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Testing and Characterization of GaN-based MOSFET
at Space Cryogenic Temperature
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Abstract: Deep space exploration applications require electronics which are capable of
operation at extremely low temperatures (T<C40 K). Based on the application require-
ments of cryogenic temperatures, the effects of cryogenic temperatures from 15 K to
300 K on GaN-based MOSFET were investigated in this paper. The experimental
results show that the saturated drain current and threshold voltage are increased as the
device is cooled down to 15 K. Both output characteristics and transfer characteristics
are enhanced as temperature decreases. The increase of electron migration rate could be
the main reason for the shift of electrical parameters of GaN-based MOSFET,
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1 Introduction

GaN, as a typical third-generation semi-
conductor material, is widely used in increas-
ingly harsh conditions due to wide band gap,
high saturation drift speed, good thermal sta-
bility and high critical breakdown electric
field* . GaN-based MOSFET not only solves
the defect of the traditional GaN HEMT, but
also has remarkable temperature characteris-

]

tics®, which has been closely noticed by

researchers and become the focus of experi-
mental research. For MgO/GaN MOSFET,
analysis of the output characteristics and
breakdown characteristics from 20 C to 500 C
on the device shows that break-down voltage
and saturation drain current are hardly re-
duced within 20-500 “C*!, Besides, significant
decrease of gate drain at elevated temperature
was observed on Pt/Ga,0,/GaN MOSFET
relative to a conventional Pt/GaN MOSFET,
and MOSFET device operation in fact im-
proved upon heating to 400 ‘C. Modeling of
the high temperature effect on contact resist-
ance shows that the improvement can be
attributed to a reduction in the parasitic resist-
ances present in the device’. The influence
of temperature on the transient switching rate
of GaN-based MOSFET was also studied. At
R;=100 Q, dVs/d¢ increases as the device is
cooled from 100 C to —20 C, and the tem-
perature characteristics of GaN devices de-
crease with the decline of migration rate,
which contributes to lower wastage and better
transient performance-*,

In space, electronic systems that per-
forming tasks in deep space and icy celestial
bodies will be subject to ultra-low temperature
environment""*, Operation in the most inter-
esting extra-terrestrial locations requires a
spacecraft to be capable of surviving any num-
ber of harsh conditions. More efficient and
reliable performance of the device functioning

at the harsh condition is fully needed™!.

However, previous work evaluating GaN-
based MOSFET device response has focused
primarily on high temperature field, so the
study of this device at cryogenic temperatures
is indispensable.

In this paper, the GaN-based MOSFET is
cooled from 15 K to 300 K by a low tempera-
ture test platform. The goal of this research
has been not only the assessment of the per-
formance of GaN-based MOSFET for cryogen-
ic operations but also the achievement of a
better understanding of the physical mecha-
nism involved with temperature-induced
effects in active devices. The response of these
devices to extreme environments will contrib-
ute to the design and manufacture of GaN-
based MOSFET in space applications and
demonstrate the viability of their use in future

systems.

2 Device under test and experimental
setups

N-channel GaN-based MOSFET used in
this paper was produced by Ganpower (Fos-
han) Co., Ltd. The size of the device is
3923 pmX1222 pm, doped material is mainly
PAD, top metal layer is AlCu, which contains
a very small amount of Cu. The thickness of
substrate Si is 280 pm and GaN layer is
20 um, respectively.

In order to satisfy the requirements of the
cryogenic experiment, the liquid helium-free
optical window cryostat produced by JANIS
was used. This cryogenic system concludes a
Sumitomo CH-204N two-stage cold head,
with an HC-4A air-cooled compressor, and
cools by compressing and expanding helium.
About 107° Pa vacuum and about 15 K low
temperatures can be provided without consu-
ming liquid helium or liquid nitrogen. A dual
independent channel temperature controller
(Cryo. con 22C) was used to monitor and con-

trol the temperature of the cold head and the
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DUT. Temperature readings were taken with
a T-type thermocouple mounted in the cold
head and a Si diode (LLake Shore DT-670, 1. 4-
500 K) near the DUT. Pins of the tested sam-
ple are connected with the electrical connector
so as to realize the test of the electrical
performance parameters of the sample. The

experimental test set-up is shown in Fig. 1.

ﬁ :iDUT
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Fig. 1 Experimental test set-up

The I-V measurements including output

characteristics and transfer characteristics
were carried out by using Keithley 2636B
source meter. The device was slowly cooled
from 300 K to 15 K over a period of time. As
the device cooled, the parameter analyzer
sweep was run at 20 K intervals, producing a
complete set of I-V curves at each temperature

point,

3 Results and analyses

Temperature plays an important role on
the electrical and physical characteristics of
semiconductor materials. When transistors are
exposed to extremely cold temperatures, their
operation is altered in the semiconductor ma-
terial characteristics. The positive output Ips-
Vs curves of GaN-based MOSFET from 15 K
to 300 K at Vis=4 V are shown in Fig. 2. It
can be seen that the drain current Ipgis in-
creased at a given drain voltage, while the

drain voltage Vg is degraded at the same drain

current with the decreasing temperature. At
Vs = 0-5 V., drain current I, increases as
enhanced Vs, then Ipg basically maintains a
stable value and positive output curve reaches

a saturated state with Vs increases to more

than 5 V.
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Fig. 2 Positive output curves Ips-Vps of GaN-based
MOSFET for several temperatures at Vgs=4 V

The saturated drain currents of GaN-
based MOSFET for several different tempera-
tures are shown in Fig. 3. There is a sharp ris-
ing trend of Ipss near the room temperature
and the rate of increase in Ipgs gradually levels
off as the temperature drops below 160 K.
The plot can be explained in the following
manner, Starting at room temperature, the
initial increase in current is on account of a

reduction in the electron-phonon scattering
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Fig. 3 Saturation drain current Ipss

of GaN-based MOSFET under different temperatures
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rate. However, the increase of impurity scat-
tering rate begins cancel out the electron-
phonon scattering effect at lower tempera-

turest'?’,

Finally, the electronic migration
rate maintains an equilibrium state and Ipgs in-
creases steadily.

Rps on of GaN-based MOSFET under dif-
ferent temperatures is shown in Fig. 4. Based
on previous studies, Rps on is defined the ratio
of drain voltage to drain current at the unsatu-
rated zone of output curve, Rpson = Vis/Ins.
It can be seen that the on-state resistance
Rps ox decreases over the entire range of the
temperature points. The on-state resistance
Rps on decreases by about 6. 8% as the device
is cooled from 280 K to 15 K, and reaches a
minimum value of Rps ox =10.48 Q at 15 K.
The lower on-state resistance contributes to
the higher drain current, the lower wastage

and the better operating characteristics.
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Fig. 4 On-state resistances of GaN-based MOSFET

at Vos=4 V under different temperatures

The current versus temperature curves in
the saturation (Vps=8 V, Vies=4 V) and lin-
ear triode (Vps=5 V, Vis=4 V) regions of
operation are shown in Fig.5. It is apparent
that current in the linear region has very simi-
lar temperature dependence to that in the sat-
uration region, indicating that dIps/dT chan-
ges slightly and self-heating effects barely ap-

pear under the experiment.

The trend of I s-Vis of the GaN-based
MOSFET transfer characteristic curve in the
range of 15-300 K is shown in Fig. 6. The cur-
rent shows a similar increase at lower temper-
ature as in the previous output characteristics
curve. When Vs increase from 0 to 1 V, the
drain current Ips grows very slowly, at this
time the conversion characteristics are not
sensitive to temperature changes, however
when Vg increases from 1 V to 2 V, the I
increases rapidly with Vs, and the rate in-
creases faster when the temperature is lower.
Such improvements in Ips-Vs characteristics
with decreasing temperature are consistent
with previous work on Si bulk FinFETsM?1,
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Fig. 5 Linear triode and saturation regions

of GaN-based MOSFET under different temperatures

< 0.06 § =1oK - +160
[22] ® LUK =180 K
A g A50K  5200K
0.041 - T60K 220K
+80K x240K
<100 K %260 K
0.02f »120K -280K
== ¢ 140K 1300K

0.00+ J
o 1 2 3 4 s
Ves/A

Fig. 6 Transfer curves of Ins-Vis

of GaN-based MOSFET for several temperatures

Threshold voltage V, for several temper-
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atures is shown in Fig. 7. Significant increase
in threshold voltage with temperature decrease
is typical for GaN-based MOSFET and has
been observed in both implanted DMOSFETs.
This temperature dependence is explained by
the high density of acceptor-like states near
the conduction band edge. At relatively high
temperatures, the possibility of negative
charge of electrons captured by interface trap
drops, the negative charge on interface decrea-
ses, and the threshold voltage decreases accord-

[14-15]

ingly As a result, increased threshold

voltage proves higher switching rate.
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Fig. 7 Threshold voltages of GaN-based MOSFET

under different temperatures

From the analysis of Fig. 6 and Fig. 7, it
can be found that the cryogenic temperature
environment can also improve the transfer

characteristics of GaN-based MOSFET devices

to some extent.

4 Conclusion

In summary, the electrical performance of
GaN-based MOSFET at temperatures from
15 K to 300 K is demonstrated and analyzed.
It is found that with a decrease of operation
temperature, the threshold voltage and satu-
rated drain current increase monotonously,
while the on-state resistance drops. The shift
of threshold voltage of GaN-based MOSFET

at cryogenic temperature is due to high inter-

face state trappings. And the increase of satu-
rated drain current contributes to high electronic
mobility.

GaN-based MOSFET continues to func-
tion properly as temperature decrease to 15 K
both on output and transfer performances and
shows excellent enhanced cryogenic character-
istics under the conditions of this study,
indicating that GaN-based MOSFET can be
capable of surviving low temperatures as
cooled as 15 K.
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