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This paper presents an investigation of the static and dynamic on-resistance Rpg o, Using a fully automated,
modular measurement setup, which enables the characterization of commercially available Gallium-Nitride-
high-electron mobility transistors at cryogenic temperatures (77 K). The circuit is based on an extended
modified double pulse test, enabling the characterization in an application-oriented setup over a wide
temperature range while minimizing self-heating effects. The focus is on the investigation of charge-carrier
trapping in terms of dynamic on-resistance dRps ., at cryogenic temperature. The presented setup
enables systematic investigation of these effects, with distinguishable trapping sources. Measurements
of the static on-resistance Rps ., show a significant decrease due to the increased electron mobility
at cryogenic temperatures. Results of dynamic on-resistance dRps ., analysis show a much reduced
degradation of dRpg,,n compared to measurements at room temperature under soft-switching and hard-
switching, as well as a negligible effect after the application of a drain-voltage-bias.

1 Introduction

High-electron mobility transistors (HEMTs) based
on Gallium-Nitride (GaN) offer numerous advan-
tages over conventional transistors. In contrast to
Silicon (Si) or Silicon-Carbide (SiC) transistors, the
conductive channel in GaN-HEMTs originates from
the two-dimensional electron gas (2DEG) rather
than from doping. Due to the absence of the carrier
freeze-out effect in the 2DEG, GaN-HEMTs are
more attractive than Si-/SiC-transistors for appli-
cations operated at cryogenic temperature (CT)
[1]. Furthermore, as the temperature decreases,
the electron mobility increases due to the reduced
electron-phonon interaction, leading to a significant
reduction in the static on-resistance Rpg o, Of
the GaN-HEMT [2]. Therefore, GaN-HEMTs
emerge as a promising technology for cryogenic
applications such as deep space components,
electric aviation and quantum computing [3-5].

However, due to impurities within the GaN-HEMT
structure, trapping effects still degrade the device’s
performance. These effects are mainly initiated by

drain-voltage bias during the off-state of the transis-
tor, by gate-voltage bias, as well as by hot-electrons
during hard-switching (HS) events. The resulting
trapping effects depend on the magnitude and
duration of the applied voltage. They manifest as a
threshold-voltage shift Vg ¢, @ dynamic increase
of the on-resistance dRps on, O current collapse,
and thus significantly influence the characteristics
of the GaN-HEMT [6, 7]. Even if these effects are
reversible, the relaxation time depends on the tem-
perature and the previously applied bias voltage [8].

Whereas these effects are extensively studied at
room temperature (RT), only specific aspects, such
as the threshold-voltage instability Vizs ¢ caused by
trapping, have been investigated at CT [9, 10]. At
CT, the thermally activated emission of trapped car-
riers is strongly suppressed following the Arrhenius
equation, leading to a freeze-out of trap occupancy
and thus a stabilization of the threshold-voltage-
shift Vas n compared to RT. However, non-thermal
mechanisms, such as gate-bias-induced tunnel-
ing or hot-electron excitation, can still enable
the de-trapping of these frozen carriers [11-13].
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Besides the threshold voltage shift Vs, trap-
ping also affects the on-resistance Rps., Of
the GaN-HEMT. While many publications, such
as [14], investigate GaN-HEMTs under CT on
device-level using a curve tracer and showing a
general decrease in static on-resistance Rpg on
and increase in the transconductance g, at CT,
measurement setups for extracting trapping effects
using pulsed 7-V measurements are presented in
[15, 16]. During pulsed I-V measurements, the
device under test (DUT) is pre-stressed with a
high-voltage (HV) and measured under low-voltage
(LV) using a resistive load. A concept to explore the
dynamic effects for a commercially available 650 V
HEMT at CT is described in [16]. However, mea-
surements at CT have not been presented yet. In
[15], a non-commercial GaN-HEMT is investigated.
It shows a largely suppressed dynamic increase of
the on-resistance dRps o, at 150 K even after 25s
of stress. This was attributed to a very inefficient
electron capture process, which holds a long
capture time constant. However, in many power
electronic applications, the HEMT is switched
under an inductive load and higher voltages.

A more application-oriented test setup is the double
pulse test (DPT), with the possibility to extract
switching losses [17]. Due to the HS condition of
the DPT causing hot-electrons, the dynamic on-
resistance dRpg,on IS investigated under realistic
switching conditions. It is found not to occur at CT
[18]. However, the DPT lacks the ability to precisely
control the pre-stress of the DUT and to distinguish
between traps originating from the applied bias
during the freewheeling phase or the HS event
during turn-on or turn-off events. Therefore, in
[19] a test setup was developed capable of soft-
switching (SS) and HS and of applying a drain-bias
Vps,idle- HOwever, this setup does not guarantee
an unbiased DUT for the extraction of the static
on-resistance Rps,, and a de-trapping state
without gate-bias. Measurements under HS, similar
to the DPT, do not agree with those from [18].

To overcome these issues, we developed a test
setup in [20]. The adaptation of this test setup
for CT and the test setup itself are explained
in section 2. In section 3, the corresponding
measurement procedure is presented. Finally,
the measurement results are shown in section 4,
including the verification of operation at CT, the

static on-resistance Rps o, from RT to CT, and the
dynamic on-resistance dRps ., at CT compared
to measurements at RT. The results demonstrate
a decrease in the static on-resistance Rpgon
and reveal the influence of drain-bias and SS/HS
operation on the dynamic on-resistance dRpg on.

2 Cryogenic Test Bench for GaN-
HEMT Characterization

To characterize GaN-HEMT at CT, the elec-
trical measurement circuit is embedded into
a mechanical setup. The mechanical setup
must ensure safe operation conditions at CT by
preventing condensation/icing but also limiting
the heat input. The electrical measurement
setup must ensure full functionality under
the extreme conditions that prevail during CT.

2.1 Mechanical Design of the Test Setup

In Fig. 1, the test system for transistor characteri-
zation at CT is shown. It includes a 400 mm deep
double-walled vacuum chamber with a diameter
of 200mm. The entire test circuit, including the
control mainboard, the DUT and the cryogenic
cooling circuit, is located inside this chamber.
For cooling, LN, (77 K) is filled from a cryogenic
storage dewar via an electrically controlled magnet
valve into the cryogenic cooling circuit, which is
described in more detail later. The chamber is
evacuated through a DN40 ISO-KF feedthrough in
the 8 mm structural plate using a HighCube classic
turbo-pump (Pfeiffer Vacuum) with dual pressure
monitoring. A butterfly valve protects the pump
during operation, while a spindle valve enables
controlled ventilation.  Pressure is monitored
using a PENNINGVAC PTR 90 RN (Leybold),
covering lbar to 1 x 10~?mbar, with digital
readout and integration into the LN, control system.

The vacuum serves two main purposes: reducing
thermal conductivity and ensuring electrical isola-
tion. As particle density decreases, thermal conduc-
tivity drops, and at pressures below 1 x 10~° mbar
convective heat transfer becomes negligible [21].
During cool-down, the pressure further decreases
due to cryopumping as gases condense on cold
surfaces. To prevent icing and ensure insulation,
residual humidity is removed by flushing the cham-
ber with compressed air or N, before evacuation.
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Fig. 1: Test bench including LN, tank and vacuum
pumping unit

Although the open cooling circuit is located inside
the vacuum chamber, it operates at ambient
pressure and must thus be vacuum-tight. LNo,
with a density of 808.5gL~! [22], is therefore
supplied through a vacuum-jacketed 12 mm inlet
into a 1L reservoir (see Fig. 2), providing stable
cooling despite evaporation losses. The outlet
uses a 19mm vacuum-insulated pipe to handle
the increased volume flow during phase change
to GN, (1.25gL~!), at the cost of higher heat
leakage [21]. A second reservoir acts as a
low-pass filter, damping flow fluctuations with the
hydraulic resistance — capacitance behavior. The
system is connected to the heatsink via a pipe
and bellow with a siphon structure that guides
vapor flow, which enables loss estimation by
measuring the GN» mass-flow rate and computing
the resulting evaporation rate from it [23]. The
thermal contact resistance to the LNy inside the
heatsink is reduced by increasing the contact
area by a factor of 3.6 using eleven cooling fins.
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Fig. 2: Test bench for transistor characterization at CT

The entire pipe setup is made of stainless steel
304L, which is well suited for CT operation due
to its low thermal conductivity and good weld-
ability. The system is welded to the structural
plate to ensure uniform thermal contraction. In
contrast, the heatsink is made of aluminum
2007 for its higher thermal conductivity and
is mounted to the inlet and outlet flanges. As
these components are in contact with cold
regions, indium sealings are used due to their
high deformability [22]. Non-cryogenic vacuum
components are connected with rubber sealings.

2.2 Electrical Design of the Test Setup

The electrical test setup is based on the modified
DPT presented in [8]. It is distributed across multi-
ple boards: a mainboard containing the MCU and
power supply, an inductor board, and the cryogeni-
cally cooled test fixture. The test fixture is cooled
via the cooling plate shown in Fig. 3b. Together with
the spring-loaded mainboard, they are mounted to
the cooling plate of the heatsink. This separation
thermally isolates the GaN-HEMTSs, which are ver-
ified to operate at CT, from auxiliary components
requiring special consideration at low temperatures
[24]. In addition, the modular structure allows easy
exchange of the test fixture and adaptation to dif-
ferent DUTs. The DUT in this paper, is the 50 m$2
GaN-HEMT GS-065-030-2L from Infineon featuring
a Schottky gate [25].

(b)
Fig. 3: Mainboard and cryogenic test fixture of the
modular GaN-HEMT test system

The cryogenically cooled test fixture contains the
improved DPT circuit, which is depicted in Fig. 4a.
The auxiliary switches HS1, HS2 and LS1, LS2
are similar to the DUT. As their gate drivers, the
isolated SI8271AB-IS ICs from Skyworks are used.
These CMOS-based drivers have been demon-
strated to operate reliably down to 77K [26, 27].



Since isolation of the DUTSs drivers is not required,
two non-isolated 1TEDN8511BXUSAT1 drivers from
Infineon are used to form the adaptive gate driver
presented in [20]. To ensure a high measurement
accuracy of the on-state voltage Vps on, the clamp
circuit based on [8] is realized with a bidirectional
GaN-HEMT EPC2121 from Efficient Power Con-
version and GS-065-004-6-L-MR from Infineon [8].

The primary DC-link consists of ten 200nF
NPO ceramic capacitors, reducing overall ESR
and ESL. Due to their temperature stability,
NPO capacitors are used throughout the test
fixture. Furthermore, temperature-stable thin-film
resistors are implemented [24]. The DUT is
thermally connected via 55 vias to the cool-
ing plate on the bottom side of the PCB and
mounted to the heatsink using a TIM foil [28, 29].

While keeping the gate loops and commutation
cells as small as possible, the secondary 140 pF
film capacitor is located on the mainboard. The
isolated power supply for the gate-drivers is real-
ized with the dual-rail Murata MGN1D050603MC.
Due to their limited efficiency at light loads and
the resulting heating, they are combined with
additional heating resistors to form a thermal
barrier for the MCU and signal processing. The
DUT is supplied with variable gate voltage utilizing
a combination of low-dropout regulator (LDO) and
charge pump controlled by the microcontroller
unit (MCU) STM32G491RE from STMicroelec-
tronics. Temperature monitoring is implemented
at all critical components with the PT71000
temperature sensors from Innovative Sensor
Technology and the sigma-delta analog-to-digital
converter (ADC) ADS1115 from Texas-Instruments.

The power and signal supplies from ambient into
the vacuum chamber are implemented using a
feedthrough PCB encapsulated in resin within
a Polycarbonat (PC) window mounted on the
chamber’s structural plate. To monitor the level
of the coolant within the test system, PCBs
incorporating PT1000 temperature sensors are
placed vertically in the reservoirs and heatsink.
All PCBs are connected via a CAN bus, enabling
the temperature data to control the magnet valve
of the LN, tank and maintain a constant coolant
level. A separate feedthrough PCB transfers
measurement signals from the vacuum to the

ambient. However, to minimize the number of
conductors fed in and out of the chamber, the
inductor Lppt = 90uH is placed beneath the
mainboard, thermally isolated on a separate PCB.

3 Measurement Procedure

In comparison to a conventional DPT, the mod-
ified DPT (Fig. 4a) includes three additional
transistors HS2, LS2, LS1. The transistor
LS1 is connected in parallel to the DUT [8].
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Fig. 4: Measurement procedure of the modified DPT
(inactive HEMTs are greyed out)
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For positive currents Ip, the inductor Lppr is
charged during tcharge @s shown in Fig. 4b, where
LS1 conducts the current, indicated by the red path,
to minimize self-heating of the DUT. This is followed
by the freewheeling time ts,, where either the lower
path (Fig. 4d) ensures a bias-free condition or the
upper path (Fig. 4c) applies Vpc to the DUT.



Depending on the selected path, commutation, indi-
cated by the orange path, to the DUT occurs under
SS or HS conditions (Figs. 4e to 4h). In SS, LS1
conducts before current commutation, whereas in
HS the current transfers from HS1 to the DUT. After
the DUT has reached on-state, the clamp circuit is
activated and the measurement of Rpg on Starts. Af-
ter the measurement interval, the system returns to
the selected freewheeling state [8, 20]. Throughout
the pulse interval, the test fixture is disconnected
from the supply to prevent ground loops during data

acquisition.
Pulse Interval

-

Fig. 5: Timing of measurement procedure

Idle Interval

The measurement is followed by the idle interval
tiale (Fig. 5), during which the DUT can either be
biased with Vpc using the upper freewheeling
path (Fig. 4c) or remain unbiased using the
lower path (Fig. 4d). In addition to SS and
HS, zero-voltage-switching (ZVS) operation
with negative device current Ip is achieved by
charging the inductor Lppr negatively via HS1
and LS2. The measurement duration and thus
the on-time of the DUT is fixed 10 tyeas = 5Us.

Measurements are acquired using the Tele-
dyne LeCroy WaveSurfer 4104HD oscilloscope.
The current Ip is measured with five parallel
temperature-stable shunt resistors, each with
Rshunt = 200 mS2. Since the setup is disconnected
during measurement, preventing common-mode
currents, Ip is sensed via a BNC connection. The
on-state voltage Vpson of the DUT, as well as
gate voltage Vs and unclamped output voltage
Vps, are measured using optically isolated PMK
FireFly FF1500A probes with +10 V/4+25 V/+250 V
tips. The probes are calibrated before each mea-
surement to compensate for any temperature drift.

4 Measurement Results

This section presents the experimental results,
starting with the validation of the modified DPT un-
der cryogenic conditions. It then analyzes the static
and dynamic on-resistance Rpgs o, at RT and CT.
The results highlight pronounced differences in trap
dynamics between the investigated temperature
regimes.

4.1 Validation of the modified DPT at CT

To verify the functionality of the setup, HS transients
at RT (296 K) and CT (85 K) are compared in Fig. 6.
The transients at CT are plotted in dashed and
compared to the solid at RT. The green section
marks the freewheeling time (upper path) within
the pulse interval, while the red section indicates
the DUTs on-time tyeas, Starting with turn-on
of the DUT followed by activation of the clamp
circuit, enabling a measurement range limited
to 1 V. The on-resistance Rps.n is extracted by
averaging the measured current Ip and voltage
Vbs,on OvVer an interval of 500ns in the middle
of the teas time (highlighted in blue in Fig. 6).

—— room temperature = 20

----- cryogenic temperature

Vs in V

1 0 1 2 3 1
Time in pis

Fig. 6: Switching transients at RT and CT

A significant difference in Rps,., is observed
and will be discussed in detail in section 4.2.
Furthermore, Fig. 6 demonstrates that gate
control and current Ip remain unaffected by
temperature, the latter due to the thermally
decoupled mainboard and inductor. Here, the
DUT is supplied with Vgs = —-0.5V/6V at a
load current of Ip = 10A. This ensures con-
sistent measurement conditions for the DUT
over the entire temperature range from RT to CT.

However, the measured temperature of the DUT
differs from the junction temperature 7j, as the
PT1000 sensor is placed next to the DUT on the
PCB. Due to the low thermal conductivity of FR4
(0.2 — 0.5 W/mK), the temperature deviation is es-
timated to be approximately 10 K according to the
Rps on @s a temperature-sensitive electrical param-
eter (TSEP) and will be addressed in future work.



4.2 Static On-Resistance from RT to CT

To measure the static on-resistance Rpgon, the
lower freewheeling path with SS is used (Figs. 4b,
4d and 4h), ensuring an unbiased DUT without hot-
electron effects. This corresponds to a datasheet-
like measurement (IEC 60747-8:2010) of Rps on
[25]. Measurements are taken every tig. = 7s
during a 2h cool-down from RT to CT. To reduce
noise on the measurement signals, a low-pass filter
with 20 MHz is used.

1 Vbe = 100V
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Fig. 7: Static on-resistance Rpg on from RT to CT

Due to reduced electron—phonon interaction at low
temperatures, carrier mobility increases, resulting
in a decrease of Rps on by a factor of approximately
4.5, from 42 mQ to 9.6 mf2, as shown in Fig. 7. Self-
heating is minimized by the applied pulse pattern
due to LS1. Repeating the measurement under
HS conditions (similar to a conventional DPT mea-
surement) shows an additional increase of about
2mS?, attributed to either elevated junction temper-
ature T; or trap effects caused by hot-electrons.

4.3 Dynamic On-Resistance at RT and CT

The dynamic on-resistance dRps.n oOriginates
from either off-state drain-bias or hot-electron
effects [20]. HS (Figs. 4e and 4g) generates
hot-electrons, whereas SS (Figs. 4f and 4h)
enables zero-voltage commutation. By varying
the voltage across the DUT during the idle
state tiqe, the influence of pure drain-bias can
be separated, allowing the additional effect
of hot-electrons to be extracted by comparison.

Figure 8 shows dRpg on for varying Vps ijqaie under
SSand HS at Vs =6V and Ip = 10 A. In phase |
(t1 = 3min), the DUT remains unbiased (Vps jdle =
0). In phase Il (t;1 = 15min), a drain-bias Vps jqle =
Vpc is applied. In phase lll (¢;;1 = 15min), the
unbiased condition is restored.
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Fig. 8: Dynamic dRps on for different Vg iq1e at RT

The influence of Vpgiqie is clearly visible in both
SS and HS measurements. The dynamic increase
of Rps.on Peaks at 100 V and decreases at higher
and lower voltages. HS introduces an additional
offset due to hot-electron effects, as seen in
phase I. In phase Il, the trapping time constant
Tirap d€Creases with increasing Vpg iaie, While no
significant dependence of the de-trapping time
constant 74.—trap IS Observed in phase lll. Thus, this
setup enables a clear separation of drain-bias and
hot-electron effects, as demonstrated experimen-
tally. The influence of the short bias of ¢, = 1 s
during commutation under HS will be addressed
in the future, but is expected to be insignificant.

This procedure is repeated at CT of 100 K (Fig. 9).
In addition to the reduced static Rpgon, the
dynamic variation is limited to within +1m. The
peak at 100 V disappears, indicating reduced sen-
sitivity to Vpg iale at CT. These results agree with
DPT-measurements in [18] and show a significantly
reduced impact of HS compared to higher tem-
peratures [15]. At SS, a minimal increase can be
observed during phase I, when Vpg q1e is applied.

The suppression of dynamic effects is attributed
to trap freeze-out at CT [9]. Thermally activated
emission of trapped charge carriers is strongly re-
duced, limiting trapping and de-trapping dynamics
and resulting in a nearly constant Rps on.
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The slight decrease in Rpgs o, observed at CT can
be attributed to residual temperature variations
during the measurement. Due to the absence
of active temperature control, the DUT temper-
ature is not fully stabilized, leading to a gradual
cooling and consequently a minor reduction in
Rps.on. Future work will include implementing
a temperature controller to stabilize the DUTs
temperature and extending stress durations
to investigate long-term trapping effects at CT.

5 Conclusion

This paper presents static and dynamic on-
resistance Rps o,n measurements of a commercially
available Gallium-Nitride (GaN)-high-electron
mobility transistor (HEMT) at cryogenic tempera-
ture (CT) (77K), performed using an automated,
modular test setup. Measurements at RT
confirm the correct functionality of the setup
and show good agreement with the literature.

The influence of different trapping mechanisms
is investigated separately. At RT, off-state
drain-bias Vpgiqie significantly increases the
dynamic on-resistance dRps.n, While additional
hot-electron effects from HS further enhance this
degradation. In contrast, at CT, these effects
are largely suppressed due to trap freeze-out.

In addition to the pronounced reduction of the
static on-resistance Rpson, NO significant dy-
namic variation of dRps.n is observed at CT,
neither from drain-bias nor from hot-electron stress.

With the presented modular and automated setup,
comprehensive characterization of GaN-HEMTs,
including transfer and output characteristics
using the modified DPT, as well as the inves-
tigation of threshold-voltage shifts over a wide
temperature range, is enabled for future work.
Its flexibility allows easy exchange of DUTs,
facilitating comparative studies across different
GaN-HEMT technologies. In addition, long-term au-
tomated measurements open the path for precise
extraction of trapping and de-trapping time con-
stants over extended time scales and temperatures.
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