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Gallium nitride (GaN)-based high electron mobility transistors (HEMTs) that work in aerospace are exposed to parti-
cles radiation, which can cause the degradation in electrical performance. We investigate the effect of proton irradiation on
the concentration of two-dimensional electron gas (2DEG) in GaN-based HEMTs. Coupled Schrödinger’s and Poisson’s
equations are solved to calculate the band structure and the concentration of 2DEG by the self-consistency method, in which
the vacancies caused by proton irradiation are taken into account. Proton irradiation simulation for GaN-based HEMT is
carried out using the stopping and range of ions in matter (SRIM) simulation software, after which a theoretical model is
established to analyze how proton irradiation affects the concentration of 2DEG. Irradiated by protons with high fluence
and low energy, a large number of Ga vacancies appear inside the device. The results indicate that the ionized Ga vacancies
in the GaN cap layer and the AlGaN layer will affect the Fermi level, while the Ga vacancies in the GaN layer will trap the
two-dimensional electrons in the potential well. Proton irradiation significantly reduced the concentration of 2DEG by the
combined effect of these two mechanisms.

Keywords: proton irradiation, GaN-based HEMT, two-dimensional electron concentration
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1. Introduction

Due to the superior material properties such as wide
bandgap energy, high thermal and chemical stability, and high
displacement threshold energy, GaN-based high electron mo-
bility transistors (HEMTs) exhibit outstanding performance
in high power and high frequency applications required in
aerospace and military fields. Owing to the spontaneous and
piezoelectric polarization in GaN-based HEMT, there is a
large interface charge density in this system, which is asso-
ciated with the formation of the two-dimensional electron gas
(2DEG) channel near the AlN/GaN heterointerface. Even in
the absence of intentional doping, 2DEG concentration can
reach about 1× 1013 cm−2. In addition, the high mobility of
2DEG gives the GaN-based HEMTs a low on-resistance and
perfect high-frequency performance. Inside the earth mag-
netosphere, there are two Van Allen regions of trapped fast
particles, mostly electrons and protons.[1–3] Subjected to the
high fluence proton irradiation, the performance of GaN-based
HEMTs will degenerate despite its high irradiation tolerance,
which has been investigated by many researchers. It has been
found that defects produced by proton irradiation can reduce
the concentration of 2DEG,[4,5] which in turn causes a shift in
threshold voltage and an increase in on-resistance. However,

the specific mechanism by which proton irradiation decreases
the concentration of 2DEG and affects the band structure of
GaN-based HEMTs remains unclear.

Proton irradiation can cause displacement damage and to-
tal ionizing dose (TID) radiation effects.[6–8] TID is typically
caused by lattice displacement damage caused by ionizing ra-
diation over the integrated exposure time. When GaN-based
HEMTs are in operation, electrons and holes introduced by
ionization effects can significantly affect the electrical prop-
erties of GaN-based HEMT. However, under the equilibrium
condition, electrons and holes caused by ionization effects re-
combine rapidly and have no significant impact on the concen-
tration of 2DEG, which can be ignored. Moreover, previous
studies have demonstrated that the ionization effect have no
significant contribution to radiation-induced damage in GaN-
based devices.[3,6] The other extremely important effect is the
displacement damage, which results from nuclear interactions
and can lead to lattice defects, i.e., vacancies. Earlier, re-
searchers concentrated on the role of N vacancies on the de-
generation of GaN-based HEMTs,[9] and gradually shifted the
focus of their researches to Ga vacancies. Lv et al.[5] con-
ducted 3-MeV proton irradiation on AlGaN/GaN HEMTs at
fluences of 4×1013 cm−2, 6×1013 cm−2, and 1×1015 cm−2,
the results suggest that Ga vacancies introduced by proton ir-
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radiation may be the main reason for the degradation of GaN-
based HEMTs. Further, the energy of proton irradiation was
found to be one of the key factors leading to the degradation of
the device. Hu et al.[10] reported the effects of proton irradi-
ation on AlGaN/GaN HEMTs at different energies and found
that the degradation of GaN-based HEMTs is very small when
the energy of proton is greater than 15 MeV. Most of the stud-
ies on the degradation of GaN-based HEMTs by proton irradi-
ation have focused on the link between electrical performance
degradation and proton irradiation, in contrast to the few stud-
ies on the underlying physical mechanisms.

In order to elucidate the physical mechanism by which
proton irradiation reduces the 2DEG concentration in GaN-
based HEMTs, we develop a model to obtain the simulation
results of 2DEG concentration for 100 keV, 500 keV, 1 MeV,
1.8 MeV and 3 MeV proton irradiation on devices with flu-
ences ranging from 1× 1011 cm−2 to 1× 1015 cm−2. The
coupled Schröodinger’s and Poisson’s equations are solved to
calculate the band structure and 2DEG concentration by self-
consistency method,[11] in which the vacancy data acquired
by SRIM are taken into account. We find that 2DEG concen-
tration decreases significantly after irradiation with 100 keV
protons at a fluence of 1×1015 cm−2.

2. Modeling
2.1. Proton irradiation simulation with SRIM software

SRIM is a software that simulates the stopping and range
of the ions in matter by the Monte Carlo method.[12] As pro-
tons pass through the device, they will lose part of their energy,
and the lost energy will be transferred to the lattice atoms in
the form of non-ionizing energy loss (NIEL), which will dis-
place the atoms from their lattice sites and create charged de-
fect centers, i.e., Ga vacancies (VGa) and N vacancies (VN).
VGa is an acceptor-like defect, which acts as a compensation
center and may be responsible for the carrier removal. For
the N vacancies, there have been some research demonstrated
that N vacancies as donor-like defects have little effect on the
electrical properties of GaN-based HEMTs.[5] Therefore, we
only consider VGa as the main factor for the decrease of 2DEG
concentration and analyze the physical mechanism behind it.

The structure of the GaN-based HEMT we studied is
shown in Fig. 1, which consists of four layers: GaN cap layer,
AlGaN layer, AlN layer, GaN layer. Vacancy data will be
given after the simulation completed, and Ga vacancies den-
sity changes with depth as shown in Fig. 2. Since the 2DEG
is mainly concentrated in the GaN layer about 5 nm near
the AlN/GaN interface (as shown in Fig. 3), we only con-
sider the vacancies distribution in the 6 nm range in the GaN
layer. The energy and fluences of proton irradiation are set to
100 keV, 500 keV, 1 MeV, 1.8 MeV, 3 MeV and 1×1011 cm−2,

1×1012 cm−2, 1×1013 cm−2, 1×1014 cm−2, 1×1015 cm−2,
respectively.

Al0.2Ga0.8N (10 nm)

GaN (300 nm)

GaN (1.5 nm)

2DEG

AlN (1 nm)

Fig. 1. Schematic device structures of GaN-based HEMT.
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Fig. 2. Vacancy density vs. proton energy and depth in GaN-based
HEMT. The proton fluence is 1×1015 cm−2.

2.2. Calculation of 2DEG concentration

To calculate the concentration of 2DEG, we must solve
the coupled Schrödinger’s and Poisson’s equations. The pa-
rameters we used in this work are shown in Table 1. The elec-
trostatic potential in the GaN-based HEMT is related to charge
distribution by Poisson’s equation,

d
dz

(
ε

d
dz

V (z)
)
=−q

(
N−A +Nel

)
, (1)

where N−A is the ionized acceptor density, and Nel is the den-
sity of conduction electrons. V (z) is the total potential. Since
the energy level of Ga vacancy is located at 0.86 eV above the
valence band top (based on our calculation, the Fermi level
is located 0.359–0.45 eV above the conduction band bottom,
therefore (EA−EF)/KT � 0 for T = 300 K),[5] it can be ap-
proximated that Ga vacancies as acceptor-like defects are al-
most completely ionized according to the following formula:

N−A = NGa

[
1

1+gA exp
(

EA−EF

KT

)]≈ NGa, (2)

where EF and EA are the Fermi level and acceptor level, re-
spectively; NGa is the density of Ga vacancies, and gA is the
ground-state degeneracy factor.
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Table 1. Material parameters used for the calculations.[15]

Parameter Symbol AlN GaN
Bandgap Eg (eV) 6.2 3.4
Lattice constant a (Å) 3.112 3.189
Static dielectric constants ε (F/m) 8.5ε0 10ε0

Spontaneous polarization Psp (C/m2) –0.081 –0.029
Piezoelectric constant e31 (C/m2) –0.6 –0.49
Piezoelectric constant e33 (C/m2) 1.46 0.73
Elastic module c31 (GPa) 108 106
Elastic module c33 (GPa) 373 405
Effective electron mass m∗ (kg) 0.3m0 0.22m0

For free electrons, the enveloped electron wave function
of the i-th subband ψ(i) is determined by the Schrödinger
equation:

h̄2

2

[
d
dz

(
1

m∗
dψi

dz

)]
+(Ei−V (z))ψi = 0, (3)

with
V (z) =VB(z)+VP(z)+VA(z)+Vel(z), (4)

where m∗ is the effective mass of the electron, and Ei is the
eigenenergy of the i-th subband. Among the total potential
V (z) are the following terms: a barrier potential VB(z) due to
the conduction band offset at the interface; a potential VP(z)
resulting from the polarization charge at the interface; a po-
tential VA(z) related to the ionized acceptors; Vel(z) refers to
the potential from electrons. Using dichotomy to solve cou-
pled Schrödinger’s and Poisson’s equations self-consistently,
the conduction band profile, free electron distribution, and the
electron eigenstates are obtained. The total concentration of
2DEG is taken in the following form:

n(z) = ∑
i

ni|ψi(z)|2, (5)

ni =
m∗kBT

π h̄2 ln
[

1+ exp
(

EF−Ei

kBT

)]
, (6)

where the Fermi level EF satisfies the following equation un-
der equilibrium condition:[13]

ns =
1

(dGaN +dAlGaN +dAIN)

×
{

σGaN ·dGaN

e
+

σAlGaN ·dAIGaN

e
+

σAlN ·dAIN

e

− ε0ε(x)
e2 ×{eΦb(x)+EF−∆EC,AIN/GaN

+∆EC,AlGaN/AIN(x)+∆EC,GaN/AIGaN(x)}
}

+∑
z

N−A,barrier(z)dz, (7)

where σGaN, σAlGaN and σAlN are the total polarization
charge induced by spontaneous and piezoelectric polariza-
tion across the GaN/AlGaN, AlGaN/AlN and AlN/GaN in-
terface, respectively; x represents the composition of Al.

∆EC,GaN/AIGaN(x) is the band offset at GaN/AlGaN heteroint-
erface. ∆EC,AlGaN/AIN(x) is the band offset at AlGaN/AlN het-
erointerface. ∆EC,AlN/GaN(x) is the band offset at AlN/GaN
heterointerface.[14] NA,barrier(z) is approximately equal to the
distribution of VGa in the GaN cap layer, AlGaN layer, and
AlN layer. The direction of z is perpendicular to the interface
and extends inward. Here eΦb(x) is Schottky barrier height,
which is given by[15]

eΦb(x) = (1.3x+0.84) eV. (8)

So far, we have not considered the distribution of Ga va-
cancies in the GaN layer. According to the neutrality condi-
tion, the ionized Ga vacancies in the quantum well region have
little effect on the energy band in the process of self-consistent
calculation. Since the Ga vacancy trap electrons in the quan-
tum well, the ionization of the Ga vacancies must lead to a
decrease in the 2DEG concentration. The actual 2DEG con-
centration should be the calculated 2DEG concentration minus
the concentration of ionized Ga vacancies, thus ns is denoted
as

ns = ns,cal−∑
z

N−A,GaN(z)dz, (9)

where ns,cal is the concentration of 2DEG by self-consistence
calculation. N−A,GaN is the distribution of ionized Ga vacancies
in GaN layer. In our calculation, we find that the concentration
of 2DEG can be significantly reduced by Ga vacancies in the
GaN layer only when the energy and fluence of proton irradia-
tion are 100 keV and 1×1015 cm−2, respectively. The reason
is that irradiated by protons with high energy and low fluence,
the concentration of Ga vacancies in the GaN layer is so small
that the electrons trapped by Ga vacancies are negligible com-
pared to the concentration of 2DEG. The conduction band pro-
file before irradiation obtained by solving Schrödinger’s and
Poisson’s equations self-consistently is shown in Fig. 3. The
Fermi level is 0.45 eV above the conduction band bottom and
the concentration of 2DEG is up to 2.48×1013 cm−2.
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Fig. 3. The conduction band profile of GaN-based HEMT before irra-
diation, i.e., energy and 2DEG sheet charge concentration versus depth.

3. Results and discussion
The conduction band profiles and the concentrations of

2DEG near the AlN/GaN interface in GaN-based HEMT irra-
diated by protons with different fluences and energy are shown
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in Figs. 4 and 5, respectively. As shown in Fig. 5, no signif-
icant decrease of 2DEG concentration is observed after pro-
ton irradiation at fluence below 1× 1013 cm−2. When pro-
ton fluence rises to 1× 1015 cm−2, 2DEG concentration de-
creases significantly at each irradiation energy. For 100 keV
proton irradiation, the 2DEG concentration decreases dramat-
ically when the fluence rises to 1× 1014 cm−2. As shown in
Fig. 2, 100 keV proton irradiation introduces much more Ga
vacancies than the higher energy proton irradiations. The rea-
son is that the proton with low energy will decelerate rapidly
when they collide with the lattice atoms, transferring more en-
ergy to lattice atoms in the form of NIEL. Apparently, that
will create more Ga vacancies, which may be responsible for
the decrease of 2DEG concentration.
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Fig. 4. The conduction band profiles of GaN-based HEMT before ir-
radiation and after proton irradiation with different energy at fluence of
1×1015 cm−2.
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When Ga vacancies ionize as acceptor-like defects, it will
capture the electron and become a negative center after ioniza-
tion. In the GaN cap layer and AlGaN layer, a great number
of Ga vacancies ionize, and electrons are trapped in the energy
level introduced by Ga vacancies. Meanwhile, as shown in
Fig. 4, the formation of negative centers in the barrier will also
affect the conduction band structure for the reason that ionized
Ga vacancy increases the electric field intensity in the AlGaN
layer significantly.

When the fluences of proton radiation are increased from
1×1011 cm−2 to 1×1015 cm−2, the 2DEG concentration de-
creases more sharply at 100 keV proton irradiation compared

to the higher energy proton irradiation. There are two reasons:
(1) Under 100 keV proton irradiation, there will be much more
Ga vacancies introduced by proton irradiation in the quantum
well area where the 2DEG is located. (2) The Ga vacancies in
the barrier increase significantly, affecting the band structure
and the relative position of Fermi level (EF) to the ground-state
energy level (E0).
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Fig. 6. The relative position of the ground-state energy level and the
Fermi level (a) before irradiation and (b) after 100 keV proton irradia-
tion at fluence of 1×1015 cm−2.

Clearly, if more Ga vacancies are in the area where the
2DEG is located, the 2DEG concentration will decrease more
dramatically due to the ionization of Ga vacancies. Based
on Eq. (6), the change of relative position of EF to E0 will
be a crucial factor in the reduction of the 2DEG concentra-
tion. As shown in Fig. 6, the value of (EF − E0) decreases
from 0.1517 eV to 0.1055 eV after 100 keV proton irradia-
tion, which will reduce the 2DEG concentration by about 30%
even if we do not consider the Ga vacancies in the GaN layer,
based on our calculation. Under the combined effect of the
two mechanisms discussed above, ionized Ga vacancies intro-
duced by proton irradiation are the key factor for the reduction
of 2DEG concentration. For the same irradiation fluence, a rel-
atively lower proton irradiation energy will introduce more Ga
vacancies and thus reduce the 2DEG concentration more sig-
nificantly. Therefore, when designing irradiation-resistant de-
vices, special attention should be paid to the effect of low en-
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ergy protons on the device and the protective structure should
be designed.

4. Conclusions
We have investigated the impact of proton irradiation on

the 2DEG concentration in GaN-based HEMTs. Consider-
ing the defects introduced by proton irradiation, a model has
been developed to calculate the 2DEG concentration. The re-
sults reveal that Ga vacancies in the GaN layer can trap two-
dimensional electrons in the quantum well, while Ga vacancies
in the AlGaN layer and the GaN cap layer reduce the 2DEG
concentration by affecting the energy band structure and the
Fermi level. The Ga vacancies in the AlGaN layer and the
GaN cap layer take the dominant contribution to the reduc-
tion of 2DEG concentration by affecting the Fermi level and
ground-state energy level, which is the key mechanism for the
reduction of the 2DEG concentration when the fluence of pro-
ton irradiation is relatively low. Our calculations show that
low-energy proton irradiation will introduce relatively more
Ga vacancies inside the device and the concentration of 2DEG
will be significantly reduced through the two mechanisms de-
scribed above.
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Lambrecht W R L and Segall B 1994 Appl. Phys. Lett. 65 610
[15] Ambacher O, Smart J, Shealy J R, Weimann N G, Chu K, Murphy M,

Schaff W J, Eastman L F, Dimitrov R, Wittmer L, Stutzmann M, Rieger
W and Hilsenbeck J 1999 J. Appl. Phys. 85 3222

027303-5

https://doi.org/10.1109/5.90113
https://doi.org/10.1002/pssc.200565304
https://doi.org/10.1002/pssc.200565304
https://avs.scitation.org/doi/10.1116/1.5134840
https://avs.scitation.org/doi/10.1116/1.5134840
https://iopscience.iop.org/article/10.1149/2162-8777/aba32e
https://iopscience.iop.org/article/10.1149/2162-8777/aba32e
https://doi.org/10.1016/j.microrel.2011.04.022
https://doi.org/10.1016/j.sse.2003.08.003
http://dx.doi.org/10.1149/2.0251602jss
http://dx.doi.org/10.1149/2.0251602jss
https://doi.org/10.1109/TNS.2013.2278314
https://doi.org/10.1063/1.352220
https://doi.org/10.1109/TNS.2004.825077
https://doi.org/10.1109/TNS.2004.825077
https://doi.org/10.1063/1.349389
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1063/1.2917290
https://doi.org/10.1063/1.2917290
http://aip.scitation.org/doi/10.1063/1.112247
https://doi.org/10.1063/1.369664

	1. Introduction
	2. Modeling
	2.1. Proton irradiation simulation with SRIM software
	2.2. Calculation of 2DEG concentration

	3. Results and discussion
	4. Conclusions
	References

