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ABSTRACT

Gallium nitride (GaN) high-electron-mobility transistors (HEMTSs) are favored for their
smaller specific on-resistance, lower switching losses, and higher theoretical temperature
limits as compared to traditional silicon (Si) power switches. They have the potential to
dramatically increase the power density and efficiency of power electronics systems by
replacing traditional Si-based switches.

However, GaN HEMTs have a faster switching speed compared to their Si-based
counterparts. Minimizing the parasitic loop inductances of the GaN HEMT package is
crucial for reducing electromagnetic interference (EMI) noise and voltage spikes. Another
concern with GaN HEMTs comes from their lower thermal conductivity and smaller die
size. The HEMTs generally have a higher heat flux density, and accordingly, demand better
heat dissipation. Thus, innovations are needed for making GaN HEMT packages with low
parasitic inductances and higher thermal performances to further their applications in high-
frequency, high-power-density converters.

To reduce loop inductance, other researchers have embedded GaN HEMTSs in a printed
circuit board (PCB) and used plated vias for interconnections and heat dissipation.
However, this approach requires more complex manufacturing steps and has lower thermal

performance.



This dissertation introduces different embedded packaging techniques for 650V, 150A
GaN HEMTSs; this method involves interconnecting the bare chips between direct-bonded
copper (DBC) and a PCB or between two DBCs, as discussed in Chapter 2. Vertical
interconnections by gold pins and silver rods are introduced and implemented in embedded
packages to limit the parasitic loop inductance within 1.5 nH and parasitic resistances
within 1.5 mQ.

The thermal performance of the embedded GaN HEMT packages is experimentally
verified in Chapter 2; then, the junction-to-case thermal resistance (Riic) measurement is
discussed in Chapter 3. The common temperature-sensitive electrical parameters (TSEPS)
of a GaN HEMT for junction temperature measurement lack sufficient sensitivity or
stability due to the electron-trapping effect. The non-uniform distribution of the case
temperature and a large temperature gradient between the case and heatsink also make it
difficult to accurately measure the case temperature. In Chapter 3, gate-to-gate resistance
(Rg2g) Is selected as the TSEP for junction temperature measurement. The stacked thermal
interface material (TIM) technique was used to reduce errors in case temperature
measurement. This technique was implemented in a custom GaN HEMT package and in
embedded GaN HEMT packages for measuring junction-to-case thermal resistance. The
discrepancy between measurement and simulation is less than 20%, and the junction-to-
case thermal resistance for embedded packages is within 0.1 °C/W.

Chapter 4 evaluates the reliability of the GaN HEMT embedded packages developed in
Chapter 2 by utilizing a power cycling test. Monitoring the junction temperature of the
embedded packages online is challenging during the power cycling test. Other approaches

have used the on-resistance as the TSEP in order to monitor junction temperature for GaN



HEMTSs but this is not accurate due to electron trapping. As discussed in Chapter 3, Rgzg iS
chosen as the TSEP to monitor the junction temperature without worrying about the
influence of electron trapping, and this approach cycles the embedded packages at 75 A
from 25°C to 125°C. The packages can endure 23,000 power cycles before failure.

This work is the first to develop, fabricate, and characterize embedded packages for
650V, 150A GaN HEMT bare chips. These embedded packages with high-power-rated
GaN HEMT bare dice provide an opportunity to reduce the number of paralleled power
switches, reduce the system's cooling size, and increase the system’s power density. In
addition, this work is the first to develop the junction-to-case thermal resistance
measurement technique by gate-to-gate electrical resistance and stacked-TIM for GaN
HEMT packages. The technique helps enable solid thermal design for power electronics

systems.
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GENERAL AUDIENCE ABSTRACT

Power switches are everywhere in our daily life. They are the fundamental elements in
power converters for converting power to electric vehicles. As global power demand for
these applications continues to increase, high levels of both efficiency and power density
are crucial for power switches. However, traditional silicon-based switches are already
very mature, and their properties are very close to their theoretical limits. For further
improvement, researchers have tried to replace traditional Si switches with wide-bandgap
switches, which have much higher theoretical limits. Gallium nitride high-electron-
mobility transistors (GaN HEMTS) are one of the candidates.

However, packaging these switches (GaN HEMTS) is challenging due to their initial
properties. They naturally switch very quickly and have smaller sizes compared to
traditional Si-based switches. The fast switching speed brings high dv/dt and di/dt during
the switching period. It causes voltage spikes and electromagnetic interference (EMI)
issues. And the smaller size contributes to higher heat flux density, thus requiring more
efficient heat dissipation. To solve the challenge of packaging GaN HEMTSs, this
dissertation has developed embedded packaging techniques to achieve quiet switching and
good heat dissipation. These packaging techniques enable GaN HEMTSs’ advantages and

increase the power density and efficiency of power electronics systems.



To experimentally verify the thermal performance of the embedded packages developed
a junction-to-case thermal resistance measurement technique was introduced. The thermal
resistance of a custom GaN HEMT package was measured, as were those of the embedded
packages CPES also developed. The simulation results and the experimental results are
close to each other.

Finally, to further evaluate whether or not the newly developed embedded packages are
reliable, power cycling tests were carried out at | = 75 A. The packages survived over

23,000 cycles before failure.
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Chapter 1 Introduction

1.1 Power Module Requirements in Electric Vehicles

As power consumption has increased, global warming has become a severe issue. Until 2021,
the global temperature was 0.85°C higher than NASA's baseline. Moreover, the rate by which the
sea level is increasing, 4.4 mm/year, had reached its maximum value in 1993 [1]. The combustion
of fossil fuels and the generation of greenhouse gases, mainly carbon dioxide (CO2), are the major
causes of global warming. The United Nations has arranged the Paris Agreement to limit emissions
[2]. In November 2020, Joe Biden, the president of the United States, announced the plan and
signed an executive order to rejoin the Paris Agreement [3, 4].

Shown in Fig.1-1, traditional gasoline transportation contributes a significant portion to
greenhouse gas emissions, almost 30% in the United States in 2019. Given that gasoline engines
are the climate killers, electric vehicles (EVs) have come to the forefront as an essential component
of limiting emissions [5]. Compared to traditional gasoline vehicles, EVs have better fuel

economy, lower fuel cost, and no tailpipe emissions [6].

Fig.1-1. 2019 U.S. greenhouse gas emissions distribution [5].



As EVs emerge as being favored by both the government and individuals in the United States,
EV industries face significant challenges, including limited range, slow charging speed, and
limited power density and efficiency using traditional silicon-based power switches. Recently, the
Electrical and Electronics Technical Team (EETT) under the Vehicle Technologies Office (VTO)
of the Department of Energy (DOE) started a mission to accelerate the development of electric
traction drive systems for EVs. The mission's baseline is to reduce the cost of electric traction
systems by $6/kW for a 100-kW peak system and boost the power density to 33 kKW/L [7].

Fig.1-2 shows the typical components inside a generic electric traction drive system. The box
with a dashed line frame indicates the high-voltage power electronics sub-systems, which are the
main focus of the EETT. And Table 1-1 gives the technical targets for high-voltage power

electronics.

{ Electric Vehicle ]

-------------------------------------------
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[ ] PowerElectronicswith separate EETT Targets
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othertechnicalteams (VSATT, EESTT, GITT)
* Bi-Directional converter is optional

120/240 Fast Charging
volts (480 volts)

Fig.1-2. Components of the generic electric traction drive system [7].



Table 1-1. Technical target for high voltage power electronics [7].

2020 2025 Change
3.3 2.7 18% cost reduction
13.4 100  87% volume reduction

Since traditional silicon devices are very mature and already reaching their theoretical limit, to
achieve the goal of dramatically boosting the power density, implementation of commercialized
wide-bandgap semiconductor power devices, like silicon carbide (SiC) metal-oxide-
semiconductor field-effect transistors (MOSFETs) and gallium-nitride (GaN) high-electron-
mobility transistors (HEMTs) show promise as the way to go. Furthermore, wide-bandgap
semiconductor power devices also have the potential to increase the maximum operating
temperature. Therefore, the power electronics systems can be smaller, and the size of the cooling
systems can also be reduced. Table 1-2 shows part of the 2025 technical guideline requirements

for wide-bandgap advanced integrated power modules proposed by the EETT.

Table 1-2. Wide bandgap advanced integrated power module 2025 technical guidelines [7].

Current
State-of-Art AIPM
Requirement (WBG) (Nominal) Scalability

Peak power (kW) 30 100 200

Continuous power (kW) 15 55 110
Voltage rating (V) 900 -1,200 900 1,200

Maximum device current (A) 100 200 200

Device metallization

Top NO NO YES
Bottom YES YES YES

Maximum junction temperature (°C) 180 250 250



1.2 Introduction of GaN HEMTs

Wide-bandgap (WBG) semiconductor power devices have become increasingly popular in
recent years. Compared with traditional Si materials, which have a bandgap of 1-1.5 electronvolts
(eV), wide-bandgap semiconductor materials such as SiC and GaN have bandgaps above 2 eV.

From a materials perspective, WBG semiconductor materials like GaN and SiC are favored in
power electronics applications for their superior performance over Si. Table 3 compares Si, 4H-
SiC, and GaN semiconductor materials; as shown, GaN has the widest bandgap (3.4 eV), and the
highest electron mobility (2000 m?/V/s), and the highest saturation velocity (2.5 x 107 cm/s). All
these promising features contribute to the potential to achieve the lowest specific on-resistance and
a faster switching capability for GaN power devices. Fig.1-3 shows the specific on-resistance
versus breakdown voltage for different semiconductor materials and their theoretical limits [8].
From this plot, GaN devices have a greater limit than SiC and Si devices to achieve higher power
density and lower conduction loss. Fig.1-4 also highlights some key material properties of WBG
semiconductors [9]. GaN has the best features over SiC and Si materials (e.g., high electron
velocity, high electric field, high bandgap). However, bulk GaN crystal quality limitations make
it hard to develop vertical GaN devices like Si or SiC MOSFETSs. Instead, GaN HEMTs came out
by growing heteroepitaxy and creating an AlGaN/GaN layer on a-Si, SiC, or sapphire substrate.
This AlGaN/GaN piezoelectric layer enables a two-dimensional electron gas (2DEG) channel and
achieves lower on-resistance and fast switching features. Power electronics engineers favor these
features to develop high-frequency, high-efficiency power converters. With the increasing

demands, GaN-on-Si HEMTs are available on the commercial market.
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Fig.1-3. The specific on-resistance versus breakdown voltage for different semiconductor
materials. [8].
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Fig.1-4. Summary of Si, SiC, and GaN relevant material properties [9].

However, as shown in Fig.1-5, traditional GaN HEMT is a normally-on (depletion-mode, D-
mode) switch. This feature makes traditional GaN HEMTS require a negative gate-source voltage
to fully turn off their 2DEG channel. Power electronics engineers do not favor it because it is not
easy for them to design a proper gate driver to control the GaN devices. People have different
approaches to making normally-off (enhancement-mode, E-mode) GaN HEMTs. One typical

practice is to use a separate low-voltage Si MOSFET and connect it between the gate and source



of a GaN HEMT, as shown in Fig.1-6 [10]. In this structure, when the Si MOSFET turns off, the
voltage between the GaN HEMT's gate and the source is negative, and this keeps the GaN HEMT
turned off. When the Si MOSFET turns on, the GaN HEMT's gate and source are of the same
potential, and the GaN HEMT is on. This method to achieve an E-mode GaN HEMT is
straightforward and friendly for electrical engineers. However, the extra Si MOSFET adds another
device to the system, which incurs more losses, extra packaging workload, extra cost, and even
reliability issues [11-13].

Another way to achieve an E-mode GaN HEMT is on the wafer level. Several methods have
been reported. Some tried to make a metal-insulator-semiconductor (MIS) gate structure and
remove the AlGaN layer below the gate [14, 15]. Some use negatively charged ions' implants into
the AlGaN layer below the gate [16, 17]. However, the most common method in the industry is to

add a p-type GaN layer between the gate and the AlGaN layer to deplete the channel [18-20].

Source Drain
Gate 2DEG with High
AlGaN Barrier
. Isolation
Isolation GaN Buffer

Transition Layer

Substrate Si

Fig.1-5. Traditional GaN HEMT device structure.
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Fig.1-6. GaN HEMT cascode device structure [10].

The typical structure of an enhancement-mode GaN HEMT using a p-type GaN layer is shown
in Fig.1-7 [21, 22]. The threshold voltage is around 1 V, and the gate turn-on voltage is usually set
to 6 V. In this way, the E-mode GaN HEMT behaves like a traditional Si MOSFET with a slightly
low turn-on voltage. Also, thanks to the 2DEG layer, GaN HEMTs have much smaller on-
resistance and junction capacitances than their Si and SiC counterparts, as shown in Table 1-3.
These features allow GaN HEMTSs to achieve significantly less conduction and switching loss in

power-conversion systems.

GaN Buffer Layers EG Channe

Si substrate

Substrate

Fig.1-7. The typical structure of an E-mode GaN HEMT [21].



Table 1-3. Comparison of commercial 650-V, 30-A Si MOSFET, SiC MOSFET, and GaN HEMT.

Ciss (PF) 5030 1020 242
Coss (PF) 215 80 65
dv/dt (V/ns) <10 18 90

The HEMT structure is on a Si substrate. The Si substrate helps protect the channel and provides
insulation. Also, since Si substrates are much cheaper than SiC, GaN, and sapphire substrates, this

solution can cut down the device cost and is also commercialization friendly.

1.3 Challenges for Packaging and Characterizing GaN HEMTs

Although GaN HEMTs have benefits in terms of low specific on-resistance, low switching loss,
and high-temperature capability, it is significantly challenging to fully realize these good features
and characterize their packaging performance.

The first challenge for GaN HEMT packaging is to compensate for its high dv/dt and di/dt
during switching. In the previous section, Table 4 shows that GaN HEMTs have much smaller
junction capacitance than their Si and SiC counterparts. From the switching loss perspective, this
is beneficial. However, it also brings high dv/dt and di/dt during switching events. And, in a
converter system, there are some inevitable parasitic inductances and capacitances. If GaN HEMT
packages introduce significant parasitic inductances or capacitances (e.g., bond wires,
terminations), the high dv/dt and di/dt will induce large current and voltage overshoots on the
parasitic capacitances and inductances. Also, ringing will occur in the system. These overshoots

and ringing can increase the system's electromagnetic interference (EMI) noise, significantly stress



the device and its gate driver, and increase loss due to the ringing. Finally, the whole system'’s

reliability will be impacted.

LPI

Gate Lex
Driver

Gate L
Driver

Fig.1-8. A typical buck converter circuit diagram with parasitic inductances.

Thermal management is the other challenge for GaN HEMT packaging. Compared to Si and
SiC devices, GaN devices can achieve the same on-resistance with smaller die sizes. This means
GaN devices have higher heat flux than their Si and SiC counterparts during operation. However,
the thermal conductivity of the GaN or its silicon substrate is around four times smaller than that
of the SiC, as shown in Table 1-4. Therefore, considering single-sided cooling from the GaN
HEMT Si substrate, the generated heat has to go through the 2DEG channel, Si substrate, die-
attachment layer, and device case, as shown in Fig.1-9. The safe operation area plots for the Si
MOSFET, SiC MOSFET, and GaN HEMT are shown in Fig.1-10. Since the GaN HEMT has a
larger junction-to-die-substrate thermal resistance (Rwss) and higher heat flux than the Si and SiC

switches, carefully optimizing the die-substrate-to-case thermal resistance (Rinsc) is crucial.



Table 1-4. Thermal conductivity of different semiconductor materials.
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Fig.1-9. The typical cooling structure of a GaN HEMT package (without interconnections).
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Fig.1-10. Safe operation area plot for Si, SiC, and GaN devices.
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Also, experimental verification of the electrical and thermal performance of GaN HEMT
packages is the key to ensuring package development success. Electrical static characterization of
GaN HEMT packages, including I-V and breakdown voltage tests, is straightforward. It is the
minimum requirement for a GaN HEMT package. On the other hand, dynamic characterization is
crucial to test the switching performance of GaN HEMT packages. Engineers favor a double pulse
test (DPT) to evaluate the dynamic performance and obtain voltage, current spikes, ringing, and
switching loss of GaN HEMTs. Based on the ringing period in the DPT waveform, one can also
measure and evaluate the parasitic inductances and capacitances. There are established standards
for both static and dynamic tests.

However, for thermal characterization (e.g., junction-to-case thermal resistance, Rinic
measurement), there is no test standard for GaN HEMT packages. Therefore, the main challenge
of measuring the Rijc of a GaN package is the lack of accurate techniques to determine the device's
junction temperature, T;. Although common temperature-sensitive electrical parameters (TSEPS)
to determine T work well with Si and SiC devices, they lack sufficient sensitivity or stability due
to the GaN HEMT's buffer layer charge-trapping effect [23, 24]. Also, accurately measuring case
temperature is another challenge.

After electrical and thermal characterizations, reliability evaluation is the last step to envision
how well the GaN HEMT packages would perform in the long term. The power cycling test is an
efficient reliability test, and it not only provides temperature stress but also simulates the power
switch's actual operation [25-27]. However, an accurate way to monitor T; is important for

conducting a power cycling test for a GaN HEMT package.
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1.4 The State-of-the-Art Packaging Techniques for GaN HEMTs

To solve the packaging challenges for GaN HEMTS, researchers have put great effort into
developing and improving packaging technologies for GaN HEMTSs. As shown in Fig.1-11(a) and
(b), there are some commercial packaging practices for GaN HEMTSs to avoid the traditional
transistor outline (TO) packages with long leads [28, 29]. These surface-mounted packages can
significantly reduce the footprint and parasitic inductance related to terminations. However,
traditional bond wires are used for interconnections. These bond wires still limit the device's
footprint and add additional inductance to the GaN HEMTS' package. The bonded area may also
encounter fatigue failure because of the thermal expansion coefficient (CTE) mismatch between

the GaN HEMT bare die and the bond wires [30].

=

DSO Package QFN Package

-~ .

%y

(@) (b)

Fig.1-11. (a) The dual small outline (DSO) package from Infineon [28], and (b) the Quad flat no-
lead (QFN) package from Texas Instruments [29].

To avoid bond wires and further increase packaging density, one can integrate GaN HEMTSs
onto a printed circuit board (PCB). The typical PCB-embedded structure is shown in Fig.1-12. The
PCB-embedded technology in [31] can be applied for GaN HEMT packaging, and plated copper

vias were used for the interconnections. In [32], the GaN HEMTSs bare dice were buried between
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a second and third layer of a four-layer PCB, and the device’s thermal pads were connected to the
bottom copper layer. However, that approach required a 5-10 mm copper finish on the dice, not a
standard process in die fabrication. Also, an extra buffer layer is required when using ultraviolet
(UV) laser drilling in the PCB to avoid damaging the die surface. However, there are other versions
of PCB-embedded technology using mechanical drilling and requiring stud bumps or a metal foam
interposer for PCB-to-die interconnection [33-35]. They are shown in Fig.1-13 (a) and (b).
However, the composite material, FR-4 in the PCB, has low thermal conductivity, and thermal
vias are insufficient to extract heat.

Furthermore, there is no insulation between the die's substrate to the heatsink for PCB-
embedded packages. Usually, a thick non-conductive thermal interface material (T1M) is required
for electrical isolation, and this addition reduces heat-dissipation efficiency. GaN Systems
developed an insulated metal substrate (IMS) based GaN HEMT power module in [36] to improve
the package’s thermal performances and to solve the insulation issue in Fig.1-14. However, since
the insulation for IMS is a thin polymer dielectric layer, the thermal conductivity (3-7 W/mK) and
thermal-mechanical reliability are much lower than with an aluminum nitride (AIN) direct-bonded
copper (DBC) substrate (up to 170 W/mK). A single-sided cooling module and a double-sided
cooling module with two DBC substrates were proposed in [37, 38]. Their structures are shown in
Fig.1-15(a) and (b). They can achieve less than 3 nH parasitic inductance, reliable ceramic
insulation, and better thermal performance than PCB-embedded solutions. However, they directly
sandwiched the GaN HEMTs bare dice between two rigid substrates using solder without any
interposers or buffer layers, which can cause significant thermal-mechanical stresses by the
coefficient of thermal expansion (CTE) mismatch and lower the reliability of the GaN HEMT

packages. The state-of-the-art (SOA) packages for GaN HEMTs are concluded in Fig.1-16.
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Fig.1-12. A structure of PCB-embedded packaging of GaN HEMT [32].
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Fig.1-13. (a) Stud bump interconnection of power switch packaging [33], and (b) metal foam
interconnection of power switch packaging [34].
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Fig.1-14. The structure of an insulated metal substrate (IMS) based GaN HEMT power module
[36].
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Fig.1-15. (a) A PCB/DBC hybrid GaN HEMT packaging structure [37], and (b) a DBC/DBC
sandwich GaN HEMT packaging structure [39].
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Fig.1-16. Comparison of the state-of-the-art GaN HEMT packages [21, 28, 29, 32, 37, 38].

1.5 Significance and Objectives

This dissertation aims to develop packaging techniques for gallium-nitride high-electron
mobility-transistors (GaN HEMTS) to achieve high power density, low parasitics, and low thermal

resistance for power electronics applications and develop high-temperature GaN HEMTs packages
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to characterize them up to 250 °C. Embedded packaging techniques with vertical interconnections
were developed to solve the challenges. The electrical performance of the GaN HEMT embedded
packages was characterized. An improved junction-to-case thermal resistance measurement
method was introduced to measure the junction-to-case thermal resistance experimentally. To
provide reliable high-temperature characterization data of commercially available GaN-on-Si
HEMTSs, high-temperature packages have been designed and fabricated, and then are characterized
at temperatures up to 250 °C.

The specific objectives of this dissertation are summarized as follows.
1. Design, fabricate, and electrically characterize embedded packages for 650-V, 150-A GaN
HEMTSs to achieve high density, low parasitic loop inductance, and good thermal performance.
2. Experimentally characterize and verify the thermal performance of the fabricated embedded
GaN HEMT packages.
3. Evaluate the reliability of the fabricated embedded GaN HEMT package by conducting a power

cycling test.

1.6 Summary of Dissertation Organization

Following the introduction chapter, in Chapter 2, embedded packaging techniques will be
discussed in detail. First is the chapter introduction. Then, in Section 1, a 650-V, 150-A, 10-mQ
GaN HEMT bare chip is introduced for potential high-power application in an electric drive system.
To first demonstrate embedded packaging technology for a single GaN HEMT device and to
achieve low parasitic inductances, small footprint, and good thermal performance, a PCB-
interposer-on-DBC package with vertical interconnections is introduced. The layout design and

the fabrication process of the single device package are later introduced. The single device
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package's static and dynamic characterization results are also shown. Then, an embedded GaN
HEMT half-bridge module is proposed based on the concept of a PCB-interposer-on-DBC single
device package. The embedded packaging technique of the GaN HEMT half-bridge module with
double-sided cooling and stacked-dice structure was finally designed and verified.

To characterize the thermal performance of the embedded GaN HEMT packages proposed in
Chapter 2, an accurate junction-to-case thermal resistance, the Ric measurement technique is
introduced in Chapter 3. First, the junction temperature, T, was obtained using a gate-to-gate
electrical resistance as the TSEP. Then, the stack thermal interface materials (T1Ms) technique was
introduced to reduce errors in case temperature measurement. Next, a wire-bonded package was
fabricated and characterized to verify the measurement technique. The measurement results were
also compared with the finite element analysis (FEA) simulation. Finally, the thermal resistances
of the embedded packages were tested.

Chapter 4 studies the reliability of the embedded GaN HEMT packages for potential application
in electric traction drives by carrying out power cycling tests. The embedded package testing
samples were fabricated together with traditional wire-bonded samples. Using the T; measurement
technique in Chapter 3, the power cycling junction temperature range was controlled from 25°C to
125°C. The testing current was 75 A, half of the rated current. Finally, the power cycling results
were concluded.

Chapter 5 summarizes the dissertation topic of GaN HEMT packaging and characterization.

Potential future work is also proposed in Chapter 5.
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Chapter 2 Embedded Packaging of eGaN
HEMTs: Design, Simulation, Fabrication,
and Electrical Characterization

2.1 Introduction of Embedded Packaging Techniques for eGaN HEMTs

As discussed in the first chapter, GaN HEMTs benefit from low specific on-resistance and fast
switching speed as compared with their Si and SiC counterparts. However, these benefits also
bring packaging challenges over ultra-low packaged inductance and effective junction-to-case
thermal resistance. A traditional wire-bonding GaN HEMT package with lateral interconnection
is shown in Fig. 2-1. The GaN HEMT bare chip is attached to a substrate or leadframe by adhesive
materials like solder. On the top side, bond wires are used for interconnections. One side of the
bond wires connects to the gate, drain, and source bonding pads. The other side connects to the
termination or leadframe. So, this traditional way can be considered a lateral interconnection. It is
a cost-effective solution since wire bonding is a standard process established for Si and SiC devices.
However, it also increases the footprint, hence, lowing package density. Compared to Si and SiC
devices, GaN HEMTs are more sensitive to parasitic inductance. The wire-bonding
interconnection also has a relatively large parasitic inductance (3-10 nH), which can cause

overshoots and ringing.
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Fig. 2-1. An example of a wire-bonding package with lateral interconnection.

Embedded packaging was first introduced in integrated circuit (IC) packaging. It is specifically
called embedded die packaging [40, 41]. Nowadays, embedded packaging is popular and favored
by the IC industry. However, most studies have focused on wafer-level integration for low-voltage-
rating 1C chips. Inspired by the embedded packaging technology from the IC industry, an
embedded packaging concept for GaN HEMT power devices was developed. The structure is
shown in Fig. 2-2. The main difference between wire bonding and embedded packaging is the
interconnection type. Embedded packaging uses either plated vias or metal interposers directly
connecting the bonding pads to the top layer. The GaN HEMT bare chip is buried between the
substrate and top layer. In this way, the embedded package can achieve a 50% smaller footprint, a
50% lower profile, and only one-third of the parasitic inductance as compared with the wire-
bonding package. Therefore, compared to wire-bonding packages, embedded packages can help

tackle various challenges faced in implementing GaN HEMTs.
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Fig. 2-2. An example of an embedded package with vertical interconnection.

However, the SOA embedded packaging mainly uses the PCB process, as discussed in Chapter
1 [10, 31-35, 37]. The major challenge is the significant junction-to-case thermal resistance that
occurs due to the poor thermal conductivity (1 W/m-K) of the FR-4 lamination materials in the
PCB. To solve the packaging challenges and demonstrate novel embedded packaging techniques
for the latest GaN HEMT (650 V, 150 A, 10 mQ), this dissertation introduces single-sided and
double-sided cooling embedded GaN HEMT packages.

In Chapter 2, Section 2, the detailed structure of the latest version of GaN HEMT (650 V ,150
A, 10 mQ) is introduced. The challenges for packaging this latest GaN HEMT bare die are also
highlighted. Section 3 demonstrates a rapid embedded package demo (PCB-interposer-on-DBC
package) for a single GaN HEMT using gold-plated pins for all the interconnections. The
technique in Section 3 is further improved and extended to half-bridge module packages with more
robust interposers and integrated decoupling capacitors in Section 4. Finally, Section 5 summarizes

the embedded package techniques.

2.2 GaN HEMT Bare Chip for Packaging

Recently, GaN Systems developed 650-V, 120-A, and 150-A eGaN HEMTs (GS-065-120-1-D

and GS-065-150-1-D) only in bare die form. Since these devices are for high-power applications
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and the die size and current rating are very large, no commercial package is available yet. The
overview layout of the bare chips is the same, as shown in Fig. 2-3. The total size of the chip is
12650.0 um x 5600.0 um. The gate, drain, and source bonding pads are on the top copper
redistribution layer (RDL). The gate bonding pads are tiny, only 420 um x 330.5 um and the gap
between the gate and the source pad is only 50 um. There are two gate pads on one bare die, located
on the left and right corners. This design of the bare die is to ease the PCB design in real application.
The drain and source bonding pads are two high-aspect-ratio rectangles (12030.4 um x 499.5 um).
Apart from the gate, drain, and source bonding pads on the top RDL, there is a fourth terminal
called the body -- the chip’s substrate. To avoid the backgate effect and maintain the driving
voltage for GaN HEMTs, it is better to connect the body of the GaN HEMT to the source and keep
them at the same potential.

The bare die finish is shown in Fig. 2-4. The die is made of 8.0-um thick copper on the top
layer and 0.1-um thick titanium (Ti), 0.3-um thick nickel (Ni), and 1.0-um thick silver (Ag) on
the bottom.

When the 2DEG is conducting, most of the heat is generated at the 2DEG and spreads to both
the copper redistribution layer (RDL with gate, drain, and source bonding pads) and the Si
substrate. Although the 2DEG is close to the RDL, the junction-to-RDL thermal resistance (0.18
°C/W) is much greater than that of the junction to the substrate (0.07 °C/W) due to the air gap or

dielectric insolation between the electrodes.
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5600.0 pm

Fig. 2-3. The overview of the 650 V, 150 A GaN HEMT bare die.
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Fig. 2-4. The surface finish of the bare die in Fig. 2-3.

2.3 Embedded Packaging for a Single GaN HEMT Chip: PCB-Interposer-on-
DBC Packaging

A cross-sectional view of the embedded package for a single GaN HEMT chip is shown in Fig.
2-5. Dimensional details of the package were worked out for a 650 V, 120 A GaN E-HEMT bare
die (GS-065-120-1-D) from GaN Systems. Following the chip manufacturer’s recommendation,
the die’s thermal pad was bonded to a DBC substrate by silver sintering. For heat extraction, a heat
sink would be attached to the DBC. To interconnect the chip terminals on the top, gold-plated pins
of about 254 um in diameter were used. They were dropped through the 300-pum diameter vias in
the PCB interposer board. The gold pins and the chip terminals were also bonded by silver sintering.

The heads of the pins were soldered to the PCB using a tin-lead alloy so that the chip terminals
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were connected to the circuit on the PCB. To adjust the clearance space between the PCB and the
top surface of the chip, shims were used on the DBC. Since the gate pads are small, the functional
PCB board with vias was carefully aligned to the bare die to get a good connection and to avoid
shorting. The alignment blocks were used to align the PCB with the bare die. Fig. 2-6 shows the
fabricated embedded GaN package. The circuit diagram of the package is shown in Fig. 2-7. The
ANSYS Q3D Extractor was used to simulate parasitic inductances, as shown in Fig. 2-7. The
simulated values are shown in Table 2-1. The whole package is embedded between a PCB and a
DBC. The PCB interposer on the top aligns gate connections and interconnections. The package
is also called a ‘PCB-interposer-on-DBC package.” The large pads on the PCB board in Fig. 2-6
are for testing. It can be further cut to a smaller size for high density. In the future, it can also

enlarge to a bigger size and integrate gate drivers and power supplies.

Alignment Gold Plated
Blocks Pins PCB
. ] — j—
| I | | | |

Source Gate

Gate
ilver Pas

DBC Substrate

Base Plate

Fig. 2-5. The cross-sectional view of the embedded package for the single GaN HEMT in Fig. 2-3.
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Fig. 2-6. The fabricated embedded package discussed in Fig. 2-5.

G oL HEMT

SS o

Fig. 2-7. Circuit diagram of the single chip GaN HEMT package in Fig. 2-5 with parasitic
inductances labeled.

Table 2-1. Values of the simulated parasitic inductances in Fig. 2-7.

Lp Ls Le Lss
Simulated
Inductance 0.55 0.65 1.83 1.83
Values (nH)

First, all the interconnections are vertical and integrated into the top of the PCB. Therefore, the
parasitic inductances can be controlled to be very small. On the bottom side, the DBC substrate

used in this package offers electrical insulation and a low-resistance path for heat flow from the
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die. The use of sintered silver for die bonding and interconnection provides reliable joints. In
addition, it eases the assembly process and improves heat extraction because the sintered silver
has a thermal conductivity of over 100 W/mK. To know the relative thermal performance of this
package, FEA thermal simulations have been run using an ANSY'S Icepak on this package, a GaN
Systems’s GaNpx-type package, and on a typical PCB-embedded package reported in other
research [32]. A schematic of the structure model created for the GaNpx package is shown in Fig.
2-8(a). The GaN HEMT die is sandwiched between an interconnect PCB and a metal substrate.
Since the metal substrate is not electrically isolated in the GaNpx package, a relatively thick
dielectric thermal interface material is needed between the pad and heat sink for cooling through
the thermal pad. This work followed the company recommendation for the simulation by selecting
Gapfiller-GS3500S35-07 as the interface material with a layer thickness of 17 um. Fig. 2-8(b) is a
schematic of the structure model of a PCB-embedded package consisting of a die inserted between
the second and third layers of copper in a four-layer PCB. Heat extraction from the die is achieved
through thermal vias in the PCB. Fig. 2-8(c) is a schematic of the structure model of this PCB-
interposer-on-DBC package. A lead-free solder of 50-um thick was utilized to bond the DBC

substrate to the heat sink.
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Fig. 2-8. Schematic of the structure model of a package based on: (a) the GaN Systems’s GaNpx
technology; (b) a typical PCB-embedded package; and (c) the PCB-interposer-on-DBC package in
this work. In Fig. 2-8(c), Both TIM 1 and TIM 2 can be high-thermal-conductivity solder or
sintered silver. However, in Fig. 2-8(a) and (b), the TIM must provide insulation. Hence, they have
a low thermal conductivity.

All three packages simulated were assumed to have the exact same dimensions. They were all

self-heated with a power of 20 W. The heating power was determined based on the chip loss for

an application in [42]. The heat sink was the same for all, and the airflow rate was assumed to be

at 3 m/s. Shown in Fig. 2-9(a), (b), and (c) are the simulated steady-state temperature profiles of

the three packages, respectively.

@)
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Fig. 2-9. Results of the simulated steady-state temperature profile over die surface of: (a) Fig. 2-8.
(a); (b) Fig. 2-8. (b); and (c) Fig. 2-8. (). The heating power was set to be 20 W. Air cooling with
3 m/s was applied to all the three structures.
The maximum temperature in this dissertation’s package was 13 degrees lower than that in the
GaNpx-type package and 16 degrees lower than that in the PCB-embedded package. The primary
reason for the better thermal performance of this package is due to the thinner thermal interface

material and its higher thermal conductivity. Additionally, this package's junction-to-case thermal

resistance (Riic) was measured and found it to be 0.14 °C/W.

To fabricate the PCB-interposer package for 650-V, 120-A eGaN HEMT bare die, an AIN DBC
(from Rogers Corporation) was selected as the substrate due to its good thermal conductivity. In
order to align the PCB with the bare die, 1-mm thick ceramic alignment blocks were used to fix the
location of the die. Before sintering, the location of the die and the alignment blocks were fixed and
attached to the DBC by using nanosilver paste (from NBE Tech, LLC.). Sterling silver shims were

also sintered to the DBC substrate. After sintering, the functional PCB with slots was aligned with
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the die. Gold-plated pins were inserted into the vias in the PCB and attached to the die’s gold pads
by a silver-sintering paste. After sintering the pins, the die, PCB, and DBC were bonded together
and encapsulated using an underfill polymeric material. After injecting the underfills, the heads of
the pins were soldered to the functional PCB. The processing procedure is shown in Fig. 2-10. Fig.

2-11 shows the final package after trimming off the alignment region and testing pads.

= =

Fix the Die Location and Place
Align and Smear to Wet the Die Alignment Blocks Remove PCB Fixture

Sintering Process #1 Sintering Process #2

1 hour

5°C/min

Place Functional PCB and Sinter Inject Underfills and
Pins at 200 °C for an Hour Cured at 150 °C

Fig. 2-10. The fabrication process of the PCB-interposer-on-DBC package in Fig. 2-6. The alignment
blocks and the die were fixed by a PCB fixture and sintered on an etched DBC. The functional PCB
was guided by the alignment blocks and aligns the pins to the die’s bonding pads.

Pin Connection | 13.8 mm :
for Drain

Pin Connection
for Kelvin Source

Pin Connection ~ &%
for Gate

Fig. 2-11. PCB-interposer-on-DBC package after trimming off the alignment region and testing
pads of the package in Fig. 2-6.
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The fabricated packages were tested for static characteristics using a curve tracer. Fig. 2-13(a)
and (b) show the on-resistance, Ron, and leakage current measurement results. The Ip vs. Vps and
Ip vs. Vs characteristics are shown in Fig. 2-14(a) and (b). The PCB-interposer package added a
small resistance from the interconnect pins and sintered joints, while the leakage current was
almost the same compared to that from the bare die. The overall static 1-V characteristics of the

package were similar to those on the bare die.
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Fig. 2-12. (a) Measured Ron of the bare die in Fig. 2-3 and the package in Fig. 2-6; and (b)
measured leakage current of the bare die in Fig. 2-3 and the package in Fig. 2-6. For Ron
measurement, Ves is set to be +6 V to fully turn on the switch. For leakage current measurement,
Vas is set to be -4 V to make sure the switch is off. The measurement error is within 1 nQ.
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Fig. 2-13. (a) Measured Ip vs.Vps of the package in Fig. 2-6; and (b) measured Ip vs.Ves of the

package in Fig. 2-6.

2.4 Embedded Packaging of GaN HEMT Half-Bridge Module

2.4.1 Single-Sided Cooling GaN HEMT Module

2.4.1.1 Package Layout Design

This section extends the GaN HEMT packaging technique in the previous section to half-bridge
modules. In order to further reduce parasitic resistances and inductances, a single-sided cooling
GaN HEMT half-bridge module is demonstrated in this section. Fig. 2-14(a) is a three-dimensional
(3D) model of the half-bridge module, and (b) is its exploded view. Fig. 2-15 is a cross-sectional

schematic of the half-bridge module layout. The module consists of two eGaN chips connected
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between an AIN DBC substrate and a PCB. The sandwich structure is similar to that of the single-
die package discussed in the previous section. However, unlike the previous package, short
segments of silver rods are utilized for joining the drain and source pads on the chips to plated-
through slots and metal patterns in the PCB. Replacing the pins with rods reduces mutual parasitic
inductance and increases current-handing capability and thermal performance. Since the silver
rods have very small inductance, the Kelvin source pins are removed to improve yield. Gate pins
still connect the gate pads through pre-drilled holes in the PCB. The PCB not only serves for
interconnecting the terminals but also for mounting decouple capacitors across the source of the
top chip and the drain of the bottom chip, resulting in a shorter power loop. The PCB is aligned to
the chips by matching the PCB openings to alumina studs on the DBC. Metal shims on the DBC
control the gap spacing between the PCB and the chips. The chip manufacturer recommends
shorting the chip’s silicon substrate to its source pad to avoid the back-gate effect and to reduce its
dynamic on-resistance [43, 44]. This is achieved through a metal trace in the PCB that connects
the source to the metal shim. Die-attachment and connections to the bare chips are achieved by
silver-sintering instead of soldering to improve bonding reliability and facilitate module assembly

that requires multiple heating/cooling steps.
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Fig. 2-14. (a) Three-dimensional view of the single-sided cooling half-bridge module; and (b)

exploded view of the module.
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Fig. 2-15. A cross-sectional diagram of the single-sided cooling half-bridge module in Fig. 2-14.

2.4.1.2 Parasitic Extraction

Fig. 2-16 is the circuit diagram of the half-bridge module showing the various parasitic
inductances. Fig. 2-17 shows where these parasitic inductances are located in the package from

Fig. 2-14. All the parasitic inductances in Fig. 2-16 were simulated using an ANSYS Q3D
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Extractor and are listed in Table 2-2. The parasitic inductances, Lpi, Lcsi, and Lcs2 are the
inductances of the silver rods, which are all 0.07 nH. Le: and Le2 are gate-pin inductances, which
are 1.83 nH. The power-loop inductance, Lpower is the sum of package inductances, decoupling
capacitor inductance, and bare chip inductance. The loop is from one side of the decoupling
capacitor to the other side. At 100 MHz, the power-loop inductance is 1.122 nH -- sufficiently

small for use in MHz converters.

D1
q
:"““""'““"":% Lp,
! Lg |
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: Lpﬂwer i LCSI
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—— Decap g L,
E Le; E Lower
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E ! é Leg,;
: s2 et
»
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Fig. 2-16. Circuit diagram of the half-bridge module from Fig. 2-14 including parasitic
inductances.
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Fig. 2-17. Parasitic inductances depicted in Fig. 2-16 of the module in Fig. 2-14. Gate pin inductance
is not shown here.

Table 2-2. Values of the simulated parasitic inductances in Fig. 2-16.

Lp1 Lcsi or Les2 Lp2 Leior Le2 Lpower
Simulated
Inductance 0.07 0.07 0.29 1.83 1.122
Values (nH)

2.4.1.3 Thermal Simulation

Heat extraction of the package in Fig. 2-15 is by one-sided cooling through the bottom copper
plane of the DBC substrate. Because the middle ceramic layer of the substrate provides electrical
isolation of the chips, the module can be directly mounted on a heat sink using a TIM with high
thermal conductivity, such as a lead-free solder (k =52 W/mK). Fig. 2-18(a) is a design for cooling
the module by soldering its substrate directly on a pin-fin heatsink. The design of Fig. 2-18(a) was
simulated in COMSOL Multiphysics to evaluate the thermal performance of the module. For

comparison, using the same pin-fin structure for cooling, the thermal performance of the half-
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bridge modules was also simulated using GaN Systems’s HEMT package or the GaNpx package
and modules based on a PCB-embedded structure modeled after [40].

The simulated structure for the GaNpx package is depicted in Fig. 2-18(b) [45]. It is a flip-chip
configuration with all three chip terminals connected by soldering to a PCB. The thermal pads of
both chips are attached to the pin-fin heatsink through a dielectric TIM for electrical isolation. The
chip manufacturer’s recommendation was to select a TIM, Gapfiller-GS3500S35-07, 178-um
thick from Henkel. Moreover, the junction-to-case thermal resistance, Rijc, of the chip package
needed for the thermal simulation was taken from its datasheet. As for the simulated structure of
the PCB-embedded package shown in Fig. 2-18(c), the PCB is a 2s2p board (13.6 mm x 13.6 mm)
with 1 oz copper. The bare dice are buried between the second and the third copper layers. The
multiple micro-vias in the PCB are machined and electroplated with copper for access to the chips,
the terminals on one side for electrical connection, and the thermal pads on the other side for heat
dissipation. Again, as required for electrical isolation, the same TIM used for the GaNpx package

was also used for the PCB-embedded package.
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Fig. 2-18. (a) Simulated structure for the half-bridge module package in Fig.1; (b) simulated
structure for a half-bridge module made with GaN System’s GaNpx package; and (c) simulated
structure for a PCB-embedded GaN half-bridge module. In Fig. 2-18(a), both solder and sintered
silver have high thermal conductivity. However, in Fig. 2-18(b) and (c), the TIM must provide
insulation. Hence, they have a low thermal conductivity.

To ensure a fair comparison, the three structures were assumed to have the same dimensions.
Each of the chips was assumed to generate a heat power of 20 W under an operation at 400 V and
60 A [42]. Results of the simulated junction-to-case thermal resistance (Riic) and junction-to-
ambient thermal resistance (Risa) for each cooling structure are summarized in Table 2-1. Plotted
in Fig. 2-20 are the chip junction temperature versus heat transfer coefficient for the three cooling
structures. The steady-state temperature distributions in the three cooling structures of Fig. 2-19(a),
(b), and (c) -- all at a heat transfer coefficient of 3000 W/m?K -- are plotted in Fig. 2- 21(a), (b),

and (c), respectively. The module package of this work has a maximum temperature that is 22.2
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°C lower than that in the GaNpx-type package, or 25.2 °C lower than that in the PCB-embedded

package.
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Fig. 2-19. Plots of junction temperature versus thermal transfer coefficient for the three different
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Fig. 2- 20. (a) Temperature distribution of the structure in Fig. 2-19(a); (b) temperature

distribution of the structure in Fig. 2-19(b); and (c) temperature distribution of the structure in Fig.
2-19(c).

Table 2-3. Simulated thermal resistances of the three cooling structures.

) Junction-to-Case Junction-to-Ambient
Simulated Structure ) L ) o
(Module +Heatsink) Thermal Resistance, Thermal Resistance,

Rasc (DC/W) Ry (UC/W)

Our Half-Bridge

Module 0.099 1.902

GaNpx

Module 0.144 2421
PCB-Embedded

Module 0.458 2.550

2.4.1.4 Module Fabrication

Bare dice of GaN Systems’s 650-V, 10-mQ (150-A) eGaN HEMTSs (GS-065-150-1-D) were

purchased from the company. The backside or thermal-pad side has a silver surface finish, which

is suitable for die-attach by silver-sintering. The bonding pads on the three terminals of the chip

have a copper surface finish, which is also compatible with silver-sintering of a pressure-less

sintering paste (NanoTach®: X Series) from NBE Technologies. The fabrication process for the

half-bridge module is shown in Fig. 2-22. Because of their excellent thermal conductivity (up to

230 W/mK), AIN DBC substrates with a silver surface finish from Rogers Corporation were used

for building the module. Patterning of the DBC substrates was done by chemical etching.

Placement of the dice, and alignment of the alumina studs and silver shims on the substrate, were
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guided by a PCB fixture. After removing the fixture, the dice, studs, and shims were bonded on
the substrate by pressureless sintering at 250 °C for 15 minutes. Then, short silver rods (0.85 mm
in diameter) were soldered onto 0.5 mm open slots in a multilayer interconnect PCB, followed by
flipping the PCB and mounting the rods on the source and drain pads of the chips. The gate pads
were connected to the PCB by gold-plated pins dropped through the via holes in the board. The
alignment of the rods and pins to the chip bonding pads was aided by the alignment blocks on the
substate and corresponding openings in the PCB. And they were bonded by silver-sintering at
200 °C for an hour. The shims on the substrate were soldered on the PCB for shorting each of the
thermal pads to its corresponding source pad. The shims also served to level the board. The empty
space between the DBC substrate and the PCB was filled with an underfill (ME-531 from LORD
Corporation), which provided electrical insulation and improved both the structural integrity and

the thermo-mechanical reliability [46-48].

Placementof the
Functional PCB and
Sinter Silver Rods to

Dice Surface

Alignment of Dice,
Blocks, and Shims
Using a PCB fixture
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i |
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X 200°C - 2
Etch DBC pattern 59C/min The DBC Substrate with 50C/min Fabricated Half-Bridge
Mounted Components Module with a Decap

Sintering Process #1 Sintering Process #2

Fig. 2-21. The fabrication process of the single-sided cooling half-bridge module in Fig. 2-14.

2.4.1.5 Electrical Static Characterization

Static characteristics of the fabricated half-bridge modules and those of the bare dice were tested

on a curve tracer. For testing the modules, electrical leads were soldered onto the various terminals
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of the module and were then connected to the curve tracer. For testing the bare dice, a fixture
consisting of a 3D-printed case and a PCB with pushpins and soldered leads was utilized, as shown
in Fig. 2-23. Table 2-2 lists the average on-resistance and the leakage current of the two switches
measured in the chip form and in the module. The on-resistances were measured at Ves =6 V, Ip
=40 A, and the leakage currents were measured at Ves = - 4 V and Vps = 650 V. On average, the
interconnect and leads of the package added about 1 mQ to the on-resistance of each switch. The

leakage current of the packaged switch was about the same as that of the bare chip.

Table 2-4. Average on-resistance and leakage current from two devices measured in the chip form
or in the package in Fig. 2-21.

Avex.‘age On- Average Leakage Current,
Resistance, .
_ Ip @ Vas=-4V,
Ron@ Vs = 6V, Ve = 650 V
Rex = 40 A DS
Bare Die 10.5 mQ 24 pA
Half-Bridge
Module 11.5 mQ 25 pA

Fig. 2-22. A fixture made for testing the bare die in Fig. 2-3 on a curve tracer.

2.4.1.5 Electrical Dynamic Characterization

Fig. 2-23(a) shows a double-pulse test (DPT) board for measuring the dynamic characteristics
of the half-bridge modules, and (b) is the power-loop design of the board. In the test, the top GaN

HEMT switch was used for freewheeling. As shown in Fig. 2-24, the decoupling capacitor was

40



detached to connect the module to the DPT testing board, and the half-bridge module was soldered
to the DPT board as a surface-mounted device (SMD). The specifications of the components in
the test are shown in Table 2-5. Before the test, the parasitic parameters of the DPT setup were
simulated in an ANSYS Q3D Extractor. The test-circuit schematic with parasitic capacitors and

inductors is shown in Fig. 2-26, and Table 2-3 lists the values of the extracted parameters.

Isolated Power Supplies (e sss R
and Drivers :

Heatsink

(b)

Fig. 2-23. (a) Double-pulse test board for characterizing the dynamics of the single-sided cooling
half-bridge module in Fig. 2-21; and (b) power loop design for DPT board in Fig. 2-23(a).

Fig. 2-24. Schematic of the DPT setup in Fig. 2-23.
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Table 2-5. Component values of the DPT Setup in Fig. 2-23.

Names Descriptions Values
DC-Link Capacitor, Cpciink Electrolytic Capacitor 10 pF
Decoupling Capacitor, Cge Ceramic Capacitor 1.8 uF
DPT Inductor, Lppr Ul Core Inductor 50 puH
Turn-on Gate Resistor, Rgon Surface-Mount Resistor 10Q
Turn-off Gate Resistor, Ryoff Surface-Mount Resistor 2Q
Gate Driver Sig271 NA
e _ _Module
LPCB ’Lpawer ]%1 -

/

Driver
Circuit

L

gate_off Rgoﬂ

1
1
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Fig. 2-25. The DPT test circuit diagram with simplified parasitic inductances. Lpower is the sum of

package inductances in Fig. 2-17. Since the decoupling capacitor is removed, the total power loop

inductances, Lpowerioop is the sum of package inductances, Lpower and PCB trace inductance, Lpcs in
the DPT testing board in Fig. 2-23.

Table 2-6. ANSYS Q3D extracted values of the parasitic inductances and capacitances of the DPT
setup in Fig. 2-23.

Circuit Element Value

PCB Trace Inductance in Power Loop, Lpcs 1.85nH
Module Inductance in Power Loop, Lpower 1.12 nH
Power-Loop Inductance in the DPT Setup, Lpower + Lecs 2.97 nH
Gate-Turn-on Inductance + PCB Traces, Liwrn-on 3.51 nH
Gate-Turn-off Inductance + PCB Traces, Lum-off 3.00 nH
HEMT Capacitance, Chgmt 373 pF
PCB Capacitance in Parallel With Top HEMT, Ciop 3.35 pF
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Fig. 2-27(a) illustrates the experimental DPT waveforms of Vgs, Vpbs, and inductor current (1)
obtained at 25 °C ambient, and Fig. 2-27(b) and (c) are the detailed waveforms for turn-on and
turn-off, respectively. In the turn-off period, the power-loop inductance of the DPT setup, Lpowerioop,
resonated with the bottom HEMT’s output capacitance, CHemt, and the PCB parasitic capacitance,

Ctop. SO, the total power loop inductance can be calculated as:

TZ
L = ,
powertoop 41 (Crgmr + Crop) (2-1)

where T is the ringing period, Crewmr is the output capacitance of the top GaN HEMT, and Ciop is
the parasitic capacitance of the DPT test board in parallel with Cremr in Fig. 2-23(b). It is
calculated to be 3.45 nH, a sum of the module inductance and the DPT board inductance. This
value is close to the simulated result of 2.97 nH. The difference may be attributed to the parasitic
inductance of the decoupling capacitors and slight inaccuracy in measuring the ringing period. The
half-bridge module was able to switch at 400 V, 90 A with only 17 V voltage overshoot and at a

dv/dt up to 42.67 V/ns.
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Fig. 2-26. (a) DPT waveform of the single-sided cooling half-bridge module in Fig. 2-21;(b)

detailed turn-on waveform of the module in Fig. 2-21; and (c) detailed turn-off waveform of the
module in Fig. 2-21.
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2.4.2 Double-Sided Cooling GaN HEMT Module

2.4.1.1 Motivation and Challenges

The single-sided cooling GaN HEMT module has low loop inductance and thermal resistance.
However, thermal management is still a challenge when pushing to higher-current applications.
The system requires a more efficient cooling system to maintain a cool working temperature at a
higher loss. This issue could increase the cooling system size, total cost, and design effort. A
double-sided cooling packaging technique is introduced to increase the cooling efficiency for
power modules while maintaining a similar power density.

The double-sided cooling concept introduces a second heat flow path for a power module, so
that heat generated inside the module can be extracted in two heat flow paths, as shown in Fig. 2-
27 [39, 49-51]. In this way, the total junction-to-case thermal resistance is two separate thermal
resistances in parallel. In Fig. 2-28, the traditional double-sided cooling structure for the half-
bridge module has dice substrates attached to the same DBC. The top side is connected via metal
posts (interposers) to the other DBC. As a result, the cooling efficiency can be increased by 30%
to 70% percent based on the contact area between the die’s top surface and the interposer.
However, unlike Si or SiC switches, GaN HEMTs are lateral switches with gate, drain, and source
pads on the top RDL layers. Therefore, insulation must be applied to the top layer to isolate the
bonding pads. As a result, the total metal area on the top side of a GaN HEMT bare die is limited
to 20% to 30% of the total die surface area. Typically, the junction-to-top-RDL thermal resistance
of a GaN HEMT bare chip is two times larger than the junction-to-bottom-Si-substrate thermal

resistance. This makes the cooling from the top RDL side less efficient.
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Fig. 2-27. The typical package layout for a double-sided cooling package.

DBC
|
Tab
Post
sSwW
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Fig. 2-28. Traditional double-sided cooling layout for the half-bridge module using MOSFETSs.

The traditional double-sided cooling structure for a GaN HEMT is shown in Fig. 2-31. To avoid
the backgate effect, the substrate of each die is connected to the source by a metal interposer.
Because of the small bonding pads, it is hard to find proper interposers for interconnection and
heat dissipation. In [38], GaN HEMTSs were directly soldered between the top and bottom ceramic
substrates without any interposers. However, there are some limitations. First, the structure is rigid
without interposers. There is no buffer for stress relief. Second, the solder’s reliability is a concern

when it is to be used for die-attachment and interconnection from bare die bonding pads. Third,
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the total footprint area of the module is limited by the summation of two dice areas and two

interposers’ areas.

GND
S2
+ GND
I [ ]
GND

Fig. 2-29. Traditional double-sided cooling layout for the half-bridge module using GaN HEMTs
(gate pads are not drawn in the figure).

2.4.1.2 Package Layout Design

Fig. 2-30(a) and (b) introduce a layout with a die-stacking structure to tackle the design
challenges. Its cross-sectional view is shown in Fig. 2-33. The top HEMT is stacked on the bottom
HEMT with silver rods as interposers in the vertical direction to reduce the footprint area. In this
structure, a third DBC is introduced to insulate the top HEMT’s drain pad and bottom HEMT’s
source pad. Meanwhile, to connect from the top HEMT’s source pad to the bottom HEMT’s drain
pad, a silver block interposer is embedded in the third DBC. Decoupling capacitors are integrated
to shorten the power loop inductance in the half-bridge module, and the power loop is inside the
module. Also, each HEMT is on different DBC substrates to improve cooling efficiency, and the

lowest thermal impedance path is utilized.
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Fig. 2-30. (a) Three-dimensional view of the double-sided cooling half-bridge module; and (b)
exploded view of the module.
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Fig. 2-31. Cross-sectional view of the double-sided cooling half-bridge module in Fig. 2-30.

2.4.1.3 Parasitic Extraction

The circuit diagram of the double-sided cooling half-bridge module is shown in Fig. 2-32. Gate
and Kelvin source connections are through 2-mil gold bond wires connected to DBC copper
patterns. Fig. 2-33 shows where these parasitic inductances are located in the package shown in
Fig. 2-30. All the parasitic inductances were simulated using an ANSY'S Q3D Extractor, and these
values are listed in Table 2-7. The parasitic inductances, Lp1 and Ls, are the inductances of silver
rods, which are all 0.07 nH. Lp is the summation of two silver-rod inductances and a silver-block
inductance, 0.09 nH. Lz and L2 are gate-bond-wire inductances, which are 1.83 nH. The power-
loop inductance, Lpower, is the summation of package inductances, DBC trace inductance, Lpsc_trace,
decoupling capacitor inductance, and bare chip inductance. The loop is from one side of the
decoupling capacitor to the other side. At 100 MHz, the power-loop inductance is 1.347 nH, which

is sufficiently small for use in MHz converters.



[7%9)

e S1,D2

Lower
HEMT

Fig. 2-32. Circuit diagram of the double-sided cooling half-bridge module in Fig. 2-30 including
parasitic inductances.

L

‘powerloop

Fig. 2-33. Parasitic inductances depicted in Fig. 2-32 of the module Fig. 2-30. Gate bond wire
inductance is not shown here.

50



Table 2-7. Values of the simulated parasitic inductances from Fig. 2-32.

Lpior Ls2 Lp2 Leior Le2 Lpower
Simulated
Parasitic 0.09 0.57 3.92 1.347
Inductances
(nH)

2.4.2.4 Thermal Simulation

Heat extraction of the package in Fig. 2-30 is by double-sided cooling through the top and
bottom copper plane of the DBC substrate. The module can be directly mounted on two heat sinks
using a TIM with high thermal conductivity, such as a lead-free solder. Fig. 2-34 is a design for
cooling the module by soldering its substrate directly on a pin-fin heatsink. To evaluate the thermal
performance of the proposed module structure, the design of Fig. 2-34 was simulated in COMSOL

Multiphysics.

Fig. 2-34. Simulated structure for the DSC half-bridge module package in Fig. 2-30.
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The simulated junction-to-case thermal resistance (Riwsc) and junction-to-ambient thermal
resistance (Rwja) results for each cooling structure are summarized in Table 2-8. Fig. 2-35
illustrates the module junction temperature versus heat transfer coefficient for the double-sided
cooling module and single-sided cooling half-bridge module in the previous subsection. The
steady-state temperature distribution in the double-sided cooling module of Fig. 2-34 -- at a heat
transfer coefficient of 3000 W/m?K -- is plotted in Fig. 2-36. The double-sided cooling (DSC)
module has a 46 °C lower junction temperature than that in the single-sided cooling (SSC) half-

bridge module.

Table 2-8. Simulated thermal resistances of the two proposed structures in Fig. 2-14 and Fig. 2-30.

Simulated Structure Junction-to-Case Thermal Junction-to-Ambient Thermal
(Module + Heatsink) Resistance, Riac (°C/W) Resistance, Rina (°C/W)
SSC Half-Bridge Module 0.099 1.902
DSC Half-Bridge Module 0.060 0.675

Junction Temperature (T)
350

1 — DSC Half-Bridge | |
200 : Module :
SSC Half-Bridge
- ! Module !
N 1 L 1
1 Water 1
200 1 Cooling 1
150 1 1
i Power Loss of Each |
100 1 E Chip =20W I
48 °Chi |
50 |
— 1
, | || |
0 2000 4000 6000 8000 10000
Heat Transfer Coefficient
(W/m?K)

Fig. 2-35. Plots of junction temperature versus thermal transfer coefficient for the single-sided
cooling module in Fig. 2-14 and the double-sided cooling module in Fig. 2-30.
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Fig. 2-36. Temperature distribution of the structure in Fig. 2-34.

2.4.2.5 Module Fabrication

The fabrication process for the half-bridge module is shown in Fig. 2-37. First, the top and
bottom AIN DBC substrates were designed and etched. Then, the bare dice were sintered on
different DBC substrates at 250 °C for 15 minutes. Since the die’s surface finish is copper, it got
oxidized during the sintering process. First, a low concentration of chlorhydric acid was used to
clean the copper oxide. Next, distilled water was used for flushing away the residue. Later, silver
rod interposers, gate-pins, Kelvin-source-pins, decoupling capacitors, terminal tabs, and silver
shims were soldered on the top and bottom DBC in nitrogen at 320 °C by high-lead solder
(Sn10/Pb88/Ag2). After soldering, 2-mil gold wires were used to connect the dies’ gates and
Kelvin source bonding pads to DBC copper patterns.

Meanwhile, the middle DBC was prepared. First, a slot was cut inside the middle DBC by laser.
Next, a silver block was buried in the slot, and a power tab was also soldered to the middle DBC.
Next, the three DBCs were assembled with lead-free solder (Sn96.3/Ag3.7). Finally, the space
between the three DBC substrates was filled with an underfill (ME-531 from LORD Corporation)

for encapsulation.
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Fig. 2-37. The fabrication process of the double-sided cooling half-bridge module in Fig. 2-30.

2.4.2.6 Electrical Static Characterization

Static characteristics of the double-sided cooling half-bridge modules and those of the bare dice
were tested on a curve tracer. The testing condition is the same as that in the previous subsection.
Table 2-9 lists the average on-resistance and the leakage current of the two switches measured in

the chip form and the module.

Table 2-9. Average on-resistance and leakage current from two switches measured in the chip
form or in the DSC half-bridge module.

fororage O Average Leakage Current
Row@ Vs = 6V, b @ V_GS =-4V,
R,, =40 A Vps =650V
Bare Die 10.5 m3 24 A
DSC Half-Bridge
Module Top Device 10.8 mQ 2.8 uA
DSC Halt-Bridge 1L.6 mO. 31 A

Module Bot Device
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2.5 Chapter Summary

Embedded packaging techniques were applied for commercial (650-V, 10-mQ, 150-A) eGaN
HEMTSs. First, a PCB-interposer-on-DBC package is developed for a single GaN HEMT switch.
Gold-plated pins were used for all the interconnections from the die’s bonding pads. Then, to
increase the integration level and shorten loop inductance, single-sided cooling and double-sided
cooling half-bridge modules were introduced. Silver rods replaced gold-plated pins for drain and
source interconnections to reduce parasitic inductances and resistances. As for the single-sided
cooling half-bridge module, the power-loop inductance can be reduced to 1.122 °C/W. PCB was
used on the top side for interconnections to silver rods, which also allows the power supply and
gate driver integration. With the stacked-die architecture, the footprint can be reduced to 70% for
a double-sided cooling module, and the junction-to-case thermal resistance can be reduced to 0.079

°C/W. Fig. 2-38 summarizes all the embedded packages in this chapter.

Single-Sided Cooling: One Device
. +

o Single Device 0-562x2 0.153 125 <3 With All Pin
Package traces > 2 Connections

Single-Sided Cooling: Driver
Half-Bridge Module 1122 0:099 u <3 Integration

Double-Sided S
*\ Cooling: Half- 1.347 0.079 115 <3 naatles
Bridge Module e

Fig. 2-38. Summary of the embedded packages in Fig. 2-5, Fig. 2-14, and Fig. 2-30.
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Chapter 3 Junction-to-Case Thermal
Resistance Measurement of the Embedded
Packages

3.1 Introduction of the Rinac Measurement for GaN HEMTSs

As discussed in the second chapter, embedded packages have been developed for GaN HEMTs.
In the meantime, experimental verification of the thermal simulations is also key to ensuring a
package development's success. The major challenge of measuring the Rinsc of a GaN package is
the lack of accurate techniques to determine the switch’s junction temperature, T;.

Although techniques for direct measurement of T, have been developed [52, 53], a more widely
practiced technique for measuring T is through one of the switch’s temperature-sensitive electrical
parameters (TSEPs) [54-59], such as the threshold voltage (Vi), gate leakage current (lg), drain
current (l4), or on-resistance (Ron). For Si and SiC power switches, the temperature dependence of
any of the TSEPs is strong and well-characterized. Furthermore, one can follow the IEEE JESD51-
14 standard [60] to accurately measure the Riac of the package. However, the common TSEPs of
a GaN HEMT lack sufficient sensitivity or stability due to the charge-trapping effect [23, 24] from
switching action. In [61, 62], the researchers recently fabricated GaN HEMT switches with two
gate pads. They showed that the gate end-to-end or gate-to-gate electrical resistance, Rq2g, Can be
used as a reliable TSEP. However, because they did not fabricate packages for their switches, they
did not apply the technique to measure Rinic.

In this chapter, in Section 2, the methodology of the Riyc measurement technique is introduced.

Two techniques were combined to improve the accuracy: (1) using Rgog as the TSEP and (2)
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making multiple thermal resistance measurements with stacked layers of a thermal interface
material (TIM). The stacked-TIM technique was employed to reduce inaccuracy in determining
the package case temperature. Then, in Section 3, a standard wire-bonding package using the eGaN
chip in Chapter 2 was first fabricated to verify the Rijc measurement technique. Rgzg Of the package
was a sensitive and stable parameter for measuring T;. Then, a procedure is presented for
determining the package Rijc by extrapolating thermal resistance data measured at different layers
of TIM. Validation of the procedure is demonstrated from measurements obtained using two
different TIMs and the results of FEA thermal simulations. Then, the embedded packages
discussed in Chapter 2 were also tested for Ruic to verify their thermal performances. Finally,

Section 4 summarizes the proposed Rinc measurement technique for GaN HEMT packages.

3.2 Rihsc Measurement Methodologies

3.2.1 Junction Temperature Determination

As discussed in the previous section, TSEPs are commonly used for determining the junction
temperature of power switches. To compare the proposed Rg2g as a TSEP with the common TSEPs
of Si and SiC switches, threshold voltage (Vi), forward voltage drop (Vsq or Vg), and on-resistance
(Ron) of the packaged GaN HEMTs were also characterized. Vi was the gate-source voltage
measured at Ip = 10 mA. Vs (Vi) was the voltage drop across the switch when operating in the
third quadrant at 10 mA. Ron was measured at Ves = 6 V and Ip = 40 A by a curve tracer. The three
major factors considered in the comparison were: sensitivity, immunity to electron trapping, and
online capability. For a fair comparison of the sensitivity, all the units of the TSEPSs were converted
to mV/°C. The raw and converted results are shown in Table 3-1. The TSEP of Vi is the least

sensitive. A shift in Vi, as high as 0.5 V, was also observed upon switching, and this is likely the
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result of electron trapping or hole accumulation/depletion. This issue makes Vi an unreliable TSEP
for measuring T;. Since GaN HEMTSs have no built-in body diodes, Vsq is similar to Vi in the
HEMT structure, and thus is also influenced by electron trapping. Ron is the most sensitive TSEP
and is also capable of online T; measurement. However, it can be influenced by electron trapping
during switching actions. The TSEP of Rgg has good sensitivity. Furthermore, it is immune to
electron trapping because it is simply the resistance of a copper trace in the switch structure. Thus,

it is also a good TSEP for online measurement.

Table 3-1. Comparison of different temperature-sensitive electrical parameters.

TSEP Vin Vsd (Vi) Ron Ry2g
Raw Sensitivity 0.2 mVv/°C 0.35 mv/°C 13.75 mQ/°C 4.7 mQ/°C
Converted
Sensitivity in 0.2 mVv/°C 0.35 mv/°C 0.55 mv/°C 0.24 mV/°C
mw/°C
Immunity to_ No No No Yes
Electron Trapping
Online T,
Capability No No Yes Yes

3.2.2 Stacked-TIM Technique

Another requirement for accurate measurement of Ric IS accurate measurement of the case
temperature, Tc. The procedure prescribed in the JEDEC standard suggests making a hole or a
groove in the heatsink for embedding a thermocouple. However, the non-uniform distribution of
the case temperature and a large temperature gradient between the case and heatsink makes it
challenging to accurately measure the case temperature. Therefore, the transient dual interface
measurement (TDIM) technique was proposed in [63] to avoid the Tc measurement error. With
this technique, Riyc is determined by finding the point of deviation between two transient cooling

curves or structure-function plots measured using different interface materials between the
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package and the heatsink. However, the transient heat flow inside the package may differ from the
steady-state heat flow. So, the TDIM result is not an accurate measure of Rujc, which is defined
under a thermal steady-state condition. Furthermore, the TDIM result is influenced by subjective
decisions, e.g., offset correction and determination of the deviation location in the structure-
function plots [64].

To remove the influence of Tc measurement on the steady-state Rinac measurement, this work
introduces the stacked-TIM technique. The technique involves making multiple thermal resistance
measurements with varying numbers of layers of a TIM stacked between a package and a heatsink.
Fig. 3-1(a) is a schematic showing a GaN package clamped to a heatsink with a few layers of a
TIM in between. A buffer layer, which can be a TIM layer, is placed on top of the heatsink. A
thermocouple is embedded between the buffer layer and the TIM stack. To ensure good thermal
contact and minimal temperature measurement error, the thermocouple bead should be small, at
least five times smaller than the buffer layer thickness. The thermocouple measures the
temperature of the bottom surface of the TIM stack, labeled as Ttim.

As the package is heated to a thermal steady state from the power dissipated by the channel,
Trim is measured by the thermocouple, and T, is determined from Rg2 Steady-state thermal

resistance from the switch junction to the bottom surface of the TIM stack, Rwyrim is found by:

T, —T.
7= Trim .
Rinjrim = Renjet Rencrim = P ) (3-1)

where Rinctim is the case-to-TIM thermal resistance. By varying the number of layers in the TIM
stack or the total thickness, t, of the stack, a plot of Rijrim versus t is obtained, like the one

depicted in Fig. 3-1(b). Att =0, Riumim = Rinic, and Ric can be obtained by extrapolating the
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data plot to the y-axis. Because of the heat-spreading effect in the TIM stack, Ririm (t) is a
nonlinear function. Thus, one needs a nonlinear fitting curve of the data points to guide the

extrapolation.

GaN Package

]
Thermal Te Thermocouple
Pads (TlM)§ t[
TT!M
Buffer Layer
. -—
Heatsink o
(@)
Measured

Rth.lTIM

Nonlinear Fitting
Curve

£

(b)

Fig. 3-1. (a) Schematic of the measurement setup with the stacked-TIM technique; and (b)
depiction of Riatim versus t plot with the nonlinear fitting curve for extracting Riac.

Fig. 3-2(a) and (b) show a simplified thermal model for finding an analytical expression for the
fitting curve. Assuming a heat-spreading angle, 0, in the TIM stack, Rinctim in EQ. (1) is derived to

be:

:R ~ l.jto dt (3'2)
thCTIM = o (x1+2coth - t)(y;, + 2coth - t) ’
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where k is the thermal conductivity of the TIM material, to is the total thickness of the TIM stack,
and (x, y1) is (width, length) of the TIM area in direct contact with the package case. After the

definite integration, Ritim becomes:

Xo

1 L+ 2cotd Yo
Rinyrim = kO —x) *In (t s Yo ] x—o + Renge (3-3)
cot

Thus, the nonlinear behavior of the Ringmim (t)fitting curve follows a natural log. And, the two
unknowns, Ric and @, can be obtained by fitting the data points to Eq. (3). However, the
analytical function is cumbersome for data fitting. To simplify the following discussion, heat
spreading is set at 9=45°, a reasonable assumption in a homogeneous substrate. Now, Eq. (3)

becomes:

Rinrim = a - f (&) + Renge (3-4)

_ l 1 _ 2t+x9+2'tppc . Yo+2:tpec . .
where a = pE— and f(t) = In (2t+y0+2_tDBC xo+2-tDBc)' (x0, Yo) is (width, length) of the

chip. The only unknown in Eq. (3) is R.p,¢, which can be readily obtained by fitting the data

points to Eq. (4).
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Fig. 3-2. A simple thermal model for deriving an analytical expression for the nonlinear fitting
curve: (a) Cross-sectional view of heat spreading in the TIM stack; and (b) top view showing the
dimensions of the die and the package case.

Fig. 3-3 is a flow chart summarizing the procedure for determining R.p;¢ by using Rgzg as the
TSEP to measure Tj and the stacked-TIM technique to avoid inaccurate Tc measurement. In the
chart, n is the number of layers of TIM in the TIM stack, Trim#n is the temperature at the bottom of
the TIM stack with n number of layers, and Ristivan i the thermal resistance from junction to the

bottom surface of the TIM stack with n number of layers.
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Choose R,,, as the TSEP and do K factor calibration

Place n layers of the TIMs on a buffered heatsink. Clamp
down the device (n begins at 1)

Power the device to the thermal steady state. Measure T, by

Ryzg, and Ty, by a thermocouple

T: -T
Calculate Rth]TJM#n = %l

Check n

n<3~5 Yes: n=n+1

No
Get R;p¢ by finding the intersection of the Rypjrm#n (t) and y axis

Fig. 3-3. A procedure for improved measurement of Rwic of a GaN HEMT package using Rgzg as
the TSEP and stacked-TIM technique to avoid inaccurate measurement of the case temperature.

3.3 Rinic Measurement of GaN HEMT Packages

3.3.1 A Custom Wire-Bonding GaN HEMT Package

The GaN HEMT chosen for this study is GaN Systems’s Schottky type p-GaN gate HEMT rated
for 650 V and 150 A with the part number GS-065-150-1-D. The die has two gate pads connected
internally. Fig. 3-4(a) is a schematic of the cross-section of the package and (b) is the top view of
a completed package. The GaN die was attached by silver sintering to a patterned DBC substrate
with a silver surface finish, and a 2-mil gold wire connected the three terminals (gate, source, and
drain) to the substrate. Copper leads were soldered to the DBC substrate for external connections.
The housing for mechanical support was made of Duration® polyethyleneimine (PEI) from
Mitsubishi Chemical Advanced Materials. The space inside the housing was filled with silicone

(Nusil-2188 from Avantor) for insulation and protection.
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Fig. 3-4. (a) Schematic of the package cross-section; and (b) top view of a custom wire-bonding
GaN package.

The measurement procedure described in the flow chart in Fig. 3-3 was used to determine the
Rtnac of the GaN HEMT package in Fig. 3-4. The two gate leads of the package shown in Fig. 3-
4(b) were purposely added for ease of characterizing Rgg as a TSEP. Fig. 3-5(a) shows the
experimental setup. The package was clamped to a hotplate with two layers of a TIM and a
thermocouple in between. The gate-to-gate electrical resistance was measured by the four-point
probe method at a constant current of 50 mA. The hotplate was heated from room temperature to
120 °C at increments of 5 °C, and Rgq Was recorded after the package temperature reached a
steady-state at each increment. Fig. 3-5(b) is Rq2g Versus temperature obtained on one packaged
die. The dashed line is a linear fit to the data. Measurements on five different dice packaged in the

same way showed a 3% sample-to-sample variation in Rgag.
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Fig. 3-5. (a) Overview of calibration setup for TSEP determination of the package in Fig. 3-4; and
(b) Rgzg Versus temperature calibration result of the package in Fig. 3-4.

The measurement procedure described in the flow chart in Fig. 3-3 was used to determine the

Ry of the GaN HEMT package in Fig. 3-4. Since the result should be independent of the type

of TIM used, the measurements were carried out using two types of TIM: TIM_A (TG-A1250
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from t-Global Technology) of 0.5 mm thick and TIM_B (TG-A6200) of 0.5 mm thick. With each
type, a layer serving as the buffer was first laid down on a water-cooled plate. Then, a K-type
thermocouple bead of 0.1 mm in diameter was placed at a location directly beneath the chip center,
followed by layers of the TIM and the package under test. To ensure good thermal contact, the
stacked structure was clamped together under pressure suggested for each specific type of TIM.

For each TIM, five measurements were taken at a thermal steady state, one for each layer of
the TIM added to the TIM stack. The self-healing power was controlled to keep the same T, in all
the measurements. Plotted in Fig. 3-6 are the measured R.p ;) in red and blue circles versus t
from the test runs with TIM_A and TIM_B, respectively. The thickness, t, of the TIM stack is
equal to the number of layers, n, multiplied by the thickness of each layer. Each set of data points
was fitted to Eq. (4). The dashed lines in the figure are the fitted nonlinear curves. The measured
junction-to-case thermal resistance, Ric, at t = 0, was found to be 0.100 °C/W using TIM_A and
0.124 °C/W using TIM_B, a difference of 24%.

To further validate the measurement procedure, thermal simulations by FEA in an ANSYS
Workbench under Steady-State Thermal Analysis were run for each of the measurement
configurations and the Ruc of the package. The points plotted in red and blue crosses in Fig. 3-6
are the simulated Rwyc with TIM_A and TIM_B, respectively. The simulated and measured points
nearly overlap with each other. The simulated Rinjc is 0.121 °C/W, which is also in good agreement
with the two experimental values.

The difference between the two values of extracted Riyc may partly be attributed to the
displacement of the thermocouple bead off the designated location and the nonuniform
temperature distribution in the buffer layer. A separate FEA thermal simulation showed that if the

thermocouple was misplaced by 1 mm, the extracted Riic, would be off by 12%. Another
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contribution to the difference may come from inaccurate or imprecise temperature measurements.
Using a thermocouple with an ultra-small bead would most likely improve the accuracy of the

Rinsc measurement.
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Fig. 3-6. Plots of the measured (red and blue circles) and simulated (red and blue crosses)
junction-to-TIM thermal resistances with each TIM type. The dashed lines are the fitted curves of
the experimental data by using Eq. (3-4). The intercepts of the fitting curves on the y-axis are the
experimentally determined Rinac.

3.3.2 Rinsc Measurement of the Single-Sided Cooling GaN HEMT Package

To experimentally test the Ruic of the embedded package described in Chapter 2.3.1, a
simplified single-sided cooling embedded GaN HEMT package is designed using the same GaN
HEMT bare die and packaging methodology. Fig. 3-7(a) is the cross-sectional view of the package
with a single chip. The die was sintered on a DBC substrate. Since gate connections would not
influence its thermal resistance, for this simplified package, the gate pads were connected to copper

patterns on DBC substrates using bond wires. Four additional bond wires connected the source
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pad to the substrate to avoid the backgate effect. Silver rods were still used as interposers to connect
the source and drain pad. Silver shims were used to adjust the height. The rods and shims were
soldered to the die’s bonding pads by high-lead solder. The top side of the rod interposers was
soldered to the PCB’s plated slots by lead-free solder. Underfills (ME-531) were used to
encapsulate the package. The 3D model of the package is shown in Fig. 3-7(b). And its top view

is shown in Fig. 3-7(c).

Shi Gold Silver Rods
IMS " Bondwires

Copper

Copper
(@)

Silver Rods

GaN HEMT

Bare Chip Silver

Shims

Gold Bond

Wires
DBC

(b)

68



Drain

PCB

Gate#tl Gate#2

Underfills

Source

(©
Fig. 3-7. Simplified single-sided cooling package: (a) cross-section view; (b) 3D view; and (c) top
view of a completed package.

Following the same Ruic measurement procedure discussed in Section 3.2, the simplified
single-sided cooling embedded package in Fig. 3-7 is first heated up for K factor calibration. Fig.
3-8 shows its Rgog Versus T; plot. In the Rinyc measurement process, four layers of TIM were used
to fit the Riyrim versus t (TIM thickness) curve shown in Fig. 3-9. According to the curve fitting,
Rinc is 0.087 °C/W. This value is also very close to the FEA simulation result, which is 0.099

°C/W.
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Fig. 3-8. Rg2g versus temperature calibration result for the simplified single-sided cooling package
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Fig. 3-9. The plot of the measured junction-to-TIM thermal resistances for the simplified single-
sided cooling package in Fig. 3-7. The dashed line is the fitted curve of the experimental data by
using Eq. (3-4). The intercepts of the fitting curves on the y-axis are the experimentally

determined Rinuc.
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3.3.3 Rinsc Measurement of the Double-Sided Cooling GaN HEMT Package

The double-sided cooling GaN HEMT package developed in Chapter 2.3.2, Fig. 2-30 was also
tested for Rinjc. Due to the limitation of only one water cooling plate, it is hard to measure its Rinic
directly. In Fig. 3-10, the Rwjc of the double-sided cooling module can be regarded as junction-to-
top-case thermal resistance (Ristc) and junction-to-bottom-case thermal resistance (Rigc) iIn
parallel. Rintc and Ringsc can be measured separately using the technique discussed in Section 2.

DBC Ryyre

Bond
Wires

Silver
DBC Blocks

Silver
\Rﬂds

DBC Royse

Fig. 3-10. Simplified thermal resistances in the double-sided cooling GaN HEMT package in
Fig. 2-30.

Before the Rinstc and Rigsc measurement, K factor calibration for both the top and bottom chips
was done, and the result is shown in Fig. 3-11(a) and (b). The measurement procedure described
in Fig. 3-6 was used to determine the values for Riyrc and Rugrc of the double-sided cooling GaN
HEMT package in Fig. 2-30.

In the measurement process, four layers of TIM were used to fit the junction-to-top-TIM
thermal resistance, Riyrrim and junction-to-bottom-TIM thermal resistance, Risrim versus t (TIM
thickness) curve shown in Fig. 3-11(a) and (b). According to the fitting, Rijtc is 0.143 °C/W, and
Rinec is 0.160 °C/W. Since these two thermal resistances are in parallel, the total Riic can be
calculated to be 0.077°C. This value is also very close to the FEA simulation result, which is 0.079

°C/W.
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Fig. 3-11. (a) Rqzg versus temperature calibration result for the top-side GaN chip in the double-
sided cooling package in Fig. 2-30; and (b) Rg2q versus temperature calibration result for the
bottom-side GaN chip in Fig. 2-30.
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Fig. 3-12. (a) The plot of the measured junction-to-top-TIM thermal resistance (Riatrim) of the
package in Fig. 2-30; and (b) the plot of the measured junction-to-bottom-TIM thermal resistance,
(RmetTiv) in Fig. 2-30. The dashed lines are the fitted curves of the experimental data by using Eq.

(3-4). The intercepts of the fitting curves on the y-axis are the experimentally determined Rinstc

and Riaec.
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3.4 Summary

This chapter has introduced a procedure to improve the accuracy of measuring the junction-to-
case thermal resistance (Ric) of GaN HEMT packages. The procedure uses a GaN HEMT with
two gate pads for accurate T; measurement by utilizing the gate-to-gate electrical resistance (Rgzg)
as the TSEP, with immunity to charge trapping and online measurement capability. The procedure
also avoids direct case-temperature (Tc) measurement, which is inaccurate due to poor
thermocouple/heatsink contact. Instead, the temperature at the interface between two thermal
interface materials is measured. By varying the thickness of one TIM, e.g., through stacking
multiple layers together, the junction-to-TIM thermal resistance, Ririm versus the TIM stack
thickness, t, is measured. Then, with the help of an analytical equation for the dependence of
Riatim 0N t, Rinyc can be determined by curve fitting and extrapolation to t = 0. The measurement
procedure was tested using two different types of TIM on a custom wire-bonding package of an
eGaN (650 V, 150 A) HEMT and embedded packages introduced in Chapter 2. The measurement

results and the FEA simulation results are very close.
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Chapter 4 Reliability Evaluation of the
Embedded Packages

4.1 Introduction of Reliability Evaluation of GaN HEMT Packages

The long-time reliability of power switch packages is always an essential concern for power
electronics packaging engineers. Although the embedded packages of the latest GaN HEMT chips
developed in Chapter 2 show benefits over prior small parasitic inductances and low junction-to-
case thermal resistance, their reliability still needs to be verified for high-power applications. The
power cycling test is one of the reliability tests for power switch packages [25-27]. It not only
provides temperature stress per cycle within a short period but also simulates the real application
and stresses the package interconnections [65-67]. Therefore, the reliability of embedded packages
introduced in Chapter 2 can be evaluated by this method.

However, most power cycling tests have been carried out on traditional Si and SiC MOSFET
packages [68-70]. There are few power cycling tests reported for GaN HEMT packages. One of
the reasons is that online monitoring of the GaN HEMT junction temperature is difficult. As
discussed in Chapter 3, when the GaN HEMT packages are powered on during the test, traditional
TSEPs would be unstable because of electron trapping. Some studies used the on-resistance (Ron),
voltage drop from source to drain (Vsp), and gate-source voltage (Ves) at a fixed gate current as
TSEPs for determining GaN HEMT’s T;. However, all these TSEPs are unstable when electron
trapping exists. Also, the current rating of the packages evaluated in these studies is below 30 A.

For the embedded packages developed in Chapter 2, the target continuous current is at least 75 A
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current rating (half of the bare die rating). The higher operating current would add high stress to
package interconnections, which is an essential quality to evaluate.

In this chapter, the power cycling test setup for GaN HEMT embedded packages is first
discussed in Section 2, including the LabVIEW program, test circuit design, and embedded
package sample preparation. Then, the online T; monitoring is achieved by using gate-to-gate
resistance Rgzg, as discussed in Chapter 3. In Section 3, the power cycling test results are presented,
and an FEA simulation is done to predict the failure mechanism. Finally, in Section 4, the results

are summarized.

4.2 Design of GaN HEMT Power Cycling Test

4.2.1 Test Circuit Diagram and LabVIEW Control Program Design

Fig. 4-1 shows the circuit diagram of the power cycling test. A current source is used in this
setup to control the operating current. To shorten the loop inductance, multiple decoupling
capacitors are added. To simplify the test setup, the package under test (high voltage GaN HEMT
embedded package) is always on, and the whole system is controlled by a control switch (low-
voltage Si MOSFET). Since the control switch is in series with the DUT, it would also be heated
and cooled during the test. To avoid the possibility that the controlled switch was damaged before
being involved with the DUT, two commercial Si MOSFETs (CSD18511KCS) from Texas
Instruments with Ron = 2.6 mQ for each MOSFET were put in parallel. In this way, the power loss
generated in each control switch is only 6% in the DUT. Also, to cool both the DUT and the

controlled switches, the height of the DUT was set to be the same as the controlled switch.
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Fig. 4-2(a) shows the control signal of the control switches and Fig. 4-2(b) shows the power
generated in the DUT. Since the DUT is always on, the system is powered by the current source
at the set current when the control switches are turned on. As a result, T; increases, and the Ron of
the DUT also increases. Since the current is kept the same by the current source, the power
generated by the DUT also increases during the on-time, as shown in Fig. 4-2(b). When T; reaches

the desired value, the control switches turn off, large DC-link capacitors absorb the current in the

Fig. 4-1. Circuit diagram of power cycling test.

loop inductor, and the DUT cools down. The temperature profile is shown in Fig. 4-2(c).
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Fig. 4-2. In the power cycling test: (a) the signal applied to the control switches; (b) power
generated by the DUT; and (c) the temperature profile of the DUT.
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As for the detailed setup design, according to the JEDEC standard [71], the typical power
cycling evaluation test conditions are shown in Table 4-1. Test condition B was selected because
its minimum temperature is close to room temperature (25 °C) and the temperature difference (AT)
is as high as 100 °C. The heating current is half of the bare chip rating, which is 75 A. As for the

cooling system, a water-cooling plate with a chiller is used. The heat transfer coefficient is around

5800 W/m?K.
Table 4-1. Typical power cycling evaluation test conditions.
Test Nominal Nominal
Condition T(’}‘l‘lt’(lllill); (DC) chrl?(llmx); (OC)
A 25 +100
B 25 +125
C 10 +100
D 10 +125
E 40 +100

To monitor the T; of the DUT during operation and to control the on/off based on T;value, Rgzg
(discussed in Chapter 3) was used as a TSEP. It is measured using the four-point probe method
and a 50-mA isolated current source. A voltage probe acquires the voltage across Rgog in the data
acquisition (DAQ) device, NI USB-6211 from National Instruments, as shown in Fig. 4-4. The
Rg2g is calculated and compared with the Rg2g at room temperature (25 °C) and the Rgzq at 125 °C.
If the measured Rgzg is lower than Rgzq (@25°C), the DAQ device will send a 10-V turn-on signal
to the controlled Si MOSFETSs. Then the system starts heating, and the T; of DUT increases. When
the measured Rgzgq is higher than Rgzq (@125°C), the DAQ device will send a 0-V turn-off signal to
the controlled Si MOSFETSs. Furthermore, the system is turned off, and the T, of the DUT

decreases. Fig. 4-3 shows the control logic block diagram.
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Fig. 4-3. Data acquisition (DAQ) device, NI USB-6211from National Instruments.

Fig. 4-4. LabVIEW program control logic diagram for the power cycling test in Fig. 4-1.
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4.2.2 Power Cycling Sample Preparation, PCB Test Board Design, and
Assembly

The embedded GaN HEMT package selected for this work is from Chapter 3, Fig. 3-7. Itis a
simplified PCB-DBC hybrid package with rod interposers for drain and source interconnections.
Three samples were prepared for the power cycling test. In order to compare the embedded
packages with commercial wire-bonding packages, three wire-bonding modules were designed
using the same GaN HEMT bare dice. First, the bare dice were sintered on the etched substrates
at 250 °C. Then, the interconnections to the gate, drain, and source pads were achieved by 2-mil
gold bond wires. Assuming a 2-mi gold bond wire can stand 4 A, 18 bond wires were applied on
the drain and source bonding pads. Finally, the copper tabs and silver shims were soldered to the
DBC patterns. The housing was made of Duration® PEI from Mitsubishi Chemical Advanced
Materials. Moreover, the package was encapsulated by silicone elastomer (Nusil R-2188). One of
the wire-bonding packages is shown in Fig. 4-5. The two fabricated single-sided cooling embedded

packages and two wire-bonding packages are shown in Fig. 4-6.

Copper Tabs

Gold Bond
Wires

GaN HEMT

Bare Chip
Silver

Tubes

Case

Fig. 4-5. Fabricated wire-bonding GaN HEMT package.
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Fig. 4-6. Fabricated two GaN HEMT embedded packages and wire-bonding packages.

Meanwhile, a PCB test board was designed using Altium Designer. Besides the DUT and
controlled switches, two 0.001-Q sensing resistors were used in parallel to sense the current. The
components were soldered to the board. The PCB layout is shown in Fig. 4-7. The first set of pins,
P1, P2, P3, and P4, are for measuring Rg2g using the four-point-probe method. P5 and P6 are the
nodes for the Vgs of the DUT. +6 V is applied to P5 and P6 to fully turn on the DUT. P7 to P10
are the nodes for driving the controlled switches. P11 and P12 are for sensing the Vps across DUT.

P13 and P14 are for sensing current through the DUT.
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Fig. 4-7. The fabricated power cycling test board of the circuit diagram in Fig. 4-1.

4.3 Power Cycling Test

After assembly, K factor calibration was done using the same test setup. Fig. 4-8 shows the
front panel of LabVIEW for K factor calibration. And the setup was clamped to a hot plate and
heated to different temperatures. After K factor calibration, k and b values can be obtained.

The test board was later clamped to the water-cooling plate shown in Fig. 4-9. There were two
layers of TIMs between the DUT’s case and the water-cooling plate. A thermocouple bead was
inserted into the middle point between these two TIM layers to monitor the TIM’s temperature.
This temperature is close to the case temperature. Fig. 4-10 shows the front panel of LabVIEW for
the power cycling test. After inputting the desired cycle start temperature, the cycle ending
temperature, and number of cycles to stop, the main cycle switch was turned on and the power

cycling test was begun. The control switch signal, junction temperature, and case temperature were
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monitored while the cycling test was running. After every 1,000 cycles, the on-resistance, Ron, Was

measured and recorded.
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Fig. 4-8. LabVIEW front panel for K factor calibration.
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Fig. 4-9. Power cycling setup with a clamp and a water-cooling plate.
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Fig. 4-11(a) shows Ron versus numbers of power cycles and (b) shows Rintim Versus numbers
of power cycles of the single-sided cooling embedded packages. One sample withstands 26,064
cycles, and its Ron increases by 34%. The other sample withstands 23,855 cycles, and its Ron
increases by 40%. Both samples lost gate connection after cycling. It is assumed that the reason
both samples failed is that the gate bond wires failed.

For wire-bonding packages, unfortunately, at I = 75 A, two packages with 18 bond wires were
not able to survive even one power cycle. As shown in Fig. 4-12, all 18 of the bond wires lost
connection to the switch’s drain pad. The possible reason is that the contact resistances between
the gold wires and DBC substrate are not negligible. When conducting high current (75 A), the

local bonding spots between gold wires and DBC were heated up and burned. So, all the bonds

failed.
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Fig. 4-11. (a) Ron versus numbers of cycles for the single-sided cooling embedded package sample 1
in Fig. 4-6; and (b) Ron versus numbers of cycles for the single-sided embedded package sample #2

in Fig. 4-6.
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Fig. 4-12. Failed wire-bonding package after conducting 75 A for 0.1 s.

4.4 Summary

In this section, the power cycling test setup for GaN HEMT packages was designed and
assembled. Online monitoring T; was achieved using Rq2g as the TSEP discussed in Chapter 3.
Using the LabVIEW program with a PCB testing board, the embedded package discussed in
Chapter 3 was cycled from 25 °C to 125 °C with | = 75 A. The embedded packages were able to
survive over 23,000 cycles. The failure mechanism is the gate bond wire. As for wire-bonding
packages using wire-bonding for drain and source interconnections, they cannot survive even one
cycle. Compared to wire-bonding packages, the embedded packages have more solid

interconnections for high-current operation.
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Chapter 5 Conclusion and Future Work

5.1 Conclusion

This work proposed embedded packaging techniques for a 650-V, 150-A, 10-mQ GaN HEMT
to achieve high density, power loop parasitic inductance smaller than 1.5 nH, and junction-to-case
thermal resistance, Ric within 0.12 °C/W. To further verify the thermal resistance of the proposed
embedded packages, junction-to-case thermal resistance measurement techniques were introduced
by using gate-to-gate resistance, Rq2g, @s @ TSEP for junction temperature determination, and
stacked-TIM technique to avoid case temperature measurement error. To study the reliability of
the proposed embedded GaN HEMT packages, a power cycling test setup was designed and
fabricated. The proposed embedded packages survived over 23,000 power cycles at heating
current, 1 =75 A. However, the wire-bonding package was damaged under the same circumstances

after heating up at | =75 A.

5.1.1 Embedded Package Development for GaN HEMTs

The single GaN HEMT package (PCB-interposer-on-DBC) was first developed in Chapter 2.3
and demonstrated the feasibility of the embedded package solution. However, the pins and the
termination add 2 mQQ resistance (total 14 m€) and around 1 nH parasitic inductance to the
package. Then in Chapter 2.4, the embedded packaging concept was extended to a GaN HEMT
half-bridge module with the same PCB-DBC hybrid structure. Silver rods replaced pins for drain
and source interconnections. A decoupling capacitor was also integrated into the PCB to optimize

power-loop inductance. The PCB-DBC hybrid half module achieves 11-mQ on-resistance, 1.122-
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nH power-loop inductance, and 0.099 °C/W junction-to-case thermal resistance. The module was
also tested in a DPT circuit. The waveforms showed that embedded GaN HEMT packages have a
clean waveform, less voltage, and lower current spikes with dv/dt around 40 V/ns. Finally, in
Chapter 2.5, a double-sided cooling (DSC) half-bridge module was designed, fabricated, and
characterized to further increase package density and improve thermal management. The DSC
half-bridge module utilized the silver rod interposer discussed in Chapter 2.4. In addition, two dice
were placed face to face, and a third DBC substrate was introduced for insulation. Compared to
the PCB-DBC hybrid half module, the DSC half module has 30% less footprint and 20% less

simulated junction-to-case thermal resistance.

5.1.2 Junction-to-Case Thermal Resistance Measurement and Reliability
Assessment

To experimentally verify the thermal performances of the proposed embedded GaN HEMT
packages, a junction-to-case measurement technique for embedded GaN HEMT packages was
introduced in Chapter 3. The gate-to-gate resistance was used to determine junction temperature
and the stacked-TIM technique was used to avoid errors in case temperature measurement. To
verify the measurement, a custom wire-bonding package was fabricated. Its junction-to-case
thermal resistance was measured by two different TIMs. The two measured levels of Riic were
found to be within 24% of each other. The measurements were also compared with FEA simulated
results, and excellent agreements were observed.

The junction-to-case thermal resistance of the embedded packages discussed in Chapter 2 was
also measured using the proposed technique. For the single-sided cooling embedded package, the

measured Rinc is 0.087°C/W, which is close to the FEA simulation result (0.099°C/W) found in
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Chapter 2. For the DSC half-bridge package, the measured Rinc is 0.077°C/W. Again, it is close

to the FEA simulation result (0.079°C/W).

5.2 Future Work

This work mainly focuses on developing and characterizing embedded packaging technologies

for high-power GaN HEMTSs. To further evaluate the reliability of the embedded packages for

GaN HEMTSs, the work can be extended in the following aspects.

1.

2.

3.

Thermo-mechanical simulation using FEA can be applied to the embedded packages. By
using the ANSYS Workbench simulation tools, the thermo-mechanical stresses can be
simulated. The weakest points can be identified by analyzing the whole package structure
and thermo-mechanical stresses. Then, FEA simulation can also be applied to temperature
cycling and power cycling tests by simulating strain energy per cycle.

After FEA simulation, it is also significant to do reliability tests, including temperature
cycling tests. By heating up and cooling down the whole embedded package structure, the
stresses would accumulate inside the package for each cycle. As a result, the embedded
packages could be cycled to failure. By knowing how many cycles the packages can survive,
one can evaluate the reliability of the embedded packages. Also, together with FEA
simulation, a lifetime model of the embedded packages can be developed.

After evaluating the reliability of the embedded packages, it is also interesting to integrate
power supplies, bus bars, and gate drivers in the single-sided cooling embedded module. A
converter can be further demonstrated using the embedded packages and compared with the

converter that uses commercial switches.
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Appendix A: Packaging and
Characterization of GaN HEMTs for High-
Temperature Applications

A.1 Introduction of High-Temperature Packaging and Characterization of
GaN HEMTs

As discussed in Chapter 1, GaN HEMT’s theoretical temperature limitation can be as high as
400 °C. However, very few studies reported on the high-temperature capability of packaged GaN
HEMTs.

Section 2 of this appendix introduces two high-temperature GaN HEMT package designs for
static and dynamic characterization. The two high-temperature packages were also fabricated. In
Section 3, the fabricated packages were tested at temperatures up to 250 °C to determine the effects
of temperature on their static and dynamic characteristics. Finally, Section 4 summarizes the whole

chapter.

A.2 High-Temperature GaN HEMT Package Design and Fabrication

A.2.1 Wire-Bonding GaN HEMT Package With a Nitrogen Atmosphere

Fig. A-1 is a cross-sectional view of the wire-bonding GaN HEMT package with a nitrogen
atmosphere. This package is for static characterization at 250 °C. Low-temperature, pressure-less
silver sintering was selected for attaching the chip to a silver-coated DBC substrate. This is
because the silver-sintered die-attach, once formed, can support the chip working reliably at

junction temperatures up to 760 °C [72]. In addition, ball-and-wedge bonded 2-mil gold wire was
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chosen for its high bond strength on the copper surface finish, current rating, and chemical stability
for interconnection to the gate, source, and drain pads.

Condensed matter for chip encapsulation was avoided due to a lack of reliable, high-
temperature potting materials on the market. To prevent the oxidation of copper on the chip surface
at elevated temperatures, the interconnected chip was placed in a housing filled with nitrogen gas.
The housing was made of Duration® PEI from Mitsubishi Chemical Advanced Materials because
of its availability at low cost, ease of machining, and excellent insulating properties with a high
heat deflection temperature of 216 °C. For a quick check on its high-temperature stability, the
material was heated on a hot plate at 250 °C for an hour and no noticeable appearance changes
were observed. Access to the three terminals of the switch was through silver leads soldered on
the substrate using a high-lead (Pb) solder paste and fed out of the housing. A high-temperature
silicone, NuSil R-2188, which has an operating temperature of up to 250 °C, was chosen to seal

the housing onto the DBC substrate and fill the gaps between the terminal leads and the housing.

3D-Printed PEI Housing Au Wires
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f F s

High Temperature Sintered Silver AIN DBC Substrate
Silicone
Fig. A-1. Cross-sectional schematic of the wire-bonding GaN HEMT package with nitrogen
atmosphere.
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Fig. A-2 shows the fabrication process of the high-temperature package. First, a 40-um thick
nanosilver paste (from NBE Technologies, LLC) was printed on an etch-patterned DBC substrate,
followed by attaching the eGaN chip and sintering at 250°C for 15 minutes. The copper pads on
the top surface were oxidized after sintering. To clean it off, the assembly was dipped in a diluted
hydrochloric acid (HCI) solution for a few seconds, which effectively removed the oxidized
copper. Then, 2-mil gold wires were ball-bonded onto the chip pads and wedge-bonded onto the
DBC substrate to complete the interconnection. Next, silver leads were soldered on the substrate
by reflowing a high-lead solder paste in a nitrogen-filled chamber to prevent second-time
oxidation. The interconnected chip and substrate were then placed inside a 3D-printed PEI housing
with gas inlet and outlet ports on its two ends and slots at the bottom for lead to feed through. The
final step in the fabrication involved sealing the housing along the edges of the DBC substrate as
well as the gaps between the leads and the housing. Sealing was done with the Nusil silicone by

curing in a vacuum chamber to minimize trapped bubbles.

Attaching a GaN HEMT Wire-Bonding GaN Soldering Leads With Sealing the
Die to a DBC Substrate HEMT Bare Die to DBC High-Temperature Housing With
by Silver Sintering. Substrate. Solder in a N, Chamber. Silicone.

Fig. A-2. Fabrication steps of the wire-bonding GaN HEMT package with nitrogen atmosphere Fig.
A-1.
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A.2.2 Surface-Mounted GaN HEMT Package With Silver Rod Interposers

Fig. A-3 shows the 3D view of the surface-mounted GaN HEMT package with silver rod
interposers. This package is for dynamic characterization at 250 °C. So, it is essential to shorten
the parasitic inductances in the package. To better demonstrate the design structure, the cross-
sectional view is shown in Fig. A-4. First, silver sintering was used to bond the bare die to a silver-
coated AIN DBC substrate, for die attachment. Second, for interconnection to the drain and source,
1-mm diameter silver rods were attached to the drain pad and source pad with high-temperature
solder (Sn10/Pb88/Ag2). The silver rods were conducting current vertically, and their parasitic
inductance can be ultra-small (<0.1 nH). Third, for interconnection to the gate pads, two parallel
2-mil gold bond wires were used to help reduce parasitic inductance and a short silver tube was
utilized for termination. To get rid of common source inductance and improve the switching
performance, a second source (SS), also called kelvin source (KS), was added. The package is a
flip-chip configuration and can be simply used as a surface-mounted device. To avoid the backgate
effect, the source pad was connected to the DBC substrate by four bond wires. High-temperature
silicone elastomers Nusil R-2188 encapsulated the package. A parasitic-related schematic is shown
in Fig. A-5. The parasitic inductances of the package were simulated using an ANSYs Q3D
extractor, and the thermal resistance was simulated by COMSOL Multiphysics. The result is

shown in Table A-1.
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Fig. A-3. 3D model of the design for surface mount GaN HEMT package with silver rod
interposers.

Silver Rods Silver Tubes

l Gold Wires
Gate/KS

/

/ DBC Substrate
L / |

/

Sintered Silver

Fig. A-4. Cross-sectional view of the surface mount GaN HEMT package with silver rod
interposers in Fig. A-3.

KS o

Fig. A-5. Schematic of the parasitic inductance of the surface-mounted GaN HEMT package with
silver rod interposers in Fig. A-3.
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Table A-1. Summaries of the parasitic inductances and thermal resistance for the surface-
mounted GaN HEMT package with silver rod interposers in Fig. A-5.

Lo or L2 Le Lss Rthic
(nH) (nH) (nH) (°CIW)
Simulated
Parasitic 0.09 1.577 1.555 0.153
Inductances

The fabrication process is shown in Fig. A-6. The bare die was attached to the substrate by
nanosilver paste and sintered at 250 °C for 15 minutes. Gold bond wires were then bonded from
the gate’s bonding pads, and the source bonding pads were bonded to the silver-coated DBC
substrate. After wire bonding, two silver rods were attached to the drain and source pads by high-
temperature solder. The silver tube is also attached to the DBC pattern using high-temperature
solder. They were soldered in a nitrogen chamber at 320 °C to avoid copper oxidation. Finally, the

package was put in a Teflon box and encapsulated with Nusil R-2188.

Sintering Process

250 5C, 15 mins
\
5°C/min

Etching a DBC Substrate Silver Sintering a GaN Bonding Gold Wires to Copper
HEMT Bare Die

| 15 mm

Soldering Process

320 °c}- 205

15°C/min 11 mm

High-Temperature Curing High-Temperature High-Temperature, Low-
Soldering Terminals Silicone Parasitic-Inductance Package

Fig. A-6. The fabrication process of the surface-mount GaN HEMT package with silver rod
interposers.
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A.3 High-Temperature Characterization of GaN HEMT Packages

A.3.1 High-Temperature Static Characterization

The wire-bonding GaN HEMT package with nitrogen atmosphere in Section 2.1 illustrates
high-temperature static characterization. Fig. A-7 shows the setup for characterizing the wire-
bonding GaN HEMT package on a curve tracer. To heat the package, a resistive heater was
clamped to the DBC substrate with thermal grease in between to ensure good thermal contact
between the two. The entire assembly was sufficiently compact for mounting directly on the curve
tracer. Temperature monitoring was done by placing a thermocouple in contact with the bottom
copper layer of the DBC substrate. This temperature was taken as the case temperature.
Encapsulation was achieved by flowing nitrogen gas through the housing at a rate of 180 bubbles
per minute. Since the nitrogen was at room temperature, there was a concern about its cooling
effect on the chip, which would lower the chip or junction temperature below the case temperature.
To calibrate the junction temperature, a package was fabricated using a nonfunctional chip. The
dummy package is shown in Fig. A-8. The only difference between the functional and the dummy
package was that a thermocouple was fixed on the surface of the dummy die. Following the same
testing protocols used for the functional package, the two thermocouples in testing the dummy
package recorded the temperature differences between the case and the junction. Table A-2 lists
the differences. At low case temperatures (below 100 °C), the differences were negligible. The
maximum temperature difference, with the junction temperature being lower, was only 8 degrees
at 259 °C case temperature. The temperature calibration in Table 14 was used to correct the
junction temperatures in the test of the functional package. In the following section, the

temperatures referred to are the corrected junction temperatures.

97



Fig. A-7. Setup for measuring the static characteristics of the GaN HEMT package in Fig. A-2 up
to 250 °C.

e s SN

Fig. A-8. Left: Dummy package substrate showing a thermocouple affixed on top of a
nonfunctional chip; right: after sealing the interconnected substrate inside a PEI housing in
Fig. A-2.

Table A-2. Calibration of the temperature difference between junction and case.

Junction Temperature Case Temperature Temperature Difference
(Tal°C) (Tcl°C) (AT/PC)
50.6 50.6 0
102.3 102.3 0
150.4 154.4 4
205 210 6
251 259 8

Shown in Fig. A-9 are plots of the transfer characteristics of the packaged GaN HEMT
measured at different junction temperatures, from 25 °C to 250 °C. The drain current, Ip, was
reduced significantly at high temperatures. This is consistent with an analytical model proposed
by others [73-75], which shows that the temperature dependence of the current comes mainly from
carrier mobility. Since the mobility decreases with temperature, so does the drain current. Fig. A-

9 is a plot of the threshold voltage, Vi, versus temperature. The threshold voltages were extracted
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from Fig. A-9 using the ELR method in [76]. Vi gradually decreased with increasing temperature
to a total of about 30% drop at 250 °C. This phenomenon was also reported in [77, 78]. Although
the percentage of decrease may be small; given the already low threshold voltage of the eGaN
HEMT at room temperature, one would need to take extra care in designing the gate-driver circuit

to avoid false turn-on when using the eGaN HEMT in high-temperature applications.

In (4)
Vps=20V
200 °C
Ves (V)
Fig. A-9. Io - Ves transfer characteristics at different temperatures (Vos = 20 V) for the package in
Fig. A-2.
Ve (V)
1.3
1.2
1.1
1
0.9
0.8
0 50 100 150 200 250
T(°C)

Fig. A-10. Threshold voltage vs. temperature of the GaN HEMT packaged in Fig. A-2.

Fig. A-11 shows three sets of output characteristics of t..he packaged eGaN HEMT measured
at Ves = 2, 4, and 6 V, respectively, and for each Vgs, at the different junction temperatures. For a
given VGS, the eGaN HEMT’s saturation voltage Vsat and saturation current Isat decreased with

increasing temperature. This phenomenon was also observed in [79, 80]. lsat is reduced to 67 A,
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which is only about 45% of its room temperature current rating. The on-resistance (Ron) of the
eGaN HEMT at different temperatures were determined from the Ip-Vps curves at Ves =6 V, Ip =
40 A. Plotted in Fig. A-13 are curves of the Ron Versus drain current at various temperatures. Ron
was reduced below 25% of the value at room temperature. The reduction is likely caused by lower
carrier mobility at a higher temperature. Consequently, the eGaN HEMT’s current handling
capability would have to be significantly de-rated for use at high temperatures. Finally, shown in
Fig. A-13 is a plot of the leakage current Ip measured at Vps = 400 V versus temperature. For the
measurements, Vgs was set at -4 V, which is recommended for protecting the eGaN HEMT. The
leakage current was relatively low at temperatures below 150 °C but rose rapidly beyond that
temperature. One would have to consider its impacts on efficiency and thermal management when

using the eGaN HEMT at high temperatures.

Ip (4)
400
g S 7
350 l GS 6 I
300
250 ;5] ‘é
20| /S e mm === 100 °C
—_—— e — . 150 °C
150 —_— . =200 °C
— = 250 °C
100
50
0
0 5 10 15 20 25 30

Vos (V)
Fig. A-11. Ip - Vs curves at different temperatures of the package in Fig. A-2.
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Fig. A-12. Packaged GaN HEMT on-resistance (Ron_package) VS. junction temperatures of the GaN
HEMT package in Fig. A-2.
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Fig. A-13. The plot of the leakage current, Ip at Vbs =400 V vs. temperature of the GaN HEMT
package in Fig. A-2.

A.3.2 High-Temperature Dynamic Characterization

The purpose of the surface-mounted GaN HEMT package with silver rod interposers in Chapter
2.2 was for high-temperature dynamic characterization. To get high-temperature dynamic
performance, a double pulse test (DPT) setup was built for high-temperature characterization. Fig.
A-14 shows the schematic for the DPT. Two pulses are sent to the DUT in a clamped inductive
load circuit. By building current by the DC-bus capacitor in the first pulse, the DUT’s switching
transients can be captured under the desired voltage and current at the end of the first pulse and

beginning of the second pulse. The high-temperature DPT setup is shown in Fig. A-14. In order to
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test eGaN HEMT at high temperatures, a metal heater was attached to the other side of the DBC
on the DUT, using thermal tape. A K-type thermocouple was also attached to the bottom side of
the DBC to monitor the temperature. When the setup reaches a thermal steady state, the junction
temperature (T;) is the same as the case temperature (Tc) measured by the thermocouple. To test
up to 250 °C, the eGaN HEMT was clamped to the top side of the PCB and utilized mechanical
contacts to avoid solder-melting issues at high temperatures. Also, the gate driver for the DUT was
placed on the bottom side of the PCB to avoid heating up from the heater. When the DUT was
heated to 250 °C and reached a thermal steady state, the temperature of the driver was measured

at about 125 °C (within the normal operating range).

Inductor
Diode A
DC
Source Capacitor
c D 1
<. Gate
Driver o DUT
[
UL —
Double Pulse
Signal

Fig. A-14. The schematic of DPT for the high-temperature test.
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Fig. A-15. The overview of high-temperature DPT setup for the packaged GaN HEMT in Fig. A-6.

The DUT was characterized at different temperatures, 25 °C, 50 °C, 100 °C, 150 °C, 200 °C,
and 250 °C. Although the eGaN HEMT’s rating is 650 V, 150 A, the DUT was switched at 400 V
and 40 A to avoid saturation at 250 °C. An overview of the switching waveforms for 250 °C is
shown in Fig. A-16. The dv/dt was 38.09 V/ns, and the voltage overshoot was around 25% for the
first pulse and 50% for the second pulse. The switching loss was calculated at different

temperatures, and the result is shown in Fig. A-17.

Vgs = +6/-4 V
#

Std Dev | [4.00us ‘1'301,5/; @ 7/ 400V
).00 w+~10.51080ps | (5M points

16 Apr 2021
09:13:34

Fig. A-16. The DPT waveform @ 400 V, 40 A, and 250 °C for the GaN HEMT package in Fig. A-6.
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Fig. A-17. Switching loss versus temperature at different temperatures of the GaN HEMT package
in Fig. A-6.

A.4 Summary

Two high-temperature packages were developed in this chapter. A wire-bonding GaN HEMT
package with nitrogen atmosphere is for static characterization at high temperature. And, the
surface-mounted GaN HEMT package with silver rod interposers is for dynamic characterization
with much lower parasitic inductances. In the high-temperature test, a resistive heater was attached
to the DBC substrate to heat the eGaN HEMT. Both packages survived multiple heating/cooling
cycles between room temperature and 250 °C as they underwent static testing on a curve tracer
and dynamic testing on a DPT board. As for static characterization, compared to the characteristics
at room temperature, at 250 °C, the threshold voltage was reduced by about 30 %, the saturation
current was down below 45% of the rated current, and the leakage current was increased by
hundreds of times. As for dynamic characterization, the turn-on loss increased 27%, while the turn-

off loss decreased 26.7% from room temperature to 250 °C.
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These findings suggest that if the eGaN HEMT were to be used in a high-temperature power
converter, one would need to significantly de-rate its current-handling capability, exert extra care
in designing its gate-driver circuit to avoid false turn-on, and employ aggressive thermal
management options to cool the lossy eGaN HEMT. Also, for eGaN HEMTSs, zero voltage turn-

on would help reduce the total switching loss at high temperatures.
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