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Abstract: This paper studies the synergistic effect of total ionizing dose (TID) and displacement
damage dose (DDD) in enhancement-mode GaN high electron mobility transistor (HEMT) based on
the p-GaN gate and cascode structure using neutron and ®°Co gamma-ray irradiation. The results
show that when the accumulated gamma-ray doses are up to 800k rad(Si), the leakage-current
degradations of the two types of GaN HEMTs with 14 MeV neutron irradiation of 1.3 x 10'? n/cm?
and 3 x 10'2 n/cm? exhibit a lower degradation than the sum of the two separated effects. However,
the threshold voltage shifts of the cascode structure GaN HEMT show a higher degradation when
exposed to both TID and DDD effects. Moreover, the failure mechanisms of the synergistic effect in
GaN HEMT are investigated using the scanning electron microscopy technique. It is shown that for
the p-GaNHEMT, the increase in channel resistance and the degradation of two-dimensional electron
gas mobility caused by neutron irradiation suppresses the increase in the TID leakage current. For
the cascode structure HEMT, the neutron radiation-generated defects in the oxide layer of the metal—-
oxide—-semiconductor field-effect transistor might capture holes induced by gamma-ray irradiation,
resulting in a further increase in the number of trapped charges in the oxide layer.

Keywords: displacement damage effect; total ionizing dose effect; gamma-ray; neutron; gallium
nitride high electron mobility transistor

1. Introduction

As the representative of the wide bandgap semiconductor devices, the gallium nitride
high-electron-mobility transistor (GaN HEMT) has excellent electrical performance, high-
temperature resistance, high power, and resistance to extreme radiation environments,
which could meet the needs of new-generation spacecraft energy systems [1-4]. When a
nuclear-powered spacecraft works in space, in addition to radiation damage caused by
energetic particles, the comprehensive radiation environment with neutrons and gamma
rays could also lead to performance degradation or even device failure of electronic systems
by displacement damage effects (DDD) and total dose effects (TID) [5-9]. According to the
reports [10,11], at a distance of 5.3 m from the 461 MW nuclear reactor core, normalized by
the power, the neutron flux with an energy greater than 3 MeV is 2.13 x 108 n-cm~2-s~1.-MW
and an energy smaller than 0.4 MeV is 9.84 x 108 n-cm~2-s~1-MW. Meanwhile, the gamma-
ray dose rate is 0.08 Sv-s~1-MW. At present, the TID and DDD effects of GaN HEMT have
been, respectively, studied using neutron and gamma-ray radiation. For the TID case, it
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involves the radiation characterization, failure mechanism, and mitigation design, while
most DDD studies only focus on the radiation appearances under neutron and proton
experiments. Moreover, some previous works show that the TID effect could be influenced
by neutron radiation in bipolar transistors [8]. However, it is a pity that the synergistic
effect of DDD and TID in GaN HEMT has not been reported so far. This is a challenge to
evaluate the reliability of the electronic system in a comprehensive radiation environment
involving neutrons and gamma-rays.

In this paper, the DDD and TID irradiation experiments are carried out with the
14 MeV neutron high-voltage multiplier and ®*Co gamma-ray successively. The experi-
ment devices are the enhancement mode GaN HEMT based on the p-GaN gate and the
cascode structure. The characteristics of the TID effect under neutron irradiation are
studied and the failure mechanisms of the synergistic effect of DDD and TID in the GaN
HEMT are revealed.

2. Experimental Setup

The DDD experiments of the GaN HEMT based on the p-GaN gate and the cascode
structure were carried out by the 14 MeV neutron high-voltage multiplier at the China
Institute of Atomic Energy. For p-GaN gate, GaN HEMT radiation, the neutron flux, and
fluence were 5 x 107 n/cm?/s and 3 x 102 n/cm?, respectively. For the cascode structure
GaN HEMT case, a flux of 2.6 x 107 n/cm? /s and fluence of 1.3 x 1012 n/cm? were adopted.
The TID experiments of the GaN HEMT based on the p-GaN gate and the cascode structure
were carried out using the ®*°Co gamma-ray source at Peking University, China. The dose
rate was 100 rad(Si)/s in the experiments. The TID characteristics of the GaN HEMT were
tested online at 50k rad(Si), 200k rad(Si), 500k rad(Si), and 800k rad(Si), respectively. Then,
168-hour annealing at room temperature was performed after total dose irradiation. The
experimental setup of the DDD and TID test is shown in Figure 1.

@) (b)

Figure 1. The experimental setup of (a) DDD and (b) TID test.

The commercially available E-mode GaN HEMTs with p-GaN gate and cascode struc-
ture was adopted in the DDD and TID testing. The device parameters are shown in
Table 1. As shown in Figure 2, the test circuit refers to the MIL-STD-750D. Keithley 2470
and 2450 source measurement unit (SMU) are connected to the drain-source and gate-
source terminal of the device through resistance and capacitance, respectively, which
provide drain-source voltage (V4s) and gate-source voltage (Vgs). Additionally, the current-
voltage and transfer curve characterization were also obtained by them. The GaN HEMTs
were biased on off-state (Vg5 = Vgs = 0 V) and on-state (Vg5 = 1V, Vgs = 2.6 V) during
irradiation, respectively.
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Table 1. Parameters of the device.
Type BV Ron Manufacturer
GS0650111L P-type gate 650V 150 mQ) GaN Systems
TP90H180PS Cascode 900V 205 mQ) Transphorm

Keithley 2470
Source Measurement Unit

DRAIN

GATE| €—
Keithley 2450 A A A |
Source Measurement Unit /\/\/\/ l

SOURCE

Figure 2. The schematic diagram of the DDD and TID test circuit.

3. Experimental Results
3.1. Neutron Irradiation

The relationships between leakage current variation and neutron irradiation flu-
ence of TP9OH180PS and GS0650111L are shown in Figure 3a,b. The leakage currents
of TP90OH180PS and GS0650111L before irradiation are 1.6 pA and 200 nA, respectively.
When the neutron irradiation fluence accumulates to 1.3 x 102 n/cm? and 3 x 1012 n/cm?,
respectively, the leakage current of the two-type devices increases slightly with neutron
irradiation. The leakage current variations of the two-type devices under on-state radiation
are 3.2 x 1077 A and 1.5 x 10~% A and under off-state radiation are 2.8 x 10~7A and
9 x 1078 A, respectively.
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TP90H180P:
(‘;FF? s GS0650111L
4x107 + - 1as 4x107 | —— .
—e— ON Bias OFF l?las
< —e— ON Bias
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1x107 | 1x107 + A\L/’§
ot ol .

40x1o11 80x10“ 12x1o12 1.6x10" 0 1x10" 2x10" 3x10™
Neutron Fluence/(n/cm’) Neutron Fluence/(n/cm’)
(a) (b)

Figure 3. The relationship between the leakage current variations of the device and the neutron
irradiation under the on-state and off-state: (a) TP90H180PS and (b) GS0650111L.
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Figure 4 shows the threshold voltage shifts as the function of neutron irradiation
influence for the GaN HEMT based on the p-GaN gate and the cascode structure. It
is shown that in Figure 4a the threshold voltage offsets of the TP90H180PS negatively
shift about 0.1 V under on- and off-bias with neutron fluence of 1.3 x 102 n/cm?. In
addition, as shown in Figure 4b, the threshold voltage offsets of the GS0650111L also
negatively shift under on- and off-bias with neutron fluence of 3 x 102 n/cm?. The
maximum threshold voltage shifts are approximately —0.25 V under on-bias and —0.2 V
under off-bias, respectively.
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Figure 4. The relationship between the threshold voltage shifts of the device and the neutron
irradiation under the on-state and off-state: (a) TP90H180PS and (b) GS0650111L.

3.2. °0Co Gamma-Ray Irradiation

After neutron irradiation, the TID effect of the GaN HEMT based on the p-GaN gate
and the cascode structure were studied under the same bias condition using gamma-ray
irradiation for a week. The electrical characteristics of the devices were tested before gamma
irradiation. The pre-irradiation leakage currents were about 1.9 pA for TP90H180PS and
300 nA for GS0650111L under the off state, respectively, which were mostly consistent with
those after neutron irradiation. It indicated that no annealing effect occurred in a week.
Two types of devices without neutron irradiation were gamma-ray irradiated to study
the influence of neutron irradiation on the TID effect. The fluences of neutron radiation
are 1.3 x 102 n/cm? for TP90OH180PS and 3 x 10'2 n/cm? for GS0650111L, respectively.
The leakage current variations as the function of the accumulated TID dose and the DDD
fluence are shown in Figure 5. The devices are biased on off-state (Vg4 = Vgs = 0 V) and
on-state (Vg5 =1V, Vgs = 2.6 V) during irradiation, respectively. Figure 5a shows that when
accumulated gamma-ray doses are up to 800k rad(5i), the leakage current of TP90H180PS
biased on on-state is little changed under the combined effect of neutron and gamma-ray
irradiation. However, the leakage current variation of TP90H180PS at off-state bias is
10 nA under the combined effect of the neutron and gamma-ray, which is less than 8 pA
under the gamma-ray radiation and 280 nA under the neutron radiation. After 168 h of
annealing at room temperature, the leakage current of the device mostly recovers to the
normal value. As is shown in Figure 5b, exposed to accumulated gamma-ray doses to
800k rad(Si), the leakage current of GS0650111L at off-state bias is also much the same
under the combined effect of neutron and gamma-ray irradiation. In constant, the leakage
current of G50650111L at on-state bias increases by 75 pA under the gamma-ray radiation
at accumulated doses of 1M rad(5i). After annealing for 50 h at the on-state bias under
gamma-ray irradiation, the leakage current mostly recovered to the normal value. However,
at off-state bias the leakage current increases by 15 uA under the gamma-ray irradiation,
90 nA under the neutron radiation, and 100 pA under the combined effect of neutron and
gamma-ray irradiation. While the device’s performance test passes after the TID annealing.
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Figure 5. The variations of drain current with the neutron and gamma-ray irradiation and 168 h
annealing under the on-state and off-state: (a) TP90H180PS and (b) GS0650111L.

Figure 6 shows the threshold voltage shifts of TP90H180PS and GS0650111L as the
function of accumulated TID dose and the neutron irradiation fluence. As shown in
Figure 6a, when gamma-ray doses accumulate to 800k rad(Si), the threshold voltage of
TP90H180PS at on-state bias negatively shifted about 6 V under the combined effect of
neutron and gamma-ray irradiation, about 4.5 V under the gamma-ray irradiation and
about 0.1 V under the neutron irradiation. While the threshold voltage of TP90H180PS at
off-state bias both shifted about —1.7 V, under the combined effect of neutron and gamma-
ray irradiation and the gamma-ray irradiation. After annealing at room temperature for
168 h, the threshold voltage of the device is still negatively shifted under the on and off
state. The device’s function is abnormal after TID annealing. As shown in Figure 6b, when
gamma-ray doses accumulate to 800k rad(5i), the threshold voltage of GS0650111L is little
changed. In addition, under the combined effect of neutron and gamma-ray irradiation,
the threshold voltage of GS0650111L biased on on-state shows a negative shift of about
0.3 V. After annealing at room temperature for 168 h, the threshold voltage returned to
normal value and the device’s functional test passed.

Neutron Fluence/(n/cmz)
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Figure 6. The variations of threshold voltage with the neutron and gamma-ray irradiation and 168 h
annealing under the on-state and off-state: (a) TP90H180PS and (b) GS0650111L.
4. Discussion

Figures 3 and 4 show that the leakage current and the threshold voltage of the two-type
GaN HEMTs exhibit slight degradation under neutron irradiation. It indicates that the
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two-type GaN HEMTs are not very sensitive to the DDD effect when the accumulated
fluence is up to 1.3 x 10!2 n/cm?. Additionally, the leakage current variations and the
threshold voltage offsets of the two types of devices have little difference between on-
state and off-state cases during the neutron irradiation. Some previous studies showed
that the vacancy defect and interstitial atom defect produced by the DDD effect would
cause the leakage current and threshold voltage degradation in silicon devices. Moreover,
the initial defect concentrations produced by the DDD effect are independent of the bias
applied [12,13]. This may be the possible reason why the bias voltage of the two-type GaN
HEMTs is not very sensitive to the DDD effect.

An analysis of data in Figure 5 shows that the drain current degradation of the GaN
HEMT based on the cascode structure and the p-GaN gate exposed to both DDD and TID
effect at accumulated gamma-ray doses of 800k rad(Si) exhibit obviously lower than the
sum of the two separated effects. It indicates that the cascode structure and the p-GaN
gate GaN HEMT are sensitive to the synergistic effect of DDD and TID. Further analysis
of the internal circuit structure of GaN HEMT based on the cascode structure can be seen
in Figure 7a. The circuit is composed of a low-voltage silicon metal-oxide-semiconductor
field-effect transistor (MOSFET) and high voltage depletion-mode GaN HEMT. Figure 7b
shows a cross-sectional view of the low-voltage silicon MOSFET extracted by the scanning
electron microscope (SEM). It can be found that the low-voltage silicon MOSFET is an
N-channel MOSFET with a trench structure. Under the off state, the drain-gate terminal of
the depletion-mode GaN HEMT and the source-drain channel of silicon MOSFET is the
main current-leakage paths. Previous reports [14-16] showed that N-channel MOSFET is
very sensitive to TID and that the drain current increases with the accumulated gamma-ray
dose. In addition, the defect caused by neutron irradiation in the silicon layer and Si-5iO,
interface could lead to an increase in the channel resistance and a decrease in the carriers
mobility in the MOSFET device. Consequently, the leakage current of GaN decreases. This
is a possible reason why the drain current of the GaN HEMT based on the cascode structure
is obviously suppressed under the synergistic effect of the DDD and TID effect.

7

S GaN D_GaN

:.,...‘. ----:‘ """ D MOSFET

High Voltage Depletion
! GaN HEMT

weq
2A1NpU0)

Channel

(a) (b)

Figure 7. Schematic diagram of (a) the circuit structure of the GaN HEMT based on the cascode
structure and (b) the internal MOSFET cross-section.

The distribution of radiation-induced charges and defects in p-GaN gated GaN HEMT
under the synergistic effect of DDD and TID effect is shown in Figure 8. During gamma-
ray irradiation, electron-hole pairs are generated in the passivation layer of the device.
Under the forward gate electric field, the generated holes drift towards the interface of the
passivation layer and the AlGaN barrier layer. These holes could be captured by deep-level
traps near the interface, forming the trapped charges. Additionally, this could lead to the
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form of the built-in electric field between the passivation layer and the channel region. The
direction of the built-in electric field is opposite to that of the external gate electric field,
which would reduce the depletion effect of the p-GaN layer on two-dimension electron
gas (2DEG). Thus, the leakage current in the source-drain channel increases. Meanwhile,
during the neutron irradiation, bulk defects and interface defects are possibly produced in
the AlGaN barrier layer, the GaN bulffer layer, the passivation layer, and the AlIGaN/GaN
interface. This will result in an increase in the channel resistance and the degradation of
the 2DEG mobility, further leading to a leakage current decrease. This may be the main
reason why the drain current of the p-GaN type GaN HEMT decreases significantly under
the synergistic effect of the DDD and TID effect.

Gate

-generated charge
L RPN )
Ty ) S

TR T e

Ltk
surface defect

o - o, -
3N R

volume defect " GaN

Si

Figure 8. Schematic diagram of the electron-hole pairs transport process induced by the interaction
of neutrons and gamma-rays in GaN HEMT.

Analyzing the data in Figure 6, it is interesting that the negative shift of the threshold
voltage of the GaN HEMT based on the cascode structure is —6.0 V under the combined
effect of neutron and gamma-ray. This value is not equal to —4.6 V, which is the sum of the
threshold voltage shift caused by the neutron and the gamma-ray irradiation. It confirms
that GaN HEMT has an obvious synergistic effect on DDD and TID effects. Previous
studies [17-22] have shown that neutron irradiation and gamma-ray irradiation could
lead to a negative shift of the threshold voltage in the N-channel MOSFET and a positive
voltage shift in the depletion mode GaN HEMT. Additionally, MOSFET is more sensitive
to neutron and gamma-ray irradiation than the depletion mode GaN HEMT, leading to
the negative shift of the threshold voltage of GaN HEMT based on the cascode structure
under the synergistic effect of DDD and TID effect. Figure 9 shows the distribution of the
radiation-generated charge in the N-channel MOSFET induced by the synergistic effect
of the DDD and TID effects. Electron-hole pairs are generated in the oxide layer of the
MOSFET under gamma-ray irradiation. Electrons rapidly move to the gate electrode and
the holes quickly move to the SiO, /Si interface under the positive electric field at the gate
port. During this processing, electrons are captured by the donor traps in the oxide layer,
forming the oxide trap charges, and holes are captured by the acceptor traps in the 5iO, /Si
interface, forming the interface trap charges. The shift of the threshold voltage resulting
from charge trapping in the MOSFET can be calculated according to (1).

d
AVyy = “28T (AN, — ANy) (1)

Esio,

where ¢ sio, 18 the dielectric constant of SiO,, g is the elementary charge, d, is the oxide
layer thickness, AN, is the number of the radiation-induced oxide trap charge and ANj; is
the number of the radiation-induced interface charge. The negative V, shift is proportional
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to the net charge accumulation caused by radiation in the oxide layer, which is the main
reason for the negative Vy, shift in the MOSFET. When exposed to neutron irradiation,
different types of defects are produced in the oxide layer, increasing the defect density in the
device [23,24]. These radiation-induced defects may capture the holes induced by gamma-
ray irradiation and further increase the number of trap charges in the oxide layer. This
may be responsible for the obvious increase in the threshold voltage negative shift under
the synergistic effect of the DDD and TID effects. While the V}, shift of the p-GaN type
GaN HEMT is about —0.2 V under the synergistic effect of DDD and TID effects. The value
is mostly the same as the sum of the threshold voltage shift caused by the single neutron
and gamma-ray irradiation. When the GaN HEMT is exposed to neutron irradiation,
donor traps are produced [25,26] in the p-GaN layer, which weakens the depletion effect of
p-GaN on 2DEG, leading to a negative shift of the threshold voltage. For the gamma-ray
irradiation, additional insulating layers and interface traps are produced in the insulating
layer and the insulating layer/AlGaN interface. Because of the thin gate insulator layer
and the low transfer rate of the interface trap charge, the number of the radiation-generated
charges is greatly suppressed, which is hard to impact on the 2DEG in the channel, leading
to the change of the threshold voltage [27,28]. Therefore, the negative Vy, shift of p-GaN
GaN HEMT caused by the synergistic effect of DDD and TID effect is mainly affected by
neutron irradiation.

510, Si B

c "' vregly Scattering
cen

- enger

- enter
mbiyation

—Recombiyation & § Capture

Ev

Interface trapped charge

Oxide trapped charge

@ © Ionization induced electrons and holes
@ © Electrons and holes captured by the defects caused by DDD
: Defects caused by radiation

Figure 9. Distribution of charge in N-channel MOSFET induced by the synergistic effect of gamma-ray
and neutron.

5. Conclusions

This work investigated the synergistic effect of the DDD and TID effects for enhancement-
mode GaN HEMT based on the p-GaN gate and the cascode structure using a 14 MeV
neutron high voltage multiplier and ®*Co gamma-ray irradiation. The influence of the
DDD effect on the TID effect of GaN HEMT with different structures under the on-state
and off-state were investigated. The experimental results show that the GaN HEMT based
on the cascode structure is much more susceptive to the synergistic effect of the DDD
and TID effects than the p-GaN gate GaN HEMT. Additionally, the failure mechanisms of
the synergistic effect of the DDD and TID effects were proposed. The bulk and interface
defects caused by neutron irradiation in the GaN HEMT will lead to an increase in channel
resistance and the degradation of 2DEG mobility, which inhibits an increase in the drain
current. This may be the main reason why the drain current of the GaN HEMT based on
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the p-GaN gate structure decreases significantly under the synergistic effect of the DDD
and TID effects. In addition, Si MOSFET is a possible reason why the cascode structure
GaN HEMT is sensitive to the synergistic effect of the DDD and TID effects. Defects in the
oxide layer induced by neutron irradiation may capture the holes induced by gamma-ray
irradiation, leading to a further increase in the number of oxide trap charges. This may be
the reason for the significant increase in the threshold voltage shift of the cascode structure
GaN HEMT.
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