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A theoretical study on the electron drift velocity and some nonequilibrium thermodynamic
characteristics of wurtzite GaN, AlN, and InN is presented. It is based on a nonlinear quantum
kinetic theory which provides a description of the dissipative phenomena developing in the system.
The ultrafast time evolution of the electron drift velocity and quasitemperature is obtained, and
overshoot effects are evidenced on both. The overshoot onsets are shown to occur at 20 kV/cm in
GaN, 60 kV/cm in AlN, and 10 kV/cm in InN, electric field intensities which are considerably
smaller than those that have been recently derived resorting to Monte Carlo simulations. ©2000
American Institute of Physics.@S0003-6951~00!03914-0#
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Nitride semiconductors like GaN, AlN, and InN hav
been object of intense research in recent years, a co
quence of the large technological interest associated
their applications in blue/UV light emitting diodes and dio
lasers~e.g., Ref. 1!. Promising characteristics for power fie
effect devices, high-performance and high-frequen
transistors,2 and the lack of information concerning some
the bulk III-nitrides basic properties have led to the reali
tion of several recent studies on their high-field steady-s
transport properties.3–13 However, only a few of them were
concerned with the transient transport regime,14–16 whose
understanding is important for the improvement of nitrid
based devices with submicron channels and high cutoff
quency.

The bulk nitride transport properties have been cal
lated using Monte Carlo simulations and Boltzmann tra
port equations. In steady-state conditions, negative diffe
tial resistivity ~NDR! was shown to exist in AlN, GaN, an
InN for electric fields with intensities larger than approx
mately 450, 140, and 65 kV/cm, respectively,3–13 having a
doping concentration of 1.03 1017cm23 and in contact with
a bath at a temperature of 300 K. Those results should
recognized as approximations since they are highly dep
dent on the details of the band structure parameters as
example, the effective mass values in the secondary vall
which are as yet unknown. The transient transport regim
the III nitrides follows in a subpicosecond scale (,0.3 ps),
during which an overshoot in the electron velocity can
evidenced for high enough electric fields. The onset for
electron velocity overshoot in wurtzite GaN was shown
Foutzet al.16 to occur for electric fields higher than 140 kV
cm, while Caetanoet al.15 obtained that the electric field
should be higher than 50 kV/cm. To date, Foutzet al.16 have
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been the only ones to calculate the electric field for the on
of the electron overshoot in AlN and InN, obtaining 450 a
65 kV/cm, respectively. These are also the electric field
tensities for the existence of NDR in each nitride when
electron effective masses in the secondary valleys are
sumed to be the free space electron massm0 .16

Seaking a better understanding of the electron velo
overshoot effect in wurtzite GaN, AlN, and InN, we perfor
a theoretical study of their transient transport properties
sorting to a powerful, concise, and soundly based kine
theory for far-from equilibrium systems.17 It is the one
founded on a nonequilibrium statistical ensemble formalis
the so-called MaxEnt-NESOM for short,18 which provides an
elegant, practical, and physically clear picture for describ
irreversible processes,19 as for example in semiconductor
far-from from equilibrium,20 which is the case considere
here. Through the numerical solution of associate quan
transport equations based on the MaxEnt-NESOM, we ch
acterized the onset of the electron velocity overshoot
wurtzite GaN, AlN, and InN.

To investigate the transport transient behavior in Al
GaN, and InN, we derive in the MaxEnt-NESOM-based no
linear quantum kinetic theory the evolution equations for
energy of carriers and longitudinal and acoustic phono
EC(t), ELO(t), Eac(t), and the carriers’ momentumP(t)
~along similar lines as already applied to the study of tra
port phenomena in GaAs21!. Associated with the above
quantities are five intensive nonequilibrium thermodynam
variables ~the Lagrange multipliers that the variation
MaxEnt-NESOM introduces!, which are interpreted as re
lated to: time-evolving nonequilibrium temperatures~re-
ferred to as quasitemperatures! for carriers and longitudina
optical ~LO! and alternating-current~AC! phonons,20 which
we call Tc* (t), TLO* (t), andTac* (t); the carriers’ drift veloc-
3 © 2000 American Institute of Physics
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ity v(t); and a nonequilibrium chemical potentialm* (t)
~quasichemical potential!.

Using the Makovian approximation in the MaxEn
NESOM based kinetic theory,17 we find that

d

dt
E~ t !52

eF

m*
"P~ t !1JE

(2) , ~1!

d

dt
P~ t !52neF1JP

(2) , ~2!

d

dt
ELO~ t !52JELO

(2) 2JLO,AN
(2) ~ t !, ~3!

d

dt
Eac~ t !52JEac

(2) 1JLO,AN
(2) ~ t !1Jac,di f

(2) ~ t !, ~4!

wheren is the doping concentration. The first term on t
right of Eq. ~1! stands for the energy rate that the exter
electric fieldF transfers to the carriers, while the second
the one taking account of the transfer of excess energy to
phonons. The first term on the right of Eq.~2! is the drifting
force provided by the electric field, and the second the rat
change of carrier momentum as a result of collision w
phonons. In Eq.~3! we have at the right, first, the rate o
change of the LO phonon energy due to their interaction w
the carriers; the last term accounts for the relaxation to
acoustic phonons due to anharmonic interactions. In Eq.~4!,
similarly to Eq.~3!, the first termJEac

(2) is the rate of change o

the AC phonon energy due to their interaction with the c
riers; the second one is the relaxation due to anharm
interaction with the LO phonons, and the last one is
contribution of thermal diffusion to the reservoir~this latter
type of contribution for the case of carriers and LO phono
is very small and has been neglected!. A detailed description
of these terms can be found elsewhere.17,21

We solve numerically the set of coupled nonlinear in
grodifferential Eqs.~1!–~4! to obtain the evolution and
steady-state behavior of the basic intensive nonequilibr
thermodynamic variables for wurtzite GaN, AlN, and InN
We have used for these materials the characteristic pa
eters~effective mass, phonon frequencies, Fro¨hlich coupling
strength, deformation potential strength, etc.! available in the
literature.16 The electric field applied to GaN and AlN~InN!
is restricted to be smaller than 120 kV/cm~60 kV/cm! since
intervalley scattering is not considered in this work. T
doping concentration is taken as 1.031017cm23, and the
bath temperature 300 K, that are the same used by F
et al.16 in their calculations.

The evolution of the electron drift velocity and qu
sitemperature towards the steady state is depicted in Fig
and 2, respectively. These figures permit to characterize
presence of an overshoot in both the electron drift veloc
and quasitemperature. The onset of the overshoot effec
curs at 20 kV/cm in GaN, 60 kV/cm in AlN, and 10 kV/cm
in InN. An analysis of the different channels of pumping a
relaxation allows us to conclude that the overshoot at su
ciently high fields is a consequence of the interplay of ene
and momentum relaxation times. No overshoot occurs w
the momentum relaxation time, which is smaller than
energy relaxation time shortly after application of the elec
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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field, becomes predominantly larger than the other. On
other hand, the overshoot follows at intermediate to h
fields when the relaxation time for energy is constantly lar
than the one for momentum. Moreover, it is verified that t
peak in velocity follows in the time interval where the drif
kinetic energym* v2(t)/2 increases more rapidly than th
thermal energykBTC* (t), and the peak in quasitemperatu
follows for a minimum of the quotient of these tw
energies.17 On the other hand, the smooth overshoot on
carriers’ quasitemperature in GaN, AlN, and InN, which w
not reported before, is due to the changes of the LO phon
temperature related to the carriers excess ene
dissipation,17 which was not considered by Caetanoet al.15

and Foutzet al.16

The time for the electrons to attain the steady state is
our calculations very approximately the same obtained p
viously by other authors using different descriptions of t
transient transport phenomena.14–16 The electric field value
we have found for the onset of the velocity overshoot
wurtzite GaN agrees very well with that calculated
Caetanoet al.15 using energy-momentum balance equatio
During the transient regime, however, the mean electron
ergy ~which is directly related to the electron quasitempe
ture! does not present an overshoot effect in the results
Caetanoet al.15 On the other hand, the values of the elect

FIG. 1. Time evolution towards the steady state of the electron drift velo
in GaN ~upper figure!, AlN ~middle figure!, and InN~lower figure!.
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field for the onset of the velocity overshoot in wurtzite AlN
GaN, and InN are much smaller than those obtained in
Monte Carlo simulations performed by Foutzet al.16 This
cannot be mostly due to the intervalley scattering they h
considered~which is not effective when the electric fiel
intensity is smaller than 120 kV/cm for GaN and AlN, an
60 kV/cm for InN! nor the Fermi-Dirac-like distribution
function we have used~after 100 fs the distribution function
becomes a Fermi-Dirac-like!, but is principally related to the
high values of the electron effective masses in theL2M and
K valleys they have assumed. In contrast to the smaller t
25% electron drift velocity overshoot we have demonstra
for electric fields smaller than 120 kV/cm, the intervalle
scattering related overshoot effect as obtained by Fo
et al.16 is more than 100% stronger. Consequently, in
case of electric fields smaller than 120 kV/cm~60 kV/cm!,
the possible contribution of the overshoot effect to the i
provement of GaN,AlN~InN! nitride based heterojunctio
field effect transistors should also be very limited.16

In conclusion, we have presented a study on the trans
transport characteristics of wurtzite GaN, AlN, and InN u
ing quantum transport equations derived from the none
librium statistical ensemble formalism. The existence
overshoot in both the electron drift velocity and quasite
perature~or mean energy! was demonstrated, whose ons
occurs at 20 kV/cm in GaN, 60 kV/cm in AlN, and 1

FIG. 2. Time evolution towards the steady state of the electron quasi
perature in GaN~upper figure!, AlN ~middle panel!, and InN~lower figure!.

rticle is copyrighted as indicated in the article. Reuse of AIP content is s
143.106.1.143 On: Mon, 
e

e

an
d

tz
e

-

nt
-
i-
f
-
t

kV/cm in InN. Instead of being associated with intervalle
scattering as some authors argued, the overshoot effec
GaN, AlN ~InN! for electric field intensities smaller than 12
kV/cm ~60 kV/cm!, as shown, is a result of the relatio
beteween the carriers’ relaxation rate of momentum and
ergy: overshoot follows if during the evolution of the ma
roscopic state of the system, under the action of the elec
field, the former is larger than the latter.
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