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Abstract. Based on the energy and momentum balance equations and three-dimensional Schrödinger equations,
a physical model of the quantum coupling and electrothermal effects on the electron transport in GaN transistors is
proposed. Quantum coupling and electrothermal effects in GaN transistors cause a reduction in the barrier height,
changes in the quantised energy levels of the two-dimensional electron gas, and a decrease in the electron density
and source–drain current. This model predicts that the current collapse in GaN transistors can occur under channel
electrons with large transverse energy and it can be alleviated by optimising the physical device parameters. The
gate length-dependent resistance predicted by the proposed model agrees well with the experimental data reported
in the literature. Not only the physical mechanism but also the possibility to improve the reliability of high-electron
mobility (HEMT) GaN transistors by optimising its physical parameters has been given in this model due to its
analytic nature.
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1. Introduction
The GaN high-electron mobility transistor (HEMT)
has recently emerged in the application of switch and
radiofrequency electronics [1–13]. The reliability of
GaN HEMTs is a major concern for its application.
Current collapse, a temporary reduction of source–drain
current when high power or/and high voltage is applied,
is often observed in the fabricated GaN HEMTs, which
ultimately limits their output power density. In order to
explain the current collapse in GaN HEMTs, the concept
of ‘virtual gate’ was introduced. This is a phenomenon
in which electrons are captured by the traps at the corner of the gate [2], and the two-dimensional electron gas
depletion caused by the capture behaviour of the surface
(donor) states decreases the source–drain current [6].
For suppressing the current collapse in GaN HEMTs,
bilayer gate dielectric [7], multiﬁeld plate structures
[8], passivation treatment [9] and surface treatment [10]
have been introduced during the fabrication of GaN
HEMTs. Classical examples of hot-electron effects and
the current collapse in GaN HMETs can be found in [14–
16]. For suppressing the current collapse phenomenon

in the GaN HMETs, it is better to understand its
physical mechanism. Developing a physical picture to
explain the current collapse in GaN HEMTs is helpful to
understand how it limits the reliability of GaN HEMTs.
Thus, any effort made to understand the current collapse
in GaN HEMTs deserves further study.
Hot-electron phenomena, determined by the momentum and energy relaxation, are very important for physically understanding all modern semiconductor devices.
The momentum relaxation in modern semiconductor
devices is dominated by elastic collisions in hot-electron
transport, whereas the energy relaxation is determined
by inelastic interactions with phonons. As gate lengths
in transistors shrink, the non-equilibrium nature of electrons has more pronounced effects on the performance of
transistors [17]. The electron temperature is found to be
much higher than the lattice temperature in GaN HEMTs
[18]. A very large electron temperature can result in a
decrease in the channel electron density of GaN HEMTs
[19], make an important contribution to the gate leakage
current in graphene transistors [20], have a large effect
on the effective activation energy in organic transistors
[21], have a large effect on the short channel effects
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in nanoscale silicon transistors [22] and also shift the
spectra of Raman photo- and electro-luminescence of
graphene-related electronic devices [23]. At the same
time, the fact that hot electrons can cause a signiﬁcant
current collapse has been observed in the experiments
in GaN HEMTs [24].
The two-dimensional electron gas is conﬁned to the
AlGaN–GaN interface in a conventional GaN HEMT,
which can lead to the energy quantisation of the electron
motion along the direction perpendicular to the AlGaN–
GaN interface. Such an energy quantisation will redistribute the channel electrons, and thus has a signiﬁcant
inﬂuence on the performance of the GaN-based HEMTs.
With the help of the solution to the coupled Poisson
and Schrödinger equations, the quantum feature of the
channel electrons in the GaN HEMTs could physically
be understood. One can note that the one-dimensional
parabolic band effective-mass theory is often used to
study the quantum feature of the device performance.
The one-dimensional parabolic band effective-mass theory implies the approximation that there is no quantum
coupling among the components of electron motions
in three directions. Additionally, one can note that the
quantum coupling due to the effective electron mass
mismatch at the heterojunction interface in a transistor can lead to an overestimation of effective barrier
height [25–31]. The tunnelling current in the experiments is much higher than the theoretical prediction
which is based on quantum coupling, neglecting the hotelectron effect [32]. This implies that the impacts of the
reduction in the barrier height caused by the hot-electron
effects of channel electrons on the energy quantisation cannot be neglected when the electron energy is
large enough. All these imply that both the quantum
coupling and hot-electron effects should be consolidated and taken into consideration in the modelling
of modern semiconductor devices. Electronic traps and
electron–phonon interaction were considered as major
reasons for current collapse [33,34]. Successful suppression of current collapse by injecting holes was reported
in [35]. Note that both electronic traps and electron–
phonon interaction can affect the momentum and energy
relaxation process which determine the hot-electron
effect implying that hot-electron effects include both
effects.
The purpose of this paper is to shed some light
on how to physically understand the current collapse
mechanism in GaN HEMTs with the help of the
combination of quantum coupling and electrothermal
effects (the energy relaxation of the channel electrons). The proposed model can clearly demonstrate
the possible physical origin of the current collapse
in GaN HEMTs through its simplicity and analytic
nature.

2. Theory
The motion of the electrons in the channel of a transistor
is determined by [36]

dE
E − (3/2)kB TL

=qv · F −
,
dt
τe



p
dp
= qF −
,
dt
τm

(1)
(2)

where TL is the lattice temperature, q is the electron

charge, F is the applied electric ﬁeld along the channel,
kB is the Boltzmann constant, τe is the energy relaxation time, τm is the momentum relaxation time, E is


the carrier energy, p is the carrier momentum and v is
the carrier velocity along the channel. Under the steadystate conditions, eqs (1) and (2) can be rewritten as

3
3

E = q v · F τe + kB TL = kB Te ,
2
2

(3)


q F τm
v =
= μe F ,
∗
m

(4)





where Te is the carrier temperature, m* is the effective
mass of the carrier and μe is the carrier mobility. When
a channel electric ﬁeld (Fch ) is applied, the transversal
kinetic energy (E tr ) of the channel electrons in the plane
parallel to AlGaN–GaN interface is
q 2 τm τe (Fch )2
+ kB TL
m∗
1
= qμe τe (Fch )2 + kB TL = m ∗ v 2 + kB TL .
2

E tr = qv Fch τe + kB TL =

(5)

The Schrödinger equation of a GaN HEMT whose
schematic cross-section and band diagram are shown in
ﬁgure 1 under the circular cylindrical coordinates similar to those in silicon transistors [26–31] is





−h̄ 2
1 ∂
∂
h̄ 2 ∂ 2
r
− 2 2
2m ⊥ (z) r ∂r ∂r
r ∂θ

2
2
∂
h̄
−
+ ϕ(z) ξ (z) = Eξ (z),
(6)
2m z (z) ∂z 2
where E is the total electron energy, h̄ is the reduced
Planck’s constant, z direction is the direction perpendicular to the AlGaN–GaN interface, U (z) is the potential
barrier along the z direction, ξ (z) is the wave function
along the z direction, r is the transverse coordinate in
the plane parallel to the GaN–AlGaN interface, θ is
the azimuth and m ⊥ and m z denote the effective electron mass parallel and perpendicular to the GaN–AlGaN
interface at the position of z, respectively. Note that
  

p ⊥ , H = 0 according to eq. (6) ( p ⊥ is the electron momentum operator parallel to the AlGaN–GaN
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Figure 1. (a) Schematic cross-section and (b) the band diagram of the AlGaN/GaN HEMTs conventional structure.


interface and H is the Hermitian operator), which
represents the conservation of transverse electron
momentum. Therefore, the solution ξ (z) = ϕ(r, θ)ψ(z)
(ϕ(r, θ ) and φ(z) are the wave functions which are
parallel and perpendicular to the AlGaN–GaN interface), and φ(z) satisﬁes


h̄ 2 ∂ 2
−
(7)
+ U (z) φ(z) = E z (z)φ(z).
2m z (z) ∂z 2
The longitudinal electron energies in GaN, AlGaN and
the metal gate of a GaN HEMT due to the transverse
momentum conservation are
h̄ 2 kr2
E zGaN = E −
,
(8)
2m ∗⊥-GaN
E zAlGaN = E −
E zG

=E−

h̄ 2 kr2

2m ∗⊥-AlGaN

h̄ 2 kr2
,
2m ∗⊥-G

,

(9)
(10)

where kr is the transverse wave vector, and m ∗⊥-GaN ,
m ∗⊥-AlGaN , m ∗⊥-G are the effective transverse mass of

the GaN, the AlGaN and the gate in a GaN HEMT,
respectively. Equations (9) and (10) can be rewritten as
h̄ 2 kr2
h̄ 2 kr2
−
,
2m ∗⊥-GaN 2m ∗⊥-AlGaN
h̄ 2 kr2
h̄ 2 kr2
E zG = E zGaN +
−
.
∗
2m ⊥-GaN 2m ∗⊥-G

E zAlGaN = E zGaN +

(11)
(12)

According to eqs (11) and (12), the Schrödinger equations in the GaN layer, the AlGaN layer, and the gate of
a GaN HEMT are

∂2
h̄ 2
− ∗
+ U (z) ψ(z)
2m GaN- z ∂z 2
= E zGaN ψ(z),


−

h̄ 2

(13)

∂2

2m ∗AlGaN-z ∂z 2
 


m ∗⊥-GaN
E tr ψ(z)
+ U (z) − 1 − ∗
m ⊥-AlGaN
= E zGaN ψ(z),

(14)
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h̄ 2 ∂ 2
2m ∗G-z ∂z 2
 


m∗
+ U (z) − 1 − ⊥∗-GaN E tr ψ(z)
m ⊥- G

= E zGaN ψ(z),
where m ∗GaN-z , m ∗AlGaN-z

of the electric ﬂux through the AlGaN–GaN interface to
total electric ﬂux and thus, the normal surface electric
ﬁeld in the GaN side is

(15)

and m ∗G-z are the effective longitudinal mass of the GaN layer, the AlGaN layer and the
gate in a GaN HEMT, respectively. Under the triangular quantum well approximation that U (z) = q Fs_GaN z
(Fs_GaN is the normal surface electric ﬁeld in the GaN
layer whose direction is perpendicular to the AlGaN–
GaN interface), the energy eigenvalues are [37–39]
1/3 


3π
3 2/3
h̄ 2
q Fs_GaN i +
Ei j =
2m ∗GaN-z
2
4
(16)
(i = 0, 1, 2, . . .).
By solving the Poisson’s equation under total depletion
approximation [40,41], the sheet carrier density in the
channel is


EC
εAlGaN
φB
VGS −
−
ns =
q(dAlGaN + d)
q
q
2
q ND dAlGaN
σAlGaN dAlGaN
−
−
2εAlGaN
εAlGaN

(18)

where S is the unit area. When the electric ﬂux through
the gate–AlGaN interface is zero, it means that the electric ﬁeld in the gate is zero, implying that the gate
material is a metal or a conductor, and the normal surface electric ﬁeld in the GaN layer equals qn s /εGaN .
When the electric ﬂux through the gate–AlGaN interface is non-zero, e.g. the gate material is GaN, the
normal surface electric ﬁeld in the GaN layer equals
qn s /2εGaN , else let RE (qn s /εGaN ). Here, RE is the ratio

RE εAlGaN
εGaN (dAlGaN + d)


EC
φB
−
× VGS −
q
q
−

2
q ND dAlGaN
σAlGaN dAlGaN
−
2εAlGaN
εAlGaN

−

EF
.
q
(19)

RE = 1 and 1/2 represents the gate material being a
metal (conductor) and GaN, respectively. The normal
surface electric ﬁeld in the AlGaN side is
Fs_AlGaN =

EF
−
, (17)
q

where VGS is the gate–source voltage, φB is the effective
Schottky barrier height, E C is the conduction band offset between AlGaN and GaN, ND is the doping density
of the AlGaN layer, dAlGaN is the thickness of the doped
AlGaN layer, σ is the total amount of the sheet charge
density induced by polarisation (including spontaneous
polarisation, piezoelectric polarisation, etc.), εAlGaN is
the dielectric constant of the AlGaN layer and d is the
average distance of the two-dimensional electron gas
from the AlGaN–GaN interface [42]. One can note that
d = 2E 0 j /(3q FGaN_eff ) [39] or it is typically 2–4 nm
[43].
When a two-dimensional electron gas is formed at the
AlGaN–GaN interface, the normal electric ﬁeld at the
two sides of the charge sheet by applying Gauss’ law is
εgate Fs_gate S + εGaN FGaN S = ±qn s S,

Fs_GaN =

RE
(dAlGaN + d)


EC
q ND d 2
φB
−
−
× VGS −
q
q
2ε
 AlGaN

EF
σAlGaN dAlGaN
.
−
−
εAlGaN
q

(20)

Equation (20) is the same as that in [39–41] when the
gate is a metal. Due to the effective electron mass mismatch at the heterojunction interface, ϕB and E C seen
by channel electrons will be



m ∗⊥-GaN
m ∗⊥-GaN
φB + 1 −
E tr − 1 − ∗
E tr
m ∗⊥-G
m ⊥-AlGaN


and

m ∗⊥-GaN
EC − 1 − ∗
E tr .
m ⊥-AlGaN


Therefore, the normal surface electric ﬁeld in the channel is
RE
Fsc_GaN = Fs_GaN +
dAlGaN + d


m ∗⊥-GaN E tr
.
× 1−
m ∗⊥-G
q

(21)

Using a ﬁrst-order Taylor series approximation, the
quantised energy levels after considering the quantum
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coupling are
E i j−c = E i j +

2



1

3Fs_GaN dAlGaN +


3π
h̄ 2
×
q i+
2m ∗GaN-z 2
i = 0, 1, 2, . . ..

1−

d

3 2
4

m ∗⊥-GaN
m ∗⊥-G
1/3



E tr
q
(22)

Under the assumption that only the ﬁrst two quantum
states are occupied by channel electrons, the electron
density in the channel is [44]
n inv = kB TL

m ∗⊥-GaN
π h̄ 2


1 + e(E F −E0 j )/kB TL

× 1 + e(E F −E 1 j )/kB TL ,

× ln

(23)

where m ∗⊥-GaN is the effective transverse electron mass
of GaN and E F is the Fermi level. Thus, the source–drain
current is

Z L
ID =
Q n (x)vd (x)dx
L 0
Z μq kB TL m ∗⊥-GaN
=
L
π h̄ 2
× ln[(1+e(E F −E0 j )/kB TL )
×(1+e(E F −E1 j )/kB TL )]VDS
kB TL m ∗⊥-GaN
= Zq
π h̄ 2
× ln[(1+e(E F −E0 j )/kB TL )(1+e(E F −E 1 j )/kB TL )]vd ,
(24)
where VDS is the source–drain voltage, vd is the average
drift velocity of channel electrons, Q n is the channel electron density and Z is the channel
width. For


kB TL and
−
E
simplicity,
we
assume
that
E
F
0j


E F − E 1 j  kB TL . The source–drain current without considering the quantum coupling is
m∗
ID = Z μq ⊥-GaN
π h̄ 2
⎡
225(qπ h̄)2
×⎣2E F −
32m ∗GaN-z
m∗
= Zqvd ⊥-GaN
π h̄ 2
⎡
225(qπ h̄)2
×⎣2E F −
32m ∗GaN-z

1/3

⎤
[Fs ]2/3 ⎦ Fch
(25)

1/3

⎤
[Fs ]2/3 ⎦.

11

By using a ﬁrst-order Taylor series expansion, the
source–drain current after considering the quantum coupling is
m∗
ID_C ≈ Z vd q ⊥-GaN
π h̄ 2
⎡
×⎣2E F −


225(qπ h̄)2
32m ∗GaN-z

1/3

(Fs )2/3

εAlGaN
2
× 1+
3 εGaN (dAlGaN + d)



m ∗⊥-GaN
E tr
1− ∗
m ⊥-AlGaN q Fs
Z (vd )2 2m ∗⊥-GaN εAlGaN qτe Fch
= ID −
(Fs )1/3 3π h̄ 2 εGaN (dAlGaN + d)
1/3 

m ∗⊥-GaN
225(qπ h̄)2
1− ∗
.
×
32m ∗GaN-z
m ⊥-AlGaN
(26)
Equation (26) clearly illustrates that the quantum coupling changes the source–drain current in GaN HEMTs.
3. Results and discussion
The values used in this paper are: The Schottky barrier height = 0.7 eV for the metal–GaN contact [45],
relative dielectric constant = 9.5 for GaN [46] and
9.2 for Al0.3 Ga0.7 N [47], band gap = 3.4 eV for
GaN [48] and 4.24 eV for Al0.3 Ga0.7 N [49], electron
mobility = 1300 cm2 /V/s in GaN [50], the transversal
mass = 0.186m 0 , the longitudinal mass = 0.209m 0
for electrons in GaN [51], the longitudinal electron
mass = 0.245m 0 for Al0.3 Ga0.7 N calculated by a
linear increase of the effective mass with increasing
Al content [52], the conduction band offset between
Al0.3 Ga0.7 N and GaN = 0.65 eV [53], the polarisation
electron concentration = 2 × 10−6 C/cm2 for GaN and
4.69 × 10−6 C/cm2 for Al0.3 Ga0.7 N [54]. A 300 nm
thick GaN, channel width of 1 μm, channel length of
1 μm and 4 nm thick Al0.3 Ga0.7 N have been used in
the numerical solutions to the coupled Schrödinger and
Poisson equations.
According to eq. (5), the transverse electron energy is
qμe τe (Fch )2 + kB TL . Thus, the total electron energy
is qμe τe (Fch )2 + (3/2)kB TL , which means that the
effective electron temperature Te = ((qμe τe (Fch )2 )/
(3/2)kB ) + TL .
Figure 2 clearly demonstrates that the quantised levels in the channel of a GaN HEMT calculated by the
proposed model agree well with those by the numerical
solutions. The difference between the results could have
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Figure 2. The comparison of the ﬁrst quantised energy levels as a function of electron temperature calculated by the
proposed analytical model and the numerical calculations.

been originated from the triangular potential approximation for the two-dimensional gas. Note that E i j−c ∝ E tr
according to eq. (22), which means that the quantised
energy levels increase linearly with the transverse electron energy. All values of adj. R 2 in linear ﬁtting in
ﬁgure 2 are found to be larger than 0.995. It means
that both models can be used to describe the quantised
level dependencies on the electron temperature because
Adj. R 2 is the adjusted coefﬁcient of determination in
statistics and it tells one that what per cent of the total
variability is accounted for by one model. When the
transversal electron mass of GaN is 0.186m 0 , the electron temperature in the plane of 1159, 2318 and 3478
K corresponds to the average electron drift velocity of
3.5 × 105 , 5.5 × 105 and 6.8 × 105 m/s, respectively.
Peak transient drift velocities around 7.5 × 105 m/s,
the average drift velocities around 4.3 × 105 m/s [56]
and the peak electron transient velocity of 7.25 × 105
m/s [57] for GaN at room temperature were reported.
It implies that the electron drift velocities used in this
paper are reasonable.
Using the momentum and energy relaxation time and
effective mass of AlGaN/GaN transistors under various
direct-current biases reported in Table III in [55], we can
calculate the electron kinetic energy at different channel
electric ﬁelds. Additionally, the kinetic electron energy
(E k = qμe τe (Fch )2 ) due to the channel electric ﬁeld has
been found to increase exponentially with the channel
electric ﬁeld. For an exponential ﬁtting of the data in
Table III in [55], we obtain
E k = kB (443.3 + 45.7 ∗ exp(Fch /20.3)).
The unit of temperature is K and the unit of channel
ﬁeld is kV/cm. The value of Adj. R 2 in the exponential
ﬁtting is 0.99997. It means that the ﬁtting process is
successful. Thus, such an exponential relation has been
used to calculate the transverse electron energy in the
data of ﬁgures 3–10 obtained in the calculations.
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Figure 3. Contour of the electron temperature in GaN
HEMTs between the channel electric ﬁeld and the lattice temperature.
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Figure 4. The source–drain current as a function of
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Figure 5. The source–drain current as a function of the
source–drain voltage at the largest electron drift velocity of
5 × 105 m/s for different lattice temperatures.

In the data of ﬁgures 3–10 obtained in the calculations,
for simplicity and ease of understanding, we assume
constant electron mobility and a saturation drift velocity.
Figure 3 depicts the contour of the electron temperature between the lattice temperature and the channel
electric ﬁeld. It is clearly seen from this ﬁgure that a
medium channel electric ﬁeld at a given lattice temperature will lead to a very large electron temperature in
the channel. This ﬁgure illustrates that channel electrons can get large energy from the channel electric
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ﬁeld in GaN HEMTs. Consequently, the barrier height
seen by channel electrons with a very large electron
temperature will be largely reduced. Such a high electron temperature via the quantum coupling between the
longitudinal and transverse components of the threedimensional motions of channel electrons will affect the
quantisation in GaN transistors, redistribute the channel
electron density and ﬁnally change the performance of
GaN transistors.
Figure 4 gives a comparison of the source–drain
current calculated by the proposed model with and
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conduction band offset between AlGaN and GaN, such
high-energy hot electrons will not be in quantised states
of the channel, thus current collapse can disappear.
The saturation velocity in GaN was modelled by
vsat300
vsat =
(1 − An ) + An (TL /300)
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Figure 10. (a) The source–drain current as a function of
source–drain voltage and (b) the channel resistance as a function of the gate length of GaN HEMT.

without considering the quantum coupling. The current
collapse can be observed in this ﬁgure when the electron
energy = 0.19 eV or the electron temperature = 1771
K or the average electron drift velocity = 6 × 105 m/s
with an effective electron mass of 0.186m 0 for GaN
or 6.1 × 105 m/s with 0.18m 0 or 5.3 × 105 m/s with
0.25m 0 or 4.7 × 105 m/s with 0.3m 0 or 4.3 × 105 m/s
with 0.36m 0 . More pronounced current collapse can be
observed when the average drift velocity = 7 × 105
m/s or the electron energy = 0.259 eV or the electron temperature = 2303 K or the average electron drift
velocity = 7 × 105 m/s with an effective electron mass
of 0.186m 0 for GaN. Note that the electron temperature
is much larger than 2000 K [58] and the maximum electron temperature can be higher than 6000 K [59] in GaN
transistors. Thus, current collapse caused by the quantum coupling can be easily observed in GaN HEMTs due
to such high electron temperature. Note that the relative
decrease in the source–drain current caused by the quantum coupling = 4.6% when the electron temperature =
1771 K. Figure 4 proves that the quantum coupling at
the AlGaN–GaN interface and electrons in the channel with large enough energy are the possible physical
origin of the current collapse in GaN HEMTs. When
the transverse energy in the channel is larger than the

with An = 0.25 [60]. The saturation velocity of 3 ×
105 m/s was chosen in the calculations [61]. Figure 5
clearly shows that the current collapse in GaN HEMTs
is less obvious with the increased lattice temperature.
Such a temperature-dependent current collapse agrees
well with the conclusions observed in experiments that
increased temperature can partially eliminate the current
collapse in GaN HEMTs [62,63].
Figure 6 shows how the gate materials impact the
current collapse. Schottky barrier height of Cu, Ni, Ag,
Pt and Au on GaN as 0.97, 1.13, 0.66, 1.16 and 0.98
eV [64] and the effective masses in Cu, Ni, Ag, Pt and
Au of 1.01m 0 , 28m 0 , 0.99m 0 , 13m 0 and 1.10m 0 [65]
have been used. Figure 6 clearly shows that the current
collapse will be affected by using different gate metal
in GaN HEMTs. It agrees well with the experimental
observations in GaN HEMTs [66].
Figure 7a shows how the effective longitudinal electron mass of the gate affects the current collapse in GaN
HEMTs. It is clearly shown in this ﬁgure that the current
collapse in GaN HEMTs is dependent on the effective
longitudinal electron mass of the gate. Figure 7b shows
how the effective longitudinal electron mass of GaN
affects the current collapse in GaN HEMTs. This ﬁgure
clearly illustrates that when the effective longitudinal
electron mass of GaN is less, the current collapse in
GaN HEMTs is more pronounced .
Figure 8a shows how the Schottky barrier height
affects the source–drain current in GaN HEMTs. Figure 8b shows how the conduction band offsets between
AlGaN and GaN affects the source–drain current in GaN
HEMTs. The current collapse in GaN HEMTs is very
weakly dependent on the Schottky barrier height and
the conduction band offset can be easily observed in
ﬁgure 8.
In the above discussion, we neglect the velocity–ﬁeld
relation for better observation of the effects of the effective electron mismatch at the heterojunction interface
and hot electrons in the channel on the source–drain
current in GaN HEMTs. An analytical relation between
the electron mobility and the channel electric ﬁeld for
the Al0.3 Ga0.7 N/GaN structure is [67]
μe =

μ0 + v((Fch )α−1 /(Fc )α )
,
1 + ξ(Fch /Fc )β + (Fch /Fc )α

(27)

where α = 7.057, β = 0.486, ξ = 3.6524 and
Fc = 122.3389 at room temperature. When the
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transverse energy in the channel of GaN HEMTs is
constant, the average drift velocity will be determined
by the transverse electron mass and the lattice temperature according to eq. (5). Note that the transverse
electron mass of GaN reported in the literature has different values. For example, it was reported as 0.228m 0
in [68], 0.18–29m 0 in [69] and 0.22–0.39m 0 in [70].
The transverse electron mass of 0.36m 0 is chosen in
the calculations of ﬁgure 9a. It can be clearly seen
from ﬁgure 9a that the source–drain current in GaN
HEMTs decreases with the source–drain voltage when it
is large enough. Such a decrease in source–drain current
in GaN HEMTs comes from the velocity–ﬁeld relation. Figure 9a clearly shows that the quantum coupling
is neglected for high lattice temperatures, whereas it
should be seriously considered for low lattice temperatures. Figure 9b shows how the transverse electron mass
affects the source–drain current in GaN HEMTs with
and without considering the quantum coupling. Obviously, with a larger transverse electron mass of GaN, a
more pronounced decrease in the source–drain current
occurs in GaN HEMTs.
According to eq. (5), the average transverse energy
is also affected by the energy relaxation time. The
energy relaxation time can be described as τe =
(E − E 0 )/qv Fch (E 0 is the equilibrium energy at
zero applied channel ﬁeld) [71]. Note that E − E 0 =
(1/2)m ∗⊥-GaN v 2 , which means that τe = (m ∗⊥-GaN v)/
2q Fch . Thus, the effects of electron energy relaxation
time on the source–drain current in GaN HEMTs are
similar to those considering the velocity–ﬁeld relation
because the velocity–ﬁeld relation implies such a dependent relation.
Figure 10a shows how the gate voltage affects the
source–drain current in GaN HEMTs. The lines represent those that have been calculated without considering
the quantum coupling but including the velocity–ﬁeld
relation (eq. (27)). Such a velocity–ﬁeld relation always
decreases the source–drain current in the saturation
region, which is clearly shown in ﬁgure 10a. This conclusion is contrary to the experimental observation that
the current collapse varies with gate voltage [72]. However, ﬁgure 10a clearly demonstrates that the current
collapse predicted by the proposed mode agrees well
with the experiments in GaN HEMTs [72]. Additionally,
the current reduction is found to be more pronounced
for shorter gate length in GaN HEMTs [73], which
can also be physically explained by using the proposed
model. A new term related to the drain voltage for a
two-dimensional channel potential distribution, which is
−(εAlGaN /(q(dAlGaN + d)))Vch , is introduced in eqs
(17), (19) and (20). Therefore, the normal electric ﬁeld is
affected by the drain voltage and affects the current collapse in GaN HEMTs according to eq. (26). Note that
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the channel potential in GaN HEMTs can be directly
affected by the gate length (e.g. [74]), and thus leads
to a gate length-dependent current collapse. Figure 10b
compares the resistances obtained from the experimental data (open hexagons) in [73] with those predicted
by the proposed model (open squares, circles, triangles
and inverted triangles) by using the two-dimensional
channel potential at the normalised position of 0.2, 0.4,
0.6 and 0.8 obtained in [74]. This ﬁgure clearly demonstrates that the gate length dependencies of resistance
predicted by the proposed model agree well with the
experimental data.
The two-step ﬁeld-plate structure can affect the
current collapse in GaN HEMTs because it can relax
the electric-ﬁeld concentration [75]. It can be easily
explained by using the proposed model because the
channel electric ﬁeld determines the transverse energy in
GaN HEMTs according to eq. (5), which can affect the
quantised energy level according to eq. (22), redistribute
the channel electron density and change the surface
potential. Thus, the surface electric ﬁeld (surface potential) in the channel can affect the current collapse in
GaN HEMTs according to eq. (26). The current collapse
in GaN HEMTs is suppressed by passivation, which is
caused by the surface potential modulation but the exact
passivation mechanism still remains a matter of debate
[76]. Note that the surface potential modulation will
change the normal surface electric ﬁeld in the channel,
and thus the alleviation in the current collapse in GaN
HEMTs can be easily explained by using the proposed
model because the normal surface electric ﬁeld in the
channel affects the source–drain current according to
eq. (26). In the proposed model, the effects of physical
parameters on the current collapse in GaN HEMTs can
be easily analysed, and thus it can be alleviated through
proper optimisation of growth parameters and structure
parameters. For example, some researchers believe that
it is possible to suppress the current collapse in GaN
HEMTs with p-GaN gate [77], which can be physically
explained because the quantum coupling of hot electrons in the channel of GaN HEMTs is least when the
effective-mass mismatch is least according to eqs (13)–
(15), (21) and (24).
The energy and momentum relaxation rates are
affected by electron–phonon interaction, hot phonons,
plasmons, intervalley scattering, polaritons, hole–
optical–phonon interaction, carrier–carrier interactions,
acoustic phonons, charged impurities and alloy scattering [78]. Therefore, the current collapse in GaN
HEMTs will be strongly affected by whatever can
largely impact the energy and momentum relaxation
rates such as phonon, intervalley scattering, injection
in traps, charged impurities, etc., according to eq. (5).
Details on how the phonon affects the effective energy
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relaxation time and momentum relaxation time can be
found in [79–81].
4. Conclusions
To summarise, quantum coupling among the motions
of the channel electrons in the GaN HEMTs on the
current collapse has been theoretically investigated and
physically modelled. Based on the combination of the
energy (momentum) conservation equations and the
three-dimensional Schrödinger equations in the regions
of the GaN layer, the AlGaN layer and the gate of the
GaN HEMT, an analytical–physical model has been
built to describe the current collapse observed in the
experiments. The electrothermal effects or the energy
relaxation of the channel electrons in the GaN HEMTs
can result in very high electron temperature, thereby
causing a reduction in the effective barrier height seen
by the channel electrons. Thus, it redistributes the twodimensional channel electron density. Further, it can
decrease the source–drain current because rising quantised levels lead to a decrease in the conduction electron
density in the channel of GaN HEMTs. The proposed
model agrees well with the experimental observation in
the literature. Hot-electron effects can lead to a very high
electron temperature of the two-dimensional electrons
in GaN HEMTs. The effective electron mass mismatch
at the interface can cause the occurrence of the current
collapse when the electron temperature is large enough.
Effects of physical parameters such as gate metals, temperature, electric ﬁeld, gate length, effective electron
mass, passivation and the ﬁeld-plate structure on the
current collapse in GaN HEMTs have been investigated
in detail. It reveals the correlation between the physical
parameters of a GaN HEMT and the current collapse.
Thus, the current collapse in GaN HEMTs can be alleviated by optimising device parameters. Through this
study, it is evident that the quantum coupling and hotelectron effects should be seriously considered in the
characterisation and modelling of GaN HEMTs or other
HEMTs. Further physical understanding of the combination of the electrothermal effects and the quantum
coupling among the motions of the channel electrons in
the GaN HEMTs is of great importance for the design
of device structure and its applications.
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