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Impact of Device Parametric Tolerances on Current Sharing Behavior
of a SiC Half-Bridge Power Module

Grace R. Watt

This paper describes the design, fabrication, and testing of a 1.2 kV, 6.5 mQ, half-bridge, SiC
MOSFET power module to evaluate the impact of parametric device tolerances on electrical and
thermal performance. Paralleling power devices increases current handling capability for the same
bus voltage. However, inherent parametric differences among dies leads to unbalanced current
sharing causing overstress and overheating. In this design, a symmetrical DBC layout is utilized
to balance parasitic inductances in the current pathways of paralleled dies to isolate the impact of
parametric tolerances. In addition, the paper investigates the benefits of flexible PCB in place of
wire bonds for the gate loop interconnection to reduce and minimize the gate loop inductance. The
balanced modules have dies with similar threshold voltages while the unbalanced modules have
dies with unbalanced threshold voltages to force unbalanced current sharing. The modules were
placed into a clamped inductive DPT and a continuous, boost converter. Rogowski coils looped
under the wire bonds of the bottom switch dies to observe current behavior. Four modules
performed continuously for least 10 minutes at 200 V, 37.6 A input, at 30 kHz with 50% duty
cycle. The modules could not perform for multiple minutes at 250 V with 47.7 A (23 A/die). The
energy loss differential for a ~17% difference in threshold voltage ranged from 4.52% (~10 pJ) to
-30.9% (~30 wJ). The energy loss differential for a~0.5% difference in V;, ranged from -2.26%
(~8 pJ) to 5.66% (~10 pJ). The loss differential was dependent on whether current unbalance due
to on-state resistance compensated current unbalance due to threshold voltage. While device
parametric tolerances are inherent, if the higher threshold voltage devices can be paired with
devices that have higher on-state resistance, the overall loss differential may perform similarly to
well-matched dies. Lastly, the most consistently performing unbalanced module with 17.7%
difference in V;;, had 119.9 pJ more energy loss and was 22.2°C hotter during continuous testing

than the most consistently performing balanced module with 0.6% difference inVy,.
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GENERAL AUDIENCE ABSTRACT

This paper describes the design, construction, and testing of advanced power devices for use in
electric vehicles. Power devices are necessary to supply electricity to different parts of the vehicle;
for example, energy is stored in a battery as direct current (DC) power, but the motor requires
alternating current (AC) power. Therefore, power electronics can alter the energy to be delivered
as DC or AC. In order to carry more power, multiple devices can be used together just as 10 people
can carry more weight than 1 person. However, because the devices are not perfect, there can be
slight differences in the performance of one device to another. One device may have to carry more
current than another device which could cause failure earlier than intended. In this research project,
multiple power devices were placed into a package, or “module.” In a control module, the devices
were selected with similar properties to one another. In an experimental module, the devices were
selected with properties very different from one another. It was determined that the when the
devices were 17.7% difference, there was 119.9 pJ more energy loss and it was 22.2°C hotter than
when the difference was only 0.6%. However, the severity of the difference was dependent on how
multiple device characteristics interacted with one another. It may be possible to compensate some
of the impact of device differences in one characteristic with opposing differences in another

device characteristic.
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Chapter 1 Introduction

1.1  Electric Vehicles

The demand for electrical vehicles (EVs), whether pure electric (no engine) or hybrid (HEV),
is driven by a desire to reduce the impact of car emissions on the environment, lower operating
costs, increase fuel efficiency, and improve overall performance [1-5]. In December 2018, nearly
50,000 EV were sold in the US which pushed the estimated total number of EVs to over 350k in
2018 alone. This followed a trend in monthly sales gain demonstrating that EVs are increasingly
popular. As of July 2019, the total sales worldwide in 2019 alone were over 1 million [6].
According to the 2019 Global EV Outlook, the 2018 global EV stock which includes battery
electric vehicles and plug-in electric vehicles was over 5 million and they estimate that the total
stock will continue increasing to over 250 million by 2030 (Figure 1-1-Figure 1-2). An increasing
demand for EVs encourages improvement in the operating systems particular to EVs to increase

the margin of benefit over conventional vehicles.
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Figure 1-1. Passenger electric car stock globally from Fig. 1.1 of Global EV Outlook 2019 [7]
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Figure 1-2. Outlook for EV growth from EV30@30 Scenario Fig. 2 Global EV Outlook [7]

One downside of EVs compared to conventional vehicles is their range which may be anywhere
from tens of miles to over two hundred on a single charge [8]. Another downside is the time is
takes to charge compared to filling a tank of gas; forty five minutes at a Level 3 public station and
3-9 hours at home [8]. Therefore, barriers to electric vehicle adoption involve the efficiency and

speed of storing and utilizing the energy.
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Figure 4. Influence of charging option on customer purchase of EVs [75].
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Figure 1-3. Influence of charging option on customer purchase of EVs [2]

When choosing a vehicle, customers often want reliability, driving range, safety, comfort, and
high road performance [9, 10] (Figure 1-3). These performance goals are highly dependent on the
powertrain and more advanced technology is necessary to increase the benefit of EVs and HEVs

[2, 5] (Figure 1-4).

se=mamen

Figure 1-4. Block diagram of an electric vehicle powertrain [2]

Specifically, an efficient and lightweight drivetrain, which works in conjunction with the engine

to move the wheels, can increase the desirability of an EV [10, 11]. A benefit of using an electrified
3



drivetrain is that electric vehicles can convert 67% of electrical power to the wheels while
conventional vehicles can only convert 15% of the gasoline to the wheels [12]. A critical element
of the technology that allows for improved efficiency and use of electricity to drive the motor, are

called power electronics [9].

1.2 Power Electronics for Electric Vehicles

Power electronics is the study of systems that process and control the flow of electric power
using electronic circuits [13-15]. The system will process a power input of a specific form and
magnitude and output power to meet design specifications. One type of power electronics system
is called a converter, which increases or decreases the magnitude of direct current (DC) power.
Another common type is an inverter which changes DC power to alternating current (AC) power.

Parts of an EV require different magnitudes and forms of power. For example, energy is stored
as direct current (DC) power in batteries while the motor requires alternating current (AC) power
to run. Vehicles include low voltage, high voltage as well as primary and auxiliary battery packs
and therefore, DC-DC converters are required to step up and step down power while traction
inverters in an electrified drive-train ensure the DC power is changed to the appropriately rated
AC power necessary for running the motor [2, 4, 5, 10, 16]. The traction inverter can also capture
energy from regenerative braking to charge the battery; another function that increases the

efficiency of EVs [2, 4, 9].

1.2.1 Semiconductors



A key component of inverters and converters are semiconductors which have values of electric
conductivity in between that of insulators and conductors. Insulators prevent the flow the electric

charges; while conductors allow electric charges flow freely (Figure 1-5).

Conductor Semiconductor Insulator

Energy Band Energy Band Energy Band

Bandgap

Figure 1-5. Energy bandgaps of different types of materials

Electrons are confined to energy bands and cannot exist in the space between the energy bands.
In conductors, the energy bands overlap, and thus, there is no space or band gap within the material
where electrons cannot travel. Insulators, on the other hand, have such a wide gap between energy
bands that no electron has enough energy to cross and move freely between bands. In
semiconductors, the band gap is narrow enough that, given enough energy, an electron could jump
from one energy band to the next. Therefore, semiconductors are useful in certain applications
because they can behave as either conductors or insulators depending on how much energy the
engineer provides. In particular, the semiconductors can act like switches which conduct for a time,
then stop conducting for a time. Depending on how these are designed, switches can redirect the
flow of current. This is a necessary step for realizing a primary goal of power electronics:
controlling the outgoing energy form [17].

The switches involved in this research are called metal-oxide-semiconductor field effect

transistors (MOSFETS), which fall under a subcategory of switches primarily used in power
5



applications. MOSFETSs work like a water pipe with a door; energy is required to open the door to
control how much water flows through the pipe, the constraints of which are determined by the
properties of the MOSFET. Specifically, MOSFETs and similar power devices are made from
different semiconductor materials which could include silicon (Si), silicon carbide (SiC), and
gallium nitride (GaN). The most utilized semiconductor switches in industry are currently made

with silicon (Si IGBTS). SiC and GaN have a wider band gap and are becoming more popular.

1.2.2 Wide Band Gap Power Semiconductor Devices

Si transistors are conventionally the semiconductor material used in power electronic systems.
Both Si MOSFETs and Si (insulated-gate bipolar transistors) IGBTs are useful for various
applications. For example, Si IGBTSs can handle high voltage (5 kV) and current (1 kA) but with
limited frequency (100 kHz) while Si MOSFETS can perform in the MHz range but high on-state
resistance increases conduction losses with higher blocking voltages limiting applications to below
600V [18]. Semiconductors that have a wide electric gap between the conduction and valence
band, commonly referred to as wide band gap (WBG) devices, can potentially perform more
quickly and efficiently at higher temperatures, frequencies, and power than silicon (Si) [19]. One
reason is that the unipolar structure of SiC MOSFETSs removes the tail current which contribute to
higher switching losses and lower frequency in Si IGBTs [20]. The material property comparison
of Si, SiC, and GaN help explain the higher performance of the WBG semiconductors (Table 1

and Figure 1-6) [21-25].

Table 1. Material Properties for Si, SiC, and GaN

Parameter Si 4H-SiC 2H-GaN




Bandgap Energy, Eq (eV) 1.12 3.26 3.44

Relative Permittivity/Dielectric constant, & 11.8 10 9.5
Critical Electric Field, E; (MV/cm) 0.3 2.0 3.0
Electron saturated drift velocity, Vs (107 cm/s) 1.0 2.0 3.0
Thermal Conductivity (W/cm?K) 15 4.9 1.3
Intrinsic Carrier Density, n; (cm™®) 15x10%°  8.2x10°  1.0x107%°
Electron Mobility (cm?/V/-sec) 1450 900 2000

Material Properties Comparison
Bandgap Energy, E; (eV)

S 5
=—S5iC a
—GaN
: Critical
Electron Drift
: Electric Field
Velocity, V_,, ’
(107 cmls) E. (MVicm)
High Frequency ~
Switching
Melting Point i Thermal Conductivity
(1 x 1000°C) ngh_Tel_nperatu = (W/em3K)
Applications

Figure 1-6. Material properties comparison of Si, SiC, and GaN

A wider band gap means that the semiconductor requires more energy to jump an electron from
the valence to the conduction band which is defined by the critical electric field. The higher critical
electric field of SiC and GaN allow for higher blocking voltages. This means that the devices can
be thinner with higher doped drift layers which lowers the on-state resistance [18, 26]. In addition,
when the temperature increases, electrons gain energy and require less to the make the jump.

Therefore, with higher temperatures, the likelihood of electrons unintentionally jumping to the
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conduction band increases which limits the operating temperature. With a wider band gap, the
operating temperature can be higher without unintentionally exciting electrons to the conduction
band. Thermal conductivity describes the ability of a material to transfer heat so SiC and GaN are
better at dissipating heat. Combined with a higher melting point, wide band gap materials can
perform at higher temperatures than Si. The disadvantages of GaN compared to SiC include the
poorer thermal conductivity which makes SiC better suited for high temperature applications.
Lastly, both SiC and GaN have higher electron drift velocity than Si; GaN has the highest value

qualifying it as the most suitable material for higher switching frequency operation [26, 27].

1.2.3 Quasistatic Behavior of MOSFETSs

The behavior of MOSFETS is often presented in a few different plots which include: a) output
curves, the drain current, lq, as the drain-source voltage, Vs, increases for various gate-source
voltages, Vgs , b) transfer curve, the drain current, 14, as the device turns on with increasing gate-
source for a given drain-source voltage, Vs, €) capacitance values (Figure 1-7) with increasing

drain-source voltage, Vs , and d) the gate voltage, Vs , as the gate charge increases.
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Figure 1-7. Device capacitance definitions

In fact, the behavior observed in the output, 14 vs. Vgs, and transfer, lq vs. Vgs, characteristic
curves and the capacitance curves of a transistor relate to one another as presented in Figure 1-7;
the segments of the gate-charge plot (Figure 1-8d) allow for validation of a transistor’s static
behavior presented in a datasheet or in a model. Understanding the relationship among the
behavioral curves increases the likelihood of an accurate model and can occasionally draw

attention to inconsistencies in datasheets or models [28].
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During turn-on operation, from points 1 to 2, the gate voltage, Vs, rises (d) until the device

starts to conduct the load current (b) which implies that the bias across the drain and source, Vs,

is high and constant (a). The rise rate is determined by the low input capacitance characteristic of

high Vgs (). At the end of this segment, from points 2 to 3, the device turns on and begins to

conduct current (b). During the second segment, from points 3 to 4, the saturation of the drain

current in the 1d-Vgs view leads to a clamping of Vs, at the Miller plateau (d). The drain current

remains constant as Vgs drops (a). The difference in slope between the saturation region and quasi-

linear at the knee point (a) is less pronounced in SiC than Si due to low transconductance [29]. In
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the last segment, from points 4 to 5, the rise of Vs, is less steep than in the low charge region (d)
because it now depends on the high input capacitance characteristic at low Vs (c). The device is
now fully on, conducting the full load current.

Important notes regarding device behavior and the gate charge plot include the fact that only
the capacitances seen by the gate, Cqq and Cgs, impact the gate charge plot; it is not impacted by
the drain source capacitance, Cgs, nor the gate resistance (Figure 1-7). The height of the Miller
plateau must match the magnitude of Vg required to sustain the load current while the width is
determined by the charge under the Ciss curve from Vgs to the bias remaining between drain and
source once the device has entered the quasi-linear region. The Miller plateau is flat if the
saturation region is flat in the output curves. Reasons for a slanted Miller plateau include a rise in
junction temperature during the measurement, or channel length modulation that makes the output
saturation region non-flat. A more in-depth discussion of the gate-charge plots, characteristics of

the Miller plateau, and identifying inconsistencies in datasheets is available in [28].

1.2.4 Dynamic Behavior of MOSFETSs

The switching waveforms include but are not limited to the turn-on and turn-off delay, the rise
and fall times, and reverse-recovery behavior of the diode. The switching speeds depend on the
parasitic capacitance and inductance values [18]. Figure 1-9 presents ideal waveforms for turn-on
and turn-off behavior of MOSFETS. This plot does not demonstrate ringing and overshoots that

can occur from parasitic impedances.
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Figure 1-9. Ideal turn-on and turn-off waveforms for a MOSFET [18]
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(@) Phase lon: Turn-On Delay
Specifically, the turn-on delay occurs as the input capacitance charges and Vs, starts to rise
with the goal of surpassing the threshold voltage, Vi, thus creating a channel for current to flow
from the drain to the source, I4 (Figure 1-10). Vgsis defined in relation to its on-state bias magnitude
(3). Until Iq can flow, the bias between Vgs, remains high at the bus voltage, Vqc (1). The turn-on
delay time, tdon ,is proportional to the magnitude of Ciss, and the gate resistance, Rq (4) [18].
Vas = Vac oy
;=0 2

t
(57 (3)
Vgs =VgSon [1 —e RoCiss I

V3gson 4)

tdon = R,;Cissln |———7—
on = RS |V gSonVen)
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Figure 1-10. Impact of input capacitance on turn-on delay
(b) Phase llon: Drain Current Rise
The goal for phase Il of the turn-on process is a transfer of current from the freewheeling diode
to the MOSFET. Iq4 rises in proportion to the transconductance, gss, and Vgs (6). Vgs begins to flatten
after surpassing Vi (Figure 1-11.) at the Miller plateau or Vpiateau; the gate current is directed
towards charging Cgyd, a process which impacts the rise time of the current, tir (8).

Vis = Vae (5)

Iy = gfs(Vgs,Vds) * Vgs (6)
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Figure 1-11. Rise of the drain current as the transistor turns on
(c) Phase Illon: Drain Source Voltage Fall and Miller Plateau
In phase 111, the freewheeling diode stops conducting and starts blocking voltage and thus, Vs
drops to its on-state value, Vgson, consisting of the on-state resistance, Rdson, and the load current,
IL (11). Vgs hits the Miller plateau as Cqq charges with lq deviating away from Cgs (Figure. 1-12).
The rate (9) and time (12) for Vgs to fall is dependent on Cgq. Additionally, a reverse recovery

overshoot is common in the falling V4s waveform steadying out to the on-state value.

dVdS _ Vgson-V plateau (9)
dt RyCop
Iy =1, (10)
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Figure. 1-12. Miller plateau as the transistor turns on
(d) Phase IVon: Increase Bias from Gate to Source
In the last phase of the turn-on process, Vs increases to its on-state value and lq is equivalent to
IL (14). Vgs is small, but not zero (typically < 5V), due to the on-state resistance which allows a
small amount of leakage current to flow (13) (Figure. 1-13). Ciss is high because of the low Vgs

(Figure 1-8c).

Vas = Rdsyn * 1, (13)
Id = IL (14)
t = RgCiSS (15)
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Figure. 1-13. Final behavior as the transistor turns on
(e) Phase lotf: Turn-Off Delay
The first step of the turn off process is reducing the applied Vs to zero. Vgs then starts to drop
back to the Miller plateau (18) (Figure. 1-14).The time delay until turn-off, tdofr, is proportional to

Ciss (19). Vs and 14 remain at their on-state magnitudes (16, 17).

Vis = Rdson * I (16)
Id = IL (17)
__t 18
Vgs = VgSon e( R‘gciss) (19
Vgs
tdoff = RgCiSsln [ glton] (19)
plateau
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Figure. 1-14. Turn-off delay as the gate source bias drops
() Phase Ilotr: Bias between the drain and source increases
As Vs steadies at the Miller plateau (22), Vs begins to increase (Figure. 1-15) at a rate inversely
proportional to the gate resistance and reverse transfer capacitance (20) whereas the time for the
voltage fall, tw, has the opposite proportionality (23). lq remains at I (21) although the

freewheeling diode begins to pull current from the MOSFET channel.

dVdg _ Vplateau (20)
dt  RyCep
Ig =1, (21)
I (22)
Vgs =V plateau = g_fs

QcpRy (23)

byr = Vo

plateau
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Figure. 1-15. Miller plateau as the transistor turns off
(9) Phase Illof: Drain current falls
After the transistor leaves the saturation region, lq fully transfers to the freewheeling diode. Vgs
continues to decrease until it reaches Vi (26). This is a result of the discharging Ciss and thus the
time for the current to fall, tir, is dependent on Ciss (27) and the magnitude is proportional to the

transconductance and Vs (25). Lastly, Vas remains clamped to the bus voltage (24) (Figure. 1-16).

VdS = Vd(,‘ (24)

Id = ng(VgS‘VdS) % Vgs (25)
Ry 26

Vs = V plateau e( Rgciss) (26)
|4 lateau 27

tir = RgCissln [ ;th ] (27)
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Figure. 1-16. Fall of the drain current as the transistor turns off
(h) Phase IVoit: Gate source bias falls, transistor off
As Vs falls to zero, Ciss fully discharges. The load current is now fully transferred to the
freewheeling diode and the transistor drain current is zero (29). Vgs remains high at the bus voltage
magnitude (28) (Figure 1-17).

Vas = Ve (28)

~
Q
I
(e}

(29)
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Figure 1-17. Final reduction of gate-source bias as transistor turns off

1.3  Multi-Chip Power Module Packaging

Power modules provide a support structure around semiconductor chips so that they can perform
reliably over time. Without a module, the chip could suffer from electrical, thermal, or mechanical
breakdown. In addition, chips require interconnections in order to integrate the chip into the rest
of the system. Therefore, packages provide protection for the semiconductors while also providing
power and signal distribution according to the application of the chip (Figure 1-18). For further
understanding, compare a brain to the chip and the human body and nervous system to the power
module; the brain is powerful but could not function without the body and nervous system which
protect the brain and connect it to the rest of the body systems (Figure 1-19) [30]. The brain’s

purpose can be executed in various applications because it is protected and interconnected.
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Figure 1-19. A power module package and chip are analogous to the human body and brain [30, 31]

Packaging and integration are essential to meeting the aggressive size, weight, efficiency,
power, and cost requirements for 21st-century electronic energy systems. While packages exist for
Si and often WBG devices are placed into these packages, they are not optimized to take advantage
of the benefits of SiC and GaN. In general, power devices are one of, if not the most expensive
and critical element of many circuits. While they could be utilized in their bare die form, they are
often packaged in modules which are specially designed to protect them and the surrounding

elements of the circuit. The application of this research is electric vehicles where compact systems
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are necessary to regulate hundreds or thousands of volts while minimizing additional weight added
to the moving vehicle.

Another benefit of packaging devices is that higher power modules can be designed while
managing thermal performance; simply using a larger die would increase power capacity but with
considerably poorer thermal performance and inefficiency across the die. Electric vehicles have
high ambient temperature surrounding the power electronics demanding devices that can perform
well at high temperatures. In addition, thermal management systems cannot be too bulky or heavy
as the car must be lightweight to travel. Therefore, this research is intended to study and improve

the design of power modules to be used in electric vehicles.

1.4  Research Motivations and Objectives

High current SiC MOSFET power modules are becoming global solutions in load harsh power
electronics systems such as renewable energy generation, automotive and rail-traction applications
[32]. Paralleling dies in multi-chip modules or paralleling discrete SiC MOSFETS increases the
current rating of power modules while also allowing for high power with fewer die (Figure 1-20);
paralleling die can also reduce conduction losses by ensuring the devices operate in the linear

region [20, 26, 33, 34].
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Figure 1-20. Increased current carrying capacity with paralleled dies

However, variations in the device parametrics can lead to unbalanced current sharing of the
paralleled dies (Figure 1-21-Figure 1-23). In addition, differences in the impedance of the current
pathways can also lead to mismatched current overshoots and ringing as well as mismatched rates
of increase during static, on-state current sharing (Figure 1-22-Figure 1-23) [20, 35]. Improving
performance of paralleled die include but are not limited to adjusting the length of the wire bonds,

active gate driver control, and use of auxiliary source connection [20].
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Figure 1-21. Device parametric tolerances can lead to unbalanced current sharing
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Figure 1-22. Package parasitics can lead to unbalanced current sharing
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Figure 1-23. Simulation of static and dynamic unbalanced current sharing

1.4.1 Device Parametric Tolerances

The threshold voltage of MOSFETS results from nonidealities in the interface or oxide; due to
developing manufacturing techniques of SiC, variations occur in the threshold voltages of these
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devices [20]. Mismatch in the threshold voltages of paralleled dies causes them to turn on at
different times, thereby sending the majority of the current through one device momentarily [20,
34]. Threshold voltage mismatch would be apparent in the dynamic switching behavior of the

devices (Figure 1-21-Figure 1-24).
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Figure 1-24. Impact of unbalanced threshold voltages on a) turn-on and b) turn-off behavior of discrete

SiC MOSFETs [20]

Static current sharing is dependent on the pathway impedances composed of inductance and on-
state resistance [20]. If any of the impedance parameters of the pathways are mismatched, current
distribution among the dies can be unequal (Figure 1-22). Variations in on-state current sharing

are typically attributable to a mismatch in on-state resistance of individual die (Figure 1-25).
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On-state resistance mismatch may also contribute to unbalanced switching and conduction
losses (Figure 1-25). However, the impact of this effect may be limited for devices with positive

temperature coefficient [35].
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Figure 1-25. Impact of unbalanced on-state resistance on a) turn-on, b) turn-off, and c) on-state behavior

of discrete SiC MOSFETS [20]

A paper evaluated the electrical and thermal impact of discrete device parametric tolerances
[36]. It determined that differences in on-state resistance for paralleled devices led to the most
significant unbalance in the current sharing. On the other hand, if the on-state resistances were

well-matched, the threshold voltage had less of an impact on current sharing unbalance. In a boost
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test with devices that were balanced in both on-state resistance and threshold voltage, one device
presented higher switching losses and higher temperature (Figure 1-26). The unbalance in
switching losses was attributed to a likely mismatch in parasitic inductance in the current pathway
[36].
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Figure 1-26. Thermal impact of unbalanced current sharing in discrete SIC MOSFET devices
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1.4.2 Package Parasitics

When the current pathways have similar impedances, the current should increase at the same
rate and experience the same overshoot. This ultimately means that neither die is experiencing
more current stress than the other, which leads to improved reliability and prevents catastrophic
failures. When not balanced, each die will experience different current loads especially during
turn-on [34].

Mismatch of the parasitic impedances in current pathways can lead to unbalanced stress
throughout modules which could contribute to poorer reliability. Often, the geometry of the DBC
leads to asymmetrical pathway impedance for parallel dies as seen in Figure 1-27. While a
symmetrical DBC is favorable for current sharing behavior, this is difficult to achieve with a large
numbers of devices and can also poorly utilize space and may put additional constraints on the
thermal management of the system [20, 35]. Another source of unbalanced static or dynamic
current sharing may be electrical couplings between power and gate loops [34]. One reason for
designing a module with such coupling is to create a negative feedback path for the gate loop. A
method for mitigating this unbalance is offsetting the impedance of the pathway with varying
lengths of wire bonds where impedance increase with the length of the wire [34]. Compensating

the unbalance with wire bonds led to better dynamic current sharing (Figure 1-27D).
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Figure 1-27. a) Multi-chip half-bride power module with assymetrical pathway impedance for paralleled

dies where Lcs> Lez> Le2> Ler and b) Improved current sharing after adjusting the wire bonds 4]

Both common source and switching loop stray inductance can negatively impact current sharing
behavior of paralleled dies. Mismatched switching loop stray inductance may cause unbalanced
current sharing during the on-state (Figure 1-28). However, the impact of pathway inductance

mismatch is often less significant than on-state resistance mismatch in static current sharing [20].
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Figure 1-28. Impact of switching loop stray inductance mismatch on a) turn-on and b) turn-off behavior of

discrete SiC MOSFETS [20]

Common source stray inductance has the most negative impact on dynamic current sharing
compared to switching loop stray inductance (Figure 1-29). Because switching losses have a
significant impact on module performance, this effect is problematic and deserves investigation
and mitigation as many have done [20, 26, 34, 35]. One such solution was addition of an auxiliary
source connection to reduce the impact of current coupling between the gate and power loops

(Figure 1-30).
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Figure 1-29. Impact of common source stray inductance mismatch on a) turn-on and b) turn-off behavior

of discrete SiC MOSFETS [20]
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Figure 1-30. Addition of auxiliary source connection reduced dynamic current imbalance from a) to c)

during turn-on and from b) to d) during turn-off [20]

Similar research evaluated the thermal impact of symmetrical parasitic inductances for a multi-

chip module [37]; the research compared a conventional module to a module with symmetrical

power loop inductances and found that balancing parasitic inductances helped balance heating of

the paralleled chips. The method for balanced inductances utilized a set of DC terminals in

parallel with those in the conventional, baseline layout. By creating balanced inductances, the

new method helps mitigate large voltage overshoot and unbalanced dynamic current sharing

(Figure 1-31). This paper found improved thermal performance in balancing the parasitic

inductances but did not evaluate the impact of device parametric tolerances.
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Figure 1-31. Thermal comparison of a module with unbalanced and balanced parasitic inductances [37]

1.4.3 Objective

In this thesis, the primary objective is to observe the impact of device parameter tolerances on
the current sharing behavior of modules with paralleled dies. In order to mitigate the impact of
package parasitics, the DBC pattern is designed symmetrically so that the impedances of the traces
are similar (Figure 1-32). In practice, a perfectly symmetrical DBC is challenging for more than 2
devices and could also increase the demands of the thermal management system; however, the
primary area of interest in this research is the impact of mismatched device characteristics and
therefore is an acceptable design [35, 38]. The control power module has dies with similar
threshold voltages to further increase the likelihood of balanced current sharing. The die in the
experimental power module has die selected with dissimilar threshold voltages, forcing current
through one die before the other. The on-state resistances of the bare die were too difficult to
characterize without a functional probing station and therefore, this parametric difference could

not be controlled.
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Another method of interest to reduce the gate loop inductance is the use of flexible PCB as the
gate, drain, and kelvin source interconnection [39]. Replacing classical wire bonds with flexible
PCB or other planar technologies has been shown to increase power density and reduce loop
inductance [40, 41]. A low gate loop inductance reduces the potential impact of parasitic resonance

[42-44].

DC- terminal

DC+ terminal

[
0 30 60 (mm)

Figure 1-32. Symmetrical DBC layout with DC- trace wraparound

To obtain a compact power module, Wolfspeed’s CPM3-1200-0013C, 1200 V, 13 mQ, SiC
MOSFET is used. The SiC MOSFET half-bridge power module is shown in with indicated
patterned DBC and dies wire bonded and sintered to the appropriate DC+, DC- and AC pad. The
developed module consists of 2 paralleled dies in each switch position. The body diodes of the SiC
MOSFET dies are utilized instead of the external antiparallel diodes [33, 45]. A Rogowski coil
passes through the low side wire bonds in order to observe current sharing behavior. The focus of
this paper is on current sharing behavior and characterization of the power module while previous

work emphasized the challenges and methods associated with the fabrication process [45].
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Figure 1-33. Fabricated 1.2 kV, 6.5 mQ SiC half-bridge power module

The properties of silicon carbide (SiC) MOSFET devices such as high-power density capabilities
[1], high temperature operation, and low losses [2] make them more desirable for use in power
modules compared to Si IGBTs. Furthermore, lower switching times enable high switching
frequency operation, reducing the passive components in the system, further improving power
density [3]. With these advantages comes the need for updated packaging techniques to fully utilize

these benefits.
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Chapter 2 Design of a Balanced Power Module for Automotive

Applications

2.1 Introduction

The design elements of interest in this research project include a symmetrical DBC layout to
mitigate the impact of package parasitics on the unbalance of current sharing for paralleled dies.
Paralleled dies are selected together based on measured threshold voltages in order to increase the
likelihood of balanced dynamic current sharing in a control module or intentionally create
unbalanced current sharing in an experimental module. The gate interconnection is made from
flexible PCB as opposed to wire bonds, reducing the gate loop inductance. Lastly, the body diodes

of the MOSFETSs are used in placed of external anti-parallel diodes to increase power density.

2.2 Survey of Power Module Packaging Techniques and Limitations

The increased switching speed of SiC devices, higher di/dt and dv/dt, can lead to more severe
unwanted overshoots and noise due to parasitic inductances and capacitances. For example, the
stray inductance of the commutation loop can lead to overvoltage [39]. Multiple methods have

been proposed and tested to reduce the parasitic elements of the circuit.
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With classical packaging materials, direct bond ceramic (DBC) substrates and wire bond
interconnections, there are multiple efforts to optimize the layout, including stacking or layering
of the DBC which replaces leads and interconnections with electrical press contacts [42]. A similar
method stacked the negative terminal on its own substrate onto the base substrate in order to
provide a wide and parallel current return path and minimize the commutation loop area [46]. [47]
utilized the bottom side of the DBC and a folded copper piece connected the DC- bus on bottom
to DC+ bus on top which leads to a 3.4 nH power loop inductance. Another method integrates the
DC link capacitor into the package to achieve a 7.2 nH commutation loop [43]. An International
Rectifier (IR) half-bridge module implemented a common terminal which reduces the package
inductance to less than 8.4 nH and is easily scalable [48]. The IR design ensured proximity of the
negative and positive terminals in the symmetric pattern which increased the reliability of current
sharing measurements.

Wire bondless solutions take advantage of the fact that wire bonds are a primary mode of failure
in power modules. They also increase inductance and limit current carrying capacity. Therefore,
[49] designed a GaN power module with the power and signal connections of the embedded chip
directly attached to the DBC substrate to obtain a high frequency and high power system.

Another perspective is utilization of PCBs in place of the DBC substrate which allows for lower
cost, high volume production. Active and passive components can be embedded into the module.
Furthermore, decoupling capacitors can be soldered directly to or close to the die, reducing the
current pathway. Finally, dies can be stacked within the PCB as another means for lowering stray

inductance [50, 51].
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Multiple half-bridge power modules were surveyed to compare number of top and bottom side
dies, power loop inductance, whether the design included external diodes, and the presence of an

external gate resistor embedded into the package [23, 32, 33, 46, 48, 49, 52, 53].

2.3 Module Design

2.3.1 Symmetrical/Balanced DBC Pattern and Current Sharing Simulation

A balanced and symmetrical DBC layout increases the likelihood of current balance in the
commutation loop. When not balanced, each die will experience different current loads especially
during turn-on [34]. One balancing method utilizes the split-output DBC layout, which attempts
to decouple the body diode and junction capacitance to improve balance of paralleled dies [54].

The method utilized in this paper is a design with symmetrical pathways in the commutation
loop (Figure 1-32). A large current return path allows for the positive and negative power terminals
to be closer together, which decreases the inductance between the two. The inductance can be kept
small by designing short conduction paths with enough space among dies for thermal management
[33]. Designing the current pathways for balancing the current loop involved iterations of the
module layout to ensure symmetrical geometry; for example, positioning the DC leads directly in
the center of the DC+ and DC- substrate pads. The DC negative trace wraps around the perimeter
of the module allowing the current to flow through symmetrical pathways; current will not be

passed through either die more than the other as a result of asymmetrical parasitics (Figure 2-1).

38



DC + terminal

DC- terminal

DC+ terminal

DC - terminal

40 (mm)

Figure 2-1. Symmetrical DBC layout for symmetrical parasitic inductance in the current pathway

In order to simulate the symmetry, the module parasitics and the flexible PCB were extracted
(ANSYS Q3D) and exported into LTSpice along with an existing Wolfspeed die spice model.
Figure 2-2 shows the configuration of the power module in which the two bottom positions in the
half-bridge were analyzed. The current was simulated for unbalanced and balanced power loops
indicating that a balanced design leads to less current and thus less thermal stress on the die in

Position C (Figure 2-3).

[ DC + Terminal ]

_mfF |

Position ( Position D

IFT

[ DC -Terminal ]

Figure 2-2. Dies in Position C and D in parallel act as the bottom side switching device
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Figure 2-3. Simulation of the current sharing characteristics for a symmetrical and non-symmetrical

design

2.3.2 Die Placement based on Threshold Voltage

One method of balancing the current is tuning the wire bond length to achieve equal path
inductances [34]. Other options to improve unbalance are DBC layout adjustments as described
above, die placement, and the bond wire geometry. Therefore, the other design feature of this paper
is selection of die with similar and dissimilar static characteristics to observe the impact of
balanced and unbalanced dies on current sharing behavior.

Figure 2-5 shows the threshold voltages of the dies measured using a B1505a curve tracer from
Keysight. A test fixture was made so that spring-loaded pins touched the gate, source, and drain
pads of the bare die. 3 terminals protruded from the fixture which could be used in the curve tracer

(Figure 2-4).
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Figure 2-5. Threshold voltages of bare dies measured with the Keysight B1505a curve tracer

A total of nine modules were fabricated and will be identified by whether they are balanced or
unbalanced and the number of the module. Dies were then selected with either similar or dissimilar
threshold voltages accordingly for the balanced and unbalanced modules. For balanced module
(4), Die 23 and 31 have similar threshold voltages and are paralleled in the top switch and Die 32
and 40 have similar threshold voltage and are paralleled in the bottom switch (Figure 2-6). The
paralleled dies in each switch position turn on at the same time. For balanced module (6), Die 34
and 20 have similar threshold voltages and are paralleled in the top switch and Die 18 and 19 have
similar threshold voltage and are paralleled in the bottom switch (Figure 2-7). For unbalanced
module (8), Die 26 and 28 have similar threshold voltages and are paralleled in the top switch and

Die 39 and 27 have dissimilar threshold voltage and are paralleled in the bottom switch (Figure
41



2-8). For unbalanced module (9), Die 35 and 37 have similar threshold voltages and are paralleled

in the top switch and Die 24 and 29 have dissimilar threshold voltage and are paralleled in the

bottom switch (Figure 2-9).
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Figure 2-6. Die selection for a balanced power module (4) based on threshold voltages
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Figure 2-9. Die selection for a unbalanced power module (9) based on threshold voltages

(i) On-state resistance measurement
Ideally, the research would evaluate both the impact of dies’ threshold voltage and on-state
resistance. However, this requires an accurate relative measurement of the dies’ characteristics so
that the dies can be selected with dissimilar and similar on-state resistance measurements.
Unfortunately, the bare die test fixture did not allow for accurate or precise on-state measurements.
The values were in the 15-30 mQ range instead of the expected 13 mQ (Figure 2-10). CREE was
consulted which explained that die testing is typically done on the fabricated wafer before being
cut. Therefore, the source pad has much better contact than the bare die test structure we created.
Accurate measurements were observable once the die was fully and properly packaged; however,

that value corresponds to the paralleled dies and not each individual die. Not only were the values
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too high, the relative values among dies were inconsistent so that it was not possible to determine
similarities (Figure 2-11).
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2.3.3 Flexible PCB for Gate Connection

Due to the faster switching and high dv/dt of SiC devices, the control loop is more susceptible
to oscillations and noise coming from the power stage. Often the gate and power loops share
parasitic inductance connected to the source of the dies, coupling the two loops. Additionally, the
gate-source inductance, Lgs, is large because the current pathway and terminal often have high
inductance (Figure 2-12). Noise in the power loop can be transferred to the gate loop because of
the coupling and a large Lgs leads to significant gate loop noise, unintentionally turning the device

on and off repeatedly which can damage the device or surrounding circuitry (Figure 2-13).

Drain
— %l
N

L,

Ip

Rise in Vos —_ o« Propete

Figure 2-13. Voltage surge in Vas and gate inductance can cause gate ringing which may lead to
unintentional turn on and turn off [55]
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Therefore, a flexible circuit is utilized for the gate loop as well as connections to the drain and
source (Figure 2-14) to reduce the inductance typically more present when wire bonds connect the
gate of the die to external leads. Wires have higher inductance as they are long and thin, whereas
a flexible PCB in comparison, is essentially two copper planes stacked upon one another (Figure
2-15); copper planes have relatively lower inductance due to the higher ratio of area width to length
and the mutual inductance of stacked copper planes also helps reduce the relative inductance
(Figure 2-16) [40]. This method also decouples the gate and power loop with the use of kelvin

source connections (Figure 2-17).

Flex circuit connects
directly to the SiC die

Desaturation
Test Point

External gate
resistors

Figure 2-14. Connection of flexible PCB to die and substrate

Kelvin Gate
Source

Figure 2-15. Overlap of kelvin source and gate planes reduces loop inductance

47



Flex PCB and wire bond:
1.8 nH

Two layer flex PCB:
0.52 nH

Figure 2-16. Comparison of flexible PCB and wire bond inductances simulated in Ansys Q3D

Drain

Gate L >
driver 9s

< Lds
Ly

s
Source

Figure 2-17. Adding kelvin source connection decouples the gate and power loops and reduces Lgs

Flexible PCB also increases contact surface with the die and subsequently improves heat
distribution [40]. Modes of wire bond weakness and failure include mechanical stress and bending
and thermal expansion mismatch between the wire and the die. In addition, mechanical damage
can occur from the ultrasonic power or bonding force [56]. Temperature swings can eventually
lead to crack failures and lift off [57]. Researchers have sought alternative methods for wire bonds

which include using metal structures, ceramic, or polymeric connections; another solution is a
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nickel coated die surface which demonstrated higher reliability in the nickel-aluminum contact at
high temperature [56]. Implementation of flexible PCB with the use of solder attach could possibly

mitigate the failure modes common to wire bonds (Figure 2-18).

Figure 2-18. Wire bond failure mechanisms [58]

The base material of the flexible PCB is a double layer of 0.5 oz. copper separated by 25 um
polyimide. The final finish is electroless nickel immersion gold (ENIG) with a cover layer of 25
pum polyimide and 25 um adhesive. The final copper weight after processing is around 1 0z.; details
provided by Q-Flex Inc. The flexible PCB was designed so that external gate resistors could be
soldered onto the top. This method takes advantage of the 3D structure so that the space above the
die can be used. The flexible PCB bends upward and three wires provide external connection to
the gate and kelvin source on the die and the desaturation connection on the substrate (Figure
2-19). In addition, the use of the kelvin source connection to the die may reduce current coupling

[20].
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Kelvin

L source pin .
Drain pin \ , Gate pin
t 1

2 mm

11
LA

Exposed pads
Drain for connecting

to die
\

Gate

Source

a) Exposed pads for connecting resistors

b)

Figure 2-19. a) Top view of the flexible PCB from Altium designer, b) bottom view of the fabricated

flexible PCB, and c) substrate with dies displaying connection points for flexible PCB

2.3.4 Use of the Body Diode in SiC MOSFET

Placement of the SiC MOSFETSs and antiparallel diodes can improve power commutation [37,
59]. However, by using the body diode in the SiC MOSFET during dead time instead of external
antiparallel diodes, even higher power density and lower cost is achievable [33]. In the case of Si
MOSFET, the high reverse recovery loss negates the benefit of using the body diode [60] whereas

it was found that with Wolfspeed’s 1200 V, 13 mQ SiC MOSFET, the reverse recovery of the
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body diode does not contribute as much to the switching losses and the temperature does not have
an effect either [61]. The stability of the body diode was verified in [62] although some research
suggested forward biasing the body diode could reduce conduction current and increase leakage
current [63]. Multiple studies have explored the feasibility of modules without external antiparallel
diodes with promising conclusions of reverse recovery behavior in body diodes comparable to
external diodes, more than twice the power density, and half the switching losses of similarly rated
commercial modules [33, 60]. Therefore, for this device it is suitable and of interest to use the

body diode in the SiC MOSFET for a smaller design.
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Chapter 3 Power Module Fabrication

3.1 Package Material Selection

Table 2. PACKAGE MATERIALS

Selected Material Reason
Solderability, | CTE,
Substrate Au coated DBC - AIN 1 k (170 W/mK)
Die attach Kyocera nanosilver paste Pressure less
Die CREE CPM3-1200-0013A 12 kv 13 me | Voltage, robust body diode, low

resistance

Die interconnect

10 mil Al wire bonds
(8 per die)

Manufacturability

Gate loop interconnect

Cu and Al flexible PCB
(Au and Cu plating)

| inductance vs. wire bonds

Power terminals

21 mil Cu plates

Manufacturability

Baseplate attach

Sn63/Pb37 solder preform coated in flux

Void mitigation

Housing

Machined Duratron U1000 PEI

170 °C continuous performance

Heat sink

ATS-56005-C3-R0

Dimensions

Heat sink attach

Saint-Gobain C675

Manufacturability

Encapsulant

Nusil R-2188

High temperature capability
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https://www.wolfspeed.com/power/products/sic-mosfets/cpm3-1200-0013a

+— Power terminals
Signal terminals
Die interconnection
Die (SiC MOSFET)
Die attach
Q Housing for encapsulant

\ Substrate

Baseplate attach

|

Copper baseplate
™ Heat sink

Figure 3-1. Elements of a package

3.1.1 Substrate Selection

Classical modules are built on a direct bonded copper (DBC) substrate which includes an
internal ceramic insulation layer covered by top and bottom layers of copper. The ceramic of
choice was aluminum nitride, AIN, and the copper was attached as direct bonded copper (DBC)
as opposed to an active metal brazing (AMB) method (Table 2). The coating was electroless nickel
followed by immersion gold. An AIN substrate has better thermal conductivity than alumina
(Al,03) and is more readily available than other substrates like silicon nitride (SisNis) [64]. Initial

tests utilized alumina but thermal cycle testing confirmed lower thermal reliability [33].

3.1.2 Attachment Selection

To attach the die to the gold coated substrate, a nanosilver sintering paste from Kyocera is used
in pressure-less conditions (Table 2). Because the terminals and baseplate must be attached after
the flexible circuit, using sinter paste allows for more flexibility in choosing solder pastes with

compatible heat profiles. The power terminals are connected using solder paste. The copper base
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plate is connected using a flux-coated solder preform to prevent voids and achieve better thermal
impedance. In order to operate at high temperature with enough durability, all heat profiles should

have a melting temperature above 175° (Table 3).

Table 3. Liquidis Points of Attachment Materials

Component Selected Material | Liquidis upon curing (°C)
Die sinter [65] Kyocera nanosilver 961
paste
Flexible PCI_3 and Power Sn96.3/Ag3.7 291
terminals
Baseplate Sn63/Pb36 183
solder preform

Lifetime of power modules is highly dependent on the strength and reliability of the layers and
materials connecting the passive and active components. Solder fatigue is a primary failure
mechanism in power modules and thus, alternative technologies are desirable [32, 57]. Silver
sintering technology is superior to solder technology in every way apart from cost as demonstrated

by from Table 4 and is a lead free alternative [63].

Table 4. Solder and Sinter Property Comparison

Propert unit Solder layer Ag diffusion
perty SnAg(3.5) sinter layer

Melting point °C 221 961
Thermal W/m/ 70 240
conductivity K
Electrical MS/m 8 41
conductivity
Layer thickness pm ~90 ~20
CTE ppm/K 28 19
Tensile strength MPa 30 55

Nanosilver sinter paste has many beneficial properties including low processing temperature,

no aging at room temperature, insensitivity to strain rate, low thermal resistance, strong electrical
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and dielectric properties, and a highly reactive surface [65-68]. This is result of the combined
properties of polymer matrices and nanosilver fillers [65]. An alternative material for future
investigation is copper sinter paste which demonstrated comparable shear strength but at a much
lower cost than nanosilver sinter paste [43]. An extensive study was conducted on various silver
sintering pastes and Kyocera nanosilver paste with resin reinforcing (CT2700R7S) was selected
because it had high shear strength and minimum voids even when cured without pressure and in

air.

3.1.3 Housing and Encapsulant Selection

Lastly, a housing structure is made from Duratron U1000 polyetherimide (PEI) from Quadrant
which performs well up to 170°C. The structure secures the encapsulating material, Nusil R-2613,

allowing for higher power performance.

3.2  Module Fabrication

3.2.1 Substrate Patterning and Cutting

The DBC substrate is patterned substrate with Kapton tape mask and ferric chloride etch (Figure
3-2). The Kapton tape protects gold and copper parts that form the conductive traces while exposed

gold and copper on the substrate are removed using ferric chloride (Figure 3-3).
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Figure 3-3. Patterned substrate after etching of unwanted metal using a Kapton tape mask

AIN ceramic is particularly tough to cut and therefore, 20-30 iterations of laser cutting are
required and it is critical to make sure the laser is focused at the height of the ceramic as opposed
to the height of the Kapton tape layer as before. Lastly, a modification of the DBC substrate is

required to accommodate the wire bonds on the bottom switch (Figure 3-4).
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Figure 3-4. Undesirable bend in bottom device wires b. new design (white) vs old design (red) ¢. New vs old

substrate pattern

3.2.2 Attachment Material Heat Profiles

To attach the die to the gold coated substrate, a nanosilver sintering paste from Kyocera is used
in pressure-less conditions (Figure 3-5). The power terminals are connected using solder paste
(Figure 3-6). The copper base plate is connected using a solder preform to prevent voids and
achieve better thermal impedance (Figure 3-7). Careful attention must be paid to the order and

material of the attaching pastes.
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Temperature, T(°C)

250 —
225°C, 90 min
200 —
150 —
100 —
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Figure 3-5. Heat profile for Kyocera nanosilver paste sintered under P=0

Peak max: 260°C
Peak: 250°C

Peak min: 240°C
Liquidis: 221°C
Solidis max: 175°C
Solidis min: 150°C

250°C (482°F

175°C (345°F)

150°C (302°F)

Preheat time: 60-120 s

Liquidis time: 30-60 s

Peak max: 260°C
Peak: 235°C

Peak min: 215°C
Liguidis: 183°C
Solidis max: 150°C
Solidis min: 100°C

3.2.3 Die Attachment

25°C (77°F)

Jm—— N

221°C (430°F)

tg

Preheat

t

sec

Figure 3-6. Heat profile for Sn96.3/Ag3.7 [69, 70]

___________________________________________________________ ~

235°C (455°F)

183°C (361°F)

150°C (300°F)

100°C (200°F)

25°C (77°F)

30sec

120sec
Time

150sec

210sec 240sec

sec

30sec

120sec

150sec

Figure 3-7. Heat profile for Sn63/Pb37 [71]
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The silver sinter paste is extruded in squares using a laser cut Kapton mask as a stencil (Figure
3-8). The printing process uses a squeegee to create a flat surface to prevent voiding (Figure 3-9).
A vacuum pen is a simple but beneficial tool for picking up and placing the dies on the center of
the printed squares of silver sinter paste. After the dies are placed onto the silver paste, each one
should be moved slightly to ensure the paste contacts with the entire bottom side of the dies. Then,
the Kapton mask is removed (Figure 3-10). Lastly, the substrate is put through a heating profile

(Figure 3-5) using a programmable hot plate (Figure 3-11).

Kapton
Pattern
Die
Placement

Figure 3-9. Sinter paste printed into Kapton mask
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Figure 3-11. Substrate placed onto programmable hotplate

Test dies were sheared using the Nordson DAGE 4000 Multipurpose Bondtester (Figure 3-12).
An ideally sheared die will have attachment material coating both the die and the substrate
indicating no significant voids in the attachment joint, which was mostly the case experimentally
(Figure 3-13). The shear strength should be above 5 kg according to MIL-STD-883E, 2019.5 Die
Shear Strength. The test dies sheared at 69.5 kg and 40 kg, 21.6 MPa and 12.4 MPa, respectively

(30). This demonstrated that the die attachment methodology and material were sufficient.
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2 30
MPa — Force (kg) e 1ot cem?) g (m) e 1o-6 (MPa) (30)

Size (cm?) m? s? Pa
m
g = 9.80665%
kg
m x s2
Size (cm?) = 0.725 cm * 0.436 cm = 0.3161 cm?

Pa =

F1=69.5kg =21.6 MPa
Fy =40kg =12.4 MPa

Figure 3-13. Sheared die with bottom side coated in cured nanosilver sinter paste

3.2.4 Die Interconnection
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The sources of the paralleled top side die are connected to the AC pad and the sources of the
bottom side die are connected to the DC- pad with 10 mil Al wire bonds using the tpt HB30 heavy

wire bonder (Figure 3-14).

Figure 3-14. tpt HB30 Heavy Wire Bonder

To allow for high currents to flow through the power module, eight wire bonds are needed per die
(Figure 3-15). Specifically, each bond wire can carry 15 A (31) so the wire bond constraint for
each die is 120 A. In addition, based on the recommendations from the wire bonder, the spacing
between wire bonds should be about 1.14 mm and the pad size should be 25 mil x 40 mil.

[ =kxd's (31)
d = diameter of wire-bond = .01 inch

K:

A

\/% = constant based on material = 7,585
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Figure 3-15. 8 cascaded wire bonds per die

Rogowski coils are used to monitor the current behavior. In order to ensure the stability of this
measurement method, the wire bonds of the bottom side die are placed with arches that have a

diameter slightly larger than the Rogowski coil (Figure 3-16).

Figure 3-16. Wire bonds tall enough to fit Rogowski coil loops underneath

Lastly, a wire pull test is conducted using the Nordson DAGE 4000 Multipurpose Bondtester.
According to MIL-STD-883F, 2011.7 Destructive Bond Pull Test (Figure 3-17), the minimum pull

force of each bond should be above 100 g and all test bonds passed (Figure 3-18).
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Figure 3-17. Microscopic view of the pull test

Test Detail

Test Force

380.71¢
33535¢
32710¢
37715¢
238.72 ¢
38564 ¢
306.55¢g

NOOE WN =

Type
Pass
Pass
Pass
Pass
Pass
Pass
Pass

Figure 3-18. Destructive wire pull test results

3.2.5 Flexible PCB Attachment

Attaching the flexible PCB on the bare die is challenging due to heat sensitivity of the die,
incompatibility of some attachment materials to the die, and the small area available for attachment
which can lead to shorting of the die terminals. Solder paste, due to the excess flux, is less viscous
and placement of the paste will change during curing as the flux burns away which could create
electrical shorts. Sinter paste has higher viscosity so the placement before curing and after curing
is nearly unchanged; this property is beneficial because the attachment material needs to be

constrained to the small pads of the die. Sinter paste was the original material choice because it
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would not melt during the curing steps for the power terminals and baseplate later. However, the
sinter paste has poor pull strength despite strong shear strength which led to cracking in many of
the joints and repeated failure of the bonds (Figure 3-19).

Therefore, the flexible PCB is attached using the solder paste; typically, this process is not
feasible because bare dies often have an aluminum topcoat compatible with aluminum wire bonds

but not with nanosilver or solder paste (Figure 3-20).

Strong connection to copper on flex PCB

Poor connection to copper on flex PCB

Figure 3-19. Connections with sinter method

Figure 3-20. Microscopic image of sinter paste not adhering to aluminum surface of die
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The dies for this module have a nickel: gold topcoat. Furthermore, additional space (0.6 mm) is

added between the gate and source pads to reduce the likelihood of shorting (Figure 3-21).

Figure 3-21. Die with nickel:gold topcoat and space around the gate terminal

Small, laser-cut Kapton masks constrain the paste to the 0.5 mm x 1.2 mm gate and source pads
of the die (Figure 3-22). The size of the Kapton mask requires careful placement underneath a
microscope. Once secure, the open space is filled with solder paste and the mask if removed.
Lastly, a piece of double-sided Kapton tape sits underneath the position of the flexible PCB to
secure it when curing (Figure 3-23). In order to align the flexible PCB over the gate and source of
the dies, the gate and source wings are bent and the length is adjusted in order to fit the unique

location of each die (Figure 3-24).




C
Figure 3-22. a) Laser-cut Kapton mask dimensions, b) size perspective against tweezers, and c) only 1.13

mm between gate and source of the die

c)

Figure 3-23. Microscopic image of a) solder masks placed onto dies, b) filled with solder paste, and c)

masks removed with double-sided Kapton tape placed on substrate below flexible PCB
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Figure 3-24. Microscopic image of a) flexible PCB secured onto die and substrate and b) tweezers used to

carefully align flexible PCB pads onto the source and gate of the parallel dies

The flexible nature of the PCB allows for unique positioning onto the dies but also creates
elasticity in the connection; without downward force, the flaps will pop up and prevent a strong
connection to the dies (Figure 3-25). In addition, the flexible PCB may shift during curing which
may reduce the strength of the connection or completely disconnect (Figure 3-25). Therefore, a
fixture is fabricated that applies pressure to the four flexible PCB flaps above the four dies in the

module (Figure 3-26).
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b)
Figure 3-25. Microscopic image of a) flexible PCB flap pulled upward by elastic force and b) shifted flap

away from the source and gate pads of the die

Figure 3-26. Fixture for use during curing of the flexible PCB connection

There are four screws with the correct dimensions to fit onto the flexible PCB flaps. After the
flexible PCBs have been secured onto the double-sided Kapton tape and dies, the substrate is slid

into the test fixture. Each screw is iteratively turned and lightly touch the flexible PCB before
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tightening (Figure 3-27). It is very important to only turn the screw slightly once contact has been

made; the flexible PCB should not move easily but too much pressure will damage the dies.

Figure 3-27. Microscopic images of screws flush against the flexible PCB flaps

3.2.6 Power Terminals

The original design for the power terminal connection was creating pins that would interface
with vias on the capacitor bank board (Figure 3-28). A stronger connection is designed with screw
holes on the power terminals and the capacitor bank board which requires updates to the capacitor
bank PCB (Figure 3-29-Figure 3-31). A metal hole puncher is used to create screw holes on the
power terminals before the terminals are bent using pliers. In the future, it is recommended to
purchase power terminals because cutting and bending the terminals manually will not create a
perfectly flat connection surface [72]. Fabricated busbars are affordable and fast and therefore the
cost and time is not too extreme to warrant in-home fabrication. However, the final design is
effective at providing power to the module. The current carrying capacity of the DC and AC

terminal is estimated using a formula for PCB traces which determined that the DC terminals could
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carry up to 360 A and the AC terminal could carry up to 110 A (32) [73]. The thickness of the

terminals is 21 mil and the “k” value is selected based on classifying the trace as an external layer.

| = kATO94440725 (32)
Using 0.55 mm (21 mil) copper planes
Where:

Apc = 14.3 mm?
Ay = 2.75 mm?
AT = 50°C
k =0.048
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c)
Figure 3-29. a. New design of power terminals with screw connections; b. the power terminals sit flush

against the capacitor bank board c. which required updates including adding screw holes and extending the

board

Inductive load
connection

Screw holes for
Vdc + and Vdc —
power terminal
connection

Screw connection
to capacitor bank

a)

Figure 3-31. a) Final design of the power terminals b) which interface with the capacitor bank using

b)

SCrews
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3.2.7 Thermal Management

A copper baseplate is utilized for spreading heat and a heat sink and fan are used to remove heat
from the module. The copper baseplate is attached with a flux-coated Sn63/Pb37 (Figure 3-7)
preform (Figure 3-32). To evaluate the effectiveness of the connection, an x-ray image was made
of two samples (Figure 3-33). However, the copper was too thick to observe contrast in the solder
layer. Therefore, the samples were sent to the National Renewable Energy Laboratory (NREL) in
order to use a C-mode scanning acoustic microscope (C-SAM) to evaluate the voiding in the solder
attachment layer (Figure 3-34). The C-SAM analysis demonstrates less than 7% voiding in both

samples which is less than the 50% expected maximum for effective bonding.

: 1 Sn63/Pb37
solder preform
coated in flux

1. Clean substrate 2. Place preform 3. Lay substrate
and baseplates on baseplate on preform

4. Reflow
preform
A D
73

Copper is too thick to see
contrast of potential voids

I\ —_



Figure 3-33. Baseplate attachment process for the two test samples and x-ray image of the sample

Sample 1: 6.92% voids

Figure 3-34. C-SAM image of the voids in the solder attachment to the baseplate

Figure 3-35 presents the process for attaching the baseplate to the power module with the last
images showing the cured layer in between the baseplate and substrate. The heat sink, ATS-56005-
C3-R0, includes an adhesive, high-performance thermal interface material, Saint-Gobain C675
[74]. Lastly, the fan used for cooling during the continuous testing is PF40561BX-000U-S99
which has an air flow of 31.7 CFM. Using an airflow calculator based on a 40 mm circular duct,
the air velocity is calculated as 2.98 m/s which is used to estimate the thermal resistance of the

heat sink [75, 76].
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Figure 3-35. Processing for attaching the baseplate to the power module with cured layer displayed

3.2.8 Housing and Encapsulant

Housing for the power module can serve multiple purposes. If the package needs to be hermetic,
impervious to moisture and gas, or functional in high-temperature environments, it may be
important to pay attention to the material or manufacturing process [19, 56]. In this case, the main
purpose of the housing is to hold the encapsulant in place as it cures from liquid to solid. The
housing could provide more protection for the module as well. The rectangular housing rests on
top of the baseplate and should be sealed around the substrate (Figure 3-36). The primary design
constraints are ensuring it does not melt or become unreliable at 175°C, the approximate
temperature for an automotive environment. The material of choice is donated Quadrant Duratron
U1000 PEI, polyetherimide which performs in continuous use up to 170°C [77]. Randy Waldron,

the Laboratory Instrument Maker with Virginia Tech Industrial and Systems Engineering machine
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shop cut the material (Figure 3-37). It is attached with generic sealant from the hardware store and

cures in 24 hours (Figure 3-38).

54 mm Substrate

Housing fits on top
of copper and
around substrate

32 mm

. Copper Baseplate
41 mm

Figure 3-36. Approximate dimensions of housing to rest on the baseplate and edge of the substrate

Duratron U1000 PEI

Figure 3-37. Duratron U1000 PEI material and housing machined by Virginia Tech
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Figure 3-38. Attachment of housing with generic sealant

Encapsulant provides mechanical and electrical insulation for the power module [19, 56]. Nusil
R-2188 is cured by mixing two parts equally. The instructions for encapsulation are described and
shown below (Figure 3-39) which include two degassing stages to remove bubbles which could
cause shorting and destruction of the module. In order to utilize the Rogowksi coils after
encapsulating the module, plastic tubes are looped underneath the bottom switch wire bonds
(Figure 3-40).

Encapsulant instructions:

1. Use gloves
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Remove metal guard from tube

Remove plastic cap; use flat screwdriver or other tool to wedge it out because it may be
sealed shut

Mix Part A and Part B equally by pushing down on the tubes

Stir well

Place in vacuum to remove air bubbles for 30 minutes minimum at room temperature
Pour into module, place in vacuum to remove any bubbles

. Cure according to datasheet

Vacuum instructions:

LN

N OA

1. Make sure top right vent knob (black with white sticker) is closed (vents the chamber)

2. Make sure vacuum knob (larger bottom right) is open (opens connection to pump)

3. Close door

4. Start the pump (under the table) by flipping the switch

5. Press against the door to improve the seal. Only need to do this for a couple of seconds
and then the vacuum will hold the seal for you.

6. Once pressure gets to ~28, close the vacuum knob (closes connection to pump)

7. Turn off pump

8. Once done, open vent knob to vent the chamber (door will open automatically)

9. Reset: close the vent knob and open the vacuum knob

Figure 3-39. a. Two parts of encapsulant are mixed producing bubbles b-c. Bubbles are removed using a
vacuum d. Encapsulant is poured into the module producing bubbles e. Bubbles are removed f. Encapsulant

is cured at 70°C for 4 hours
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Figure 3-40. a. Rogowksi coil coated in Kapton tape for protection against scratching b. Rogwoski coil

looping through plastic tubing and under bottom switch wire bonds

Module 9 was covered firstly with 2 layers of Silicone Conformal Coating (Dielectric) from
MG Chemicals then 2 layers of Liquid Tape Spray from Performix (Figure 3-41). In theory, this
would allow for monitoring of the temperature for individul dies because the black coating is non-
reflective for the infrared camera. This method did not work well in our test setup; others have
managed to achieve favorable results so we may not have used a large enough resistance to
accentuate losses, had too thick of a dielectric layer, or had too much cooling from the fan [59]. In
addition, the liquid tape was placed into the vaccuum as it cured but the cure time is a few minutes
as opposed to many minutes or hours for Nusil R-2188 which provides time for the bubbles to
come out of the liquid and then resettle flat; the bubbles in the liquid tape created craters that

remained after curing.
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Figure 3-41. Module 9 alternative encapsulation technique for black surface IR camera compatibility

3.2.9 Summary of Fabricated Module Yield

Nine modules were fabricated; four modules broke due to wire bond force breaking the dies,
problems with the flexible PCB, and gate-source shorting. Five modules were fully fabricated and
tested, two balanced and three unbalanced. One module (7) had a drain-source short on the top
switch; the wire bonds were cut to disconnect the top dies and a diode was placed from DC+ to
AC. Lastly, the last module (9) was not encapsulated in Nusil R-2188 silicon gel but with insulating
spray in order to have a more access to the dies for thermal measurement which will be explained

in the thermal testing chapter.
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Module Status Issues

Pin snap

1 Brcken G-S on flex
Balanced shorted in repair
attempt
3 Wire bond force
Broken
Balanced too strong
Flex was not
5 attached:
Broken G-S on die shorted
Unbalanced : :
during repair
attempt
Incomplete: Ceitdswitehand
‘ ould switch anc
2 Resistance P _l‘l_ i
Unbalanced on bottom = 1‘ et
- DrokKen
die 2x
“
a Complete
Balanced B
- Complete
Balanced it
Bot. switch blocks
7 Complete ey
Trbalanced - Top switch 400 V
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may be due to dust?
- Complete
Unbalanced g
9 Complete E‘Lclzpstlgtle(: V\;llh
Unbalanced o ap

insulating spray
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Chapter 4 Power Module Characterization

4.1 Static Characterization

Introduction

To test the functionality of the half-bridge, SiC power module, firstly, a static characterization
is performed using the Agilent B1505A curve tracer. The modules are hooked up with the power
applied to the main terminals and the sensing functionality attached to the flexible gate, kelvin
source, and drain connections (Figure 4-1-Figure 4-2). Static characterization provides information

about whether the devices are functioning properly and helps determine operating constraints.

Test Configuration

Drainsense  Drain power

|— -

Gate power : V
Hd T ¢

Vug =

Gate sense = .
Kelvin source

Source sense ?
Source power
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Figure 4-1. Static characterization test configuration using the Agilent B1505A curve tracer

Figure 4-2. Static characterization test set up using the Agilent B1505A curve tracer

4.1.2 Static Results

Four fabricated modules are below 100 pA leakage current up to 600 V and those that are
encapsulated in Nusil R-2188 reached 1.5 kV (Figure 4-3). The bottom and top side devices begins
conducting current between 2.1 and 2.5 V applied across the gate and source as expected reaching
100 A between 6 and 8 Vgs (Figure 4-4). The on-state resistance for top and bottom switch positions
is between 5.5 and 7 mQ which is expected with two 13 mQ die in parallel (Figure 4-5). Lastly,
the output curves demonstrate 60 A conduction at less than 500 mV with the recommended 15 Vs

(Figure 4-6).
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Figure 4-4. Transfer characteristics with 10 V applied across Vas; top switch is red, bottom switch is blue
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Figure 4-5. On-state resistance with 15 V applied across Vgs; top switch is red, bottom switch is blue
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Figure 4-6. Output characteristics with a 7, 9, 11, 13, and 15 V applied to Vs; top switch is red, bottom

switch is blue
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4.2  Dynamic Characterization
Introduction

To characterize the dynamic performance, the power module is tested under different load
currents using a clamped inductive load tester (Figure 4-7). If any of the impedance parameters of
the pathways are mismatched, current distribution among the dies can be unequal. In this case, the
inductance for both current pathways are the same because they share the load inductance. In
addition, any parasitic inductance introduced by the module will be similar due to symmetrical
DBC design. Therefore, the current should increase at a similar rate due to inductance. Often, static
current sharing is dominated by the on-state resistance of the dies; because the on-state resistance
of the modules could not be controlled, there may be unpredictable differences in static, on-state

current rise.
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Figure 4-7. Double pulse test setup with die current monitoring

The individual die currents in the bottom switch (position C and D from Figure 2-2) for the
module are monitored. These currents are measured using Rogowski coils which are looped around
the wire bonds of the bottom die (Figure 4-8); the wire bonds have been attached with high loops
to fit the coil (Figure 3-16). With this data, the effectiveness of the symmetrical DBC patterning
and die selection can be evaluated for balancing the shared current. Therefore, the gate driver PCB

must be configured in a way that allows for effective and safe use of the delicate Rogowski coil

loops.
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Figure 4-8. Rogowski coil interface with module

4.2.2 Gate Driver Design

The gate driver PCB has dual gate driver functionality so that the top devices and bottom
devices can be switched independently (Figure 4-9). It is designed with vias that attach to the gate,
kelvin source, and drain pins coming out of the flexible PCB (Figure 4-10). The thin design of the
gate driver provides space for the placement of the Rogowski coils measuring individual die
currents; the gate driver board sits above the pins of the flexible PCB but does not sit entirely

above the wire bonds of the bottom switches (Figure 4-9).

RTRACO | {
POWER -

Figure 4-9. Gate driver with top and bottom switch circuitry designed to be thin for the placement of the

Rogowski coils
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Figure 4-10. Pins of the flexible PCB interface with vias on the board

The gate drive layout for the bottom switch and simplified schematic are shown in Figure 4-11-
Figure 4-12. The isolated 1SO5851 gate driver IC is selected for benefits such as desaturation
protection and low propagation delay, which are crucial for SiC MOSFET applications. The source
current is only 2.5 A which could be insufficient with a driving voltage of 15 V and an approximate
2.95 Q minimum per die. Therefore, a ZXGD3006 current booster stage is utilized to achieve 10
A max driving current. The driving circuit sits close to the gate and source to minimize inductance
in the control loop [78]. Lastly, the MGJ2D241505SC power supply chip provides -5/+15 V for

driving the gate and is selected for its low capacitance.

TDN 3-2421WISM — 1S05851 — Isolated Gate Driver
Gate Driver Power
Supply

Current Booster

MGJ2D - Driving Desaturation Circuit
Power Supply
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Figure 4-11. Gate driver board layout
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6np L —— = put
- —% GND_ISO Current
Booster Rg,of f
—4V .

Figure 4-12. Simplified schematic of the driving circuit

4.2.3 Desaturation Circuit for Overcurrent Protection

Excessive current during a short-circuit event could damage the switch so overcurrent
protection is required. One method is commonly referred to as desaturation protection in which
the on-state voltage is monitored [79-82]. The protection circuit shuts off the device once a set on-
state voltage is reached, which is often referred to as a “threshold” or “desaturation”

voltage, Vys,,....noia- 1 HE threshold voltage is often set according to 2x the high temperature output

characteristics of the device. For example, if the device is rated for 120 A, the on-state voltage at

2x120 A, 240 A, based on the high temperature output curve could serve as the threshold voltage.
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Figure 4-13. Example schematic of a desaturation circuit

Often, the protection circuit includes a reference voltage, and a comparator. A current source is
attached to the top rail of the comparator which produces a current in the mA or pA range. The
current source, reference voltage, and comparator are either determined by the user or are part of
the internal circuitry of an integrated gate driver chip. The rest of the circuit includes either a diode
sense circuitry or resistors [81]. In the case of the diode sense circuitry, a high voltage diode is in
series with the device under test (DUT) which are in parallel with the comparator. The comparator

compares the reference voltage, V,..r, which will be referred to as the “desaturation voltage,”

against the combined value of the forward voltage of the diode, Vb far in series with the DUT on-

state voltage, V4. Lastly, a blanking resistor is in series with the high-voltage diode which can be
used to control and limit the reverse recovery current.

During normal OFF operation, the voltage across the DUT is high and no significant current is
flowing. The diode will block the voltage across the drain and source of the DUT during OFF
operation (Figure 4-14). During normal ON operation, high current passes through the DUT and

the on-state voltage is less than 4 V, V. (33). The total voltage of the diode and the DUT is less

than the desaturation threshold voltage and the diode is turned on (34). Therefore, the desaturation
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current created by the current source will flow in the forward direction through the diode and the

DUT without tripping the comparator (Figure 4-14).

Vdsthreshold > Vdson (33)
Vref > Vdson + Vwad + VRBLK (34)
OFF Current<b ON Current
Source Rpik  Dpesar Source 1 Rprk | Dpesar |
AAA !

J—_/\/\/\/—Nj VVV P nLgn
d ~| = pur F““ 44 | =Hpur
] FCrik L‘ g FChik

Vref
\v4 V

Figure 4-14. Desaturation circuit behavior during device ON and OFF states

During switching, Vds is either rising to or falling from its value in the 100s of volts (Figure
4-15). This changing voltage, dv/dt, interacts with the capacitance of the high voltage diode,
causing a small reverse recovery current (35). This current can be minimized with a low
capacitance diode. The time the reverse current flows can be minimized with a fast reverse
recovery response [80, 82]. During switching events, current flows backwards through the diode
and the desaturation circuit can sense the high voltage of the switching DUT. Without a delay, the

system would trigger the device to turn off due to safe, switching operation.

SWITCHING
Current Source Rprk | Dpesar
) & our
F-CpLk
o Vref !

Design Cgpx and Rppy large enough to delay and prevent false trigger and v
small enough to detect short circuit quickly (2-5 ps)
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Figure 4-15. Desaturation circuit behavior during device switching

Therefore, a blanking capacitor is placed in parallel with the DUT which charges from the
current provided by the current source, I.p;,, (either internal to the chip or external and selected by
the user), as well as the diode’s reverse recovery current, L..perse,Which together are defined as
Icharge (36). The time it takes for the blanking capacitor to charge creates a delay as the DUT
switches (37), once the DUT is off, the diode will be blocking or if the device turns on, the

desaturation circuit will see a safe, low, on-state voltage.

dV, (35)
Ireverse = Cp—desat * d—ts
dV, (36)
Icharge = Cp—desat * d_ts chip
Vier @37
tpik = Cprk * IL
charge

However, during a short circuit event, the current increases drastically and the on-state voltage
jumps above the normal operating value and the threshold voltage (38). The blanking capacitor
will begin to charge and since the combined voltage of the diode and DUT is greater than the

reference voltage (39), the device is turned off (Figure 4-16).
SHORT Current
CIRCUIT Source | Rpix | Dppsar

AAA
Fault !
_| -
=ChLi

vvy <
Vref L

~ Ut

TFI

Ll

v

Figure 4-16. Desaturation circuit behavior during a short circuit event
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< Vas,, (38)

VdSthreshold

Vier <Vgs,, + Vwad + Vepik (39)

4.2.4 Tuning the Desaturation Circuit

For this gate driver, the external desaturation (DeSat) protection circuit consists of a blanking
capacitor, a blanking resistor, a Zener diode, and a high voltage blocking diode. A resistor and
low-valued capacitor are used to fine tune the protection voltage level according to the operation
and the DeSat protection blanking time, which has to be approximately less than 4 us for many
SiC devices [79-82]. Often, the desaturation threshold voltage is set based on the on-state drain-
source voltage at elevated temperature, found using the output characteristics, for a peak turn-on
current assumed to be about 2X the rated current. The desaturation circuit after tuning is presented

in Figure 4-17 with a STTH212 high-voltage diode.

Current
ON
Source Rpix Dpesar

’\/\/\/l;fv-

Fault zener
HE =

—CrLK T

170|pF
Vref p

TfT

Low forward V clamps desat to Gnd

Y%

Figure 4-17. Desaturation circuit for this gate driver after tuning

The response time is tuned with the blanking resistor and capacitor because the resistor can
impact the reverse recovery current and the capacitor is positively proportional to the time it will

take to charge. Using a 150 pF capacitor and a 1 kQ resistor, the blanking time was 1.9 ps (Figure
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4-18). This was later considered a little too fast, so a larger capacitor is used to increase the
charging time and smaller resistor was used to reduce the reverse recovery current.

9V
500pA + 110pA

Current
ON <§
Source Rprx Dpgsar
_ '_AVAVAV '1@ »H—
zener
-
41 M DUT
__CHLK _{ H
150/pF

Figure 4-18. Tuning desaturation response time with blanking capacitor

To achieve the set threshold voltage, the voltage of the diode and resistance is subtracted from
the reference voltage (40). In this case, the reference was 9 V and the diode voltages were
approximately 6 V, so the threshold voltage would be 3 V.

Vasiresnota = Vrer = Vbpwa = Vosener = VRowx  (40)

Experimentally, the diode voltages were 5.31V and the threshold voltage was 2.95 V (the
reference voltage was 8.21 V experimentally). The diode voltage was confirmed by measuring the
voltage before the blanking resistor to ground after creating a short in place of the DUT (Figure

4-19).
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Figure 4-19. Tuning the diode voltages and desaturation threshold voltage

The experimental threshold voltage and reference voltage were determined with a voltage
source in place of the DUT; the voltage was slowly raised to imitate on-state voltage until the
desaturation circuit tripped (Figure 4-19-Figure 4-20). The value of the threshold voltage was
tuned by increasing the value of the Zener diode and resistor. It is important to note that the Zener
diode should be checked for its rated current to ensure that the voltage is large enough. The Zener
diode that was initially selected had a 3.6 V rating but only in the mA range, so it did not contribute
significantly in reducing the threshold voltage. According to the chosen parameters of protection

and device output characteristics, the device will turn off at 210 A (2.95 V) at 25°C and 120 A

(2.95 V) at 175°C (Figu

ON

Current
Source

re 4-21).

Faul

RBLK D DESAT
D zener
H
—| - e
17 6 " CI:"BLK T
0 Vr ef p
Low forward V clamps desat to Gnd

Figure 4-20. Validating desaturation threshold voltage
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Figure 4-21. Approximate current for the desaturation threshold voltage based on the output curves for

the dies[83]
(@)  Aside: setting the LED resistances
In normal operation, the fault pin is pulled high to the control side VCC. During a short circuit,
the fault output will go low. A red indicator LED is placed in parallel with the pull-up resistor so
that when the fault goes low, the light will turn on. The LED requires 20 mA to turn and thus, the

resistance before the LED needs to be less than 250 Q.

[ =20 A<V
R<V— oV = 2500
I 20mA

4.2.5 Capacitor Bank

The capacitor bank PCB connects to a 600 VV-800 V power supply. The DC terminals on the
module connect to the board with screws (Figure 4-22). The load inductor attaches to a screw on

the board and the AC terminal of the power module. The complete test setup is shown in Figure

4-23-Figure 4-24.
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Figure 4-23. Test set up with Rogowski coils through the wire bonds of the bottom side die of a partially

fabricated module
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Figure 4-24. Test set up for dynamic characterization of module

4.2.6 Low Voltage Switching Test Results

Initial clamped inductive double pulse tests (DPT) are conducted with low DC bus voltage and

a -5V to 14 V driving signal. Results confirm that the both dies are successfully able to switch

and conduct current. Static current sharing is dependent on the pathway impedances composed of

inductance and on-state resistance.

In the results, static, on-state, current sharing is nearly equivalent (Figure 4-25). With time,
slight mismatch of current through devices can be observed. This minimal and tolerable difference
is a result of the mismatched current pathway impedances, which could be caused by either slight

difference in inductances or on-state resistance of dies.
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Figure 4-25. Static current sharing for unbalanced and balanced modules

Dynamic switching results are shown in Figure 4-26-Figure 4-27. During switching, the
paralleled die should turn on at the same time due to similarity in their threshold voltages.
Furthermore, when the pathways have similar inductance due to a symmetrical designed DBC, the
current should increase at the same rate and experience the same overshoot. This ultimately means
that neither die is experiencing more current stress than the other, which leads to improved
reliability and prevents catastrophic failures due to die overstress.

During turn-on, the dies behave as expected, turning on at the same time, increasing at similar
rates, and overshooting to the same peak value for the balanced module. During turn-off, however,
the die in Position C begins to turn off before the die in Position D. This droop in current is may
be attributed to the gate driving circuitry with a problem in the flexible PCB or may also be a
measurement error. The fall rate and undershoot of the 2 die are similar suggesting sufficiently
matched inductances. Therefore, the static current difference is most likely caused the on-state

resistance difference.
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Low voltage switching tests using the Rogowski coils confirm that current sharing between the
dies is satisfactory for the module and test design, especially during turn-on. Furthermore, the
balanced and unbalanced modules behave differently as expected with balanced and unbalanced
current sharing due to the matched and mismatched threshold voltages. High-voltage tests are
necessary to determine if the parasitic inductances are similar enough or if there is still enough
difference to cause significantly different rise in current. High-voltage tests may also reveal or

dispel problematic mismatches in overshoots.
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Figure 4-26. Balanced module (4) turn on and turn off behavior
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Figure 4-27. Unbalanced module (2) turn on and turn off behavior

4.2.7 600 V Switching Test Results

The modules are then tested up to 600 V (Figure 4-28-Figure 4-29). Some modules handled up
to 120 A total, 60 A per die, but 100 A was sufficient as continuous tests most likely would not

exceed 100 A, 50 A per die.

600V

\ ‘\
8 B SR——

Mo

Figure 4-28. 600 V DPT results for balanced modules 4 and 6
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Figure 4-29. 600 V DPT results for unbalanced modules 8 and 9

The turn-on results for the balanced modules demonstrate expected dynamic sharing in both the
peak current (0% difference for module 4 and 2.32% difference for module 6) and ringing of the
paralleled dies (Figure 4-30-Table 5). Percent difference is calculated as the value of D subtracted

from the value of C and divided by the average of the 2 values.
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Figure 4-30. 600 V DPT turn-on results for balanced modules 4 and 6
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The turn-off results for the balanced module 6 demonstrate expected dynamic sharing in both
the peak current (-3.77%) and ringing of the paralleled dies (Figure 4-31-Table 6). However, in
module 4, the current in die C began to drop before D so that the peak current and di/dt were
significantly different. In order to theorize on the reason for this behavior, a simulation was made
for unbalanced parasitic inductances, gate resistances, and capacitances in the paralleled bottom
dies (Figure 4-34-Figure 4-37). The unbalanced gate resistance simulation most closely resembled
the turn-off behavior of module 4 although this should then be apparent in the turn-on speed which
is not the case (Figure 4-34). Because the impact of a potentially higher gate resistance in die D
was not apparent during turn-on, this is likely not the case. However, if this was the source of the
behavior, the fabrication method for attaching the flexible PCB may have added additional gate

resistance to one die over the other.
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Figure 4-31. 600 V DPT turn-off results for balanced modules 4 and 6
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The peak current during turn-on for the unbalanced modules is significantly different with
13.3% and 22.0% difference for modules 8 and 9, respectively (Figure 4-29-Table 5). The ringing

for the unbalanced modules is similar, suggesting a balanced parasitic inductance in the current

pathway.
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Figure 4-32. 600 V DPT turn-on results for unbalanced modules 8 and 9

In module 8, the peak current during turn-off is insignificantly different (-2.84%) and the di/dt
was the least different of all modules (-10.2%) (Figure 4-33-Table 6). The peak current and di/dt
for module 9 differs significantly between dies (17.8% and 22.0%) which may be attributable to

both the lower threshold voltage and the lower current in Die D during static sharing.
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Figure 4-33. 600 V DPT turn-off results for unbalanced modules 8 and 9

Table 5. DPT turn-on result comparisons for Modules 4, 6, 8, and 9 where pink indicates a higher value

for die C and grean, negative indicates a higher value for die D for percent difference

dv
dt
1.83 A/ns 1.92 Alns 1.96 A/ns 1.53 A/ns
19.6 ns 20 ns 19.2 ns 27.2 ns
dl ( ) -4.8% ( ) 0% diff ( ) -10.2% ( ) 17.8%
at diff 0 diff diff
1.92 A/ns 1.92 A/ns 2.17 Alns 1.28 A/ns
(19.2 ns) (20 ns) (18.4 ns) (26.4 ns)
62.1 65.4 0 63.4 0 69.2 0
Peak 0% diff 2.3_2 % 13._3 % 22..0 %
current diff diff diff
62.1 63.9 70.8 55.5

Table 6. DPT turn-off result comparisons for Modules 4, 6, 8, and 9 where pink indicates a higher value

for die C and grean, negative indicates a higher value for die D for percent difference
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dv

dt
1.58 A/ns 2.43 Alns 2.53 A/ns 3.03 A/ns
(24 ns) (16.8 ns) (15.8 ns) (12.4 ns)

dl -57.3% -13.4% -10.8% 61.2%
dt diff diff diff diff
2.85 A/ns 2.78 Alns 2.82 Alns 1.61 A/ns
(13.6 ns) (14.4 ns) (14.2 ns) (21.4 ns)

Peak 43.9 -19.7% 48.6 3.77% 49.4 -2.84% 52.2 28.2%

current diff diff diff diff
53.5 50.0 51.3 39.3
27 Powr Module Btinced Lo ] |« e s [El=
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Figure 4-34. Simulation of unbalanced Rg in paralleled dies
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Figure 4-36. Simulation of unbalanced Lgs in paralleled dies
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Figure 4-37. Simulation of unbalanced Lds in paralleled dies

In modules 4 and 6, the threshold voltages are balanced with percent difference below 1%
(Figure 4-38). The switching energy in balanced module 6 is less than 5% different for turn-on,
turn-off, and the total energy which is approximately less than a 10 pJ difference. In balanced
module 4, the difference in peak current during turn-off leads to significantly lower energy loss in
die D compared to die C (-15.5% or ~100uJ) (Figure 4-38). Percent difference is calculated as the

value of D subtracted from the value of C and divided by the average of the 2 values.
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Figure 4-38. 600 V DPT switching energy for balanced modules 4 and 6 with percent differences

In modules 8 and 9, the threshold voltages are unbalanced with over 17.5% difference between
the paralleled dies (Figure 4-39). It may be expected to see a significant difference in the energy
loss, however, the results for these 2 similarly designed modules varied. In module 8, die D has
greater turn-on energy loss (-17.4% or ~100 pJ) due the larger current peak; during turn-off, die C
has a slower di/dt and therefore has higher turn-off loss (10.1% or ~50 pJ). The overall energy loss
is relatively balanced with -4.52% difference or ~30 pJ. This suggests, that in some cases, if the

turn-on and turn-off compensate for one another, the overall loss differential is not significant.
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In the case of module 9, both the turn-on and turn-off energy are higher for die C which leads

to a 27.3% difference or approximately 400 pJ difference for 40 A of die current (Figure 4-39).

Module 9 has the poorest static current sharing as well as dynamic current sharing; during both

dynamic and static sharing, die C carries less current. Perhaps static current sharing exacerbates

energy loss differential during dynamic current sharing.
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Figure 4-39. 600 V DPT switching energy for unbalanced modules 8 and 9 with percent differences
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Chapter 5 Power Module Thermal Testing

5.1 Introduction

Power modules generate heat due to switching and conduction loss in the semiconductor devices
as well as resistance in the leads and interconnections. This can cause a rise in temperature of the
dies and package. A thermal management system is needed to extract the heat away from the dies;
without, the heat can lead to poor reliability over time, lower efficiency, or catastrophic failure in
the case of thermal runaway. The thermal performance is one of the leading constraining factors
in that temperature is often the strongest contributor to package reliability [30]. Applications such
as automotive modules require reliability in environments with potentially high ambient
temperature. The dies in this project are rated up to 175°C operating temperature and there is
expectation that SiC will be able to operate reliably in the 200-300°C range [19]. Advanced
packaging is required to take advantage of the higher breakdown voltage, higher operating
temperature, and ensure improved CTE mismatch for SiC over Si. Designing a thermal
management system requires an understanding of how heat is generated and distributed in power

modules. Device parametric tolerances are inevitable and quantifying the impact can provide
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design constraints when selecting dies. In this study, we were interested in the impact of inherent

device parametric tolerances on the thermal performance of the module.

5.1.1 Heat Removal and Thermal Resistance Estimation

The temperature of the dies is typically the hottest because the dies generate the most heat and
is called the “junction temperature”. Each subsequent layer is cooler than the dies so the heat will
be transferred by conduction away from the dies. Once the heat reaches the heat sink, it can be
transferred by convection, a transfer of heat from a solid to a fluid in motion, which is moving air
in this case (Figure 5-1) [84]. The heat sink is designed with fins to increase the surface area for
convection of heat to the surrounding air. A fan increases the air flow which has a higher heat
transfer coefficient than stagnant air. Based on the material properties and geometry of each layer

of the power module, the equivalent thermal resistance can be estimated.

T
Exploded view .— Power terminals Rinpig
Signal terminals
‘ | Rth,die attach
Die interconnection
R
T, T Die (SiC MOSFET) thCu
Fabricat 1 -
abricated module pat I Die attach (Ag paste) Rinam
™~ Housing for encapsulant
\ Rth,Cu
Substrate (Cu, AIN, Cu) >~ Rtn,ja
\ Rensotder
L
\ Baseplate attach (solder) R
th.Baseplate
‘ \ Copper baseplate
Heat sink attach Rinneat sink
™~ Heat sink R
thheat sink attach
Air flow

R .
Tambient th,forced convection

p—
Tamhfen:

Figure 5-1. Equivalent thermal resistances for each layer from junction to ambient assuming lumped
capacity
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In general, the thickness, thermal conductivity, and area for each layer are necessary to calculate
the thermal resistance for conduction (41) while the heat transfer coefficient and area are necessary

to calculate the thermal resistance of convection (42).

t (41)
Rthcond = K * A
1 (42)

Reheonw = v A

Thermal resistance can increase with additional layers because interfaces between layers may
have voids which limit effective heat transfer; however, spreading of heat helps remove heat from
the dies and each layer spreads the heat more. Layers with low thermal conductivity increase heat
spreading. Often heat sinks, baseplates, and substrates can be used for heat spreading. A common
rule for heat spreading angle is 45°, although more accurate calculations can lend to better thermal
design and thermal performance simulation [23, 84]. In this case, both 0° and 45° heat spreading
angle cases are calculated to estimate the thermal resistance of the module; however, the 0° case
is utilized to estimate the worst case scenario for the junction temperature in order to run the
continuous test well within a safe operating condition (Figure 5-2). In 45° case, a trapezoidal
pyramid is formed with a smaller area at the top than the bottom base. In order to estimate the area
for each layer, the average area is calculated with the length and width of the top area and the

thickness of the layer in order to find the area of the base (Figure 5-3).
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0° heat spreading Approximate 45° heat spreading

Die (SiC MOSFET)
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Substrate - Cu
Solder paste

Baseplate

Figure 5-2. 0° and 45° heat spreading throughout the module
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_ Atap + Abottom
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—
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2A,0p + 2tx + 2ty + 4%
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Figure 5-3. Calculating the approximate area for the 45° heat spreading case

In the 0° case, conduction through the baseplate is 0.595 K/W for a singular die (41); with 2
dies in parallel, that value is halved, 0.298 K/W. In the 45° case, conduction through the baseplate
is 0.255 K/W for a singular die and 0.127 K/W for 2 dies in parallel (Table 7). The fan of choice,
PF40561BX-000U-S99, has a thermal resistance dependent on the air flow passing through the
fins. The airflow is determined based on the air flow value of 31.7 CFM for the fan of choice,
ATS-56005-C3-R0 [74]. The values for the air velocity in m/s is converted with an air velocity

calculator [75, 76]. Therefore, the thermal resistance of the heat sink and fan based on convection
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is 3.597 K/W. The total module thermal resistance is approximately 3.895 K/W for the 0° case and
3.724 K/W for the 45° case after adding the thermal resistances of the heat sink, fan, and 2

paralleled dies.

Table 7. Equivalent thermal resistances for the power module for 0° and 45° heat spreading

2 2 X X
 (m) K(ﬂ) A (m?) A (m?) R (5 ) | R (5 )
mK 0 45 0° 45°
Die (SiC 18 * 1075 Agie = 436 mm x 7.26 mm
MOSFET) (180 pm) 120 =317 % 105 m? 00473 | 00473
-5
Dieattach | > 10 ™ | 940 | 317410 | 322x10°° 0.0066 | 0.0065
(50 pm)
_ —4
Substrate- | 2x107m | 450 | 347,105 | 3534107 00158 | 0.0142
copper (8 mil)
6.35
Substrate - |5 o4y 177 | 317%10° | 4.65%10°5 0.113 | 0.0771
AIN .
(25 mil)
Substrate - 2+10™*m s e
copper (8 mil) 400 3.17 =10 5.85 %10 0.0158 0.0086
1.27
Solder paste *10™* m 50 3.17 « 1075 6.36 1075 0.0802 0.0399
(5 mil)
Baseplate 4%x103m 400 3.17 % 1073 1.64 *107* 0.3159 0.0611
Heat sink
Forced he = 24.7— hc = 10.45 — v + 10 Vv wherev
Convection mK
=298 m/s

5.1.2 Junction Temperature Estimation
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Knowing the thermal resistance of the package allows for estimating the junction temperature of
the dies under various operating conditions. Heat is generated by switching and conduction losses
in the module; power loss multiplied by thermal resistance provides a temperature value (43).

AT =P * Ry, (43)
First, switching power loss is dependent on switching energy loss and frequency (44). The energy
loss is multiplied by potential operating frequencies, 5 kHz, 10 kHz, 20 kHz, and 30 kHz for the

balanced 6 (Figure 5-4) and unbalanced 8 (Figure 5-5) cases to estimate the power loss.

Psw = Egw * Fow (44)
Total Energy
3 —Switch
| Turn-On l Turn-Off 2 ||—DieC
e 3, =
08 [—DicD 08 Die D £,
~ - P
206! 206 2
b p =
g g =
£04; 204 1 /
- =]
02} 02

(=1

=1
=

20 30 40 50

10 20 30 40 50 10 20 30 40 50 ie o]
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Power = Eg, * Fg, Switch Power Loss 30 kHz
30
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Dic D o~
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- ~ e
5 — g £ 40
z z s
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. —_— __________/
< 0
0 20 30 40 50 10 20 30 40 50 5
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ie Current (A) ie Current (A) L Switch Current (A) J

Figure 5-4. Estimating switching power loss for various frequencies based on switching energy loss for

balanced module 6
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Figure 5-5. Estimating switching power loss for various frequencies based on switching energy loss for

unbalanced module 8

Second, the conduction power loss is estimated based on the on-state resistance for various rms
currents (45-46). On-state resistance may increase with temperature; we know the values at 25°C
but the on-state resistance at 175°C had to be estimated based on the datasheet information [83].
By multiplying the on-state resistance by rms die currents, the conduction losses is estimated
(Figure 5-6).

Peond = Irms” * Rdson (45)
lrms = Ipeak * VD (46)

Where D = 50%
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Figure 5-6. Estimating conduction power loss for various rms drain currents for balanced module 6 and

unbalanced module 8

Once switching and conduction loss are estimated, they can be added together for each
frequency to determine the estimated total power loss for various frequencies and currents (Figure
5-7). In this final step, the currents for each die are added together as well so that the current values
are given for the entire switch; in this way, the power loss is estimated for operating the module

as opposed to operating individual dies.
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Figure 5-7. Estimating total power loss for various operating points for balanced module 6 and

unbalanced module 8

Lastly, the junction temperature can be estimated from baseplate to junction for various
operating conditions by multiplying the power loss and the thermal resistance from baseplate to
junction. This same calculation could be done for the ambient to junction temperature change,
however, the most accessible thermal measurement for these modules was the baseplate. As seen
in Figure 5-9, the encapsulant is thick and reflective so thermal measurements cannot be made
with the infrared camera from the top of the module. The face of the baseplate was the best place
to measure temperature. An ideal location is measuring the middle of the baseplate; at this location,
the heat has not spread and will be hottest. However, this is covered by the heatsink. Therefore,
we chose to monitor temperature at the edge of the baseplate where the infrared camera could
access. It is assumed this value is lower than the value in the baseplate to junction temperature
estimate because it is the edge of the baseplate. Furthermore, the individual die temperatures

cannot be measured from the edge, but the overall temperature rise for both dies may be
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comparable from one module to another. This method is not an accurate measure of junction
temperature but provides a consistence method for comparing baseplate temperatures which can
still provide information about thermal management. Therefore, the baseplate to junction
temperature estimation guided operating constraints for the continuous tests. For example, the
temperature rise at 50 A and 30 kHz is 35°C; if we want to keep the junction temperature below

150°C, that may be a risky operating point if the edge of the baseplate reads 100°C.

(100 , ‘ . , . : A
---175°C Tjuncuon
901 _2s°CT.

AT = T] - Tbaseplate = P*Ryp

unction

80
K
Ry for 0.595$ (module) 70 s

Power (W)

0
20 30 40 50 60 70 80 90 0

20 30 40 50 60 70 80 90

L Switch Current (A) )

Switch Current (A)

Figure 5-8. Estimating junction temperature for various operating points for balanced module 6 and

unbalanced module 8
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Figure 5-9. Fully fabricated module with heat sink and black liquid tape covering the face of the baseplate

5.2 Continuous Test Setup

In order to evaluate the thermal performance of the module, it is placed into a boost converter
(Figure 5-10). The primary behavior of interest is the MOSFET switching of the bottom dies;
therefore, a boost converter allows for hard switching of the bottom switch while the top switch is
held low with only conduction of the body diode. The driving signal is an open loop system using
a function generator with a 50% duty cycle, 30 kHz square wave form given to the bottom switch
and a -5 V signal for the top switch to pull it low. The Magna-Power MTD21000-
100/480+BD+HS+LXI can provide enough current and voltage. Two 30 kW resistors banks are
connected in series to create approximately 22 Q. A busbar is created with 2 large copper plates
that come in a roll; both DC- and DC+ are drilled to fit over the terminals of the capacitor that is
in parallel with the load resistor. By using large planes for the DC busbar and stacking them on
one another, the inductance is reduced. The impact of the inductance is further reduced with
decoupling capacitors soldered onto the terminals of the module, although the length of the leads
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should be minimized more (Figure 5-9). The other end of the busbar is hole punched to interface
with the screw holes of the module (Figure 5-12). A 500 uH inductor is connected to the AC
terminal of the module and the DC+ cable from the power supply. Rogowski coils fit underneath
the wire bonds through the plastic tubing for monitoring the current of the bottom dies. In initial
testing, a large current Tektronix A6304XL 500 Amp Current Probe is used to double check the
input current. Tektronix TDP1500 200 MHz Differential Probes are eventually used to monitor

the input and output voltages (Figure 5-11).
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Top Drain ! 66 pF
900 V rated
1 +
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jul\
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1
i
I
I
I
I
I
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s |\ Top Source : — %
I
l
I
1
l
l
I
I
I
I
l
I

Amp Current r
Probe X
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+
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I = 1, = 60 4 24 M /
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Figure 5-10. Continuous, boost, test setup with equipment indicated
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Figure 5-11. Continuous, boost, test setup with some equipment shown

Figure 5-12. Closer image of the continuous, boost, test setup with busbar connection

5.3 Continuous Test Results
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The modules were tested continuously at 30 kHz up to 250 V, 47.7 A input, however, this was not

thermally stable (Figure 5-13). The modules could run continuously at 200 V, 37.7 A input for at

least 10 minutes (Figure 5-14-Figure 5-15).

Figure 5-14. Continuous test results for balanced modules 4 and 6 at 200 V, 37.7 A input
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Figure 5-15. Continuous test results for unbalanced modules 8 and 9 at 200 V, 37.7 A input

The turn-on dynamic current sharing for the balanced modules is well matched in both turn-on
time and peak current with less than 7% difference in di/dt and less than 2.5% difference in peak
current (Figure 5-16-Table 10). The turn-on dynamic current sharing for the unbalanced modules
is significantly different in both di/dt and peak current with 18.9% and -26.7% difference in peak
current and 18.2% and -29.8% difference in di/dt for modules 8 and 9, respectively (Figure 5-19-
Table 9). The average peak current for module 8 was less than 30 which is lower than all other
modules although the static current was in an appropriate range. Later testing of module 8
presented a short circuit in the module without catastrophic failure. Because the behavior of
module 8 during DPT testing was similar to the other modules, malfunction may have already
occurred before the continuous test results presented here. Therefore, data from module 8 may not

be reliable for continuous test comparison.
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Figure 5-16. Continuous test turn-on results for balanced modules 4 and 6 at 200 V, 37.7 A input
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Figure 5-17. Continuous test turn-off results for balanced modules 4 and 6 at 200 V, 37.7 A input
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Figure 5-18. Continuous static results for balanced modules 4 and 6 at 200 V, 37.7 A input
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Figure 5-19. Continuous test turn-on results for unbalanced modules 8 and 9 at 200 V, 37.7 A input
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Figure 5-20. Continuous test turn-off results for unbalanced modules 8 and 9 at 200 V, 37.7 A input, 400

V, 18.85 A output
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Figure 5-21. Continuous static results for unbalanced modules 8 and 9 at 200 V, 37.7 A input
Table 8. Continuous test turn-on result comparisons for Modules 4, 6, 8, and 9 where pink indicates a

higher value for die C and grean, negative indicates a higher value for die D for percent difference

dv

dt

dl 1 A/ns -6.76% 1.15 A/ns 3.54% 1.26 A/lns  18.2% ?Jig -29.8%
dt (14 ns) diff (11.6 ns) diff (11.6ns)  diff (17.4 ns) diff
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1.07 A/ns 1.11 A/ns 1.05 A/ns OA?SS
(12 ns) (12.6 ns) (12.2 ns) (17.2 ns)
Peak 31.96 A 2 15% 340 A 1.479% 30.1A 18.9% 27.9A 26.7%
current diff diff diff diff
31.3A 335A 249 A 36.4 A

Table 9. Continuous test turn-off result comparisons for Modules 4, 6, 8, and 9 where pink indicates a

higher value for die C and grean, negative indicates a higher value for die D for percent difference

dv
dt
0.371 A/ns 0.509 A/ns 1.45 Alns 0.214 A/ns
44 ns 31.6ns 11 ns 73 ns
dl ( ) 14.1% ( ) -31.6% ( ) 11.7% ( ) -127%
dt diff diff diff diff
0.322 A/ns 0.7 A/ns 1.29 A/ns 0.963 A/ns
(20 ns) (26.4 ns) (13 ns) (17.2 ns)
Peak 18.6 A 133% 19.95A 7620 2LLIA on i 24.1A -40.5%
current diff diff 0% diff diff
21.3 A 215 A 21.1 A 16.0 A

Table 10. Continuous test static on-state result comparisons for Modules 4, 6, 8, and 9 where pink

indicates a higher value for die C and grean, negative indicates a higher value for die D for percent difference

Static 18.7 A L. 18SA 4069 183A 54190 LOA 5749
4.75% diff ;i . .
Average 1825 A 189 A 18.85 A 184 A

Balanced module 4 and unbalanced module 9 demonstrate similar behavior as in DPT with die
C turning off before die D causing an overshoot in die D. The peak currents are -13.3% and -40.5%
different for modules 4 and 9, respectively. Module 4 has relatively low percent difference in di/dt

at 14.1% because die C has a higher static value which offset the faster slope in die D. Module 9
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has significantly higher percent difference for di/dt at -127% which results from the already lower
static current in die C when it starts to turn off earlier forcing die D to carry more current
momentarily.

The impact of threshold voltage alone could not ensure balanced dynamic current sharing.
Minor dynamic unbalance in Module 6 where die C carries less current than D is made worse
because die C also carries less current during dynamic current sharing. On the other hand, module
4 has a more significant difference in peak current but because opposite dies carry more current
during the static on-state and during the switching state, the overall di/dt percent difference is
relatively low. Therefore, static and dynamic behavior interact to determine the overall impact of
unbalanced current sharing.

In terms of energy loss, unbalanced module 9 has the highest total loss with 855.2 uJ and
unbalanced module 8 has the lowest total loss with 679 uJ (+23.0% difference) (Figure 5-23). The
balanced modules, 4 and 6, have lower total energy loss than unbalanced module 9. The loss

differential is smallest for the balanced modules compared to the unbalanced modules (Table 11).

. N
Total energy loss (uJ)
855.2
792.9
735.3 679
Module 4 Module 6 Module 8 Module 9
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Figure 5-22. Total energy loss for all continuously tested modules
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Figure 5-23. Energy loss for all continuously tested modules
Table 11. Continuous test energy loss result comparisons for Modules 4, 6, 8, and 9 where pink indicates a

higher value for die C and grean, negative indicates a higher value for die D for percent difference

Tumn- | 2981 5.99% 263.5 001% | 1998 | 1979 2329 | 301%
on diff diff diff diff
243.1 261.1 164 315.4
Tumn- | 1054 | 00% 124.4 2145% | 1551 | 324% 1286 | _32.4%
off diff diff diff diff
128.8 143.9 160.2 178.3
371.8 diff 405 diff 324.2 diff 493.7 diff
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Module 9 has significantly higher losses and energy differential, -30.9%, because die D carries
more current during turn-on, turn-off, and the static state. Die D has the highest losses during turn-
on and turn-off, -30.1% and -32.4% difference compared to die C (Figure 5-23-Table 11).

For module 8, die C has a higher overshoot but die D carries more current during the static on-
state. Module 8 has lower loss differential, 9.01%, because die C has higher losses during turn on
(19.7%) but die D carries more current in the static on-state (-5.41%) which offsets the turn-on
losses from die C (-3.24). Again, module 8 may have had electrical damage during this test, so it
cannot be determined if the overall lower loss was a result of design or due to damage that caused
the low overshoots.

Comparing the balanced modules, in module 4, the offsetting effect between static and
dynamic current sharing leads to lower total energy loss, 735.3 uJ, compared to module 6, 792.9
WJ (-7.34 % difference) (Figure 5-23, Figure 5-22). However, the average static current for module
4, 18.3 A, is slightly higher than the module 6, 18.9 A (-3.23 % difference) so if test conditions
are different, that could account for some of the higher energy loss in module 6. However, the
percent difference in average static current is -3.23% while the percent difference in loss is -7.34%

which suggests any difference in test conditions does not account for all the difference.

Table 12. Summary of percent differences for Modules 4, 6, 8, and 9 where pink indicates a higher value

for die C and grean, negative indicates a higher value for die D

Turn-on peak current | 2.15% diff 1.47% diff 18.9% diff -26.7% diff
Turn-off peak current | -13.3% diff | -7.62% diff 0% diff -40.5% diff
Static current 4.75% diff -4.06% diff -5.41% diff -5.74% diff
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Sum of pgak current and -6.4% -10.2% 13.49% -72.9%

static current
Total energy loss -2.26% -4.31% 9.01% -30.9%
Vth -0.62% 0.20% 17.8% -17.7%

To summarize, the overall loss differential is lowest for the balanced modules as expected
(Table 12). For both balanced modules, which have less than 1% difference in the threshold voltage
of the paralleled dies, there is less than 5% difference total energy loss. In module 4, there is a
significant difference in the turn-off loss, but this difference is compensated during turn-on and
the static on-state. In the unbalanced modules, which has ~17% difference in threshold voltages,
the loss differential ranges from 9.01% in module 8 to -30.9% in module 9. Unbalanced module 8
has the lowest losses overall because of the lowest overshoot during turn-on while unbalanced
module 9 has the highest losses because of the large overshoot for the paralleled die with the lower
threshold voltage.

To reiterate, the highest loss differential occurs (for both balanced and unbalanced cases), when
one die carries more current during turn-on, turn-off, and the static state. If the dies took turns
carrying more current because of either the threshold voltage mismatch, possible on-state
resistance, or another source of mismatch, the losses could be offset. Therefore, while device
parametric tolerances are inherent, if the higher threshold voltage devices can be paired with
devices that have higher on-state resistance, the overall loss differential may perform similarly to

well-matched dies.

5.4 Continuous Thermal Test Results
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The thermal impact of device parametric tolerances is critical because thermal management
adds density and weight to the system. Furthermore, overheating, and thermal overstress are
primary limiting factors to performing at maximum current ratings of the bare dies.

To assess the thermal performance, the front baseplate face is coated with spray on electrical
tape to create a black surface for the IR camera (Figure 5-26). The small thermal camera that
connects directly with iPhones is held inside the test bay using a flexible tripod; a ~8ft female to
female iPhone cable connects the camera inside the bay to a phone outside the bay.

The hottest spot is identified on this front face (Figure 5-26). It should be noted that this is not
the hottest spot in the baseplate; nor will this spot align with the baseplate to junction temperature
calculated earlier because the baseplate is hottest at the very center, underneath the dies where the
heat has not spread (Figure 5-2). Therefore, this method is not intended to estimate the junction
temperature accurately but to compare the overall heating of the baseplate due to balanced and

unbalanced module design.

Figure 5-24. Thermal test setup for continuous test of modules
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The ideal method for measuring temperature is to ensure thermal equilibrium once the
temperature no longer rises. If the module experiences thermal runaway that is a different situation
but at low enough power, the fan can sufficiently balance the power loss and reach thermal
equilibrium. It is consistent after five minutes when the temperature is relatively flat except for

cases of thermal runaway (Figure 5-25).

Module 8
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Figure 5-25. After ~5 minutes, the module reached thermal equilibrium

The temperature of the baseplate is evaluated using a spot identifier on the thermal camera.
Thermal equilibrium is reached for the 200 V, 37.7 A input, 400 V, 18.85 output case although the
value varies according to the spot by a few degrees as seen in the two values for module 9 (Figure
5-26). Therefore, when comparing temperatures, consider +/- 5 degree. Balanced module 6, and
unbalanced modules 8, and 9 all have insignificantly different temperatures in the 91.9°C t0 96.7°C
range (Figure 5-27). Balanced module 4 has the lowest temperature of 70.9°C. According to the
losses, module 8 should have the lowest temperature with the lowest switching losses. In addition,
module 8 has the lowest on-state resistance which would contribute to lower conduction losses as

well (Figure 5-28).
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Figure 5-26. Thermal image of modules 4, 6, 8, and 9 at 200 V, 37.7 A input, 400 V, 18.85 A output

Temperature at 200V, 37.7 A (°C)
m Module 4 mModule 6 m Module 8 m Module 9

=
Figure 5-27. Comparison of module 4, 6, 8, and 9 temperature for 200 V, 37.7 A input, 400 V, 18.85 A

output
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Figure 5-28. On-state resistance for modules 4, 6, 8, and 9 across switching current

Based on the thermal results at 150 V, 28.3 A, both unbalanced modules have higher
temperatures than the balanced modules (Figure 5-29). Module 4 again has the lowest temperature.
When a 250 V, 47.7 A input test is attempted, modules 6 and 9 reach destructive levels of
temperature with module 6 blowing up (Figure 5-30-Figure 5-31). The heat sink is attached with
the high-performance adhesive thermal interface material that came with the heat sink. It is very
possible that this method led to excessive voids or poor attachment which led to poor thermal
management. In order to determine if this were the case, an x-ray or acoustic image of the heat

sink attachment for all the modules would confirm or negate the presence of excessive voids.

Figure 5-29. Thermal image of modules 4, 6, 8, and 9 at 150 V, 28.3 A input, 300 V, 14.15 A
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Destructive Destructive

Figure 5-30. Thermal image of modules 4, 6, 8, and 9 at 250 V, 47.7 A input, 400 V, 18.85 A output NOT

NECESSARILY AT THERMAL EQILIBRIUM

Figure 5-31. Module 6 after experiencing thermal runaway after 2-3 minutes at 250 V, 47.7 A input, 500 V,

23.86 A output

Ideally, the junction temperature should be measured as close to the dies as possible while still
maintaining electrical insulation of the module. Therefore, module 9 is fabricated with insulating
spray as opposed to thick silicon encapsulant. Specifically, it has 2 layers of Silicone Conformal
Coating (Dielectric) from MG Chemicals then 2 layers of Liquid Tape Spray from Performix

(Figure 3-41). In theory, this would allow for monitoring of the temperature for individul dies
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because the black coating is non-reflective for the infrared camera. This method did not work well
in our test setup. The heat was quickly spread across the entire insulating layer preventing

distinguishing the heat generated by the dies (Figure 5-32-Figure 5-33).

Figure 5-33. Thermal setup and image of module 9 from the front angle run at low power

Others have managed to achieve favorable results with method so we may not have a large

enough resistance to accentuate losses, have too thick of a dielectric layer, or have too much
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cooling from the fan [59]. In addition, the liquid tape was placed into the vaccuum as it cured but
the cure time is a few minutes as opposed to many minutes or hours for Nusil R-2188 which
provides time for the bubbles to come out of the liquid and then resettle flat; the bubbles in the
liquid tape created craters that remained after curing. In a paper with successful results, after
monitoring the individual surface temperature, there was a 20°C difference which was attributed
to fabrication process. The paper did not mention the impact of the parasitic inductances and
parametric tolerances on the temperature. Therefore, while this paper does not contribute to
understanding the thermal behavior of the modules, it does demonstrate the potential for improving

thermal testing.

Trefl=20 Tatm=20 Dst=2.0 FOV 37 2=2.0
12/ 2/12 10:08:50 PM +0 - +250 e=0.96

Fig. 28. Thermal map of the module at 560 V and 100 kHz.

Figure 5-34. Thermal performance of paralleled die a high-temperature, high-frequency continuous test
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Chapter 6 Conclusion

In this paper, a power module is designed with a symmetrical DBC layout in the current pathway
to create balanced parasitic inductances in order to evaluate the impact of device parametric
tolerances on the electrical and thermal performance. Specifically, the paralleled dies of the half-
bridge modules are selected with similar threshold voltages in the balanced module and dissimilar
threshold voltages in the unbalanced module. Therefore, the dissimilar paralleled dies will turn on
at different times and exhibit unbalanced current sharing. Another design feature is the use of
flexible PCB in place of wire bonds for the gate loop interconnection in order to reduce and
minimize the gate loop inductance.

Fabrication of the modules is completed within CPES using high-temperature materials with
careful attention to the attachment of the flexible PCBs directly to the dies. Many of the fabrication
methods are conventional such as ferric chloride etching of the DBC, solder attachment of the
terminals and baseplate, and wire bonding of the source interconnection. However, the flexible
PCB is attached to the dies’ surface which requires nickel: gold topcoat, as opposed to conventional
aluminum, modification of the gate and source pad dimensions, and a special fixture while the
attachment solder cured. Nine modules are fabricated in total, with a yield of four fully functional

modules, two balanced (modules 4 and 6) and two unbalanced (modules 8 and 9).
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Static characterization presents the high current capabilities of the SiC MOSFETSs which has
been reported before. The results validate that the module could conduct current at an expected
driving voltage with reduced resistance due to paralleling the devices.

In order to evaluate the electrical performance, the modules are placed into both a clamped
inductive DPT and then a continuous, boost converter. A specialized gate driver is designed to
interface with the flexible PCB and accommodate Rogowski coils that loop under the wire bonds
of the die in the bottom switch position.

Dynamic switching results for the balanced modules demonstrate balanced overshoot and
ringing, suggesting balanced parasitic inductances and threshold voltages. Results during the static
on-state of the device suggest mismatched on-state resistances with unbalanced current rise; this
unbalance during the static on-state is most likely not attributable to unbalanced parasitic
inductance. In balanced module 4, there is a mismatch in the overshoot during turn-off which may
be attributable to added gate resistance in the flexible PCB or another unidentified source.

Dynamic switching results for the unbalanced modules demonstrates the impact of threshold
voltage mismatch on the electrical performance of the modules. In unbalanced module (8) with
unbalanced static and dynamic current sharing, die d has higher turn-on loss (~100 pJ) while die
C has higher turn-off loss (~20 pJ), so the overall loss differential is small (~60 pJ). In unbalanced
module (9) with unbalanced dynamic current sharing and balanced static sharing, die C has higher
turn-on (~200 pJ) and turn-off losses (~150 pJ), so the overall loss differential is large (~350 pJ).
Therefore, the overall loss differential in unbalanced modules depends on both the static and

dynamic current sharing.
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To evaluate the thermal performance of each module, they are tested under continuous
operation. Four modules perform for at least 10 minutes at 200 V, 37.6 A in a continuous boost
converter at 30 kHz. When run at 250 V with 47.7 A (23 A/die), the modules are unable to perform
reliably for multiple minutes; improved thermal management is necessary to take full advantage
of the high current rating of the dies (140 A @ 25°C). The temperatures for balanced 6, unbalanced
8, and unbalanced 9 are within 2.2°C of one another while balanced module 4 was 20°C lower.

The temperature result for unbalanced 8 does not align with the fact that this module has the
lowest energy loss; the module later experienced a destructive short circuit which suggests that it
may have been already unreliable at the time of this test. Most likely, the continuous thermal and
electrical results for module 8 are not reliable as the behavior is inconsistent with the DPT results
and the continuous results for the other modules.

The elevated temperature result for balanced module 6 and ultimately, the destructive thermal
runaway is not consistent with the energy losses that were in between modules 4 and 9. The heat
sink attachment is an adhesive sheet as opposed to a thicker, more liquid-like thermal interface
material; there may have been voids with the adhesive sheet method. X-ray or acoustic imaging of
the modules could provide more information on the thermal management reliability but that is not
complete yet.

Furthermore, measuring temperature at the edge of the baseplate is not ideal as the heat spreads
and is cooler at the edges. In addition, this method does not allow for accurate comparisons of the
individual die temperature. The last encapsulation method, using a dielectric spray that is much
thinner than the silicon Nusil R-2188, allows for monitoring of temperature closer to the individual

dies. However, the temperature appear nearly uniform on the top without any distinguishing areas
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for the individual dies. This may be a result of poor curing of the spray with bubbles or not using
a high enough gate resistance as others did with a similar method.

In conclusion, the primary research interest for this paper was the impact of device parametric
tolerances on the electrical and thermal performance of multichip modules that utilize paralleled
dies. A literature review presented a paper that investigated the same question but with discrete
devices, not bare dies. Another paper considered the impact of parasitic inductances on the
electrical and thermal behavior. This paper was able to observe bare die behavior by intentionally
designing the wire bonds to be high enough to use Rogowski coils for current measurement of
individual dies; this is not a conventional method and adds additional inductance so would not be
used in practice. In order to evaluate the device parametric tolerances, a symmetrical DBC layout
was used to ensure balanced parasitic inductances through the paralleled dies; multiple papers have
considered different designs to minimize and balance parasitic inductances.

For the unbalanced modules during DPT, a ~17% difference in threshold voltage led to either a
4.52% or 27.3% difference in the overall switching loss. During continuous testing, a ~17% led to
either a 9.01% or -30.9% difference. The loss differential was dependent on whether the on-state
resistance unbalance compensated some current unbalance. For the balanced modules during DPT,
a~0.5% difference led to either a 5.66% or 2.43% in overall switching loss in the balanced modules
while during continuous testing, there was either a -2.26% or -4.31% difference.

The highest loss differential occurred (for both balanced and unbalanced cases), when one die
carried more current during turn-on, turn-off, or the static state. If the dies took turns carrying more
current because of either the threshold voltage mismatch, possible on-state resistance, or another

source of mismatch, the losses could be offset. Therefore, while device parametric tolerances are
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inherent, if the higher threshold voltage devices can be paired with devices that have higher on-
state resistance, the overall loss differential may perform similarly to well-matched dies.
Comparing balanced module 4 and unbalanced module 9, whose energy loss results are most
consistent with the temperature measurements, the unbalanced module had 119.9 puJ more energy
loss and was 22.2°C hotter. The unbalanced module dies had worst-case scenario differences in
threshold voltage for the batch of dies we received at 17.7% (2.246 V and 2.682 V) so that the
temperature difference and loss presented here could be the approximate worst-case design
scenario for tolerances in threshold voltage. (The datasheet presents a range of 1.7 V to 3.5V, a
66% difference. Further research may have to be done on more unbalanced devices to cover the
full range of threshold voltage tolerance possible in commercial dies.) Balanced module 6 and
unbalance module 8 demonstrated the inconsistency that can occur with developing fabrication
techniques, especially related to thermal management. Further research should investigate a more
accurate impact of on-state resistance and how the tolerance interacts with the threshold voltage
in the electrical and thermal performance of modules. In addition, more accurate temperature
measurements as well as fabricating many more modules, would contribute significantly to the

research question.
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Appendix A Evaluation of an Automated Modeling Tool
Applied to New 600 V, 2 A Vertical Gallium
Nitride (GaN) Transistors

An accurate subcircuit model allows for circuit design and simulation of switching devices.
However, the characterization process is challenging with emerging devices because the physics
of the devices’ structure are often not fully understood, as is the case with GaN on GaN transistors
[85]. The Power MOSFET Tool through Synopsys® Saber® utilizes output, transfer, and Rds(on)
characteristic curves to predict static and dynamic behavior in various conditions. Therefore, this
paper presents a subcircuit of a GaN vertical transistor developed with the Power MOSFET Tool.
The model is compared against experimental static and dynamic results for this device as a
demonstration of its efficacy [86, 87].

Vertical gallium nitride (GaN) transistors hold promise for higher power, frequency, and
efficiency compared to Si and laterally configured GaN devices. [85, 86]. A lateral structure is
most common in current commercial GaN devices because it utilizes well-understood Si or SiC
substrates. In addition, cost and lack of familiarity with GaN substrates limits the benefit of the

vertical structure. However, with maturity in GaN substrates, a vertical device would have
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advantages over the more common lateral structure including better performance above
600V/100A, efficient chip utilization area, and reduced sensitivity to surface trapping [86, 88].

A lateral structure is most common in current commercial GaN devices because it utilizes well-
understood Si or SiC substrates. In addition, cost and lack of familiarity with GaN substrates limits
the benefit of the vertical structure. However, with maturity in GaN substrates, a vertical device
would have advantages over the more common lateral structure including better performance
above 600V/100A, efficient chip utilization area, and reduced sensitivity to surface trapping [86-

88].

Figure A-1 provides an approximate visualization of a vertically oriented MOSFET. A full
description of the vertical GaN fabrication process is available in [88]. The specific gate structure
in this study is the trench MOSFET which is advantageous for its high packing density and
subsequent low on-resistance [62, 89].
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Figure A-1. Approximate Vertical Trench MOSFET Structure

As vertical GaN develops, it is helpful to have a subcircuit model because it provides access to
model parameters even when the physics of the device structure are less familiar [85]. An accurate

subcircuit model can allow for circuit design and simulation of the emerging device. The Power
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MOSFET Tool through Synopsys® Saber® can estimate static and dynamic behaviors of the
device given measured transfer, output, and on-state resistances curves [90]. The tool has
demonstrated maturity and accuracy with SiC MOSFET devices [18, 91-93], GaN FET and other
GaN-based converters [85, 94], and in modeling the physics of GaN power semiconductor devices
[95]. Therefore, this paper presents a subcircuit of a GaN vertical transistor developed with the
Power MOSFET Tool. The model is compared against the experimental static and dynamic results
for this device as a demonstration of its efficacy [86].
(b) MOSFET Subcurcuit Model

The subcircuit model (Figure A-2) produced by Saber includes a MOSFET whose parameters
determine the output and transfer characteristics. A body diode models the behavior of the PN
junction between the drain and source, including reverse recovery effect. Parasitic capacitances,
Cgd, Cgs, and Cgs, as defined in Figure A-4 determine the switching speeds. The lead inductances,

Lq, Lg, and Ls, will contribute to the noise in the experimental switching waveforms.
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Figure A-3. Saber Power MOSFET Tool Subcircuit Model
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Figure A-4. Device capacitance definitions

(c) Saber Power MOSFET Tool

The user interface of the Power MOSFET Tool includes an internal circuit topology of the
device model. Gray static curves represent target data imported from an experiment or from a
datasheet and superimposed blue curves represent the model (Fig. 3). The parameters determined
by the model lie on the right hand side of the interface; the experimental test bench parameters
provide a means to more accurately represent the test conditions for the target data and achieve the
best match. The switching test produces dynamic waveforms based on the static characteristics of
the device. Therefore, in order for the model to work best and estimate the switching behavior, the
user should provide output and transfer curves, resistance vs. current, and capacitance
measurements [91].
(d) Characterization of Dynamic Behavior

To test the switching behavior, the subcircuit model is placed into an inductive load double-
pulse test circuit simulation with lead inductances, and test bench parasitics approximating the

experimental setup (Figure A-5).
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Figure A-5. Double-pulse test schematic

The specialized experimental test setup for this vertical GaN transistor is described in detail in
[86]. Highlights of the switching characterization PCB included mounting of the bare die directly
to the board and separation of the power and gate loop to reduce gate and power loop inductances,
which were 5.5 nH and 12.8 nH respectively. This strategy is particularly important when working
with the fast switching times of GaN which could lead to unwanted overshoot and ringing.

The PCB allowed for either a phase leg configuration with another GaN serving as the high-
side switch or a freewheeling Schottky diode which was the configuration of choice using the
Wolfspeed 600 V, 3 A SiC Schottky diode (CPW3-0600S003).

A 100 pH load inductor was designed for a 5 pF equivalent parallel capacitance (EPC). A 101
mQ shunt resistor allowed for measurement of the current. The external gate resistance started at
10 Q and tests were repeated at 5 Q and 2.5 Q, the last of which was simulated in the model. An
isolated power supply, Recom Power (RSO-2415S) splitinto 0 VV and 8 V supplying the gate driver
chip, IXDN614. The bus voltage was tested up to 450 V and 2 A.

When tested at 450 V with a 2 A load current, experimental devices presented 77 V/ns turn-on

and 33 V/ns turn-off switching speeds with 8.12 pJ turn-on and 3.04 pJ turn-off losses. Static
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characteristics presented a threshold voltage of 3.3 V, 600 V blocking voltage at a 0 V gate bias,
with an on —state resistance of 880 mQ ata 10 V gate bias [86].
(e) SiC Static and Dynamic Modeling

Utilizing the tool for SiC provides an idea of what is possible for materials other than Si. The
SiC device under testing was a Monolith/Littelfuse LSICIMO120E0080 (80 m€, 1.2 kV, 20 A).
Datasheet static characteristic curves served as target data with the following error as reported by
the Power MOSFET Tool (Figure A-6-12):

Table 1: SiC Static Modeling Error

Output | Transfer

Rds (on) ‘ Capacitances ‘ Gate Charge

Error % ‘ 3.15 ‘ 7.92 ‘ 221 ‘ 10.6 ‘ 11.3

The mismatch of the transfer curve at high Vgs results from the upward slope in the saturation
region of the output curves that is characteristic of SiC as opposed to Si behavior with a constant
drain current in the saturation region [29] (Figure A-6). The on-state resistance slope as well as
Rds initial and final values match well with the experimental data. As demonstrated in past work
[18, 85, 92, 94], the SiC MOSFET modeling confirms the tool can work with SiC and accurate

modeling of the vertical GaN transistor may be feasible.
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Figure A-6. Saber® (blue) overlaid on experimental (gray) SiC transfer characteristics comparison

measured with a drain-source voltage of 1 V at 25°C
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Figure A-7. Saber® (blue) overlaid on experimental (gray) SiC output characteristics comparison

measured at various gate-source voltages at 25°C
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Figure A-8. Saber® (blue) overlaid on experimental (gray) SiC on-state resistance comparison measured

with a gate-source voltage of 20 V at 25°C
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Figure A-9. Saber® (color) overlaid on experimental (dash) SiC capacitance curve comparison at 25°C
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Figure A-10. Saber® (blue) overlaid on experimental (gray) SiC gate charge curve comparison at 25°C

The device was switched at 600 V bus voltage at a 20 A load current. The gate driving voltage
ranged from 0 V to 20 V with a 3.01 Q external gate resistor [96]. The freewheeling device was a
Monolith MSA12D10C 1.2 kV, 10 A Schottky diode paralleled with a 1 mH load inductor. A
25.28 mQ shunt resistor allowed for measurement of the current. When compared to the model
switching waveforms, turn on and off times and rates match with insignificant error; the
experimental plateau in Vgs appears to start a few nanoseconds before the model however, that has
a negligible impact on the turn-on time and loss (Figure A-11-14). By optimizing the parasitic
elements of the model test circuit, the parasitic ringing for the waveforms matched in frequency
and magnitude except for a 100 V difference in the initial overshoot of Vs during turn-off (Figure

A-12).
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source voltage of 600 V, a 20 A load current, and 3.01 Q gate resistance at 25°C
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Figure A-12. Saber® (blue) overlaid on experimental (gray) Monolith SiC turn-off at a drain-source

voltage of 600 V, a 20 A load current, and 3.01 Q gate resistance at 25°C
(F) GaN Static Modeling
An initial test with the imported experimental GaN curves produced a transfer curve with 5.98%
error and output curves with 9.34% error. Saber® developers suggested removing data points at
or below the threshold voltage for the transfer curve, and points or curves near zero in the output

curves which reduced the optimization time and the error to 6.13% and 5.41%, respectively [91].
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Unfortunately, with the addition of the experimental Rds curve, the error jumped to 8.17% for the
transfer curve and 8.42% for the output curves (Figure A-13-16). Furthermore, the Rds curve had
a 6.02% error that equates to a value about 100 mQ less than desired (Figure A-15). This error will
not have a significant effect on the switching behavior compared to the impact of the reactive

inductances, the stray inductance of the test setup and capacitance of the device.
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Figure A-13. Saber® (blue) overlaid on experimental (gray) Vertical GaN transfer characteristics

comparison measured with a drain-source voltage of 10 V at 25°C
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Figure A-14. Saber® (blue) overlaid on experimental (gray) Vertical GaN output characteristics

comparison measured at various gate-source voltages at 25°C
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Figure A-15. Saber® (blue) overlaid on experimental (gray) Vertical GaN Rds (on) characteristics

comparison measured with a gate-source voltage of 10 V at 25°C

The next step for modeling switching behavior was fitting the experimental capacitance vs.
drain-source voltage curves, C-V. Saber® achieved a 17.4% error match for the input, Ciss, output,
Coss, and reverse transfer, Ciss, experimental capacitance curves measured between 0 and 300 V
(Figure A-16). The model gate charge curve presents a plateau time, reflective of the Ciss value
(~200 pF). Cissdrops at high Vgs as Cqq decreases with Vgs. The 17.4% mismatch in the data is most
likely a result of a layout change between the transistor used for measuring static capacitance and
the transistor that was switched experimentally. The study was done throughout the various stages
of vertical GaN development and thus, some mismatch is not unexpected. That being said, an
experimental gate charge plot would provide further perspective on the capacitance behavior

across Vs.
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(g) GaN Dynamic Modeling
The model was simulated at 400 V with a 1 A load current and 2.5 Q external gate resistance
(Figure A-18) where the static behavior was defined according to the output, transfer, on-state
resistance, capacitance, and gate charge behavior above.

The optimization of the test set up was done outside the Saber® MOSFET tool, using the
generic parameter optimization function of Saber®. Minimizing the errors between simulated and
measured Vs, Vgs and lq waveforms in the double-pulse test circuit was the target of this multi-
objective optimization. Along with the capacitance parameters, parasitic elements in the circuit

were also numerically optimized to fit the ringing in the switching waveforms. These parasitic
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elements included stray inductances in the power and gate loop, a stray inductance in series with
the free-wheeling diode, as well as a damping resistance across the stray inductance of the power
loop. The MOSFET model and the external gate resistor were not touched during the optimization
of the test setup. Only the parasitic elements were optimized.

An additional external capacitance (23 pF) was optimized to improve the fitting of the
experimental switching waveforms. In retrospect, this extra capacitance can be attributed to the

test setup or a change in the layout between the devices used for transient measurements and

capacitance measurements.
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Figure A-18. Saber® double pulse test set up with optimized parasitic elements

The experimental turn-on and turn-off time were 8.48 ns and 30.2 ns respectively when
measured from 10% Vgs to 10% Vgs and 90% Vgs to 90% Vgs. The model switched in the same
time with 1 or 2 ns error (Figure A-19-22). The two primary areas of mismatch were in the negative
bias undershoot of Vgsduring turn on and the amplitude of the ringing in \VVgs during turn on (Figure

A-19). The cause of the negative Vgs dip requires further investigation because of the bizarre nature
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of the behavior; reverse recovery behavior from the top side switch was not the cause because a

Schottky diode was used for freewheeling the current.
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Figure A-19. Saber® (blue) overlaid on experimental (gray) GaN turn-on waveforms with optimized
parasitic circuit elements at a drain-source voltage of 400 V, a 1 A load current, and 2.5 () gate resistance at
25°C

(h) Conclusion
With optimization of the parasitic elements, the waveforms match with an insignificant error
that would not impact the switching times and loss. That being said, improvement is possible with

experimental gate charge curves. Furthermore, updating the capacitance optimization models in

the Power MOSFET Tool to match GaN device theory will also improve the model.
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Figure A-20. Saber® (blue) overlaid on experimental (gray) GaN turn-off waveforms with optimized
parasitic circuit elements at a drain-source voltage of 400 V, a 1 A load current, and 2.5 () gate resistance at
25°C

(i) Summary

This paper demonstrated effective models of wide bandgap devices that accurately simulated
switching time and parasitic ringing. The primary investigation compared the experimental and
modeled static and dynamic behavior of HRL’s 600 V, 2 A vertical GaN transistor. The properties
of GaN devices, and more specifically, vertically oriented GaN devices, could allow for efficient
performance at high frequency and high power. The experimental turn-on and turn-off times are
8.48 ns and 30.2 ns, demonstrating the potential for high frequency applications with GaN [86].
A model allows for simulation of the device and optimization of its behavior in converters. The
Power MOSFET Tool through Synopsys® Saber® was used to develop the model.

Firstly, a SiC example indicated that Saber® is effective at creating an accurate subcircuit model
when given output, transfer, and on-state resistance curves obtained experimentally or from a

datasheet. The SiC static data matched with a maximum error of 11.3% and the dynamic behavior
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demonstrated minimal error such the model in a test circuit would produce accurate timing and
loss.

The GaN model had a maximum error of 8.42% for output, transfer, and Rdson characteristics.
It switched within a couple nanoseconds of the experimental times and the parasitic ringing
accurately represented the rise and fall times so the modeled loss and timing would be accurate in
test simulation.

A critical methodological finding for model development was the accuracy of parasitic ringing
frequency and magnitude afforded by optimizing the parasitic elements in the model circuits.
Furthermore, the rates of rise and fall matched more closely with this technique.

Experimentally, the fabricated device yielded a threshold voltage of 4.8 V, 600 V blocking
voltage at a 0 V gate bias, with an on-state resistance of 1.7 Q at a 10 V gate bias [88], although
other experimental static testing produced resistances closer to 1 € under the same conditions. The
device successfully switched up to 450 V under a 2 A load current [86]. The results demonstrate
potential with more research on vertical GaN transistors.
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