Both of these devices are smply common clamping capacitors.

4.2.4 Blocking Diode

D = Fast Recovery Rectifier Diode rated to 300 V

This diode blocks any current feedback that may attempt to run from the output stage

back to the chip logic supply input.

4.3 Load Circuitry Design

One application of the power electronics module half bridge converter would be
to convert DC power to AC in order to drive an AC motor. If only a single phase half
bridge converter were used, such as was designed for the power module, then a single
phase AC motor would be driven. As stated earlier, this single phase could easily be
improved upon for a three phase design; however, single phase will be focused upon
within this study.

Figure 4.4 displays an H-Bridge (full-bridge) configuration of switches which

would be suitable for running a single phase motor with a single power supply. Figure
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4.5 displays a half bridge converter that would switch a single phase motor using a +
power supply.

Both of these configurations have problems, though. In order to run the H-Bridge
configuration, a pair of power modules couple with a more complicated driver control
circuit would be required. This was undesirable, as stated, because the overall electrical
design was to be kept as simple as possible. With the half bridge configuration, a £
power supply would be needed to run a single phase motor. The Microelectronics
Laboratories were not equipped with such a power supply, so again, that was not a
plausible solution.

It was decided that for test purposes, it was not necessary to run a single phase
motor. The IGBT devices smply had to be stressed to their limits in order to insure
proper operation. Figure 4.6 illustrates a purely resistive load configured with the half
bridge power converter that results in stressing both devices equally. This is a cost
effective solution that remains simple to configure and cheap to implement, while at the
same time performing all of the required tests.

The values of R ; and R, had to be designed using multiple high power resistors
aready in stock in the Microelectronics Laboratories, and this design had to be

configured to the high rated power supply.
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30 W.

Power Source Load Resistors

VDC =300V RR&sistor =5W
IDC = 10 A PResistor = 300 WattS
Rii=Re2
— — VDC — —
Voc= Iy - Ry, P Ru=.% = 30W=R;
DC

Connecting six 5 Wresistors in series will result in the desired load resistances of

RL]_:RLz: 6-5W=30W

The average power dissipated over each load resistance is

- 300V - 10A = 1.5kW

Pri1 = Pri2 = Voe * e

N |-
N

Thetotal power dissipated by the total load isthen

Prota = Pri1 + Pri2 = 1.5kW + 1.5kW = 3.0 kW

And the required dissipation per resistor is
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Proa _ 30KW

= 250 W (which is within the 300 watt limit)
12 12

Peach =

4.4 Electrical Testbed for Power Electronics Module

The combination of the driver and control circuitry, the power module, and the
load circuitry constitutes the power module electrical testbed. The testbed circuit layout
isillustrated in Figure 4.7, the testbed physical setup is illustrated in Figure 4.8, and the

driver control PCB layout isillustrated in Figure 4.9.

4.5 Testing of the Electrical Testbed

The electrical testbed configuration of Figure 4.10 was setup using a discrete half
bridge power converter with standard low cost 730 Power MOSFETSs bolted to a heat sink
(refer to Appendix A), and 680kW load resistors operating at high voltage and low current
(and thus low power). The purpose here was to ensure proper operation of the power
module testbed. The testbed tests the proper switching of the control and driver circuitry.
Since this was an initial phase, MOSFETs were used instead of IGBTs due to their much
lower cost.

The discrete 730 Power MOSFETs were then replaced by the more costly
International Rectifier IRGBC30FD2 (refer to Appendix A) IGBT devices (discrete

devices of similar operation and characteristic to the bare die devices to be used in the

36



power module). This setup was then tested with the low power load in order to ensure
proper operation of the electrical testbed.

The load was then reconfigured to the high power design and the test was run
again, ensuring proper circuit functionality of the electrical testbed at 300 V and 10 A.
With the testbed successfully tested, the discrete version of the half bridge converter was
removed, and the power module simply needed to be plugged into its place for module

testing to begin.
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Vcc = Logic Supply Voltage

Vg = High Side Floating Supply Voltage D
Rt = Oscillator Timing Resistor [nput M
HO = High Side Gate Drive Output IR2155
Ct = Osdillator Timing Capacitor Input Ve Vg
—1 C2

RL = High Side Floating Supply Return R Ry HO _F_

T Cr RL
COM = Low Side Return C, == F COM  LO

C;

LO = High Side Gate Drive Output

Figure 4.3: Driver and Control Circuitry
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Figure 4.5: Half Bridge Power Converter Configuration
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Figure 4.6: Resistive Test Load Configuration
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Figure 4.8: Testbed Physical Setup
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Figure 4.10: Testing of the Electrical Testbed
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CHAPTER 5.

DESIGN AND FABRICATION

OF POWER ELECTRONICS MODULES

5.1 Single Metallization Layer Wirebond Module Design

The next step was to design, fabricate, and test a basic wirebond module (to serve
as a reference module) in which all of the necessary power devices and supporting
circuitry were placed on a single surface metallization layer. Constructing this wirebond
module confirmed various fabrication ideas for a multilayer construction, as well as
provided the researcher with an excellent starting position for improved module
performance.®® This wirebond module proved the bare die soldering techniques to be
feasible options, confirmed the reliability of an AIN direct bond copper substrate to be
used as the base metallization layer for the power devices, and confirmed that al of the
half bridge converter circuitry could be mounted on a single module. This initia
wirebond module cross-sectional layout is illustrated in Figure 5.1, the circuit
metallization layout isillustrated in Figure 5.2, and the IXGH40NG60A bare die IGBT and

C-DWEP 55-06A bare die Diode layouts areillustrated in Figure 5.3.
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5.2 Single Layer Wirebond Module Fabrication

The wirebond module consists of an AIN substrate bonded directly on either side
to copper (DBC).?!! The copper is nickel plated through an electrolysis nickel plating
procedure (to enhance bondability through remova of oxidation), and then the desired
circuit paths are etched from the metallization. The surface mounted components and
bare die devices are then reflow soldered to the module. The bare die wirebonds are
performed and then the entire modul e is bonded to a heat sink.

The DBC is approximately a 20 mil thick AIN layer with a 12 mil copper layer on
either side. The nickel plating setup is illustrated in Figure 5.4. The current is set to
approximately 0.75 amps with a voltage of approximately 1.5 volts. The voltage may
vary, depending upon the distance of the anode and cathode, but it was found that a
current of 0.75 amps produced the best plating results. The nickel solution should have a
pH=5, and the solution should be heated to a temperature of approximately 50 °C. The
AIN substrate is connected as the cathode and a nickel plate is connected as the anode.
Each side of the DBC should be plated for approximately fifteen minutes for an even
plating of approximately one mil 1?2

A mask is generated using the metallization layout of Figure 5.2, dry photoresist is
applied to the DBC, and then the circuit is etched using a Ferric Chloride etchant
solution. The components are then soldered down utilizing the Sacomma open air belt
drive reflow unit. Indalloy #209 ribbon solder (refer to Appendix A for solder properties)
is used to bond the devices to the metallization. The 209 is dipped in #5RA flux, the

excess flux is wiped free, and then the solder is placed onto the circuit trace. This process
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is repeated for each component, and then each of those components is placed down in
their respective positions (refer to Appendix A for temperature profile).

The source and gate of each IGBT, and the anode of each diode is wire bonded to
the proper metallization traces of the module using 15 mil diameter aluminum wire. The
heat spreader is then reflow soldered to the module using Indalloy ribbon solder #1E, flux

#5R (refer to Appendix A for temperature profile).

5.3 Multi Metallization Layer Power Module Design

A number of various techniques and methods were explored and tested in the
development of the multilayer power electronics building module, providing the
researcher with valuable experience and knowledge. Procedures such as thin film
deposition through sputtering, metal plating through electrolysis (nickel and gold plating),
Ferric Chloride etching of direct bond copper, substrate and polymer cutting through laser
trimming, high temperature / high pressure polymer to copper plate bonding, and reflow
solder and wirebond techniques to surface mounted and bare die components were
explored.!

In this design, a direct bond copper AIN substrate makes up the bottom
metallization layer, and copper bonded to polymer (with cut out vias) makes up the top
metallization layer. AIN was chosen because of its inherent thermal advantages (which
are discussed in Chapter 6), and polymers were chosen for the multilayer control

construction due to their low cost and processability. The two layers are then bonded

together, the devices placed into the recessed areas or vias and soldered down, and

50



molytabs soldered to the top of the devices. Copper metallization straps are then soldered
to the molytabs and connected to the top copper metallization layer, and then the surface
mount devices are soldered down to complete the circuit. The final step is to bond the
entire module to an MMC or copper heat spreader. The final multilayer power electronics
module cross-sectional layout isillustrated in Figure 5.5.

There are anumber of purposes for creating a multilayer power module. The first
purpose is to eliminate wirebonds. By replacing the wirebonds with a molytab, it is
expected that the parasitics of the module will be greatly decreased, and thus performance
will improve!®  The second purpose for using the multilayer concept is to increase
metallization space. The power devices are placed on the bottom metallization layer and
the control devices are placed on the surface metallization layer. This design increases
the amount of metallization that is connected to the power devices and thus increases
thermal dissipation and module efficiency. 2 21 The third reason for a multilayer
approach is compactness and removal of board to board noise. In standard power module
constructions, the control circuitry and power circuitry exist on separate boards. Thisis
because the noise, power, and therma requirements for the two stages are greatly
differing, thus requiring the boards to have different properties. By combining the two
stages into a single module which is multilayer, the power stage retains its high power
substrate (AIN DBC) with thick copper traces, while the control stage retainsits thin lines
and high density.

The designed power electronic module circuit layout is illustrated in Figure 5.6

and a conceptual three dimensional multilayer power moduleisillustrated in Figure 5.7.
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5.4 Multi Metallization Layer Power Module Fabrication

The multilayer power module fabrication is similar to that of the wirebond
module, although severa new processes had to be explored.

The first processing steps are the same as in the wirebond module. The bottom
metallization layer isa DBC AIN substrate, the top metallization is a 5 mil thick layer of
copper cladded polymer, and the metal straps are 5 mil thick pieces of copper. All of
these layers are nickel plated through the same process as explained in the previous
section.

The first problem that had to be overcome was the bonding of the top
metallization layer to the bottom metallization layer, while at the same time, preserving
the insulation characteristics. The solution to this is the bonding of multiple layers of
polymer to the sheet of nickel plated copper under high temperature and high pressure.
Vias in the polymer and adhesive first have to be trimmed out (illustrated in Figure 5.6)
using the laser trimmer. The polymer, adhesive, and top metalization layer are then
pressed under a temperature of 370-390 °F and a pressure of 200 psi for approximately
1/2 hour. The press is then alowed to cool for four to six hours before the layer is
removed.

The top metalization layer (now bonded with the polymer), the bottom
metallization layer, and the metal straps are etched through the processes described in the
previous section. The top and bottom layers are then bonded together under high

temperature and high pressure. The power transistor and diode devices are then placed
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into the recessed vias and soldered down using the #209 solder ribbon and 5RA flux (see
Appendix A for temperature settings). The molytabs are soldered to the top of the
devices using the same process, except they are run through the Infrared Reflow Solder
Unit (see Appendix A for temperature settings). The surface devices are then soldered
down using #104 solder paste and the IR unit (see Appendix A for temperature settings).
The last step is to solder down the metal straps and the heat spreader using #1E solder

ribbon (see Appendix A for temperature settings).
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5.5 Module Testing

Once the modules are fabricated, they must be tested. Thefirst step intestingisto
make sure the devices are not shorted. This is a ssimple matter to check by using a
multimeter and checking for shorts between the gate, emitter, and collector. Connections
throughout the entire module are then checked in order to ensure metallization trace
continuation through vias and strap connections. After this is completed, the module is
plugged into the electronic testbed for operational verification.

Figure 5.8 illustrates test waveforms for the wirebond module operating under a
three kilowatt load, verifying the full functionality of the power modules. The DC input
power was approximately 214V. The gate drive was a 15V pulse waveform opperating at
approximately 60Hz with a pulse width of about 50%. The low side load output is
therefore a pulse waveform with a maximum magnitude of approximately 214V at 60Hz
cycle and 50% duty cycle. One key factor for proper operation of the power devicesisthe
inclusion of deadtime so that both IGBTs are not on at the same time. Figure 5.9
illustrates the deadtime waveform measurements of the power module operating under

3kW load conditions. The deadtime measured to be approximately 1ns.
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Figure 5.7: Conceptual 3D Power Module Illustration
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CHAPTER 6.

POWER MODULE THERMAL ANALYSIS

6.1 Thermal Issues with Power Electronic Modules

One of the more important concerns of the power electronics module, is its
thermal performance. As large amounts of power are run through the module, the
devices energy losses due to imperfect efficiency will be released as therma energy.
There are two major factors that effect the thermal performance of the power module. The
first performance factor that needs to be considered is the coefficient of thermal
expansion (CTE) of different materials. As the materials attempt to spread this thermal
energy, they too will begin to heat up, and as they do so, they will expand. Different
materials expand and contract at different rates, and this produces stress at the material
interfaces. As aresult, these material interfaces are the first probable areas to experience
failure. In order to reduce this failure rate, it is therefore desirable to attempt to fabricate
the module using layers that have closely matching CTE material characteristics.”® The
second performance factor that needs to be considered is the thermal conductivity. Asthe
power devices release their thermal energy, that energy must then be conducted out of the

power module. If this does not occur, the power module will heat up, and the devices
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will quickly exceed their maximum operational temperature of 120 °C and fail. It is
therefore critical that the thermal energy be dissipated as quickly and efficiently as
possible*

The real problem comes in attempting to solve the two performance factors at the
same time. The industry-wide standard heat spreader is copper, due to its high thermal

conductivity (Table Il illustrates comparative material properties).** 3% 32 33,3433

Table Il: Material Property Comparisons

Material CTE Thermal Conductivity
(ppm/K) (W/mK)

AIN 30-41 100-170
Al,0° (96%) 6.4 35
AlISIC (60% Al) 12.6 240
AlISIC (63% SIC) 7.9 175 (Minimum)
Aluminum 24 226
Be-BeO MMC 6.8 240
Copper 17 393
Cu-Mo 7.2 197
Cu-W (20% Cu) 7.0 248
Diamond 0.8-20 1000 — 2000
Graphite-Cu MMC 0- 2.0 (Directional) 356 (Minimum)
Gold 317
Invar 3.1 11
Kovar 5.3 17
Molybdenum 4.9 143
Silicon 4.1 136
Silver 429
Solder 50
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Copper presents problems for power electronics modules though. The most
fragile part of the module is the power device, and thusit is the device interface that is the
first failure to likely occur. In order to minimize this, it is therefore further desirable to
attempt to match the CTEs of all of the materials to the CTE of the silicon device. If one
inspects Table I1, one will notice that the CTE of silicon is about 4, while that of copper is
17. Thisisan enormous difference, and one likely to cause great problems. The solution
is to replace the copper heat spreader with another material that has high thermal
conductivity but also alow CTE in order to closer match silicon.

The solution to test is to replace the copper heatspreader with a metal matrix
composite (MMC) heatspreader. The MMCs do not have as high of a thermal
conductivity as copper, but they have a much closer CTE match to silicon. The question
is, does the gain in CTE matching outweigh the loss in thermal dissipation?

This answer was to be obtained through a combination of strategies. The main
goal was to explore heat spreaders, so the wirebond module was the module of choice for
testing. It is simpler in design over the multilayer module, problems are easier to
diagnose, and failures are more likely to be due to thermal issues. The heatspreaders
tested were AISIC MMC, Be/Beo MMC, and copper. The MMCs are of different sizes,
so each were compared with their industry standard copper equivalent in order to perform
thermal analysis (Figure 6.1 illustrates heat spreader sizes). Using the wirebond module
and the described heatspreaders as the test basis for thermal analysis, three mgor courses

of action were identified, two of which were pursued in the course of thiswork.
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The first course of action was to produce a thermal model and analyze the
different cases using 3D thermal analysis software simulations (FLOTHERM).[*¢ 37 38
These cases were analyzed under different thermal conditions (natural convection, forced
air, and liquid cooled) and in all three dimensions in order to obtain maximum operating
temperatures at steady state. These comparisons can describe the importance of thermal
conductivity, and give an idea of the difference between maximum temperatures of the
modules utilizing the different materials.[**

The second course of action was to operate the wirebond modules under the
identical conditions as the simulations in order to confirm the thermal models and obtain
experimental verification. The third course of action was not performed in this work, and
includes a series of thermal stress cycling tests upon the modules in order to analyze the

projected failure reduction rate and life extension of the modules containing MMC

heatspreaders.
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6.2 Three Dimensional Thermal Computer Simulations

The thermal models of the power module design were based off of a physical
inverter design (using IGBTSs as the switching devices) that was devised here at the
Microelectronics Laboratories. These thermal models areillustrated in Figure 6.2.

There are three separate model configurations which were simulated through
computer analysis. The first two configurations were identica modules using only
different sized heat spreaders. These heat spreaders were of equivalent dimensions to
those MM Cs which were donated to the Microelectronics Laboratories. By performing
the simulations in this manner, the results could be verified through experimental
techniques. The third configuration is that of a module that is directly integrated to a heat
spreader. This layout has a significant number of advantages, most importantly the
removal of entire layers. With the elimination of a copper and solder layer, significant

thermal improvements were expected.

The following conditions were assumed and cal cul ations performed:“?

Ambient Temperature P Ta =27°C =300K

Theramal Resistances b Rtherma crease = 0.01 K/W

Rrota = RHeat sink + RThermal Grease

Natural Convection (Air) =] Rueat sink = 0.41 K/IW
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Forced Convection (Air) p

Forced Convection (Liquid) P

Heat Transfer from Module b h=

Maximum Device

Operational Temperature p

RHeat Sink — 0.10 K/W

RHeat Sink — 0.05 K/W

Tmax = 120°C

Table 111 : Configuration Dependent Variables

(llustrated in Table 11).

Variable

Configuration (1)

Configuration (2)

Configuration (3)

Heat Spreader Area

A =(357x 10°) m*

A=(27x10°% m*

A = (2.7 x 107) m*

Heat Transfer

Natural Convection
(Air)
Forced Convection
(Air)
Forced Convection
(Liquid)

H = 668 W/m’K
H = 2551 W/m’K

H = 4676 W/m?K

h = 882 W/m°K
h = 3367 W/m’K

h = 6173 W/m’K

h = 882 W/m’K
H = 3367 W/m’K

H = 6173 W/m’K

Perfect thermal interfaces between module layers were assumed. For example, it

was assumed that there were no void fractions (air bubbles) in the solder that was used to

bond the power devices to the metallization traces. The power module (including heat

spreader) is attached to a common predetermined heat sink, with a thermal grease
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interface. Power bare die device efficiency of approximately 96.6% was assumed (see

Table V).

Table 1V: Estimated Thermal Energy Dissipation per Bare Die Device

Load Power IGBT Thermal Energy Diode Thermal Energy
(Watts) Dissipation (Watts) Dissipation (Watts)
1kW 16.66 0.66
3kW 50 2
6kW 100 4
kW 150 6
10kwW 166.66 6.66
11kwW 183.25 7.25
12kw 200 8
13kW 216.66 8.66

The therma models were run through various simulations at various power levels
under various conditions in order to obtain comparison graphs. The first series of
simulations illustrates the impact of heatspreader design and conditions upon the
maximum modul e temperature (at 3kW load).

The next series of tests were performed upon configuration (2) in an attempt to
determine the most effective substrate thicknesses for various materias!*!  The
simulations were run with a load power of 6kW, copper and AISIC (60% Al) heat
spreaders, and AIN and diamond (k=2000) substrates, as illustrated in Figure 6.3. As
expected, if the thermal conductivity of the substrate is less then that of the heat spreader,

as is the case for the AIN substrate modules, the substrate acts as a thermal chokepoint.
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As the substrate thickness increases, so does the maximum temperature of the module.
Conversely, if the substrate thermal conductivity is greater then that of the heat spreader,
then the maximum module temperature decreases as the substrate thickness increases.
The interesting observation arisesin that in all cases, the temperature seems to level off at
a substrate thickness of about 2.5 mm, indicating that the geometrical properties of the
substrate outweigh the thermal properties at that point.

The next series of simulations were performed in an attempt to determine the
effect of the heat spreader thickness upon the maximum temperature of the module.
Again, the computer tests were performed upon configuration (2). Figure 6.4 illustrates
the effect of AISIC (60% Al) heat spreader thickness upon the maximum module
temperature under various load powers. Figure 6.5 illustrates a comparison of copper and
AlISIC (60% Al) heat spreader materials under various thicknesses with a 6kW load
power. The interesting conclusion that can be drawn, is that for all cases, the temperature
performance levels off with a heat spreader thickness of approximately 6mm, regardliess
of load power or heat spreader material (once again indicating a high dependence upon
geometry).

The next tests were performed in an attempt to compare the effects of different
materials upon the module temperature. By changing one material type at a time in the
3D thermal power module model, the effects of those material changes upon the
maximum module temperature could be observed. Assuming 120°C as the maximum
operational temperature of the bare die devices, the maximum operational power of the

module using a specific material could then be identified. The ultimate goal is to achieve
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CTE matching (and thus improving expected lifetime) with as little thermal conductivity
loss as possible. This conductivity loss will be observable in the reduction of the
modul€e’ s maximum operational power.

The base power module simulated was that illustrated in Figure 2, using the
industry standard materials of an AIN DBC substrate and copper heat spreader. Two
series of simulations were performed. The first series replaced the copper heat spreader
with various experimental material heat spreaders of the same dimensions, which were
then compared, as illustrated in Figure 6.6. The second series replaced the AIN ceramic
substrate of the DBC with various materials, which were aso then compared, as
illustrated in Figure 6.7.

It can be seen from Figure 6.6 that an industry standard power module utilizing a
copper material heat spreader (which is also industry standard) reaches its maximum
operational temperature of 120°C when it is operating at a load power level of
approximately 9.5 kW. The same value can be seen in Figure 6.7. In that series, the
industry standard copper heat spreader is used in all cases, and the substrate material of
the DBC is changed and compared. It can be seen that for the industry standard AIN
ceramic substrate, the maximum operational temperature of 120°C is reached when the
module is operating at a load power of approximately 9.5kW. Therefore, for the thermal
model layout of Figure 2, 9.5kW is the maximum operational power level of a module
utilizing the industry standard copper heat spreader with an AIN DBC. All other

comparisons can be made to that single value in order to observe their impact.
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As can be seen from Figure 6.6, the graphite-copper material presentsitself asan
extremely promising candidate as a heat spreader material. It has athermal conductivity
of 356 W/mK, almost equaling that of copper, while at the same time having a CTE of
approximately 2.0 ppm/K which is much closer to silicon than copper’s CTE of 17
ppm/K to matching silicon’s CTE of about 4.1 ppm/K. It can be seen that MMC
materials such AISiC and Be-BeO offer enormous potential advantages in CTE matching
while paying asmall price in maximum power degradation. While copper-graphiteis still
in its experimenta phases, AlSIC and Be-BeO MMCs are now becoming readily
available on the commercial market.

Figure 6.7 illustrates the enormous advantage of diamond materials over today’s
industry standard AIN or even Be-BeO ceramic substrates. Diamond offers an
approximate 25% maximum power output increase over the AIN and Be-BeO substrates,
not to mention its outstanding thermal spreading characteristics*> *! Thisis of extreme
importance, even though diamond substrates are still currently a costly expenditure. It
can be seen that the lower grade diamond (carbon graphite) also has a great impact upon
the module' s thermal performance, and this material is much more cost effective then the
pure diamond material. Figure 6.8 illustrates the actual FLOTHERM graphical outputs
for comparisons between substrate materials. These test cases were performed with a
forced air convection heat sink and a 10kW load in order to graphically illustrate the
excellent thermal dissipation capabilities of the diamond substrates.

A module cross-sectional layout alteration could also greatly increase thermal

management performance, as is the case for a directly integrated heat spreader. Figure
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6.1 illustrates a module in which a copper-ladded substrate has been directly bonded to an
MMC material heat spreader. The advantage of such a configuration is the elimination of
an entire material layer as well as the layer of solder which bonds it to the heat spreader.
The materials used in the thermal simulations of this module were identical to those used
in the DBC power module layout, the results of which are illustrated in Figures 6.9 and
6.10.

The results here indicate that the modul€e’ s power performance actually increases
dlightly for most materials over the DBC module using those same materials (which is an
added bonus). The real advantage of such a configuration, however, comes into play due
to the elimination of entire material layers. With the elimination of layers comesa
reduction in the number of bonded interfaces, and thus areduction in likely stresses and
failure points. All of thisresultsin an overall increasesin the modul€' s life expectancy.
In addition, the thermal conductivity would likely improve more than isindicated in the
simulations. For thermal analysis purposes, it was assumed that soldering bonds were
100% perfect bonds, which definitely is not the case in real life production where void
fractions are the norm. Soldering layers are areas which greatly degrade thermal
conductivity potentials. The integrated heat spreader module eliminates an entire solder
layer, the result of which will greatly enhance performance from athermal conductive
standpoint.

One of the purposes for using these thermal model configurations was so the
simulations could be experimentally verified through measured thermal imaging. The

four wirebond modules that were physically built for testing were two of configuration
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(1), one with a copper heat spreader and one with an Be-BeO heat spreader, and two of
configuration (2), one with a copper heat spreader and one with an AISIC heat spreader.
These specific cases are therfore singled out for further investigation.

Figure 6.11 illustrates a particular test case of configuration (1) in which copper
heat spreader and Be-BeO heat spreader modules were placed under a 3kW load using
AIN DBC substrates, and forced air convection heatsinks. Figure 6.12 illustrates a test
case of similar conditions with configuration (2) modules using a copper heat spreader
and AISIC heat spreader. Both of these figures are the actual FLOTHERM three
dimensional graphical outputs for those particular cases, and through these figures, it is
easier to get an idea of how the heat flows through the module and how well the material
spreads the dissipated thermal energy.

As shown in these, it can be seen that when replacing the copper heat spreader
with an MMC of equivalent size, the maximum module temperature rises by only about
5%. Thisis aresult indicating that the loss in thermal conductivity when switching to
MMC heat spreaders from copper is small. Figures 6.13 and 6.14 illustrates the load
power versus temperature for both of these comparisons. As can be seen, the maximum
operational power of the copper and MMC modules differs by only about 0.5 kW, or
about 5%, thus again verifying the before mentioned conclusion.

It must also be pointed out that since these are comparisons between identical
models, with a specific material being the only variable, any errors made in calculated
assumptions will cary over to al of the configuration models, and thus will have no effect

on the comparitive results. It can be concluded from these results that if the lifetime of
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the module is indeed increased and failure rate decreased by changing to an MMC heat
spreader, then the gain will be well worth the small loss in thermal energy dissipation

capabilties.
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6.3 Experimental Thermal Testing

In order for the computer thermal simulations to be valid, they had to be based off
of power module designs from which the thermal data could be experimentally verified.
To thisend, the Microelectronics Laboratories at Virginia Tech designed, built, and tested
a standard inverter power module, taking experimental thermal data from modules
attached to AISIC MMC heat spreaders, Be-BeO MMC heat spreaders, and the industry
standard copper heat spreaders.

The power modules were run with a 3kW resistive load and thermal heat maps
were obtained of the bare die devices. Figure 6.15: Bare Die Therma Heat Map
illustrates an example, with the maximum operating temperature of the power module
(with Be-BeO heat spreader) as approximately 55°C with a 3kW load, thus verifying
within 5% error the validity of the computer thermal simulations.

This experimental result can compared to the graphical thermal simulation of
Figure 6.12 for testing verification. Figure 6.12 illustrates the computer simulation that
was performed with an identicll model module and with as closely matching
environmental conditions as possible in order to match those of the experimental test. As
stated, the error of the die temperature was within 5%.

Though experimentally acceptable, the error in the verification of thermal
measurements can be attributed to the error in the predicted efficiency of the IGBTs and
thus their thermal energy dissipation. It was predicted that the module would dissipate
approximately 104 watts of thermal energy. By measuring the input power and output

power, the power lost to thermal dissipation in the module could be obtained, and it was
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determined to be 86 watts. This difference accounts for a large portion of the small
difference between the simulated maximum of 60 °C and the actual temperature observed
of 55 °C. Another factor that contributed to the error of therma model was that of
ambient temperature. The thermal simulations were performed under conditions with the
Ta = 27 °C, while the actual experimental testing was performed under the condition of
the Ta = 22 °C. Thisalso accounts for alarge portion of the thermal error.

Other factors that could contribute to ssimulation error are bonded interfaces. The
assumption made was that all materia interfaces formed perfect bonds, which is hardly
the case in reality. Solder is a prime example of such a nuisance, where void fractions
often reach up to 50%. Materia thermal conductivity could also account for error in the
simulations. The computer models used materia thermal conductivity values which are
on the average. MMCs especially have a high degree of thermal conductivity variation
from one component to the next, due to their high sensitivity to exact composition

percentages.
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Figure 6.2: Thermal Model Layouts
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CHAPTER 7.

CONCLUSIONS

The research of the Microelectronics Laboratory has produced working power
electronic modules of single layer and multilayer configurations. The work has covered
material and thermal issues of module construction as well as the electronic issues of
circuit drive and module testing.

The half-bridge power converter circuit was chosen as the basic module for this
research due to the overwhelming industry-wide use of the half-bridge. Driver controls
and switching devices were explored, power converter circuits tested, and an electronic
testbed devised for use with the power module.

Multilayer fabrication techniques have been explored, including the bonding of
Direct Bond Copper, AIN substrates, polymers, and copper through the use of adhesives
under high temperature and pressure. Soldering techniques with multiple temperature
solders has been investigated and the bonding of bare die performed. Thin film and
electroplating techniques were used to reduce oxidation problems and increase surface

bondability.
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Thermal issues were investigated, including a multitude of computer smulations
under various environmenta and load conditions (using FLOTHERM software).
Materias were tested, experimentaly and theoreticaly, including high performance heat
spreaders and substrates such as Metal Matrix Composites and diamond based materials.
Finaly, the thermal smulations were experimentally validated through the thermal
mapping of wirebond modules under conditions matching those of the ssimulations.

The advantage of the multilayer power electronics approach is that this strategy
will reduce interconnect inductances, increase system efficiency and performance, produce
a standard for power electronic building modules, lower power system costs, and increase
power system reliability. The concept of power electronic modules would prove
especialy vauable for systems using half bridge and full bridge converters; these systems
currently contain large amounts of inductances between separate bridge legs, which when
removed through the use of power electronic modules, would greatly increase industry
wide performance and reduce overal costs.

The researcher will continue these investigations in the pursuit of his P.h. D. Now
that the multilayer concept has been proven as a viable process, the work will progress to
integrate the control circuitry and power circuitry into a single module as planned.
Investigations will continue in the area of thermal design, and stress and rdiability
concerns will also be addressed. Finaly, high performance, low loss converter topology
will be explored with the emphasis of the research placed on computer or microprocessor

control.
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Solder Temperature Profiles

APPENDIX A

Browning Open Air Belt Drive Reflow Soldering Unit

Solder Temperature Profile °C Speed

#209 50 170 268 170 50 8

#104 50 155 214 155 50 8

#1E 50 140 153 140 50 8

Infrared Reflow Soldering Unit

Solder UP (V) LP (V) usS (V) LS (V) Speed
#209 100 100 230 110 0.2

#104 100 100 190 110 0.18
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Indalloy Composition Liquidus | Solidus | Density | Electrical Thermal Themal Tensile Bond % Young’s Brinell
# (%) (°CPF) | (°CrF) | (g/em’) Conductivity Condactivity | Cocfficient of Strength | (Shear) Elong- | Modulus | Hardness
(%ofCu) | (Wiem®C) Expansion (PSD" [ Strength | ation® | (PSIx 109
@ 85°C (pm/m°C) (PSI) (! in) '
11 44.7Bi 22.6Pb 47/117 47/117 9.16 33-45 Q.15 25 5400 375 16.5"
19.110 8.35n 5.3Cd i (15n,)
136 49Bi 21In 18Pb 58/136 58/136 9.01 243 0.10 23 6300 16.57
1280
140 47.5Bi 25.4Pb 65/149 57/134 947 20 0.15 3725 715 14.0
12.65n 9.5Cd SIn ’
158 S0Bi26.7pb 133Sn | 70/158 70/158 9.58 38-42 0.18 22 5990 300 120 14.5
10Cd
23 50Bi 25Pb 12.5Sn 73/163 70/158 9.50 3.1 4550 30 25¢
12.5Cd
160-190 42.5Bi 37.7Pb 88/190 71/160 9.43 4.3 5400 300 22 9
113Sn 8.5Cd
8 44In 42Sa 14Cd 93/199 93/199 146 0.36 24 2632
39 52Bi 30Pb 18Sn 96/205 96/205 9.85 3.0 0.13 5178 100 15.5
IE 521n 48Sn 1187244 | 118/244 730 1.7 0.34 20 1720 1630 83 43-49 | R
255 55.5Bi 44.5Pb 1247255 | 1247255 | 10.44 4.0 0.04 6400 37.5 157
| 50In 50Sn 1257257 | 1187244 7.30 . 1.7 034 20 1720 1630 83 43-49
13 70In 15Sn 9.6Pb 1251257 7.63 0.39 27 1476 2000 4
5.4Cd
281 58Bi 42Sn 1387281 | 138/281 857 4.5-5.0 0.19 15 8000 500 SS 23"
A 290 97In 3Ag 1437290 | 143290 7.38 23.0 0.73 22 800 2 P A
181 51.25n 30.6Pb 1451293 | 145293 8.45 035 244 6263
18.2Cd
2 80t 15Pb SAg 1547300 | 149/288 7.85 13.0 0.43 28 2550 2150 58 52 R
4 100In 15717315 1.31 24.0 0.86 29 273 890 22-4] 1.57 0.9 R
9 70Sa 18Pb 12In 167/333 | 1547309 | - 8.04 122 0.45 24 5320 4190 135.5 12
281-338 60Sn 40Bj 1707338 [ 138/280 8.21 1.4 030 8478 35 2357 |
101 50Pb 30Sa 20Bi 1737343 } 1307266 | 9.85 0.8* 4400 2900 42
A 204 70In 30Pb 1717347 | 1621129 8.19 33 0.38 28 3450 P
™ 104 62.5Sa 36.1Pb 1797354 | 1797354 8.41 1.6 031 252 7000 14.6 R
1.4Ag
- 'S\k’ 62-36-2 62Sn 36Pb 2Ag 1791354 | 179/354 84| 1.9 0.50 27 6380 7540
) 37.5Pb 37.5Sn 25In | 1817358 134274 8.84 78 0.23 23 5260 4300 101 102
205 60In 40Pb 1877358 | 173343 8.52 70 0.29 27 4150 R
106 63Sn Pb37 1837361 | 1837361 840 11.5 0.50 25.0 7500 6200 37 4.35 17 K
108 708n 30Pb 186/367 | 1837361 8.17 12,5 22 7500 5200 30 5.08 17
226 83.6Sn 8.8lu 7.6Zn | 1877369 1817358 7.27 6600 855 40
(pateated) :
/~ /é’/.:féia/u ( mvsT Aop wa/ '

,0 FrsrE _/TA/C./,JJF}"F%?X) .



' : Indalloy Composition Liquidus | Solidus Density | Elecctrical Thennal Thermal Tensile Bond % Young’s Brinell
# (%) (°CI°F) | (°CFF) (g/cm®) Conductivity Conductivity | Coefficient of Strength | (Shear) Elong- | Modulus | Hardness
(%of Cu) | (Wim°C) Expansion (PSD) | Strength | ation* | (PSIx 10%
: . @85°C (um/m°C) (PSD) (1in) '
227 772Sa 20I[n 2.8Ag | 1877369 | 1751347 725 9.8 0.54 28 6800 4800 LY 5.6 17
{patented)
109 60Sn 40Pb 1917376 | 1837361 8.5 1.5 049 252 7600 5600 40 4.35 16
201 91Sn 9Zn 1997390 | 1993% 727 0.61 7940 32.5 21.57
J 7 50In 50Pb 205/410 | 1831363 8.86 6.0 0.22 27 4670 2680 55 9.6
| 116 50Sn 50Pb 212/414 | 1837361 8.90 10.9 048 234 6000 5200 35 14
N[ 96.55n3.5Ag | 2217430 | 221/430 | 736 160 033 302 5620 73 w__|PR
- 206 60Pb 40In 226/448 | 205387 [ 9.3 5.2 0.19 26 5000
A (12 1005a 232450 | MP_ | 7.8 156 0.73 233 1960 61 P
209 65Sn 25Ag 10Sb 233/451 MP 1.80 36 17000 K
3 90In 10Ag 237/459 | 1431289 7.54 n.1 0.67 15 1650 1600 61 6.1 274
130 60Pb 40Sn 238/460 | 1837361 928 10.1 0.44 24.7 5400 4600 25 . 3.34 12
132 955n SAg 240/464 | 221/430 739 12.6 232 4780 3540 419 13.7
(2in)
N S 955n 55b 240/464 [ 2357455 | 735 19 028 31 5900 | 6000* | 38 33 | P
10 T5Pb 25In 260/502 | 240/464 9.97 4.6 0.18 26 5450 3520 475 10.2
150 81Pb 19In 275/527 | 260/500 | 1027 45 0.17 27 5550 £
149 80Pb 20Sn 280/536 | 1837361 | t0.04 87 0.37 26.6 4800 3000 20 29 i1
182 BOAu 20Sn 280/536 | 280/536 | 14.51 0.57 15.93 40000 40000 2 8.57
155 90PH SAg 5So 292/558 | 292/558 | 11.15 025
151 92.5Pb 55n 2 5Ag 296/565 | 287/549 | 11.02 28.7 4210 2240 2.0
228 88Pb 10Sn 2Ag 299/570 | 267/513 10.75 8.5 027 291 3260 42
6 92.86Pb 4.761n 300/572 [ 300/572 | 11.03 5.5 025 25 4560 2830
2.38Ag
| 159 90Pb 10Sn 302/576 | 275/527 | 10.50 82 0.36 279 4400 2400 30 2.76 10|
165 97.5Pb 1.5Ag 1Sn | 309/583 309/588 | 11.28 6.0 023 304 4420 23 9.5 R
164 92.5Pb SIn 2.5Ag [ 310/590 | 300/572 | 11.03 55 0.25 25 4560 | 2830 1A
12 90Pb 5In SAg 310/590 | 290/554 | 11.00 55-56 0.25 27 5730 3180 23 90 |
171 95Pb 5Sn 312/594 | 308/586 | 10.80 8.1 0.35 284 4000 2100 45 8.0** IR
11 95Pb 5In 313/595 | 300/572 | 11.06 5.t 021 29 4330 3220 52 6.0**
183 88Aa 12Ge 356/673 | 356/673 | 14.67 0.44 13.35 26825 26825 10.55
184. 96.76Au 3.24Si 363/685 | 363/685 | 15.40 027 1233 36975 31900 12.04
229 94.5Ph 5.5Ag 365/ 304/579 | 1128 6.0 0.23 304 4420
200 100Au 1063/ 1063/ 1930 144 18000 - 39-45 22
1945 1945 20000 (2in)

Note: Unless otherwise indicated,

* Indicates values which wary sienlficantly sieaps -

all valucs are thase at o temperature (20°C).
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Technical Data

Thermal
Plastic Mass Electrical Thermal Coefficient of
Liquidus Solidus Indalloy® Composition Range Density Cond. Cond. W/Cm°C Expansion
°C/°F °C/°F Number °C/°F (gm/cm®) % of Cu @ 85°C p infin/°C
@ 20°C
47/117 47/117 117 44.7TBi 22.6Pb 19.11In 8.35n 5.3Cd Eutectic 9.16 “4.50 0.15 25.0
58/136 58/136 136 49Bi 21In 18Pb 125n Eutectic 9.01 2.43 0.10 23.0
70/158 70/158 158 50Bi 26.7Pb 13.35n 10Cd Eutectic 9.58 ~4.20 0.18 22.0
93/199 93/199 8 44In 42S8n 14Cd Eutectic 7.46 — 0.36 24.0
100/212 100/212 42 46Bi 34Sn 20Pb Eutectic 8.99 e e -
118/244 118/244 1E 52In 48Sn Eutectic 7.30 11.70 0.34 20.0
124/288 124/258 255 55.5Bi 44.5Pb Eutectic 10.44 "4.00 "0.04 —
138/281 138/281 281 58Bi 425n Eutectic 8.56 5.00 — 15.0
143/290 143/290 290 97In 3Ag Eutectic 7.38 23.00 0.73 22.0
145/293 145/293 181 51.25n 30.6Pb 18.2Cd Eutectic 8.45 — 0.35 24.4
154/300 149/288 2 80In 15Pb 5Ag 5/12 7.85 13.00 0.43 28.0
163/325 144/291 97 43Pb 43Sn 14Bi 19/34 8.99 — — —
157/3185 — 4 100In Melting Point 7.31 24.00 0.86 29.0
167/333 154/309 9 70Sn 18Pb 12In 13/24 7.79 12.20 0.45 24.0
175/347 165/329 204 70In 30Pb 10/18 8.19 8.80 0.38 28.0
179/354 179/354 104 62.55n 36.1Pb 1. 4Ag Eutectic 8.41 11.90 0.50 27.0
179/354 179/354 62/36/2 625n 36Pb 2Ag Eutectic 8.41 11.90 0.80 27.0
181/358 173/343 208 60In 40Pb 8/18 8.52 7.00 0.29 21.0
183/361 183/361 106 63Sn 37Pb Eutectic 8.40 11.50 0.50 25.0
187/369 181/358 226 T 83.65n 8.8In 7.6Zn 6/11 7.27 — — —
187/369 175/347 221 T 77.2Sn 20In 2.8Ag 12/22 7.25 9.80 0.54 28.0
199/390 199/390 201 91Sn 9Zn Eutectic 7.27 — 0.61 —
210/410 184/363 7 50In 50Pb 26/41 8.86 6.00 0.22 21.0
221/430 221/430 121 96.5Sn 3.5Ag Eutectic 7.36 16.00 0.33 30.2
231/448 197/387 206 60Pb 40In 34/61 9.30 5.20 0.19 26.0
237/459 143/289 3 90In 10Ag 94/170 7.54 22.10 0.67 15.0
232/450 — 128 100Sn Melting Point 7.28 15.60 0.73 23.5
240/464 235/455 133 95Sn 5Sb 5/9 7.25 11.90 0.28 31.1
260/500 240/464 10 75Pb 25In 20/36 9.97 4.60 0.18 26.0
275/527 260/500 150 81Pb 19In 15/27 10.27 4.50 0.17 27.0
296/565 287/549 151 92.5Pb 5Sn 2.5Ag 9/16 11.02 — — 28.7
309/588 309/588 165 97.5Pb 1.5Ag 1Sn Eutectic 11.28 6.00 0.23 30.4
310/590 300/572 164 92.5Pb 5In 2.5Ag 10/18 11.02 5.50 0.25 25.0
16 312/594 308/386 171 95Pb 5Sn 4/8 11.06 8.80 0.23 29.8
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Bond

WIRE AND RIBBON RESEARCH SOLDER KITS

SOLDER PASTE RESEARCH SOLDER KITS

Tensile Holding
Strength Strength Lead Free Low Temperature Special Microelectronics General General Custom No-Clean Water Soluble
PSI (Shear) Wire Wire Joining/ Wire Purpose Wire Purpose Ribbon Paste Kit Paste Kit Paste Kit
PSI Bonding Wire Choose 5
5400 — []
6300 — ] ]
5990 — ]
2632 — ] ]
— — ] ]
1720 1630 ] ] | | ] ] ]
6400 — | |
8000 500 ] u n | ] ]
800 — | ] u ] ]
6263 — ]
2550 2150 ] ] ] u ||
— — ]
273 890 ] ] n ]
5320 4190 ]
3450 — ] n |
6380 7540 ] ]
6380 7540 ]
4150 — ] ] n
7500 6200 n ] ] u ]
6600 — ]
6800 4800 ]
7940 — | ] ]
4670 2680 u u ] ]
5620 — ] ] ] ] ] | ]
5000 — ] u
1650 1600 ] | ]
1900 — ]
5900 — ] u ]
5450 3520 ] ] ]
5550 — | ] ] ]
4210 2240 ]
4420 — ] u
4560 2830 ] n ] n L
4000 2100 ] | ]




Low, Medium and High Tem-
perature Alloys allow you to
experiment with a number of alloys
within a given temperature range,
or across two or three ranges for
applications such as step-soldering
(100°C to 310°C).

Please note some of these alloys are
indium-containing, some are lead-
free and some are both.

Lead-Free Alloys, indicated by a
A for quick reference in the Alloy
Selector Chart, should be evaluated
for suitability in lead reduction pro-
grams. The alloys available in the kit
were chosen due to their popularity
in a wide range of applications.
Some of these alloys contain indium
as indicated by the @ under the
Indalloy heading in the chart.

Shelf Life: Ve recommend storing
the paste between 0°C and 21°C for
a shelflife of up to six months. Pastes
should be brought to ambient tem-
perature before using.

Indalloy® No. R v/ Particle Size v Metal Load for
© Indium Alloy Composition | 5 | 3 | Allgys [ 200325 | 925800 | i | somt | stont
A Lead Free Alloy gls i) ,},f,f’r‘::s) 85% 88% 90%
N 4z 46Bi 345n 20Pb | 100 | 100
e IE@A | 52indssn | 118 | 118
E 281 A | 58Bi42Sn | 138 | 138
o 200@A | 97Tm3Ag | 143 | 143
E 2@ | 80In15Pb5Ag | 154 | 149
g 07 43Pb 435n 14Bi | 163 | 144
- 2040 70In30Pb | 175 | 165
62/36/2 625n 36Pb 2Ag | 179 | 179
= 2050 60In40Pb | 181 | 173
o 106 635n37Pb | 183 | 183
= 10 50l 50Pb | 210 | 184
121 A | 965Sn35Ag |221 | 221
206 @ B0Pb 40m | 231 | 107
T 128 A 1008n 232 | MP
2 133 A| o9ssnssb |240 | 238
151  |92.5Pb 55n 2.5Ag | 296 | 287
164@ | 92.5Pb 5In 2.5Ag | 310 | 300

For technical specifications on any of these solders, please refer to the table on pages 16 and 17.

t For dispensing applications, paste will be packed in two syringes per alloy each containing 25 grams for a total of 250 gms.

When placing your order, please indicate your choice of manual thumb plunger or piston for air assisted dispensing.

# For screening and stenciling applications, paste will be packed in plastic jars of 100 grams each for a total of 500 gms.
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Low V. ., IGBT IXGH/IXGM 40 N60
High speed IGBT IXGH/IXGM 40 N60A

c

G

E
Symbol Test Conditions Maximum Ratings
Vees T, =25°C to 150°C 600 \
Veen T, =25°C 1o 150°C; R, = 1 MQ 600 \'
Viaes Continuous +20 \Y
Viem Transient +30 \'
leos T. =25°C, limited by leads 75 A
leoo T, =90°C 40 A
lewm T, =25°C,1ms 150 A
SSOA Vee=15V, T,,=125°C, R; =22 Q I = 80 A
(RBSOA)  Clamped inductive load, L = 30 uH @ 0.8V
P. T, =25°C 250 W
T, -55 ... +150 °C
T, 150 °C
T -55 ... +150 °C
M, Mounting torque (M3) 1.13/10 Nm/lb.in.
Weight TO-204 =189, TO-247=6¢g

Maximum lead temperature for soldering
1.6 mm (0.062 in.) from case for 10 s

300 °C

Symbol Test Conditions Characteristic Values
(T, = 25°C, unless otherwise specified)
min. | typ. | max.
BV, le =250pA,V =0V 600 \'
Veean lo =250pA, V=V, 25 5 V
lees Vi =08V T,=25°C 200 pA
Ve =0V T,=125°C 1 mA
loes Ve =0V, V=420V +100 nA
Ve Il =leger Vee =15V 40N60 25 V
40N60A 30 V

Vies ‘ leos | vCE(sat)
600V | 75A | 25V
600V | 75A | 30V

TO-247 AD (IXGH)
Q;’I?
G %
c E

TO-204 AE (IXGM)

G = Gate, C = Collector,
E = Emitter, TAB = Collector
Features

¢ International standard packages
 2nd generation HDMOS™ process
° LOW VCE(sal)
- for low on-state conduction losses
« High current handling capability
* MOS Gate turn-on
- drive simplicity
« Voltage rating guaranteed at high
temperature (125°C)

Applications

» AC motor speed control

* DC servo and robot drives

¢ DC choppers

« Uninterruptible power supplies (UPS)

* Switch-mode and resonant-mode
power supplies

Advantages

» Easy to mount with 1 screw (TO-247)
(isolated mounting screw hole)

* High power density



IXGH 40N60 .
IXGH 40N60A IXGM 40N60A

IXGM 40Né

TO-247 AD Outline

- A

A2——’—~l

E —=
r—-] |

A1 au._

e
DT‘?FI —r
! P
| N
L1 ’
‘I 1

~c ] |

1 = Gate j b2

2 = Collector L e

3 = Emitter

Tab = Collector

INCHES MILLIMETERS

SM IR MAX | _MIN MAX
A 209 | 4.7 5.3
A1 | .087 102 | 22 2.54
A2 | .059 .0 2.2 2.6
b .040 .0 1.0 1.4
b1 | .065 .0 1.65 213
b2 1 .113 123 2.87 3.12
C | .016 .031 4 8
D [ .819 .845 [ 20.80 _ 21.46
E | .610 6 15.75___16.26
e 215 BSC 5.45 BSC
L 80 .800 ] 19.81 20.32
] 177 4.50
9P | 140 144 | 355 3.65
Q [ .212 244 | 54 2
R [ .170 216 | _4.32 5.4
S .242 BSC 6.15 BSC

Symbol Test Conditions Characteristic Values
(T, = 25°C, unless otherwise specified)
min. | typ. |max.
9 le =l Ve =10V, 25 35 S
Pulse test, t < 300 us, duty cycle <2 %
C.. 4500 pF
C.. © Vee=25V,V_=0V,f=1MHz 300 pF
cres 60 pF
Qg 200 | 250 nC
Q, C o= ey Ve =15V, V= 0.5V, 45| 80 nC
Q, ; 88| 120 nC
t  Inductive load, T, = 25°C 100 ns
dlon e =logy Ve =15V, L =100 uH
L V=08V R,=R, =220 200 ns
t oy * Switching times may increase 600 ns
t for Vi (Clamp) > 0.8+ v, 40N60A 200 ns
fi higher T, or increased R,
E, y 40N60A 3 mJ
t . Inductive load, T,=125°C 100 ns
‘d(on)
t o= logo: Vee =15V, 200 ns
" L =100 pH
Eon v 0.8V 4 md
ce = V-0 Ve,
td(oﬂ) RG — Roﬂ =220 600 | 1000 ns
t, ~ Remarks: Switching times ~ 40N60 600 | 2000 ns
may increase for V., 40N60A 300 | 800 ns
E, . (Clamp) >0.8 « Ve higher  40N60 12 mdJ
T, orincreased R, 40N60A 6 mJ
R, 0.5 KW
Ry 0.25 K/w

TO-204AE Outline

a1 [ Pl
el
e T4
T
op1
1 =Gate
2 = Emitter
Case = Collector
EM INCHES MILLIMETERS
MIN MAX MIN MAX
A . 450 6.4 11.4
A1 .060 135 1.53 3.42
9b_| .057 .063 1.45 1.60
2D .875 22.22
e 420 -440 [10.67 11.17
el | .205 .225 | 5.21 5.7
L .440 .480 [11.18 12.19
%p | .151 .165 | 384 4.19
@p1]| .151 165 | 3.84 4.19
q 1.187 BSC 30.15 BSC
R 495 .525 [12.58 13.3
R1 131 .18 3.33 4.77
s .655 .675 [16.64 17.14




IXYS

IXGH 40N60 IXGM -
IXGH 40N60A IXGM

Ic - Amperes

Ve - Volts

Ic - Amperes
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Fig. 1 Saturation Characteristics

[ 1,=25C //
i Vg = 15V
S ' 13V
11V
- oV
7v
- 5V
-1 . R L L L1
0 1 2 3 4 5
Ve - Volts

Fig. 3 Collector-Emitter Voltage
vs. Gate-Emitter Voltage

- T,=25°C

: I, = 40A

Ig = 20A
L 1 1 1 1 1 1 1 1 I 1 1 1
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Ve - Volts

Fig. 5 Input Admittance

- Ve = 100V
L / / T,=25°C
i T,=125°C}/
1 1 JJ / 1 1 1 1 1 L

- i |. - Amperes
Ve ey - Normalized c p

BV / Vg ea - Normalized

Fig. 2 Output Characterstics
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Fig. 4 Temperature Dependence
of Output Saturation Voltage
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Fig. 6 Temperature Dependence of
Breakdown and Threshold Voltage
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IXGH 40N60  IXGM 40N60
IXGH 40N60OA _IXGM 40N60A

Fig.7 Gate Charge Fig.8 Turn-Off Safe Operating Area
15 y 100 . : S
I = 40A ' e =
- VCE= 500V TJ =125°C
12 dV/dt < 3V/ns N
i / 10 =
- w -
2 ) -
5 ° g
> i £ 1 —
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3 S— ] - ’: — S
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Fig.9 Capacitance Curves
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Fig.10 Transient Thermal Impedance
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Intematiohal
Rectifier

PD-9.308K

IRF730

HEXFET® Power MOSFET

¢ Dynamic dv/dt Rating

® Repetitive Avalanche Rated
¢ Fast Switching

® Ease of Paralleling

¢ Simple Drive Requirements

° Vpss = 400V
RDS(OI’]) = 1OQ
s ID = 55A

Description

Third Generation HEXFETs from International Rectifier provide the designer
with the best combination of fast switching, ruggedized device design, low

on-resistance and cost-effectiveness.

The TO-220 package is universally preferred for all commercial-industrial
applications at power dissipation levels to approximately 50 watts. The low
thermal resistance and low package cost of the TO-220 contribute to its wide

acceptance throughout the industry.

Absolute Maximum Ratings

TO-220AB

Parameter Max. Units
Ib@ Tc=25°C Continuous Drain Current, Vas @ 10V 5.5
Io @ Tc=100°C | Continuous Drain Current, Vas @ 10V 3.5 A
Iom Pulsed Drain Current ®© 22
Pp @ Tec=25°C | Power Dissipation 74 W
Linear Derating Factor 0.59 W/°C
Vas Gate-to-Source Voltage +20 \
Eas Single Pulse Avalanche Energy @ 290 mJ
lam Avalanche Current ® 55 A
Ear Repetitive Avalanche Energy ® 7.4 mJd
dv/dt Peak Diode Recovery dv/dt @ 4.0 Vins
Ty Operating Junction and -55 to +150
Tsta Storage Temperature Range °C
Soldering Temperature, for 10 seconds 300 (1.6mm from case)
Mounting Torque, 6-32 or M3 screw 10 Ibfein (1.1 Nemn)
Thermal Resistance
I Parameter Min. Typ. Max. Units
Reuc Junction-to-Case — — 1.7
Recs Case-t0-Sink, Flat, Greased Surface — 0.50 — °C/W
Resa Junction-to-Ambient ' — — 62
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IRF730

Electrical Characteristics @ Ty = 25°C (unless otherwise specified)

Parameter Min. | Typ. | Max. | Units Test Conditions
V(er)pss Drain-to-Source Breakdown Voltage 400 — — V| Vgs=0V, lp= 250pA
AV (srjpss/ATy| Breakdown Voltage Temp. Coefficient — | 0.54 — | V/°C | Reference to 25°C, lp= TmA
Rbsion) Static Drain-to-Source On-Resistance — —_ 1.0 Q | Vgs=10V, Ip=3.3A @
Vasn Gate Threshold Voltage 2.0 — 4.0 V | Vps=Vas, Ip= 250uA
Ois Forward Transconductance 2.9 — — S |Vps=50V, b=3.3A @
lpss Drain-to-Source Leakage Current — - 25 pA Vos=400V, Vgs=0V
— — 250 Vps=320V, Vgs=0V, Ty=125°C
lass Gate-to-Source Forward Leakage — - 100 nA Vag=20V
Gate-to-Source Reverse Leakage — — | -100 Vgs=-20V
Qq Total Gate Charge — — 38 Ip=3.5A
Qgs Gate-to-Source Charge — — | 57 | nC [vps=320V
Qg Gate-to-Drain ("Miller”) Charge — —_ 22 Vas=10V See Fig. 6 and 13 @
td(on) Tum-On Delay Time — 10 — Vpp=200V
te Rise Time — 15 — ns Ip=3.5A
td(off) Turn-Off Delay Time —_ 38 — Ra=120
] Fall Time — 14 — Rp=57$2 Seé Figure 10 @
Lo Internal Drain inductance — | 45 | — giﬁmf%‘_ 2'2?,? ) .
nH | from package GQ
Ls Internal Source Inductance —_ | 75 | — and center of E?
die contact s
Ciss Input Capacitance — | 700 | — Vas=0V
Coss Qutput Capacitance — | 170 | — pF | Vps=25V
Crss Reverse Transfer Capacitance — 64 — f=1.0MHz See Figure 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ. | Max. | Units Test Conditions
Is Continuous Source Current _ . 55 MOSFET symbol b
(Body Diode) ) A showing the
lsm Pulsed Source Current _ _ 55 integral reverse E
(Body Diode) @ p-n junction diode. s
Vsp Diode Forward Voltage — — 1.6 V | T4=25°C, ls=5.5A, Vgs=0V @
tre Reverse Recovery Time — | 270 | 530 | ns |Ty=25°C, Ir=3.5A
Qi Reverse Recovery Charge — 1.8 | 22 | pC |di/dt=100A/us @
ton Forward Turn-On Time Intrinsic turn-on time is. neglegible (turn-on is dominated by Ls+Lb)
Notes:
D Repetitive rating; pulse width limited by @ Isp<b.5A, difdt<90A/us, VoD<V(BR)DSS,
max. junction temperature (See Figure 11) TJ<150°C
@ Vpp=50V, starting Ty=25°C, L=16mH @ Pulse width < 300 ps; duty cycle <2%.

Ra=25, ias=5.5A (See Figure 12)
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Ip, Drain Current (Amps)

Ip, Drain Current (Amps})

rop gg ,Z-‘
10t g v
feorron_2:8v
100
4.5/
1 20us PULSE WIDTH
Tg = 259%C
-1
10
1071 100 10!

Vps, Drain-to-Source Voltage (volts)

Fig 1. Typical Output Characteristics,

Tc=25°C
1
/
101
=
1509¢_A
100 7 I/
e
yay
1071 /
7
I Vpg = 50V
20us PULSE WIDTH
4 5 <] 9 10

Vas, Gate-to-Source Voltage (volts)

Fig 3. Typical Transfer Characteristics

Rps(on), Drain-to-Source On Resistance

I, Drain Current (Amps)

(Normalized)

e 38
104 e
s
6.0V
&8 V4
fearten 5231
100 bomae ) sy =
20us PULSE WIDTH
. To = 18509C
10”
101 100 1ol

Vps, Drain-to-Source Voltage (volts)

Fig 2. Typical Qutput Characteristics,

Tc=150°C
3.0
Ip - 3.54
2.5 2
4
//
2.0 //
d
1.5 4
v4
L
1.0 A
/‘/
0.5} -
Vgg = 10V
0.0
-60 -40 -20 0 20 40 60 B0 100 120 140 160

Ty, Junction Temperature (°C)

Fig 4. Normalized On-Resistance
Vs. Temperature
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1500 Vgg = OV. f = IMHZ ¢ Ip = 3.5A I I [
Ciss = Cgs * Cgg. Cds SHORTED g I -
\ Crss = Cgd © Vpp = 320V—
1200 [ Coss = Cds + Cgg RS Vop ¥ 200V
NN 3 A
Ty N =
e N (<]
o o ~ i 12
e \ o~ e
= N 3
g sl N n g
g NN 2
© ﬁ.“‘\ \Cuss %
30 ! ! ! \\ © 4
2 A
N AN 5 |/
el > FOR TEST CIRGUIT
‘ 1 o SEE FIGURE 13
100 10! 0 10 20 30 40 50
Vps, Drain-to-Source Voltage (volts) Qg, Total Gate Charge (nC)
Fig 5. Typical Capacitance Vs. Fig 6. Typical Gate Charge Vs.
Drain-to-Source Voltage Gate-to-Source Voltage
2
T 7 e i i i i
PERATION IN THIS AREA LIMITED—HH
g 101 z/ / s HH By Fos (on i
£ 7 V4 ill 1111/
< " % b L] I
- Q. ons
= /| £ TAAT NS
o ' 7/ < w0
5 b ogectA = S
3 150°c T/ e, s
= E NN
« 3
o / 2 2 / 1 1ms
a / e . )
[ a t
3 a o '
o =, 5 m
a =250C H]
£ @ /, T E15005
o Ves = OV 0.1 SINGLE PuLSE
0.5 0.7 0.8 0.9 1.0 1.1 1.2 "0.12 5 4 2 5 492 5 4022 5 4032 5 404
Vgp, Source-to-Drain Voltage (volts) Vps, Drain-to-Source Voltage (volts)
Fig 7. Typical Source-Drain Diode Fig 8. Maximum Safe Operating Area

Forward Voltage
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1p, Drain Current (Amps)

Ro
Vos > A

497
tvon

™~ F1ov
0 N
*
. Fig 10a. Switching Time Test Circuit
Vps
P N o\ / N

10%
%5 50 78 100 125 150 Vas —/! ' |
Tc, Case Temperature (°C) Gon) I tdfot) Y

Fig 9. Maximum Drain Current Vs. Fig 10b. Switching Time Waveforms
Case Temperature :

10
o
s Be
R - 1
o ‘E=
]
s
g E RiitipZ
Ccll:) Lo 1T L
TU Loa Tt /
E 0.1 posll <2 _
> T 1
g e 4
r -tem
o 015 FHNERRA hEEpoNsE) i) |
e NOTES:
1. DUTY FACTOR, D=ty/tp
102 2. PEAK Ty=Ppu X Zynae * Tc

1073 1074 1073 1072 0.1 1 10
t1, Rectangular Pulse Duration (seconds)

Fig 11. Maximum Effective Transient Thermal Impedance, Junction-to-Case
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L
Vary tp to obtain Vos > ik
required las
700
Ip
ToP 2.5A
600 3.54 ]
— BOTTOM 5,5A
AN
> 500
o
g A\
=4
Ll 400
Fig 12a. Unclamped Inductive Test Circuit 3 w0 N
o N\
o’ ~
S 200
17
@
ujt 100 :
v = 50
o 22 ! —
25 50 75 100 125 150
Starting T, Junction Temperature(°C)
lAs — — —_—— — =

Fig 12b. Unclamped Inductive Waveforms

Current Regulator

Fig 12c. Maximum Avalanche Energy
Vs. Drain Current

4

P

Qg >
owleEe==—_=—_——_—-r e——-====
o o / puT T.VDS
Gs ++— QD r'
[ r Vas ::'—
VG 3mA[ ﬂ_
AN
Charge —— e ' ’D,
Current Sampling Resistors
Fig 13a. Basic Gate Charge Waveform Fig 13b. Gate Charge Test Circuit

Appendix A: Figure 14, Peak Diode Recovery dv/dt Test Circuit — See page 1505

Appendix B: Package Outline Mechanical Drawing — See page 1509

Appendix C: Part Marking Information - See page 1516 Intemational
Appendix E: Optional Leadforms — See page 1525 R s :tiﬁ er
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International
ISR Rectifier

Data Sheet No. PD-6.029G

IR2155

SELF-OSCILLATING HALF-BRIDGE DRIVER

Features

M Floating channel designed for bootstrap operation
Fully operational to +600V
Tolerant to negative transient voltage
dVv/dt immune

B Undervoltage lockout

B Programmable oscillator frequency

1
f=
1.4x(Ry +150Q) % C+
B Matched propagation delay for both channels

H Micropower supply startup current of 125 pA typ.
B Low side output in phase with Rt

Description

The IR2155 is a high voltage, high speed, self-os-
cillating power MOSFET and IGBT driver with both high
and low side referenced output channels. Proprietary
HVIC and latch immune CMOS technologies enable
ruggedized monolithic construction. The front end fea-
tures a programmable oscillator which is similar to the
555 timer. The output drivers feature a high pulse cur-
rent buffer stage and an internal deadtime designed for
minimum driver cross-conduction. Propagation delays
for the two channels are matched to simplify use in
50% duty cycle applications. The floating channel can
be used to drive an N-channel power MOSFET or IGBT

Typical Connection

Product Summary

VOFFSET 600V max.
Duty Cycle 50%
lo+/- 210 mA /420 mA
VouTt 10 - 20V
Deadtime (typ.) 1.2 ys

Package

in the high side configuration that operates off a high
voltage rail up to 600 volts.

up to 600V

P
— 1
a T
VCC U VB
.~ P
? Ry HO | © oao
CT Vs (o
x
T—{cowm LO ak

CONTROL INTEGRATED CIRCUIT DESIGNERS’ MANUAL
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International
IGR Rectifier

IR2155

Absolute Maximum Ratings

Absolute Maximum Ratings indicate sustained limits beyond which damage to the device may occur. All voltage param-
eters are absolute voltages referenced to COM. The Thermal Resistance and Power Dissipation ratings are measured
under board mounted and still air conditions.

Parameter Value
Symbol Definition Min. Max. Units
Ve High Side Floating Supply Voltage -0.3 625
Vs High Side Floating Supply Offset Voltage Vg - 25 Vg + 0.3
VHo High Side Floating Output Voltage Vs-0.3 Vg + 0.3
VLo Low Side Output Voltage -0.3 Vce +0.3 v
VRT Rt Voltage -0.3 Vce +0.3
Ve CT Voltage -0.3 Vce +0.3
Icc Supply Current (Note 1) — 25 mA
IRT RT Output Current -5 5
dVg/dt Allowable Offset Supply Voltage Transient — 50 V/ns
Pp Package Power Dissipation @ Ta < +25°C (8 Lead DIP) — 1.0
(8 Lead SOIC) — 0.625 W
Reja Thermal Resistance, Junction to Ambient (8 Lead DIP) — 125 AW
(8 Lead SOIC) — 200
Ty Junction Temperature — 150
Ts Storage Temperature -55 150 °C
T Lead Temperature (Soldering, 10 seconds) — 300

Recommended Operating Conditions

The Input/Output logic timing diagram is shown in Figure 1. For proper operation the device should be used within the
recommended conditions. The Vg offset rating is tested with all supplies biased at 15V differential.

Parameter Value
Symbol Definition Min. Max. Units
VB High Side Floating Supply Absolute Voltage Vs + 10 Vs + 20
Vs High Side Floating Supply Offset Voltage — 600
VHO High Side Floating Output Voltage Vs VB v
VLo Low Side Output Voltage 0 Vce
Icc Supply Current (Note 1) — 5 mA
Ta Ambient Temperature -40 125 °C
Note 1: Because of the IR2155’s application specificity toward off-line supply systems, this IC contains a zener clamp

structure between the chip Vcc and COM which has a nominal breakdown voltage of 15.6V. Therefore, the IC
supply voltage is normally derived by forcing current into the supply lead (typically by means of a high value
resistor connected between the chip Vcc and the rectified line voltage and a local decoupling capacitor from
Vcc to COM) and allowing the internal zener clamp circuit to determine the nominal supply voltage. There-
fore, this circuit should not be driven by a DC, low impedance power source of greater than Vg amp-

B-200 CONTROL INTEGRATED CIRCUIT DESIGNERS’ MANUAL



International

TSR Rectifier IR2155

Dynamic Electrical Characteristics
VBIAs (Vcc, VBs) = 12V, CL = 1000 pF and Ta = 25°C unless otherwise specified.

Parameter Value
Symbol Definition Min. | Typ. | Max.| Units | Test Conditions
t Turn-On Rise Time — 80 120 ns
tr Turn-Off Fall Time — 40 70
DT Deadtime 0.50 | 1.20 | 2.25 us
D Rt Duty Cycle 48 50 52 %

Static Electrical Characteristics

Veias (Vec, VBs) = 12V, C = 1000 pF C1 =1 nF and Ta = 25°C unless otherwise specified. The V|N, VTH and ||y
parameters are referenced to COM. The Vg and |g parameters are referenced to COM and are applicable to the
respective output leads: HO or LO.

Parameter Value
Symbol Definition Min. | Typ. | Max.| Units | Test Conditions
fosc Oscillator Frequency 194 | 20.0 | 20.6 KHz Rt =35.7 kQ
94 100 | 106 Ry =7.04 kQ
VeLamP Ve Zener Shunt Clamp Voltage 144 | 156 | 16.8 lcc =5 mA
Vers 2/3 Ve Threshold 7.8 8.0 8.2 \%
Ve 1/3 Ve Threshold 3.8 4.0 4.2
Veruv Ct Undervoltage Lockout — 20 50 2.5V <Vce <Vcecuv
VRT+ Rt High Level Output Voltage, Vcc - Rt — 0 100 IrT =-100 pA
— 200 | 300 Igr =-1 mA
VRT Rt Low Level Output Voltage — 20 50 mv IrT = 100 pA
— 200 | 300 IrT =1 mA
VRTUV RT Undervoltage Lockout, Ve - Rt — 0 100 2.5V < Vce <Vecuv
Von High Level Output Voltage, Vgias - Vo — — 100 lo = 0A
VoL Low Level Output Voltage, Vo — — 100 lo =0A
Ik Offset Supply Leakage Current — — 50 Vg =Vg = 600V
loBs Quiescent Vgs Supply Current — 70 150
loBsuv Micropower Vgg Supply Startup Current — 55 125 UA
locc Quiescent Vcc Supply Current — 500 | 1000
loccuv Micropower Ve Supply Startup Current — 70 150
leT Cy Input Current — 0.001| 1.0
Vesuv+ Vgs Supply Undervoltage Positive Going 7.7 8.4 9.2
Threshold
VBsuv- Vgs Supply Undervoltage Negative Going 7.3 8.1 8.9 v
Threshold
VBSuvH Vgs Supply Undervoltage Lockout Hysteresis 100 400 — mV
Vceuv+ Ve Supply Undervoltage Positive Going 7.7 8.4 9.2
Threshold Y
Veeuv- Ve Supply Undervoltage Negative Going 7.4 8.1 8.9
Threshold
VccuvH Ve Supply Undervoltage Lockout Hysteresis 200 400 — mV
lo+ Output High Short Circuit Pulsed Current 210 250 — mA Vo =0V
lo- Output Low Short Circuit Pulsed Current 420 500 — Vo =15V
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International

IR2155 IR Rectifier
Functional Block Diagram
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Lead Definitions

Lead
Symbol | Description
RT Oscillator timing resistor input,in phase with LO for normal IC operation
Ct Oscillator timing capacitor input, the oscillator frequency according to the following equation:
f= 1
1.4x(Ry +150Q) x C+
where 150Q is the effective impedance of the Rt output stage

VB High side floating supply

HO High side gate drive output

Vs High side floating supply return

Vce Low side and logic fixed supply

LO Low side gate drive output

COM Low side return

Lead Assignments

|I Vee ~ VB E

[2]rr HO [ 7]

[a]er vs [ 6]

[4]com o|s]
8 Lead DIP
IR2155
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International
TSR Rectifier

IR2155

Device Information

Process & Design Rule

HVDCMOS 4.0 ym

Transistor Count

260

Die Size

88 X 92 X 26 (mil)

Die Outline

H 2L m%ﬁ%
i igre
£ s o il

ElH I}I"'__l'r'F‘_'-‘I

A—E——E

EIE

it el

1Ll
3

] ]

Thickness of Gate Oxide 800A
Connections Material Poly Silicon
First Width 4 pm
Layer Spacing 6 um
Thickness 5000A
Material Al - Si (Si: 1.0% £0.1%)
Second Width 6 um
Layer Spacing 9 um
Thickness 20,000A
Contact Hole Dimension 8 um X 8 um
Insulation Layer Material PSG (SiOp)
Thickness 1.5um
Passivation Material PSG (SiOy)
Thickness 1.5um
Method of Saw Full Cut
Method of Die Bond Ablebond 84 - 1
Wire Bond Method Thermo Sonic
Material Au (1.0 mil / 1.3 mil)
Leadframe Material Cu
Die Area Ag
Lead Plating Pb: Sn (37 : 63)
Package Types 8 Lead PDIP / SO-8
Materials EME6300 / MP150 / MP190
Remarks:
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International

IR2155 ISR Rectifier

VCCIUV+ Veiavp
w
I
| RT (HO)
%\/— N N— 50% 50%
T
| Ry (L0)
I
I
|
|
HO T 90%
I
I
V|
LO J
Figure 1. Input/Output Timing Diagram Figure 2. Switching Time Waveform Definitions
Rr
50% 50%
90%
HO Fi%
DT
LO 90%

10%

Figure 3. Deadtime Waveform Definitions
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