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Abstract. There is a large difference between the intervalley energy difference of GaN predicted by first-principles
calculations and that measured by experiments. The results of full-band Monte Carlo simulation prove that intervalley
transitions can occur at a high electric field when the intervalley energy difference measured by experiments is
used. When the electric field is lower than 1×107 V/m and the intervalley energy difference is higher than 1.2
eV, intervalley transitions hardly ever happen. Because there are almost no electrons in the high-energy valleys in
equilibrium states, the electrons in the  2 valley should be regarded as excess carriers. The occupation probability
of electrons in the  2 valley rapidly increases with the decreased intervalley energy difference between the  1
and the  2 valleys. Similarly, it rapidly decreases with the increasing effective electron mass in  1 valley. When
electrons in GaN get more kinetic energy from light or surface electric field, such an increase in the electron energy
can be equivalent to a reduction in the intervalley energy difference. By using the concept of effective intervalley
energy difference, we can explain why the increase in the source–drain current depends on the gate voltage, light,
the sweep mode of source–drain voltage and different types of traps can be explained. In all calculations, there are
no electrons in the L-M valleys of GaN.
Keywords. GaN; hot electrons; Monte Carlo method; intervalley transition; intervalley energy difference; effective
mass.
PACS Nos 85.30.De; 85.30.Tv; 73.40.Kp

1. Introduction
GaN HEMTs (high electron mobility transistors) can be
used as high-power, high-frequency devices. The Monte
Carlo method used for the simulation of electron transport in GaN has been examined by Gelmont et al [1].
Based on the Monte Carlo method, a hybrid simulation
technique is used to study a GaN-based high electron mobility transistor [2] and a GaN nanowire-based
field-effect transistor [3]. In most of the Monte Carlo
simulations for GaN devices, the intervalley energy separation of around 2.0 eV has been used. For example, a
three-valley model of the conduction band with the intervalley energy separation of 2.0 and 2.1 eV has been used
in the ensemble Monte Carlo simulation of wurtzitephase GaN [4], and the same parameters have been used
in the following simulations for carbon-doped GaN [5].
Such values are from the first-principles calculations [6].
One can note that a large difference in intervalley energy
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separation is obtained from the theoretical calculation
and experimental measurement. Values of intervalley
energy separation obtained in experiments range from
0.8 to 1.0 eV. For example, the intervalley energy of
0.90–0.95 eV was measured by photoemission experiments [7], 0.97 eV by transmission measurements [8]
and 0.90 eV in ref. [9]. Therefore, a controversy arises.
However, it was questioned and first-principles calculations were reviewed as more reliable [10]. On the other
hand, well-known mis-estimation has been found in the
first-principles calculations, which are attributed to the
limitation of density-functional theory calculations [11].
There are many cases where the physical parameters are
overvalued in the first-principles calculations. e.g., O2
binding energy [12], band gap for most semiconductors [13], energy level alignment between the weakly
interacting systems [14] and lattice parameters [15].
There are many cases where the physical parameters
are overvalued in the first-principles calculations, e.g.,
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the values of conduction band minimum and valence
band maximum of 1×1-p-CN [16], the thermal conductivity in silicon [17], cohesive energies in GaN [18],
lattice parameters of equilibrium structures of gibbsite
and brucite [19], lattice parameters for CZTS(e) [20],
the band gaps of GaN [21] and semiconductors [22] and
the electron affinity [23].
More importantly, the reported hot electron temperature in GaN devices ranges from 2000 to 4000 K in [24],
ranges from 2000 to 6000 K in [25], and can reach 10000
K [26] in Monte Carlo simulations. For such a high electron temperature, intervalley transitions can occur when
low intervalley energy difference is used in Monte Carlo
simulation of GaN devices, whereas there are no intervalley transitions for high intervalley energy. It implies
that the electron transport in GaN occurs in both the
 1 and the  2 valleys at low intervalley energy difference. On the contrary, the electron transport in GaN only
occurs in the  1 valley at high intervalley energy difference. In a previous study [27], an analytical model of the
kink in the GaN devices due to the intervalley transport
was developed. In this paper, we focus on how intervalley energy difference affects electron transport in GaN
by Monte Carlo simulation.

2. Theory
The Monte Carlo method used for the simulation of
electron transport in wurtzite phase GaN has been
discussed in ref. [1]. Ensemble Monte Carlo simulations with a three-valley model of the conduction band
have been employed to calculate the properties of electron transport in the channel of a GaN device in this
paper. Combing the analytic physical expression of twodimensional electron gas density and current density at
a given channel electron, the source–drain current in a
GaN device can be calculated. Scattering by acoustic
deformation potential, polar optical phonon and intervalley phonons was considered in simulating wurtzite
phase GaN by ensemble Monte Carlo method in this
paper. In this study, the electric field is updated every 1×
10−14 s with a total simulation time of 1×10−12 s and 2×
104 electrons at 293 K. The parameters of wurtzite phase
GaN used in this paper are: the relative static dielectric
constant is 8.9 [28], the electron’s mass in  1 valley is
0.20m0 [29], the relative high-frequency dielectric constant is 5.35, the optical phonon energy is 0.0912 eV, the
potential energy difference between the  1 and the  2
valleys is 0.9 eV, the potential energy difference between
 1 and L-M valleys is 2.1 eV and the electron’s mass
is 1.0m0 for electrons in the  2 and L-M valleys for
GaN [30]. Except for the intervalley energy separation
between the  1 and the  2 valleys and the effective mass
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in the  1 valley, the material parameters of GaN used in
this paper are the same as those used in ref. [31].
One can notice that the polarisation electric field can
reach 1.4×108 V/m for GaN/Al0.25 Ga0.75 N structure
[32]. The fitted electric field across the AlGaN layer
in GaN HEMTs is 4.3×107 V/m under zero bias and
1.788×108 V/m with reverse bias [33]. The maximum
electric field of 1×108 V/m is used to calculate the drift
velocity in the Monte Carlo simulations. In obtaining
the current density, the channel electron density in GaN
HEMTs is 1020 cm−3 [34].
When electrons of a GaN device travel in the channel,
the current density can be written as
J  nqv,

(1)

where v is the average drift velocity, n is the electron
density and q is the electron charge. As a result of intervalley transport that is caused by a large electric field,
electrons in the  1 valley will enter into the  2 valley.
Electron density in a GaN HEMT can be obtained as
[35]
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where VG S , ϕ B , E C , N D , d AlGaN , σ , εAlGaN and
d are the gate-source voltage, the effective Schottky barrier height, the conduction band offset between
AlGaN and GaN, the doping density of the AlGaN
layer, the thickness of the doped AlGaN layer, the sheet
charge density induced by polarisation, the dielectric
constant of the AlGaN layer and the thickness of the
two-dimensional electron gas, respectively. One can see
that the density of channel electrons in an equilibrium
state is mainly determined by the gate voltage. Thus, if
the density of channel electrons does not change (or let
us say that the total channel electrons in all energy valleys are constant for a given gate voltage, this situation
is treated as the equilibrium state). It leads to
J  q(n 1 v1 + n 2 v2 )
 q[n 1 v1 + (n − n 1 )v2 ],

(3)

where v1 (v2 ) is the average drift velocity in the  1
( 2 ) valley and n1 (n2 ) is the electron density in the
 1 ( 2 ) valley. There is almost no electron in the  2
valleys of GaN transistor in a normal situation. Thus,
electrons in the  2 valleys can be regarded as excess
carriers. It means that the number of electrons in the  1
valley is constant. In other words, an increase in the total
electrons in all energy valleys occurs (this case is named
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as non-equilibrium state in this paper). The increased
number of electrons comes from those electrons in the
 2 valleys. Therefore, the current density is
J  q(n 1 v1 + n 2 v2 )  q(nv1 + n 2 v2 ).

(4)

3. Results
Figure 1a shows that the average electron velocity in the
 2 valleys of GaN changes with time based on Monte
Carlo simulation of GaN with the intervalley energy of
0.9 eV for different applied electric fields. As the electric field increases, the probability of electrons travelling
from the  1 valley into the  2 valley increases because
electrons can get higher energy from a larger applied
electric field. This figure clearly shows that the drift
velocity is zero for an electric field less than 6×106 V/m
and get a steady value until the electric field is larger than
2×107 V/m. In other words, no intervalley transitions
occur when the electric field is less than 6×106 V/m,
and the electrons in the  2 valley are so few that their

Figure 1. Time evolution of the average electron drift velocity in the  2 (a) and the  1 (b) valleys at applied electric fields
ranging from 6×106 to 1×108 V/m.
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average drift velocities fluctuate with time (it means a
statistical instability) when the electric field ranges from
6×106 to 2×107 V/m. When the electric field is higher
than 2×107 V/m, there are enough electrons in the  2
valley so that the average velocity of the electrons in the
 2 valley is statistically stable. That is, figure 1a clearly
shows that the drift velocity in the  2 valleys to reach
statistical stability requires a high electric field. However, the occupation in the  2 valley increases with the
applied electric field. Figure 1b shows the average electron drift velocity in the  1 valley of GaN as a function
of time. The average electron drift velocity in both the
 1 and the  2 valleys are saturated for all cases.
Figure 2 depicts how the saturated electron drift velocity in either the  1 valley or the  2 valley changes with
an applied electric field. This figure suggests that electron drift velocity in the  1 valley is always higher than
that in the  2 valley.
Figure 3a demonstrates how the number of electrons in the  2 valleys obtained from full-band Monte
Carl simulation changes with time when the intervalley
energy difference is 0.9 eV for different applied electric
fields. This figure shows that the electron occupations in
the  2 valleys are zero when the electric field is less than
2×107 V/m. When the applied electric field is larger
than 6×106 V/m, electron occupation in the  2 valley
firstly increases, then saturates when the simulation time
is larger than 1×10−12 s. For comparison, the time evolution of electron occupation in the  1 valley of GaN is
given in figure 3b.
Figure 4 points out that the electron occupation in the
 2 valley firstly increases, then saturates with an applied
electric field when the electric field is higher than 6×107
V/m. One can watch an exponential dependent relation
between electron occupation in the  2 valley and the
applied electric fields.

Figure 2. Saturated electron drift velocity in the  2 and the
 1 valleys as a function of applied electric field.
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Figure 5a demonstrates that the electron occupation
in the  2 valley decreases when the intervalley energy
separation between the  1 and the  2 valleys increases.
When such intervalley energy separations are 2.0 and
2.1 eV from the first-principles calculations [6], there
is no intervalley transitions between the  1 and the  2
valleys. The results are similar to that obtained in other
Monte Carlo simulations of wurtzite-phase GaN [4].
These results of the electron density in the  2 valley caused by the intervalley transitions agree well with
the analytic physical results when the drift velocities of
channel electrons in GaN HEMTs are assumed to obey
Maxwell–Boltzmann distribution [27]

Figure 3. Time evolution of electron occupation in the  2
(a) and the  1 (b) valleys at applied electric fields ranging
from 6×106 to 1×108 V/m.

Figure 4. Saturated electron occupation in the  2 and the  1
valleys as a function of applied electric field.

Figure 5. (a) Saturated electron occupation in the  2 valley
as a function of intervalley energy separation between the  1
and the  2 valleys and (b) current as a function of electric
field with an electron density of 1×1020 cm−3 .
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dv y ,

(5)

0

where v0 is the threshold velocity when the electron
energy equals the intervalley energy, T ey is the electron
temperature along the y-direction, r DOS is the ratio of
the density of states in the  2 valley to the total density
of states in both  1 and  2 valleys and m* is the effective
electron mass in GaN. The reason why the electron temperature along the y-direction is used in eq. (5) is that the
distribution of electron drift velocity is one dimensional.
A similar one-dimensional thermal velocity is used in
calculations of net current density in InGaAs/InAlAs
photodetectors [36].
When electrons in the  2 valley have been treated as
excess carriers, the current can be calculated using eq.
(4), whereas eq. (3) has been used for electrons in  2 valley when they are treated as carriers in equlibrium states.
Such a comparison is shown in figure 5b. It provides an
increase in current that can occur because electrons in
the  2 valley are excess carriers. Such an increase has
been reported in experiments, for example, the results
of ref. [37]. Such an increase was recorded by sweeping
the voltage from low to high but such an increase is not
noticeable by sweeping the voltage from high to low
[38]. This happens because the channel electrons have
also been in the  2 valley and they cannot abruptly disappear by sweeping the voltage from high to low. That
the channel electrons have also been in the  2 valley can
also be used to explain the difference of the icrease in the
source–drain current in the dark and under illumination.
Figure 6a depicts how the average electron velocity in
the  2 valley changes with time based on Monte Carlo
simulation of GaN at an applied electric field of 1.0×108
V/m for different intervalley energy separation between
the  1 and the  2 valleys. This figure shows that the drift
velocities in the  2 valley are zero when the intervalley
energy separation is larger than or equal to 1.1 eV. It can
get a saturation value with time evolution when the intervalley energy separation is less than 0.9 eV. The drift
velocity oscillates over time and its amplitude increases
as the energy difference increases. Figure 6b displays
the average electron drift velocity in the  1 valley as a
function of time. The average electron drift velocity in
the  1 valley will be largely affected by the intervalley
energy separation, whereas the change in the intervalley
energy separation has little effect on the average electron
drift velocity in  2 valley.
Figure 7 demonstrates that average drift velocity in the
 1 valley increases slightly with an increased intervalley
energy separation and then saturates, whereas average
drift velocity in the  2 valley is nearly a constant when

Figure 6. Time evolution of the average electron drift velocity in the  2 (a) and the  1 (b) valleys at an applied electric
field of 1.0×108 V/m for the intervalley energy separation
ranging from 0.6 to 1.9 eV.

the intervalley energy separation between the  1 and the
 2 valleys increases.
Figure 8a shows the time evolution of electron occupation in the  2 valley based on Monte Carlo simulation
of GaN at an applied electric field of 1.0×108 V/m for
different intervalley energy separations between the  1
and the  2 valley. It can be concluded from this figure
that the electron occupations in the  2 valley are nearly
zero when the intervalley energy separation is larger
than 1.0 eV. And it firstly increases, then saturates with
time when the intervalley energy separation is less than
or equal to 0.9 eV. Figure 8b gives the electron occupation in the  2 valley of GaN as a function of time for
different intervalley energy separations.
Figure 9 demonstrates that the electron occupation
in the  2 valley rapidly increases with decreased intervalley energy separation when the intervalley energy
separation is less than 0.9 eV. At the same time, the
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Figure 7. Saturated electron drift velocity in the  2 and the
 1 valleys as a function of intervalley energy separation at an
applied electric field of 1.0×108 V/m.
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Figure 9. Saturated electron occupation in the  2 and the  1
valleys as a function of intervalley energy separation at an
applied electric field of 1.0×108 V/m.

electron occupation in the  2 valley firstly increases
with an increased intervalley energy separation, and then
reaches 100% for larger intervalley energy separation.
The drift velocity can be determined as follows [39]:


q F τme
v 
,
m∗



(5)



where F is the applied electric field along the channel,
m* is the effective electron mass and τ me is the momentum relaxation time. Momentum relaxation time due to
elastic acoustic deformation potential scattering can be
calculated as follows [40]:

4 π 3/2 4 ρu 2L 2kB Te −1/2
τme  √
,
(6)
2 k T
m∗
3 π 2m ∗2 εac
B
where T e is the electron temperature,  is the reduced
Planck constant, k B is the Boltzmann constant, ρ is the
mass density, u L is the longitudinal sound velocity and
εac is the deformation potential constant. According to
eq. (5), the following relationship can be found:


v ∝ τme ∝ m ∗

Figure 8. Time evolution of electron occupation in the  2
(a) and the  1 (b) valleys at an applied electric field of 1.0×
108 V/m for the intervalley energy separation ranging from
0.6 to 1.9 eV.

− 23

.

(7)

Figure 10a shows how the simulated average electron
drift velocity in the  2 valley changes with time at an
applied electric field of 1.0×108 V/m and intervalley
energy separation between the  1 and the  2 valleys of
0.9 eV for different effective electron masses in the  1
valley. This figure shows that there are oscillations in
the curve of the drift velocity in the  2 valleys vs. time
for a larger effective mass in  1 valley. Figure 10b gives
the average electron drift velocity in the  1 valley as a
function of time. There are no noticeable oscillations in
figure 10b.
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Figure 11. Saturated electron drift velocity in the  2 and the
 1 valleys as a function of the effective electron mass in the
 1 valley at an applied electric field of 1.0×108 V/m and an
intervalley energy separation of 0.9 eV.

Figure 10. Time evolution of the average electron drift
velocity in the  2 (a) and the  1 (b) valleys at an applied
electric field of 1.0×108 V/m and an intervalley energy separation of 0.9 eV.

Figure 11 shows that simulated average drift velocity in the  2 valley decreases slightly with an increased
effective electron mass in the  1 valley, whereas simulated average drift velocity in the  1 valley exponentially decreases, then saturates with an increased
effective electron mass in the  1 valley. Such a decrease
in the drift velocity in both figures 10 and 11 can be
attributed to eqs (5)–(7).
Figure 12a demonstrates the simulated electron occupation in  2 valley as a function of time. These results
are based on Monte Carlo simulation of GaN at an
applied electric field of 1.0×108 V/m and intervalley
energy separation between the  1 and the  2 valleys
of 0.9 eV for different effective electron masses in the
 1 valley. It shows that the electron occupation in the
 2 valley is less than 0.1% of the total electrons when
the effective mass in the  1 valley is larger than 1.2m0 .
It firstly increases, then saturates with time when the

intervalley energy separation is less than or equal to
0.9 eV. Simulated electron occupation in the  2 valley
of GaN as a function of time is shown in figure 12b for
comparison.
Figure 13 demonstrates that the electron occupation in
the  2 valley rapidly decreases with an increased effective electron mass when the effective electron mass in the
 1 valley is less than 0.6m0 . The relationship between
the electron occupation in the  1 valley and the effective
electron mass in the  1 valley is just the opposite of the
electron occupation in the  2 valley and the effective
electron mass in the  1 valley. Such relationships can
be explained by more kinetic energy due to large drift
velocity for a smaller effective mass.
According to the results obtained from the full-band
Monte Carlo simulation, it can be concluded that the
number of electrons in the  2 valley can rapidly increase
with an increased applied electric field. It means that
there is an abrupt increase in the electrons in the  2 valley. This suggests that it can lead to an abrupt increase
in the source–drain current of a GaN transistor. Such an
abrupt increase in the source–drain current of GaN transistors often occurs at high source–drain voltages [41].
This abrupt increase in the source–drain current is one of
the main issues that limit their applications [42]. For better utilisation of GaN transistors, understanding such an
abrupt increase in the source–drain current that can lead
to operational instability is necessary [43]. Hot electrons
captured by donor-like traps in the GaN buffer were considered to be the dominant mechanism of such an abrupt
increase in the source–drain current generation [44].
This abrupt increase in the source–drain current results
from surface states when the drain–source electric field
is higher than a critical value [45]. Electron-trapping
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and de-trapping processes with the help of hot channel electrons by impact ionisation were believed to be
a possible mechanism [46]. The abrupt increase in the
source–drain current was associated with impact ionisation [47]. Reverse bias trap-assisted leakage across
the junction between the two-dimensional electron gas
and the p-type buffer can explain the abrupt increase
in the source–drain current [48]. Field-enhanced ionisation of deep traps in the barrier can be the origin
of the abrupt increase [43]. All these results infer that
we can keep on arguing about the origin of the abrupt
increase (kink). One can notice that there is a surface
electric field perpendicular to the AlGaN/GaN interface for an on-state GaN HEMT and the width of the
two-dimensional electron gas is far less than the mean
free path of the electron. Therefore, the electron energy
along the direction perpendicular to AlGaN/GaN interface strongly depends on the surface electric field. In
other words, effective intervalley energy lowers with
an increased surface electric field. Based on the above
analysis, the gate voltage-dependent abrupt increase in
the source–drain current (for example, ref. [37]) can be
explained. Experimental findings that the above different types of traps influence the abrupt increase in the
current (for example refs [44–48]) can be explained by
the traps having a large impact on the surface electric
field.

4. Conclusions
Figure 12. Time evolution of the average electron drift
velocity in the  2 (a) and the  1 (b) valleys at an applied
electric field of 1.0×108 V/m and an intervalley energy separation of 0.9 eV.

Figure 13. Saturated electron occupation in the  2 and the
 1 valleys as a function of the effective electron mass in  1
valley at an applied electric field of 1.0×108 V/m and an
intervalley energy separation of 0.9 eV.

Based on simulating GaN with different intervalley
energy differences between the  1 and the  2 valleys
and effective electron mass in the  1 valley by full-band
Monte Carlo methods, the abrupt increase in electrons in
the  2 valleys has been numerically investigated. The
simulated results show that an abrupt increase in the
source–drain current that has been observed in experiments can occur. These results demonstrate that such
an abrupt increase in the source–drain current of GaN
HEMTs can be explained by considering the occurrence
of the intervalley transition between the  1 and the  2
valleys. In the region of the small intervalley energy
difference between the  1 and the  2 valleys, the simulations show that the abrupt increase in electrons in the
 2 valley will rapidly increase with decreasing intervalley energy difference between the  1 and the  2 valleys.
Similarly, the electrons in the  2 valleys will rapidly
increase with decreasing effective electron mass in the
region of small effective electron mass.
To summarise, the experimentally observed abrupt
increase in the source–drain current is not noticeable by
sweeping the voltage from high to low [38]. This can be
explained by the channel electrons in  2 valley and they
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cannot abruptly disappear by sweeping the voltage from
high to low. Electrons can get energy from illumination,
which implies that the energy required for intervalley transition lowers. In other words, the effective
intervalley energy difference lowers. Thus, the reason
as to why the increase in the current under illumination is more noticeable than that in the dark [38]
can be explained. Similarly, the electrons get energy
from the surface electric field that is perpendicular to
AlGaN/GaN interface that is usually very strong for
a GaN HEMT. Such a surface electric field in a GaN
HEMT can reduce the intervalley energy difference.
This is the reason why there is a gate voltage-dependent
abrupt increase in the source–drain current [37]. At the
same time, many types of traps can affect such surface
electric fields. Different types of traps can influence the
abrupt increase in the current [44–48] and this can also
be explained by the occurrence of intervalley transitions.
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