
PHYSICAL REVIEW B 73, 195326 �2006�
Hot-electron dynamics and terahertz generation in GaN quantum wells
in the streaming transport regime
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We study hot-electron transport and the dynamic negative differential conductivity in a GaN/AlGaN quan-
tum well by using the Monte Carlo method. We find that the electron-electron interaction, the nonequilibrium
polar optical phonon, and the electron gas degeneracy may influence the electron transport property and
destroy the spindle-shaped distribution in the streaming transport regime. Our simulation results suggest that
the hot phonon effect, and the electron gas degeneracy are more important in the determination of electron
steady state velocity-field characteristics, while the electron-electron interaction is dominant in the disturbance
of the electron periodic motion. We conclude that terahertz generation using the electron dynamic negative
differential conductivity is only possible at relatively low electron density before the electron-electron inter-
action steps into role.

DOI: 10.1103/PhysRevB.73.195326 PACS number�s�: 73.63.Hs, 63.20.Kr, 72.30.�q, 72.20.Ht
I. INTRODUCTION

Recent progress in material growth and device processing
techniques1–4 makes possible the realization of a number of
nitride based devices.5–13 Among them is the widely dis-
cussed sub-terahertz �THz� and THz14 maser utilizing elec-
tron instabilities in the streaming transport regime.8–13,15–19

The high frequency signal generation is associated with the
periodic motion of electrons in the momentum space under a
constant electric field. At low temperature, the probability of
optical phonon absorption is practically negligible. Under a
suitable electric field, the momentum relaxation time due to
acoustic phonons and ionized impurities is much larger than
the time needed for an electron to gain the energy of one
polar optical phonon. Moreover, it is much smaller than the
relaxation time due to polar optical phonon emission. In this
case, electron motion in the momentum space can be divided
into two different regions: the so called passive and active
regions.13,15–20 Their boundary corresponds to the threshold
momentum value of polar optical phonon emission. In the
passive region, electrons are accelerated nearly ballisticly
due to low scattering rates with acoustic phonons, ionized
impurities, and the absence of polar optical phonon emission.
As soon as electrons enter into the active region, they are
scattered back near the center of passive region via emission
of polar optical phonons. Electrons repeat their motion in the
passive region. This periodic motion of electrons in the pas-
sive region leads to a spindle-shaped distribution function
strongly elongated along the electric field direction, which is
usually called streaming distribution.20–22 In this streaming
transport regime, there arises a dynamic negative differential
conductivity �DNDC� due to the nearly periodic motion of
electrons in the momentum space.9,10,13,23 The observation of
millimeterwave radiation in n-InP at low temperature has
confirmed this prediction.23 In nitrides, this DNDC is en-
hanced due to their large polar optical phonon energy, strong
electron-phonon interaction, and large intervalley energy
separation. According to previous studies, the two dimen-
sional electron gas �2DEG� has many advantages for better

9,10
exploiting the DNDC.
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The main disadvantage of this effect for high frequency
signal generation is the continuous emission of polar optical
phonons, which means that a large portion of energy that
electrons acquire from electric field transforms to thermal
energy. This may also drive polar optical phonons far from
their equilibrium distribution. The nonequilibrium phonon
distribution consequently modifies the electron-phonon inter-
action. This makes the reabsorption of phonons possible at a
high rate, and consequently destroys the phase coherence of
the electron motion. So hot phonons exist in large numbers
and need to be taken into account. On the other hand, due to
the large concentration of 2DEG in nitrides, the electron-
electron �e-e� interaction may also play an important role. At
the same time, for large electron concentration, the electron
gas degeneracy effect is also important in the hot electron
dynamics. The purpose of this paper is to study the influence
of the e-e interaction, the hot phonon effect, and the electron
gas degeneracy on the hot electron dynamics and the DNDC
in the streaming transport regime by using the Monte Carlo24

�MC� method. Very recently, Ramonas et al. have studied hot
phonon effect on power dissipation in a biased
AlGaN/AlN/GaN channel.25–27 The theoretical framework
used in this paper is similar to that of Ref. 25, except that we
take into account the e-e interaction. The Coulombic e-e in-
teraction does not contribute to the power dissipation, but it
is rather important in the study of electron DNDC.

II. MONTE CARLO MODEL

Our MC model follows a conventional scheme of an en-
semble of particles.24 Additional to the e-e interaction, elec-
tron scatterings with polar optical, acoustic �both piezoelec-
tric and deformation potential coupling�, nonpolar optical
phonons, and ionized impurities are included. The Pauli ex-
clusion principle is taken into account by using the rejection
technique.28 In the electric field range studied, intervalley

phonon scattering is considered negligible, and only the first
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three subbands in the � valley are taken into account in the
simulation. The electron eigenstates and energy band profile
are obtained by solving the effective mass Schrödinger and
Poisson’s equation self-consistently, including the strong
spontaneous and piezoelectric polarization field in GaN
heterostructures.29,30

In uniaxial wurtzite structures, electron-optical-phonon
interaction is much more complex than that in cubic struc-
tures. But according to recent studies, the expression of lon-
gitudinal optical �LO� phonon scattering rate in cubic struc-
tures remains valid in most cases.25,31 Moreover, we neglect
the confinement of optical phonons in the quantum well,32,33

and use bulk phonon expressions.34 In the streaming trans-
port regime, the acoustics phonon scattering is an important
energy relaxation channel, so we have also taken into ac-
count the scattering inelasticity. Following the method in
Ref. 34, we get for deformation potential coupling acoustic
phonons
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and �i and � f are the electron envelope functions of the
initial and final states, respectively. Ei and Ef are correspond-
ing eigenenergies. ki and kf are the electron momentum value
before and after scattering, respectively. H�x� is the step
function. Ea is the deformation potential, m* is the electron
effective mass, � is the density of the crystal, v is the longi-
tudinal sound velocity, � is the reduced Planck constant, and

=qv is the acoustic phonon energy. For piezoelectric cou-
pling acoustic phonons, the scattering rate is
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where K2 is the electromechanical coupling coefficient
whose value is taken from Ref. 35. �0 is the permittivity of
vacuum, �s is the static dielectric constant, and qs is the
inverse screening length. Here the screening effect is ig-
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nored, and qs=0 is used. For the e-e scattering, we use the
single subband static screening model. It is valid for the case
we study here, since most of the electrons locate in the low-
est subband. The scattering rates for an electron in subband i
with wave vector ki to subband f with wave vector k f can be
written as36,37

�if�ki� =
e4m*

16��3�2�0A
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where fm
FD�k0� is the Fermi distribution function of subband

m, and
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g� = k0� − k f . �10�

The e-e scattering is a dual-particle process. During the pro-
cess, another electron initially in subband m with wave vec-
tor k0 is scattered to subband n with wave vector k0�.  is the
angle between g and g�. The quasi-2D inverse screening
length qs in the single subband static screening approxima-
tion is

qs =
m*e2

2��0��2n1,k=0. �11�

Here, n1,k=0 is the electron distribution function when k=0.
The e-e scattering rates are included into the MC procedure
by following the method of Ref. 36.

To fully take into account the 2D nature, we use the re-
jection technique for the determination of states after scatter-
ing. According to the transition probability expressions, we
compute the in-plane angle dependence of each scattering
mechanism and store the information in a look-up table. Dur-
ing scattering, we check this table and compute the scattering
probability for each angle via linear interpolation. Finally,
the scattering angel is determined by using the rejection tech-
nique.

Hot phonon dynamics can be incorporated into the MC
procedure by using the relaxation time approxima-
tion.25,40,43,44 The time evolution of the polar optical phonon
population is followed, and its modification to electron-
phonon interaction is considered. The LO phonon decay into
other modes is taken into account by introducing the relax-
ation time �ph, which is taken to be 1 ps.41 In detail, the
perpendicular component qz is tabulated for discrete values
corresponding to intra- and inter-subband transitions, respec-

tively. It is zero for intrasubband transitions, and is a nonzero
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value related to the subband energy difference for intersub-
band transitions. The in-plane component of the phonon
wave vector q� is treated as two dimensional, and is dis-
cretized into small cells. The phonon number in each cell is
initialized as the Bose distribution. After each LO phonon
emission �absorption�, their values are updated in the corre-
sponding cell as

�Nq = ± � 2�

�qx
�� 2�

�qy
��ns

N
� . �12�

Here �qx and �qy are the cell size in x and y directions,
respectively, ns is the electron sheet density, and N is the
number of particles included in the MC simulation. At the
end of each time interval, the phonon number is recalculated
as

Nq��i�t� = Nq�i�t� − �Nq�i�t� − Nq�0��
�t

�ph
, �13�

where �t is the time interval in the MC simulation, which is
chosen to be much smaller than �ph.

We study a GaN quantum well with width d=8 nm,
which is surrounded by two Al0.4Ga0.6N barriers. The struc-
ture is 5 nm planar doped from each boundary. In this con-
figuration, the energy separation between the two lowest sub-
bands is greater than the polar optical phonon energy so that
most of the electrons locate in the first subband during their
quasiballistic motion. Different doping densities are taken
into account in the present paper, since hot phonon popula-
tion depends heavily on electron concentration. Other mate-
rial parameters are taken from Refs. 38 and 39, and are listed

TABLE I. Material param

Parameters Un

Effective mass m

Static dielectric constant �

Optical dielectric constant �

Energy Bandgap �Eg� eV

Energy Barrier eV

LO phonon energy me

Mass density �103 k

Sound velocity �103

Acoustic deformation potential eV

Pieoelectric constants C/m

Elastic constants �1011

Electromechanical coupling coefficient arb. u
in Table I.
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III. THE ELECTRON-ELECTRON INTERACTION,
THE HOT PHONONS, AND THE ELECTRON

GAS DEGENERACY

In this section, we compare the influence of the e-e inter-
action, the hot phonons, and the electron gas degeneracy on
the electron velocity-field characteristics. In Fig. 1, we show
the electron velocity-field characteristics under electric fields
below 30 kV/cm at 4.2 and 300 K under different cases. The
electron sheet density is taken to be 1�1012 cm−2. We can

s used in the simulation.

GaN Value AlGaN value

0.212 0.252x+0.228

9.5 −0.3x+10.4

5.35

3.42 6.13x+3.42�1−x�−x�1−x�
0 0.7�Eg�x�−Eg�0��

92
3 6.095

6.6

8

e15=−0.49

e31=−0.33

e33=0.7
2 cLA=2.65

cTA=0.442

0.039

FIG. 1. Electron velocity-field characteristics for the structure
studied under different circumstances. The temperature of the lower
four curves is 4.2 K, and others 300 K. �1� Without the hot phonon
effect, the e-e interaction, and the electron gas degeneracy, �2� with
the electron gas degeneracy, but without the e-e interaction, and the
hot phonon effect, �3� with the electron gas degeneracy, and the hot
phonon effect, but without the e-e interaction, �4� with all of the
three mechanisms. The population of hot phonons decreases elec-
tron drift velocity, but the e-e interaction, and the electron gas de-
eter

it

0

0

0

V

g/cm

m/s

2

N/m

nits
generacy have little effect.
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see that the hot phonon effect has the most significant influ-
ence on the electron drift velocity. It gets much lower when
the hot phonon effect is included. Meanwhile, this decrease
at lower temperature is much larger than that at higher tem-
perature. On the other hand, the e-e interaction and the elec-
tron gas degeneracy have little effect on the electron drift
velocity under the circumstances we study here. We can see
that turning on or off the e-e interaction, and the electron gas
degeneracy only changes the velocity-field characteristics
slightly. This is true whether or not we take into account the
hot phonon effect. The e-e interaction is elastic, and it only
helps to exchange energy among electrons and does not
change the total energy of the electron system at all. From
this point of view, we can say that it is reasonable for Ref. 25
to neglect the e-e interaction in the study of energy dissipa-
tion in GaN 2DEG. In what follows, we can see that the e-e
interaction plays an important role in disturbing the phase
coherence, and destroying the DNDC in the electron motion.
The electron gas degeneracy is a rather different case.
Though it is not important in the cases we study here, the
electron gas degeneracy will play an important role in the
determination of the electron velocity-field characteristics
when the electron sheet density is high enough. Indeed we
have performed many such simulations. We find that when
the electron sheet density is several 1012 cm−2, the electron
gas degeneracy will make the electron drift velocity much
lower. These results are consistent with those in Ref. 27.

FIG. 2. Nonequilibrium phonon distribution under the electric
field of 10 kV/cm at 4.2 K. The electron sheet density is 1
�1011 cm−2. It is symmetric with respect to the qx direction, and
shifted in the direction opposite to the electric field.

FIG. 3. Nonequilibrium phonon distribution at the electron sheet
density of 1�1012 cm−2. Other parameters are the same as Fig. 2.
Hot phonons distribute in a much larger momentum space than in

Fig. 2.
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Now we study the hot phonon distribution under different
electron concentration without taking into account the e-e
interaction. In Figs. 2 and 3, we show the nonequilibrium
phonon distribution for the structure studied under a constant
electric field of 10 kV/cm applied in y direction. The tem-
perature is 4.2 K. The sheet electron densities are 1�1011

and 1�1012 cm−2, respectively. At lower electron concentra-
tion �Fig. 2�, the influence of nonequilibrium phonons is not
significant. Electrons move periodically in the passive re-
gion, and emit LO phonons with similar wave vectors. Non-
equilibrium phonons are populated only in a small region of
the quasimomentum space. The distribution is symmetrical
with respect to the qx axis, and shifted in the direction oppo-
site to the electric field. For a larger electron concentration
�Fig. 3�, hot phonons are populated in a much larger quasi-
momentum space, and their value gets larger. Reabsorption
of previous emitted phonons is more likely to happen, which
randomizes electron phase coherence, and washes out the
peak appearing at lower concentration. The randomization of
phonon wave vector makes the coupled electron distribution
more isotropic, and destroys the transit time resonance in
their motion. Limited by the energy and momentum conser-
vation laws, there is a quasicircular region around 
q�
=0
where the phonon population remains at equilibrium value.

When the electron sheet density is 1�1012 cm−2, the hot
phonon effect is strong enough to destroy the phase coher-
ence of electron motion at low temperature. As an example,
we depict the contour plot of electron distribution in the
momentum space under an electric field of 10 kV/cm in Fig.
4. In the absence of the hot phonon effect, electrons form a
spindle-shaped distribution, which is the essential condition
for the appearance of DNDC. If hot phonons are taken into
account, their nonequilibrium population modifies electron-
phonon interaction. The optical phonon absorption rates dra-
matically increase for some phonon wave vectors. Electrons

FIG. 4. Contour plot of electron distribution in the momentum
space under the electric field of 10 kV/cm at 4.2 K. The electron
sheet density is 1�1012 cm−2. The electron gas degeneracy is taken
into account. �a� Spindle-shaped, without hot phonons; �b� circular-
shaped, with hot phonons. Beginning from the smallest, the closed
contour lines represent values of 0.6, 0.4, 0.2, respectively.
have a large possibility to absorb the emitted phonons, which
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will destroy the phase coherence. In this case, electrons form
a nearly circular distribution in the momentum space �Fig.
4�b��.

IV. DYNAMIC NEGATIVE DIFFERENTIAL
CONDUCTIVITY AND TERAHERTZ GENERATION

In this section, we study the time response of electron
longitudinal velocity on impulse perturbation, and the elec-
tron differential mobility spectra using the method proposed
in Ref. 42. To study the relative importance of different
mechanisms, we set the electron sheet density to 1
�1011 cm−2. Figure 5 demonstrates the transient evolution
of electron drift velocity, hot phonon number, and their re-
sponses upon an impulse perturbation, with and without the
e-e interaction, and the electron gas degeneracy, respectively.
Both electrons and phonons are driven away from quasiequi-
librium by the impulse perturbation and restore their station-
ary states after relaxation of several picoseconds. The time
needed for phonons to reach their quasiequilibrium state is a
little larger than that of electrons. In cases without the e-e
interaction, the phonon replica are well resolved, which in-
dicates the periodic emission of hot phonons when electrons
reach their threshold energy. In the presence of e-e interac-
tion, those phonon replicas are not so obvious, which indi-
cates the destroying of periodic emission of hot phonons by
e-e interaction. Due to the relatively low electron concentra-
tion, the electron gas degeneracy slightly modifies the tran-
sient evolution of hot electrons and phonons. This modifica-
tion is much weaker than that of the e-e interaction. So at
relatively low electron concentrations the e-e interaction will
dominate over other mechanisms in destroying the electron
periodic motion in the passive region.

For the sake of clarity, we show the time response func-

FIG. 5. Transient time evolution of the electron drift velocity
�top�, the hot phonon number �bottom�, and their responses upon an
impulse perturbation under different circumstances. The electron
sheet density is 1�1011 cm−2. �1� Without the e-e interaction, and
the electron gas degeneracy, �2� without the e-e interaction, with the
electron gas degeneracy, �3� with both the e-e interaction, and the
electron gas degeneracy.
tion of drift velocity upon small signal perturbation in the
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lower part of Fig. 6. Without the hot phonon effect, and the
e-e interaction, it decreases abruptly at first, and then enters
into damped periodic oscillation around zero. The oscillation
period is about 0.4 ps, which corresponds to the time that
electrons need to reach the boundary of the passive region,
and the period of phonon replica in Fig. 5. The electron gas
degeneracy has little effect on this behavir. In the presence of
hot phonon effect, the amplitude of the damping oscillation
gets smaller. Furthermore, if we turn on the e-e interaction,
this oscillation behavior is destroyed. We can get the differ-
ential mobility spectra by Fourier transforming the time re-
sponse function Kyy as

�yy�
� = �
0

�

Kyy�t�e−i
tdt . �14�

The upper part of Fig. 6 shows the real part of the longitu-
dinal differential mobility Re��yy�, which exhibits a series of
resonances at the transit-time frequency and its higher har-
monics. The fundamental resonance is the strongest. The
higher resonances get weaker and weaker. The first minimum
of the resonances is negative, which means the appearance of
DNDC. The small DNDC band can be used for THz signal
generation. The narrow band is favorable for single mode
operation. We can see that the electron gas degeneracy has
little effect on the electron DNDC under the electron concen-
tration studied. When we include the hot phonon effect, the
value of DNDC peaks gets smaller, but still available. Mean-
while, in the presence of the e-e interaction, the DNDC peaks
disappear. The e-e interaction destroys the electron periodic
motion and the DNDC before the hot phonon effect, and the

FIG. 6. �bottom� The time response function Kyy of the electron
drift velocity. �top� Real part of the electron differential mobility
Re��yy�. The electron sheet density is 1�1011 cm−2. �1� Without
the e-e interaction, the hot phonon, and the electron gas degeneracy
effect, �2� without the e-e interaction, the hot phonon effect, but
with the electron gas degeneracy, �3� with the hot phonon effect,
and the electron gas degeneracy, but without the e-e interaction, �4�
with the e-e interaction, and the electron gas degeneracy, but with-
out the hot phonon effect.
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electron gas degeneracy step into roles. Among the three
mechanisms, the e-e interaction is the most criminal one. So
the realization of THz maser using the electron DNDC is
only possible when the electron concentration in the 2DEG is
low enough where the e-e interaction does not step into role.

V. CONCLUSIONS

In conclusion, the influence of the e-e interaction, the hot
phonon effect, and the electron gas degeneracy on the elec-
tron periodic motion and THz generation in a GaN/AlGaN
quantum well is studied by using the MC method. Two di-
mensional nature of the scattering is taken into account via
the rejection technique. For relatively low electron concen-
tration, the e-e interaction is stronger than the hot phonon,
and the electron gas degeneracy effect in destroying the elec-
G. A. Baraff, Phys. Rev. 133, A26 �1964�.
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tron periodic motion and DNDC, though it has little effect on
the electron velocity-field characteristics. At large electron
concentrations, all of the three mechanisms contribute to the
disturbance of electron phase coherence, and thus destroy the
DNDC. So the realization of a THz maser is only possible
when the electron concentration in the 2DEG is low enough
where the e-e interaction does not step into role.
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