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We theoretically study the energy relaxation of hot electrons via LO-phonon emission in two-dimensional
GaN systems. We employ a model in which electrons and the lattice are in equilibrium separately, and
the effective electron temperature is much larger than the lattice temperature. We include the dynamical
screening of electrons, electron-phonon interactions reduced phonon self-energy correction, the hot-phonon,
and the ﬁnite-size effects. The power loss to acoustic phonons is also considered.
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In the last few years, a great deal of experimental and theoretical attention has focused on the direct,
large band gap III-V nitride semiconductors GaN, AlN and InN. The large band gap leads to high breakdown voltages and electric ﬁelds, good thermal conductivity, low noise generation, high power and high
temperature operation. All of these properties make these structures desirable for electronic and optoelectronic device applications [1–7]. These devices work mostly under high electric ﬁeld, which brings about
substantial heating and decrease in their performance. For desired efﬁciency in device applications and
good explanation of the experimental results, the electronic processes behind the transport properties of
nitrate heterostructures should be understood clearly.
The electrons in a bulk or quantum well become energetic (or hot) when a high electric ﬁeld is applied,
and the thermal equilibrium between the electron gas and the lattice is destroyed. The electrons relax by
losing their excess energy to the lattice. This process follows several steps. First, the electrons having
enough energy emit longitudinal optical (LO) phonons, Then, the emitted LO phonons decay into acoustic phonons and the excess energy drains out to the lattice. Finally, the electron gas and the lattice reach
equilibrium separately at different temperatures, T and TL , respectively, coupled only weakly through
electron-phonon interaction. In the steady state the input power is equal to the power loss to the lattice.
At high electron temperatures the dominant mechanism for energy relaxation is emitting LO phonons.
However, there are several parameters affecting the power loss of hot electrons: the electron-phonon coupling, electronic screening, hot-phonon and ﬁnite-thickness effects. Throughout the years, there has been
a large amount of theoretical effort to explain the experimental results for the power loss of electrons in
semiconductor bulk and lower dimensional structures, especially GaAs based quantum wells [8–17].
In order to understand the power loss mechanism of hot electrons in GaN quantum wells, we made
a detailed theoretical investigation. We included the dynamical screening of electrons within the ﬁnitetemperature random-phase approximation (RPA). Phonon self-energy renormalization due to the electronphonon coupling, hot-phonon effect, impurity and the ﬁnite-thickness effect are also considered. In polar
semiconductors like GaN the piezoelectric coupling to acoustic phonons is quite important at low temperatures. Thus, we included the deformation potential and piezoelectric coupling of acoustic phonons to
electrons. On the other hand, for ease of numerical computations we made several acceptable physical
approximations. The two-dimensional (2D) electrons are assumed to interact with bulk phonons. We employed the effective electron-temperature model, which assumes T > TL . Taking TL = 0, the power loss
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Fig. 1 The power loss per electron as function of
electron temperature T with renormalized phonon
propagator. The solid (dashed) line shows the results
without (with) the ﬁnite-size effects. The power loss
to acoustic phonons is ignored. The circles are the
experimental data of Fig. 4 of Ref. [5].

Fig. 2 The power loss per electron as function of
electron temperature T . The solid (dashed) line
shows the results with bare (renormalized) phonon
propagator. The power loss to acoustic phonons, and
the ﬁnite-size effects are included. The circles are the
experimental data of Fig. 4 of Ref. [5].

per electron is [17]
P =


1  dω
h̄ωnT (ω)Mq2 Imχ(q, ω)ImD(q, ω),
N q
π

(1)

where nT (ω) is the Bose occupation number at the electron temperature, Mq is the Fröhlich electronphonon coupling strength, χ is the ﬁnite-temperature reducible RPA polarizability of the electron gas, and
D is the interacting phonon propagator. Here, the phonon self-energy correction due to the electron-phonon
interaction, and the dynamical screening are included through D and χ, respectively. The experiments we
are interested in have been done with GaN/AlGaN high electron mobility transistor (HEMT) structures of
typical width of 25-30 nm. The ﬁnite width of the quantum well weakens the strength of the electronelectron interaction and the coupling of the electrons to LO phonons. These effects are included by replacing the 2D Coulomb interaction between electrons Vq by fq Vq in Mq2 and χ, where fq is an appropriate
form factor [12]. Ignoring the mode coupling effects replaces D by the bare phonon propagator. Then, the
power loss relation becomes
1 
P =
h̄ωq Rq nT (ωq ),
Rq = −2h̄−1 Mq2 Imχ(q, ωq ),
(2)
N q
where Rq is the scattering rate.
The emitted LO phonons do not decay into acoustic phonons immediately. Because they have a ﬁnite
lifetime, they can be reabsorbed by the electrons before they decay. This phenomena is known as hotphonon effect, which decreases the power loss. The expression for the power loss including the hot-phonon
effect has been found as [14]
P = h̄ωLO nT (ωLO )

1 
R(q, ωLO )
,
N q 1 + τph R(q, ωLO )

(3)

where τph is the phonon lifetime, and R(q, ωLO ) is the scattering rate as deﬁned above. This equation
reduces to (2) for vanishing phonon lifetime when ωq = ωLO .
In our numerical calculations, we used the material constants of GaN. Our results are compared with
the experimental data of Mazzucato et al. [5] in Figs. 1-3. Details of the theoretical models are given in
www.pss-c.com
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Fig. 3 The power loss per electron as function of electron temperature T for different phonon lifetimes τph : 0 ps
(solid line), 1 ps (dashed line), 5 ps (dotted line), and 10 ps (dashed-dotted line). In (a) the mode coupling is ignored.
However, in (b) it is considered. In both ﬁgures the power loss to acoustic phonons and the ﬁnite-size effects are
included. The circles are the experimental data of Fig. 4 of Ref. [5].

the ﬁgure captions. Overall, the many-body approaches that assume the electron temperature model used
in this work do not satisfactorily describe the data. The sophisticated theoretical modelling presented here
hass been found successful in previous studies [18]. One possible source of discrepancy is the accuracy
with which the electron density is determined from mobility in the experiments [5]. It has also been noted
that with increasing electric ﬁeld, the measured power loss would deviate from theoretical values because
of enhanced carrier capture. These suggest that there is need for further theoretical investigation for better
agreement with experiments.
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