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ABSTRACT This article presents the cryogenically cooled application for wide bandgap (WBG) semicon-

ductor devices. Characteristics of silicon carbide (SiC) and gallium nitride (GaN) at cryogenic temperatures

are illustrated. SiC MOSFETs exhibit increased on-state resistance and slower switching speed at cryogenic

temperatures. However, cryogenic cooling provides low ambient temperature environment and thus enables

the SiC converter to operate at lower junction temperature to achieve higher efficiency compared to room

temperature cooling. A cryogenically cooled MW-level SiC inverter prototype is developed and demonstrated

the feasibility of operating high-power SiC converter with cryogenic cooling. GaN HEMTs exhibit more than

five times on-state resistance reduction and faster switching speed at cryogenic temperatures which makes

GaN HEMTs an excellent candidate for cryogenic power electronics applications. The significantly reduced

on-state resistance of GaN devices provides the possibility to operate them at a current level much higher

than rated current at cryogenic temperatures. A GaN double pulse test (DPT) circuit is constructed and

demonstrated that GaN HEMTs can operate at nearly four times of rated current at cryogenic temperatures.

Challenges of utilizing WBG device with cryogenic cooling are discussed and summarized.

INDEX TERMS Wide bandgap device, SiC MOSFET, GaN HEMT, cryogenic temperature, cryogenically-

cooled converter, device characterization, MW-level converter.

I. INTRODUCTION

WBG semiconductor devices, including SiC and GaN, are

attracting increasing attention due to their low specific on-

state resistance, high-speed switching and high breakdown

voltage. WBG based power converters exhibit significantly

improved performance (e.g., higher efficiency, higher power

density, and higher reliability) compared to converters using

the established silicon (Si) devices.

This article presents the cryogenically cooled applications

for WBG semiconductor devices. Cryogenic temperatures

usually refer to temperatures below 123 K. This low tempera-

ture is usually generated by liquid nitrogen, liquid helium, liq-

uid hydrogen, or liquefied natural gas in industry applications.

The motivation of utilizing cryogenic cooling for power

electronics can be summarized from two aspects. First, in

some applications such as electric aircraft propulsion systems

or other superconducting machine systems where cryogenic

cooling is provided, it would be beneficial to the system if the

power electronics can be integrated into the cryogenic cooled

system. Otherwise, power electronics will be placed inside

thermal insulation containers to maintain room temperature

operation which increases system complexity, cost, size and

weight. Second, cryogenic cooling may also benefit general

power electronics applications because it offers numerous

benefits, including 1) several power semiconductor devices,

such as Si and GaN, have improved performance at low tem-

perature, with decreased specific on-state resistance and in-

creased switching speed; 2) power semiconductor devices can

be operated at higher switching frequencies and thus reduc-

ing the weight and size of passive components at cryogenic

temperature; 3) less cooling requirement due to low ambient

temperature provided by cryogenic cooling; 4) light and/or

efficient conductors such as busbar and inductor winding

components due to low resistivity of copper/aluminum at low

temperature.

For power devices, the Si-based devices characteristics

at cryogenic temperatures have been studied in literature

[1]–[10]. Si PN diodes show increased knee voltage at low

temperature because of the drop in intrinsic carrier con-

centration. The on-state resistance decreases as temperature
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decreases due to the increase of carrier mobility. However,

when the temperature further decreases (<100 K), the on-state

resistance will increase because of impact from carrier freeze-

out [4]. The breakdown voltage declines at low temperature

as the mean free path of the carrier increases and higher

impact ionization. Similarly, Si MOSFETs show significantly

reduced on-state resistances from room temperature to around

100 K as the increased carrier mobility. On-state resistance

starts to increase as temperature further decreases because of

carrier freeze-out. The threshold voltage increases at low tem-

peratures due to the reduction of intrinsic carrier concentra-

tion. The breakdown voltage of Si MOSFETs also decreases

as temperature declines due to the mean free path of carrier

increases and higher impact ionization. The transconductance

increases as temperature drops due to the increased inversion

layer mobility. Hence, Si MOSFETs show faster switching

speed at low temperature. Si IGBTs show reduced turn-off

time at cryogenic temperatures. The static characteristics of

Si IGBT is like that of Si MOSFET at low temperatures.

Recently, WBG semiconductor devices characteristics have

been investigated at cryogenic temperatures [10]–[18]. Dif-

ferent from Si, SiC MOSFETs show degraded performance

with increased on-state resistance at very low temperatures.

The on-state resistance of SiC MOSFETs consists of channel

resistance Rch and residual resistance Rs. Residual resistance

Rs includes drift region, JFET, substrate and contact resis-

tances, and is much higher than channel resistance Rch at high

temperatures. Rs decreases as temperature decreases due to

high carrier mobility like Si MOSFET. However, Rch has a

negative coefficient and becomes dominant at low temper-

atures and thus the total on-state resistance increases. This

is also caused by the increase of the interface state density,

since large number of electrons are trapped, and few free

electrons are available for conduction of the inversion layer.

Freeze-out is also a contributor to the increase of on-state

resistance. The threshold voltage increases as temperature

declines. The breakdown voltage of SiC MOSFET remains

relatively constant when temperature decreases because the

impact ionization efficiency does not increase. The switching

performance of SiC MOSFET also becomes worse at cryo-

genic temperatures.

GaN HEMTs show quite different characteristics from

MOSFETs at cryogenic temperatures due to their unique

structure. The on-state resistance keeps decreasing as temper-

ature drops. The total series resistance of GaN HEMT mainly

consists of the drain and source electrodes contact resistances

Rc, source to gate resistance RSG and gate to drain resistance

RGD which are determined by the two-dimension electron gas

(2DEG) sheet resistance, and the channel resistance Rch under

the gate region. Rch is usually the dominant part and decreases

with the channel mobility increase. The electron mobility

keeps increasing until the temperature reduces to around

40 K due to the weak influence of Coulomb scattering.

There is no carrier freeze-out in GaN HEMTs. The

breakdown mechanism of GaN HEMTs is different from

that of MOSFETs and is more complicated due to their

lateral structure. Several mechanisms can contribute to

the breakdown of GaN HEMTs including source to drain

punch-through, leakage through gate Schottky junction,

vertical leakage of substrate, and impact ionization between

source and drain. Recent study shows that GaN HEMTs have

relatively constant breakdown voltage in a wide temperature

range when temperature decreases [15]. The threshold

voltage of normally off p-GaN HEMTs should decrease

as temperature decreases due to the decreases of acceptor

ionization. This matches the test results of GaN Systems

devices [15] [51]. However, the threshold voltage of GaN

FETs from EPC increases as temperature decreases as

reported in [14]. The authors hypothesize that the increment

is attributed to a change in the population of the 2DEG

beneath the gate as temperature decreases. The gate injection

transistors (GITs) from Panasonic and Infineon present a

quite constant but slowly increasing threshold voltage as

temperature decreases [51]. The cascode GaN devices from

Transphorm shows a large increase of the threshold voltage

at low temperatures, which is consistent with the behavior of

Si devices. The transconductance of GaN HEMTs increases

as temperature decreases due to the increase of electron

mobility.

For power converters, there are several reports on convert-

ers using cryogenic cooling [19]–[25]. The reported maxi-

mum power of cryogenically cooled Si-based converter was

a 40 kW three-level inverter [23]. The Si MOSFET based in-

verter design with special considerations of cryogenic temper-

ature was illustrated. For WBG device based converters, the

reported maximum power cryogenically cooled GaN-based

converter is a 1 kW GaN HEMT based three-level flying

capacitor inverter [24]. Loss analysis of the GaN inverter

operating at cryogenic temperature was conducted. A 1 MW

cryogenically cooled SiC power module based three-level in-

verter for electric aircraft propulsion applications is presented

by the authors [25].

This article first compares the characteristics of the state-

of-art WBG devices at cryogenic temperatures. Then, a high

power (MW-level) SiC based converter using cryogenic cool-

ing is demonstrated. Next, as the significantly reduced on-

resistance of GaN at cryogenic temperature provides the pos-

sibility to operate GaN at a current level much higher than

rated, the GaN HEMT high current operation with cryogenic

cooling is investigated. Finally, challenges of using SiC and

GaN with cryogenic cooling are discussed. These topics have

rarely been discussed in previous literature.

The organization of this article is as follows. Section II

presents the characteristics comparison of the state-of-art

WBG devices at cryogenic temperatures. Section III presents

a MW-level SiC inverter with cryogenic cooling. Section IV

demonstrates the high current operation of GaN HEMT with

cryogenic cooling. Section V discusses challenges of using

SiC and GaN devices with cryogenic cooling. The conclusions

are made in Section VI.
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FIGURE 1. Test setup of static characterization at cryogenic temperatures.

FIGURE 2. Test setup of dynamic characterization at cryogenic
temperatures.

II. CHARACTERISTICS OF SIC AND GAN AT CRYOGENIC

TEMPERATURES

A. DEVICE CHARACTERIZATION AT CRYOGENIC

TEMPERATURES

To perform power device characterization at cryogenic tem-

peratures, a cryogenic temperature chamber with liquid ni-

trogen is usually utilized in the lab. The temperature inside

the chamber can be regulated from room temperature to cryo-

genic temperature as low as 93 K, and thermal insulation is

achieved inside and outside of the chamber. Fig. 1 shows the

static characterization test setup. The curve tracer B1505A

from Keysight is connected with the DUT to test the output

and transfer characteristics. The Kelvin connection need to

be adopted to suppress measurement error introduced by long

connected cables. Fig. 2 shows the dynamic characterization

test setup. The DPT circuit is used for switching character-

istics test of the devices. The PCB boards including DUT,

gate driver, signal isolator, and auxiliary power supply are

put inside the cryogenic chamber while the load inductor and

other equipment are located outside. The method details for

static and dynamic characterization at cryogenic temperatures

can be found in [6].

B. SUMMARY OF SIC AND GAN DEVICES

CHARACTERISTICS AT CRYOGENIC TEMPERATURES

With device characterization setup illustrated above, sate-of-

art SiC MOSFETs and GaN HEMTs in the 600 V∼1.2 kV

and tens of Amps range are characterized. The investigated

devices are listed in Table 1.

TABLE 1. Investigated state-of-art SiC, GaN, and Si devices

FIGURE 3. Specific on-state resistance versus temperature for SiC, GaN
and Si devices.

FIGURE 4. Breakdown voltage versus temperature for SiC, GaN and Si
devices.

Fig. 3 shows the specific on-state resistance comparison of

the selected devices. Both Si MOSFET and GaN HEMT show

significantly reduced specific on-state resistance at cryogenic

temperatures. At very low temperature (< 100 K), the specific

on-state-resistance of Si MOSFETs begin to increase due to

carrier freeze out but that of GaN HEMT keeps decreasing.

Meanwhile, all SiC MOSFETs show significantly increased

specific on-state resistances at cryogenic temperatures. The

GaN HEMT has the lowest specific on-state resistance at cryo-

genic temperatures and achieved >5X on-state resistance re-

duction compared to values at room temperature. Fig. 4 shows

the breakdown voltage comparison of the selected devices.

Generally, SiC MOSFETs and GaN HEMTs show relatively
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FIGURE 5. Comparison of switching loss of SiC and GaN. (a) T1 at 500 V dc
voltage and 1 � gate resistance, (b) T2 at 500 V DC voltage and 1 � gate
resistance, (c) T4 at 400 V dc voltage, 20 � turn-on and 2 � turn-off gate
resistance.

constant breakdown voltage while the Si MOSFETs show

reduced breakdown voltage when temperature decreases from

room temperature to cryogenic temperatures. Note that the

breakdown voltages in Fig. 4 was obtained at a defined leak-

age current (usually hundreds of uA according to datasheet),

which is lower than the destructive breakdown voltages.

Switching loss characteristics depend on specific operation

conditions. Fig. 5 summarizes the switching loss of T1, T2,

and T4. In general, the switching loss of SiC MOSFETs in-

creases while that of GaN HEMTs decreases as temperature

decreases.

III. DEMONSTRATION OF MW-LEVEL SIC CONVERTER

OPERATION WITH CRYOGENIC COOLING

This section presents a MW-level SiC power module based in-

verter using cryogenic cooling for electric aircraft propulsion

applications. This 1 MW inverter is dc-fed from ±500 V bus

with three-phase output fundamental frequency up to 3 kHz.

A. DEVICE SELECTION

Based on device characterization results, Si MOSFET and

GaN HEMT show better performance at cryogenic temper-

atures. However, high current power modules (hundreds of

Amps) for Si MOSFET or GaN HEMT devices to support a

MW inverter are not yet available. More importantly, none of

the commercial module packaging technologies are suitable

for cryogenic operation. Therefore, high current SiC power

module is selected. The SiC power module is not directly

cooled down to cryogenic temperatures due to the limitation

of module package as well as the degraded performance of

SiC at cryogenic temperatures. However, cryogenic cooling

will still benefit the inverter as it could provide a lower am-

bient temperature environment and thus SiC device junction

FIGURE 6. The 900V/800A Wolfspeed SiC power module test data. (a)
on-state resistance at different temperatures, (b) turn -on loss and (c)
turn-off loss at 500 V dc bus voltage with several different gate resistances.

FIGURE 7. The 3L-ANPC based 1 MW inverter system.

temperature could be lower during high power operation and

the inverter can achieve higher efficiency compared to the

room temperature cooling case. Cryogenic cooling will also

benefit the busbars and filter windings in the inverter system.

The 900V/800A Wolfspeed 3rd generation SiC power mod-

ule is selected to support this 1 MW inverter. Fig. 6(a) shows

its on-state resistance at different temperatures. The power

module is characterized at temperatures not below 225 K

because of the silicone gel of this module package could

be damaged below 225 K. The lowest on-state resistance is

achieved at temperature around 257 K and the cooling system

can be optimized to keep the device junction temperature near

this temperature for rated operation. The cooling design is

illustrated in next section. Fig. 6(b) and Fig. 6(c) show the

tested switching loss.

With the selected power module, three-level active neutral

point clamped (3L-ANPC) inverter topology is utilized and

two 500 kW inverters are parallel and interleaved through

coupled inductors to achieve 1 MW power while reducing

harmonic ripples. Fig. 7 shows the inverter system. Dc and ac

side EMI filters are employed to suppress EMI noise and meet

DO-160 EMI standards in aircraft applications. The switching
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FIGURE 8. Power module cold gas nitrogen cooling concept.

FIGURE 9. Customized modular coldplate.

transient analysis, harmonics analysis, busbar design, and fil-

ter design of paralleled 3L-ANPC inverters can be referred in

[26]–[32].

B. COOLING SYSTEM DESIGN AND INTEGRATION

As illustrated above, direct liquid nitrogen cooling cannot be

used for the SiC power module due to the package limitation

as well as increased loss at cryogenic temperatures. Therefore,

cold nitrogen gas cooling is utilized for the power stage. Fig. 8

shows the cooling concept. The nitrogen gas goes through

coils which are submerged into a liquid nitrogen bucket. The

nitrogen gas becomes cooled by the liquid nitrogen and flows

through the coldplate for the power module. By adjusting

the height of the jack which supports the bucket, the number

of turns of the coils that are submerged into liquid nitrogen

can be adjusted. The cooling performance of the gas nitrogen

system can be controlled by adjusting the flow rate of the gas

through a regulator combined with adjusting the turns number

of coils submerged in the liquid nitrogen.

The coldplate is custom designed to fit the proposed cooling

method as shown in Fig. 9. The coldplate unit in Fig. 9 has

three separate channels and used to cool three half-bridge

power modules which form a phase-leg of the three-level

ANPC inverter. The gas nitrogen flow rate of the three chan-

nels can be controlled individually with the valves as shown

in Fig. 9. Moreover, tapered fins are used inside the coldplate

channel to provide a uniform temperature distribution of all

the dies in an individual module.

The filters can use direct liquid nitrogen cooling because of

the significantly reduced resistivity of copper used for induc-

tor windings. 3D-printed thermoplastic housing is designed

for the inductors to accommodate liquid nitrogen cooling for

large inductors and to reduce housing weight.

Therefore, the dual gas and liquid nitrogen cooling strategy

is utilized to accommodate the cooling requirement of both

the SiC power modules and inductors in the 1 MW inverter

system. The cooling system design is shown in Fig. 10. Each

FIGURE 10. The dual gas and liquid nitrogen cooling system for the MW
inverter system.

FIGURE 11. A phase-leg of the 3L-ANPC inverter prototype.

FIGURE 12. Coupled inductor prototype with housing.

500 kW inverter power stage has a gas nitrogen path. The ac

side inductors, coupled inductors, and dc side CM inductors

all share a liquid nitrogen path. There is no mechanical or

thermal interference among the electrical busbars and their

connections, the liquid nitrogen flow system, and the gas ni-

trogen flow system.

Fig. 11 shows the prototype of a phase-leg of one 500 kW

three-level ANPC inverter which consists of power module,

DC-link capacitors, busbar, gate drive and isolated power

supply. Fig. 12 shows the coupled inductor prototype with

housing. The integration layout of the MW inverter system

with enclosure is shown in Fig. 13. Foams (yellow blocks
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FIGURE 13. The integrated MW inverter system.

FIGURE 14. MW inverter system hardware.

FIGURE 15. Cryogenic cooling setup for the 1 MW inverter system.

in Fig. 13) are attached around the cooling tubes, induc-

tors, and coldplates to achieve thermal insulation between

cryogenically-cooled components and other components in

the system. Thus, the temperatures of gate driver and auxil-

iary components are similar to those of a room temperature

converter.

Fig. 14 shows inverter hardware inside the enclosure and

Fig. 15 shows the cryogenic cooling system setup outside the

enclosure with the cooling strategy concept shown in Fig. 8.

FIGURE 16. Tested waveforms of one 500 kW inverter at full load.

FIGURE 17. Tested two inverters paralleling operation at 1 MVA full load.

FIGURE 18. Tested inverter efficiency at different loads.

C. INVERTER TESTING WITH CRYOGENIC COOLING

With the cryogenic cooling system illustrated above, the full

power testing of this SiC based 1 MW inverter with cryogenic

cooling is conducted. First, one 500 kW inverter is tested to

full power with cryogenic cooling. Fig. 16 shows the tested

three-phase output current waveforms at 1 kV dc bus voltage

input. The measured peak current is around 650 A.

Then, two 500 kW inverters paralleling operation is tested

at full power. Fig. 17 shows the three-phase current wave-

forms of the paralleled inverters and a line-to-line voltage

waveform. For this test, the ac phase output voltage funda-

mental frequency components peak voltage is 549 V and ac

phase peak current for one inverter is 610 A, and the total

apparent power is 1 MVA.

The MW inverter prototype power loss is tested. Fig. 18

shows the tested inverter efficiency at different loads. The

power stage efficiency is 99.2% at half load and 99% at full

load. If the filter power loss is included, which takes around
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FIGURE 19. Weight breakdown of the inverter.

30% of the total inverter system loss, the efficiency is 98.9%

at half load and 98.5% at full load. The MW inverter sys-

tem weight is measured. Without the enclosure and cooling

system, which were not optimized in this prototype, the total

weight is 55.6 kg, indicating a specific power of 18 kVA/kg.

It is noted that this MW inverter design assumes the need

for inverter ac side to also meet DO-160 EMI standards. Con-

sequently, ac side EMI filter is required. The assumption of

the motor load with high fundamental frequency of 3 kHz and

therefore low inductance, exacerbates the situation. To reduce

the required ac side filter, especially DM filter, the carrier

frequency of the two inverters is increased to 60 kHz and inter-

leaved, resulting considerable switching loss. The coupled in-

ductors required for interleaving with their leakage inductance

function as DM inductor, also contribute to appreciably higher

weight and loss. Fig. 19 shows the weight breakdown of the

inverter. In fact, the ac side filter, together with the coupled

inductors, contributes about 2/3 of the total inverter system

weight. If the ac side has no EMC requirements and only dv/dt

filter is needed, the filter weight can be reduced and switching

frequency can also be reduced for loss reduction. In this case,

the 1 MW inverter system efficiency and specific power can

be considerably higher.

With the proposed dual gas and liquid nitrogen cooling

strategy, both power stage loss and filter loss of the MW

SiC inverter are reduced compared to room temperature con-

verters. However, additional size and weight by the cooling

components (outside the inverter system enclosure as shown

in Fig. 15) may offset the goal. Cooling system sizing and

optimization will be future work to justify the benefit of cryo-

genic cooling.

IV. DEMONSTRATION OF GAN HIGH CURRENT

OPERATION WITH CRYOGENIC COOLING

As shown in Fig. 3(a), GaN HEMTs show the lowest spe-

cific on-state resistance at cryogenic temperatures. The sig-

nificantly reduced on-state resistance provides the possibility

to operate GaN HEMTs at a current level much higher than

rated at cryogenic temperatures than nominally rated value for

room temperature. The high current operation of GaN HEMT

with cryogenic cooling is conducted in this section.

FIGURE 20. Turn-on transient of the rated current dynamic
characterization at 400V/30A. (a) 298 K, (b) 133 K.

A. DYNAMIC CHARACTERIZATION AT RATED CURRENT

The dynamic characterization is conducted using the DPT

circuit setup as shown in Fig. 2. The selected GaN HEMT

is the 650V/30A GS66508T from GaN Systems. The turn-on

and turn-off gate voltages are 6 V and -3 V, respectively.

The turn-on and turn-off gate resistance are 20 � and 2 �,

respectively. Gate driver IC is Si2871 from Silicon Labs. In

the test, when temperature decreases to below 123 K, the

output of the isolated power supply and gate drive IC cannot

keep at rated voltage and obviously gate voltage drop can be

observed. Thus, the dynamic characterization is conducted at

temperatures above 123 K.

At low temperatures, the switching speed becomes much

faster due to increased transconductance. Fig. 20 shows the

turn-on transient waveforms comparison at 400 V dc bus and

rated 30 A load at both room temperature and a cryogenic

temperature. The voltage fall time and current rise time are

smaller in Fig. 20(b) compared to Fig. 20(a), indicating faster

switching at cryogenic temperature. The tested average dv/dt

and peak dv/dt are 13 V/ns and 70 V/ns at room temperature

while the tested average dv/dt and peak dv/dt are 21 V/ns and

130 V/ns at cryogenic temperature. The dv/dt is nearly dou-

bled at cryogenic temperature. Fig. 21 summarizes switching

loss at different temperatures. Compared to room temperature

case, the turn-on switching loss is reduced by around 30%

while turn-off loss is almost kept unchanged at cryogenic

temperatures.

B. DYNAMIC CHARACTERIZATION AT HIGH CURRENT

The high current operation test still utilizes the DPT circuit.

But the load current will start from the rated 30 A and keeps
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FIGURE 21. Switching loss at different temperatures: (a) turn-on loss, (b)
turn-off loss, (c) total switching loss.

increasing until desaturation-based protection triggers or de-

vice failure occurs. As GaN device is more sensitive to gate

voltage, the gate measurement probe could introduce extra

noise and interfere with the gate loop, and result in large os-

cillation during high dv/dt or di/dt switching transient. Thus,

the gate signal is not measured in the high current operation

test.

The turn-off transient becomes faster and severe turn-off

overvoltage occurs for high current operation. In the test,

when load current increases from rated 30 A to 60 A for

400 V dc bus, the turn-off overvoltage exceeds 700 V even

though the turn-off gate resistance is increased from 2 � to

5.1 �. To keep the turn-off voltage below 600 V for safe

operation, the turn-off resistance is selected to be 15 �.

At the cryogenic temperature, the load current can be in-

creased to 115 A, which is nearly 4 times of the rated current

of this device. If further increasing the load current, desatu-

ration protection triggers or device failure occurs frequently.

The root cause of this phenomenon is still unclear and could

be because the current exceeds the package limit of this de-

vice.

Fig. 22 shows the tested switching waveforms at 80 A

current, and Fig. 23 shows the tested switching waveforms

at 115 A current, both at 400 V dc bus voltage and cryogenic

temperature of 133 K. For the 115 A case, the tested average

dv/dt is 60 V/ns and peak dv/dt is 130 V/ns. The turn-off

voltage is within 600 V. Fig. 24 summarizes the switching loss

at high current operation from 40 A to 115 A.

V. CHALLENGES FOR UTILIZING SIC AND GAN WITH

CRYOGENIC COOLING

Cryogenic cooling enables better performance for WBG de-

vices (mainly GaN HEMTs) compared to room temperature

cooling. Cryogenic cooling also benefits WBG based power

FIGURE 22. High current dynamic characterization at 400V/80A and 133 K
temperature. (a) turn-on transient, (b) turn-off transient.

FIGURE 23. High current dynamic characterization at 400V/115A and
133 K temperature. (a) turn-on transient, (b) turn-off transient.

converters due to less cooling requirement provided by low

operating temperature as well as by light and/or efficient con-

ductors (e.g., busbars and inductor windings) at low temper-

ature. In the meanwhile, cryogenic cooling also poses new

design challenges. Special consideration must be given to the

power converter design with cryogenic cooling in order to

utilize it effectively and reliably. WBG devices with cryogenic

cooling application is in the starting phase and far from tech-

nology maturity. Several key issues are discussed below.
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FIGURE 24. Switching loss for high current operation at 133 K.

A. PACKAGING

Packaging device dies into power modules involve electrical,

thermal, and mechanical design. Packaging technologies to

achieve parasitic minimization, current and thermal balancing

among multiple dies, high electric filed and high temperature

withstand capability are critical for WBG application and be-

ing addressed by researchers and device manufactures. How-

ever, no commercially available device packages have taken

cryogenic operation into account.

One key issue is the encapsulant materials for power mod-

ule packaging. The most used materials for encapsulant are

silicone gel based or epoxy based. Silicone gel cannot sur-

vive at cryogenic temperatures [33]. Partial discharge occurs

when temperature is below 215 K and will significantly reduce

breakdown voltage of the silicone gel. Moreover, degradation

of the breakdown voltage cannot be recovered even when

temperature returns to room temperature. Thus, most power

modules utilizing silicone gel based encapsulants cannot be

used at cryogenic temperature. On the other hand, most epox-

ies can work properly at cryogenic temperatures [34]. Hence,

epoxy could be the encapsulate material for device packaging

operating at cryogenic temperatures. One potential issue is

that epoxy tends to be more brittle at low temperature. Design

packaging without encapsulation can also be considered. But

the module may suffer from external environmental damages

as well as reduced insulation capability. Another issue is the

thermal-mechanical stress of packaging material at cryogenic

temperature. If thermal expansion coefficients (CTE) mis-

match of the packaging material in the multi-layer package

structure is not well controlled, the large thermally induced

stress at cryogenic temperatures may cause packaging degra-

dation or even device failure.

B. GATE DRIVE AND PROTECTION

Gate driver is a key component to achieve optimal device

performance for power converters. Cryogenic cooling posed

challenges for gate drive and protection are summarized as

follows.

1) Circuit components suitable for cryogenic temperatures

Gate driver mainly consists of driver IC, signal isolator,

and isolated power supply. The gate driver IC are usually BJT

based or CMOS based. Si BJTs show poor performance at low

temperature. The current gain β of the BJT drops significantly

with the decreases of temperature [35]. The base-collector

breakdown voltage also decreases as temperature decreases

due to the typical P-N diode characteristics. Therefore, BJT

based ICs are not suitable for cryogenic temperature. On the

other hand, the CMOS based ICs show faster switching speed

at low temperature due to the increase of carrier mobility and

saturation velocity. The CMOS based ICs could be suitable for

low temperature operation. Potential issues with CMOS based

ICs is the reliability issues at low temperature, mainly the

gate degradation caused by hot carriers [36]–[39]. Potential

solution to mitigate the impact of hot carrier effect is to reduce

gate voltage at very low temperature so that the electric filed

is decreased and the possibility for carriers to gain energy to

flow into the gate oxide is reduced.

The key issues are the signal isolator and isolated power

supply operating at low temperature. The primary side and

secondary sides of isolation components suffer from high

dv/dt during switching transient. The input-to-output parasitic

capacitance provides a path to conduct CM noise induced by

dv/dt. For WBG devices with high dv/dt during switching,

high CM noise immunity capability or low isolation capac-

itances is critical for signal isolator and isolated power sup-

plies. The commercially available signal isolators and isolated

power supplies with high dv/dt immunity may not function

well at very low temperatures. For example, the state-of-art

isolated gate drivers Si827x from Silicon Labs shows indus-

try leading common-mode transient immunity which exceeds

200 V/ns and widely used in GaN HEMT circuits. Test results

at cryogenic temperatures indicate that this isolator cannot

work properly if the temperature is below 120 K. Most iso-

lated power supplies consist of an isolated transformer and

a flyback converter. Ferrite core is typically used for the

transformer. However, ferrite core loss increased more than

10 times and permeability decreases by a factor of 7∼8 when

operated at 93 K [32]. The significantly degraded performance

of the magnetic may cause malfunction of the isolated power

supply. Several isolated power supplies with picofarad level

isolation capacitance from Traco Power and Murata are also

tested at low temperatures. All the power supplies show re-

duced output voltage as temperature decreases. One potential

solution is to use nanocrystalline core instead of ferrite core

for the transformer of the isolated power supply. Nanocrys-

talline material shows less performance degradation compared

to ferrite material at cryogenic temperature [32].

2) Faster switching of GaN HEMT at cryogenic

temperatures

GaN HEMTs have increased transconductance and faster

switching speed at cryogenic temperatures, resulting in higher

dv/dt and/or di/dt. As presented in section IV, the dv/dt dur-

ing switching transients can double at cryogenic temperatures

compared to that at room temperature. The extremely high

dv/dt and/or di/dt at cryogenic temperature brings several

issues.
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a: Overvoltage: Overvoltage occurs during turn-off transient

or during turn-on transient of its complementary de-

vice in a phase-leg configuration. High voltage spikes

during switching transient could cause device break-

down. Compared to room temperature operation, the

faster switching speed and smaller on-state resistance

at cryogenic temperatures exacerbate this issue. Ad-

vanced packaging techniques and optimal layout de-

sign for parasitics minimization can relieve the over-

voltage. Compared to the power loop overvoltage, the

more severe issue is the gate loop overvoltage because

GaN HEMT has much lower gate voltage withstand

capability than Si or SiC MOSFETs. The power loop

impacts the gate loop through the device Miller capaci-

tance as well as the common-source inductance. Higher

dv/dt and/or di/dt at cryogenic temperature increases

the chance of gate damage of GaN HEMT. To mitigate

this issue, a kelvin connection of source terminal is re-

quired, and shared common trace or wire bond between

the gate loop and the power loop should be avoided

in the package design. A clear separation of layout in

the gate driver PCB between the power loop and the

gate loop should also be maintained. Besides, advanced

gate control technologies such as active Miller clamp,

and dv/dt or di/dt active control can be applied to avoid

device failure.

b: Crosstalk: The crosstalk between two switches gen-

erates a shoot-through current, leading to additional

switching losses in both switches and shoot-through

failure. Faster switching speed and higher dv/dt at

cryogenic temperature also increases the susceptibility

of crosstalk in a phase-leg configuration. To mitigate

crosstalk without sacrificing fast switching, several gate

assist circuits can be adopted [40]–[42].

c: Sustained oscillation and instability: Sustained os-

cillation ia also excited by device switching actions.

WBG devices and associated parasitic components in

the gate loop and the power loop can form an uninten-

tional negative oscillator to produce sustained oscilla-

tion [43]–[46]. Although it only occurs at certain condi-

tions, sustained oscillation can result in destabilization

of the power circuit and even device damage. It pro-

duces a burst of “forced” oscillation which may sustain

until bus voltage energy is depleted. The susceptibility

of sustained oscillation increases with reduced on-state

resistance and with increased device transconductance

[44]. At cryogenic temperature, on-state resistance is

significantly reduced while transconductance is signif-

icantly increased, both contribute to the susceptibility

of sustained oscillation. The sustained oscillation and

instability issues of GaN HEMT operating at cryogenic

temperature need to be investigated. Another mech-

anism for sustained oscillation is due to the unique

reversed conduction behavior of GaN HEMT, which

is different from the unintentional negative oscillator

described above. Modeling and stability analysis can

be found in [47]. Cryogenic temperature impacts the

threshold voltage as well as the transconductance and

thus the reverse conduction behavior of GaN HEMTs.

How cryogenic temperature impact the reverse conduc-

tion related sustained oscillation and stability need to

be further investigated.

d: Protection: Short-circuit protection is usually in-

tegrated in gate drive circuits. Under high dv/dt and

di/dt conditions, it is challenging for a short circuit

protection scheme to achieve fast response time and

strong noise immunity simultaneously. A three-step

short-circuit protection method can be considered to

mitigate this issue for GaN HEMTs [50]. WBG device

short-circuit withstand time is critical for protection

response time determination. The short circuit behavior

of GaN HEMT is very sensitive to temperature. When

short-circuit occurs, the current first increases quickly

to a peak value and then starts to decrease because the

strong negative temperature feedback realizes the short-

circuit current self-regulation [48]. Cryogenic cooling

impact on the short-circuit withstand time can be illus-

trated from two aspects. On one hand, cryogenic cool-

ing provides a low ambient temperature. Thus, higher

temperature rise is allowed for the device, which is

beneficial to short circuit withstand time. On the other

hand, due to the lower initial temperature provided

by cryogenic cooling, current increases faster and the

short-circuit current peak is also higher. Thus, the en-

ergy accumulates faster, which is detrimental to short

circuit withstand time. Moreover, the high localized

electric field may breakdown the device in addition

to thermal-related failure [49]. Therefore, considering

these two aspects, the short-circuit withstand capability

of GaN HEMTs with cryogenic cooling is unclear and

needs further investigation.

C. EMI FILTER

The EMI filter is necessary for power converter to suppress

EMI noise and meet EMI standards. First, the faster switching

at cryogenic temperature provides the opportunity to operate

at higher switching frequency and thus reduce the required

passive EMI filters. However, EMI noise will also tend to con-

centrate in the high frequency range and increases filter design

difficulties due to the non-ideal behaviors of the passive fil-

ter, i.e., the equivalent parallel capacitance (EPC) of inductor

and the equivalent series inductance (ESL) of capacitor, and

the coupling effect of filter components at high frequencies.

Second, cryogenic cooling could benefit inductor winding but

introduce penalty on the magnetic core as illustrated above.

Filter housing design optimization to compromise core loss

and winding loss and thus maximizing cryogenic cooling ben-

efit requires further research.

D. COOLING SYSTEM

Cryogenic cooling system is more complex and challenging

than room temperature cooling system. Special requirements

324 VOLUME 2, 2021



of cryogenic cooling system include: 1) No leakage. The den-

sity of liquid nitrogen is over 6000 times higher than air. If

leak happens, it is highly possible to introduce high pressure in

the converter enclosure. 2) Good thermal insulation. Tempera-

ture of liquid nitrogen is extremely low, and leakage can cause

injury. Operators must be protected from cryogenic tempera-

ture of converter system. 3) Good air insulation. As the tem-

perature of liquid nitrogen or cold gas nitrogen is much lower

than air, vapor in the air can freeze and cause short-circuit

in the converter. For safety consideration, the risk assessment

should also be considered for cooling system design.

VI. CONCLUSION

This article presents cryogenically cooled application for

WBG devices. The state-of-art GaN HEMTs achieve >5X

on-state resistance reduction while SiC MOSFETs show sig-

nificantly increased on-state resistances at cryogenic temper-

atures. GaN HEMTs show faster switching speed and achieve

around 30% switching loss reduction while SiC MOSFETs

show slower switching speed and increased switching loss at

cryogenic temperatures. Both GaN HEMTs and SiC MOS-

FETs show relatively constant breakdown voltages in a wide

temperature range. A MW-level SiC inverter with cryogenic

cooling is developed and demonstrates the feasibility of high-

power operation of SiC power modules with cryogenic cool-

ing. This inverter achieves 18 kVA/kg specific power and 99%

efficiency which provides a promising motor drive solution

for future aircraft propulsion applications. The feasibility of

high-current operation of GaN HEMTs with cryogenic cool-

ing is presented. Dynamic characterization results show the 30

A GaN HEMT can operate at 115 A with cryogenic cooling,

which is nearly four times of its rated current. The challenges

and special considerations of utilizing SiC and GaN devices

with cryogenic cooling including packaging, gate drive and

protection, EMI filter and cooling system are discussed and

summarized, which is critical for WBG devices cryogenic

cooled application.
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