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Irradiation experiments on p-GaN gate high-electron-mobility transistors (HEMTs) were conducted using neutrons at
Back-streaming White Neutron (Back-n) facility at the China Spallation Neutron Source (CSNS). Two groups of devices
were float-biased, while one group was ON-biased. Post-irradiation analysis revealed that the electrical performance of
the devices exhibited progressive degradation with increasing Back-n fluence, with the ON-biased group demonstrating the
most pronounced deterioration. This degradation was primarily characterized by a negative shift in the threshold voltage,
a significant increase in reverse gate leakage current, and a slight reduction in forward gate leakage. Further analysis of
the gate leakage current and capacitance—voltage characteristics indicated an elevated concentration of two-dimensional
electron gas (2DEG), attributed to donor-type defects introduced within the barrier layer by Back-n irradiation. These
defects act as hole traps, converting into fixed positive charges that deepen the quantum-well conduction band, thereby
enhancing the 2DEG density. Additionally, through the trap-assisted tunneling mechanism, these defects serve as tunneling
centers, increasing the probability of electron tunneling and consequently elevating the reverse gate leakage current.

Keywords: displacement damage effects, HEMT, Back-n, CSNS, threshold voltage shift
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1. Introduction

GaN-based AlGaN/GaN high-electron-mobility transis-
tors (HEMTs) have a wide range of applications in space.!!=]
However, exposure to various complex particles in space
can lead to different radiation effects that may affect their
performance.*1%1 Among the three primary irradiation ef-
fects, the displacement damage effect is particularly signifi-
cant and frequently occurs in HEMT devices.!!!"'?] Neutrons
and protons can induce displacement damage in these devices,
creating traps, and leading to performance degradation.[!3-17]

Numerous studies have investigated the radiation effects
on p-GaN HEMTs. For instance, Wan et al.!'® conducted
low-energy proton irradiation experiments on commercial p-
GaN HEMTs and observed a negative shift in the threshold
voltage (Vi,). Their results suggest that low-energy proton ra-
diation introduces numerous charged donor traps within the
device, which can capture electrons, scatter carriers, or par-
tially compensate for p-type doping in p-GaN. Meanwhile, Wu
et al.!"1 explored the total-dose effect of p-GaN HEMTs and
found that irradiation alters the competition between electron
trapping at the metal/p-GaN interface and hole injection at the
p-GaN/AlGaN interface, thereby determining the eventual Vi

fCorresponding author. E-mail: chenwei@nint.ac.cn
fCorresponding author. E-mail: zhaoyongtao@xjtu.edu.cn

CSTR: 32038.14.CPB.addd80

shift. Additionally, Lv et al.?®! performed 1 MeV neutron
irradiation experiments at a fluence of 1 x 10" cm~2 and re-
ported a significant increase in gate leakage current, accompa-
nied by a slight positive shift in Vy,. In contrast, Boas et al.l>!]
observed a 0.2 V negative shift in Vy, following irradiation with
14 MeV neutrons, which diverged from the findings of previ-
ous experiments. Despite the simplicity and controllability of
p-GaN gate technology, research on its radiation effects and
reliability remains limited due to its relatively recent devel-
opment. Back-n radiation, which can simulate high-altitude
atmospheric neutron environments, offers a valuable tool for
evaluating the radiation reliability of HEMTs. However, no
prior studies have investigated the effects of Back-n radiation
on p-GaN HEMTs. Therefore, conducting such research is es-
sential to advance our understanding of the radiation-induced
degradation mechanisms in these devices and to ensure their
reliability in radiation environments.

To investigate the displacement damage of enhanced
HEMT devices by Back-n, this paper presents irradiation ex-
periments on commercial 650 V p-GaN enhanced HEMT de-
vices. This experiment was conducted at the Bank-n in the
CSNS to systematically evaluate the degradation of electrical

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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properties. We employed gate leakage current measurements,
capacitance—voltage (C-V) curve characterization, and tech-
nology computer-aided design (TCAD) simulations to explore
damage mechanisms.

2. Experimental details
2.1. Device under test (DUT)

The p-GaN HEMTs used in this study as experimental
samples are sourced from Infineon. The device is a 650 V
p-GaN HEMTs with an on-resistance of 100 mQ and a max-
imum leakage current of 15 A. To minimize device-related
variability, 6 HEMTs with comparable performance were se-
lected as sample devices. The schematic diagram and optical
image of the p-GaN HEMTs are presented in Fig. 1.
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Fig. 1. (a) Schematic diagram of the p-GaN enhanced AlGaN/GaN
HEMT device. (b) ON bias set of the AlIGaN/GaN HEMT device irra-
diation experiment. (c) Optical image of the p-GaN HEMT.

2.2. Experimental setup

Neutron displacement damage were
conducted at the CSNS, the fluence of Back-n is
2.6x107 n/(cm?-s). We selected three sets of p-GaN HEMTs

with comparable performance, as shown in Fig. 2. Exper-

experiments

iments were carried out at three different neutron fluences:
1.5x10'" n/ecm?, 4.5x10!! n/cm?, and 6.5x 10" n/cm?. No-
tably, the device for fluence of 4.5x10'! n/cm? is under ON
bias and a drain voltage is applied, as shown in Fig. 1(b).
Electrical performance tests were carried out using an Agi-
lent B1500 semiconductor parameter analyzer. These tests
primarily included transfer characteristics, gate leakage, and
capacitance performance, which are essential for subsequent

degradation analysis and calculations.
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Fig. 2. (a) Image of the experimental setup at Back-n in the CSNS.
(b) The energy spectrum of Back-n and Yangbajing.[??!

3. Experimental result

The transfer characteristics and gate leakage characteris-
tics curves of the DUTSs, both before and after irradiation, are
shown in Fig. 3 under different neutron radiation fluences. We
define Vg5 at Vgs =1 V and Iy = 1 mA as the threshold volt-
age (Vin); I at Vgs = 0 V and Vg5 = —10 V as the reverse gate
leakage; and Iy at Vgs =0 V and Vg = 2 V as the forward gate
leakage. >’

From Figs. 3(a) and 3(c), it is evident that Vi, gradu-
ally shifts negatively with the increase in neutron fluence.
Meanwhile, the reverse gate leakage current rises, while the
forward gate leakage current experiences a slight decrease,
as illustrated in Figs. 3(b) and 3(d). At the fluence of
1.5 x 10" n/cm?, the Vj, of the device remains relatively sta-
ble, while the reverse gate leakage current exhibits significant
degradation.

In contrast, at a fluence of 6.5 x 10'! n/cm?, there is a neg-
ative shift in the Vjp, accompanied by only a minor change in
the reverse gate leakage current. This indicates that the degra-
dation caused by irradiation results from multiple factors. As
can be seen from Figs. 3(e) and 3(f), the performance degra-
dation of the device in the ON-bias state is more pronounced,
exhibiting a more significant negative shift in Vi, and a larger
change in reverse gate leakage. The ON-bias experimental re-
sults indicate that the device is more sensitive to neutron irra-
diation when in the ON state, leading to more significant per-
formance degradation. This is because the bias voltage under
ON bias increases the energy of the recoil nucleus,**! which
in turn contributes to defect generation and more severe degra-
dation of the device.
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Fig. 3. Transfer characteristics and gate leakage current of the DUTs. Neutron radiation fluence: (a), (b) 1.5 x 10" n/em?, (c), (d) 6.5 x

10" n/em?, (e), (f) 4.5 x 10! n/cm? under ON bias.

4. Analysis and discussion
4.1. Gate leakage current

Gate leakage current can be mainly divided into
thermionic emission and tunneling current. By analyzing and

calculating the gate leakage curve, the percentage of tunneling
current can be determined, allowing for an assessment of the

we speculate that the device may also possess acceptor-like
defects with higher density or deeper energy levels in other
regions. The competition between these two types of defects
results in comparable performance of the HEMT relative to the
others, which is discussed in Subsection 4.2.

changes of defects within the barrier layer.['”] The linear por- 10-1L 1_'?112;;;;/ om? (a)
tion of the forward gate leakage curve, as shown in Fig. 4, was Lol
extracted and fitted according to[?"] =

z 107

InJ = =L Ve +In4A"T? %". (1) S04 -
T L

Here A* = 47qu2m* / h? is Richardson’s constant, A is the area, 10-F
¢y is the Schottky barrier height, n is the ideality factor, and T 10—60 - s
is the temperature. Vg (V)

The Schottky barrier and the ideal factor were calculated, _16] = Gate leakage current _ (b)
and the results are presented in Table 1. It is evident that 1l Linear fit "
the Schottky barrier progressively increases with rising neu- sl
tron fluence, while the ideal factor also continues to increase. é _19l
The degradation is most significant for DUTs under ON bias, < oo
where the Schottky barrier increases by 0.004 eV and the ideal = o1l
factor rises by 107%. The nonlinear behavior of the fitted _9ol
curves primarily results from a current transport mechanism _o3 .

other than thermionic emission, which is typically attributed
to tunneling current caused by defects in the barrier layer. The
increase in the ideality factor indicates an increasing propor-
tion of tunneling currents, suggesting that the defect density
within the barrier layer is increasing. From Table 1, prior to ir-
radiation, the Schottky barrier and ideality factor of the device
under ON bias are higher than those of the other groups. This
indicates that the density of donor-like defects beneath the p-
GaN layer of the HEMT under ON bias is greater. Given that
the performance of HEMTs is influenced by various factors, ]

1 1 1 1 1 1 1 1
1.1 1.2 1.3 1.4 15 1.6 1.7 1.8
Ve (V)

Fig. 4. (a) Forward gate leakage current. (b) Linear part of forward gate

leakage for calculation.

Table 1. Schottky barrier and ideality factor before and after neutron

irradiation.
Neutron fluence Schottky barrier .(eV) Ideality facto.r
Fresh Irradiated Fresh Irradiated
1.5x10" 0.2049 0.206 1.73191 1.95935
6.5x10' 0.20629 0.20744 1.99664 2.35828
4.5x10" 0.20861  0.21243 4.43282  9.20378
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4.2. Frequency-dependent admittance analysis

The C-V characteristic curve of the device illustrates the
accumulation of electrons in the channel. Consequently, pa-
rameters such as defect density and energy levels at the hetero-
junction interface can be derived from the C-V curves through
frequency-dependent admittance analysis. From Egs. (2) and
(3),[1 we will analyze the state of the defects in the chan-
nel layer by employing the measured C-V and capacitance-
frequency (C—f) curves:

Go _ ®G,C2, @
w Grszra)(Cachm)’
Gp gDy 2
— = In|1 0] . 3
o = 5y M1+ (0T)] 3)

Here, Cp,, and Gy, are the measured values of the capacitance
and the conductance, G, is the equivalent capacitance, Cyc is
the capacitance under the gate, @ =27 f, and 7; and D, are the
relaxation time constant and density of defects.

Taking the calculation at Vgs = 1 V as an example, the
C-V and the C—f curves are tested at different frequencies.
The values of Gy, Cac, and Cy, are extracted from the curves.

Subsequently, the values of G,/ at different frequencies are
calculated according to Eq. (1), as shown in the scatter plot
in Fig. 5. Finally, the scatter plot is fitted nonlinearly using
Eq. (2), and the fitted curve is shown in Fig. 5. The time con-
stant, density, and energy level of the defects at the heterojunc-
tion interface are calculated from the parameter values of the

fitted curves.

1V
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Fig. 5. The calculation of the DUT by frequency-dependent admittance
analysis before irradiation. The frequency of the peak point on the fitted
curve decreases with increasing voltage.
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Fig. 6. Relaxation time constant for (a) 1.5x 101 n/em?, (b) 6.5x 10! n/cm? and (c) 4.5x10'! n/cm? under ON bias. Trap concentration at
heterojunction for (d) 1.5x 10" n/cm?, (e) 6.5x 10" n/cm? and (f) 4.5x 10" n/cm? under ON bias.

As shown in Fig. 6, the time constants of the defects at
the heterojunction interfaces generally increase, and the en-
ergy levels tend to deepen following irradiation, with only mi-
nor changes in defect densities. Notably, when comparing ir-
radiation with the fluence of 1.5x 10! n/cm?, the increase of
fluence does not lead to a further rise in defect concentration
or energy level at the heterojunction. This suggests that Back-
n irradiation is less likely to generate deep energy level de-
fects at the heterojunction. However, the higher fluence con-

tinues to generate donor defects in the barrier layer, leading to

a larger negative V4, shift. The significantly deeper defect en-
ergy level under ON-bias conditions indicates that the device
is more sensitive to irradiation under the ON bias. As shown
in the calculations presented in Subsection 4.1, there are also
many defects in the barrier layer, resulting in a more negative
Vin shift.

4.3. TCAD

The calculations in Subsection 4.1 show that Back-n irra-

diation has created new defects in the barrier layer. According
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to the literature, the neutron irradiation process not only gen-
erates acceptor defects at the heterojunction interface but also
generates donor defects within the barrier layer. These defects
contribute to an increase in gate leakage current through the
trap-assisted tunneling effect.

Post-device modeling, guided by the findings in Subsec-
tion 4.1, we introduced varying concentrations of donor-type
defects into the barrier layer to simulate the effects of differ-
ent bias conditions. Given that the HEMT’s ideality factor
growth rate under ON bias is ten times higher than under OFF

(a) eDensity (107 ¢

1.0 1.7
o

eDensi
1.0

Cutline

(

v

1.7

bias, we added defect concentrations of 1 x 101° n/(cm?-eV)
and 1 x 10" n/(cm3-eV) to represent ON and OFF bias condi-
tions, respectively. These specific concentrations were chosen
to accurately reflect the impact of bias conditions on defect
generation and to facilitate a direct comparison of their effects
on HEMT performance. As shown in Fig. 7, we analyzed the
effect of different density of defects in the barrier layer on the
2DEG density. Figures 7(a), 7(b), and 7(c) represent the fresh
device, the device under OFF bias, and the device under ON

bias, respectively.

107 cm—3)

3.0

Fig. 7. The 2DEG density in TCAD model for (a) the fresh device, (b) OFF bias state, and (c) ON bias state.

The 2DEG of HEMT is generated by a polarization effect
and is influenced by various factors. The calculation formula
is shown in Eq. (4). Furthermore, Vi, is calculated based on
the concentration of 2DEG, as shown in Eq. (5): [26-28]

o(x)  &éex)

ns(x) = . 2d (eDp(x) — eV,
+AEp(x) — AEc(x)), “)
Vth — _O'()C)d +¢B+M (5)
€€ (x)

Here, e is the electron charge, 6(x) is the polarization charge

density, d is the thickness of the AlGaN barrier layer, gy€(x) is
the dielectric constant of the material, e¢p (x) is the height of
the gate Schottky barrier, AER(x) is the distance from the bot-
tom of the conduction band of the GaN quantum well to the
Fermi level, and AEc(x) is the difference in height between
the AlGaN conduction band and the GaN conduction band.

The conduction band energy levels and 2DEG density
changes along the cutline were extracted in Figs. 8(a) and 8(b).
As the defect density increases, the conduction band of the de-
vice becomes deeper and the 2DEG density increases.
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Fig. 8. (a) Conduction band energy and (b) 2DEG density along the section line in the TCAD model. (c) Transfer characteristics in TCAD.

The 2DEG of GaN HEMTs is generated through the po-
larization effect. In this process, the conduction band of the

heterojunction lies below the Fermi energy level, resulting in

the accumulation of electrons that form the 2DEG. The holes
generated by radiation may be captured by the defects in the

barrier layer, forming a fixed positive charge or deep level
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traps. It will also lower the conduction band height at the
channel, resulting in an increase in AEc(x). This deepening
of the conduction band and increase in AEc(x) increases the
concentration of the 2DEG, which is the primary reason for
the negative Vy, shift, as shown in Fig. 9.

[Metall _p-GaN _[AlGaN| GaN

] [Meta]  p-GaN [AIGaN| GaN |

Ec Ec

(b) Post-irradiation

(a) Pre-irradiation

Fig. 9. The comparison of band structures of the p-GaN HEMT during
radiation. (a) Pre-irradiation, (b) post-irradiation. This reveals the degra-
dation mechanism of the HEMTs.

5. Conclusion

In this paper, we present the results of Back-n irradi-
ation experiments conducted on p-GaN gate HEMTs at the
CSNS with three different neutron fluences. The results in-
dicate that the Vi, of the HEMT devices gradually shifts neg-
atively as neutron fluence increases. Additionally, we observe
an increase in reverse gate leakage, while forward gate leak-
age experiences a slight decrease. Analysis of the gate leak-
age curves suggests that the Back-n irradiation introduces new
donor defects within the barrier layer. These defects act as
tunneling centers, increasing the tunneling probability, which
contributes to the rise in reverse gate leakage. The analysis
of defects at heterojunction interfaces using the variable fre-
quency conduction method revealed that the energy levels of
these defects gradually deepen during irradiation, which re-
sults in the trapping of 2DEG. However, this change is minor
and has little impact on performance. Subsequently, TCAD
simulations revealed that the defects within the barrier layer
led to a decrease in the conduction band, significantly increas-
ing the 2DEG density and further contributing to the negative
Vin shift.
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