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A theoretical study on the electron drift velocity and some nonequilibrium thermodynamic
characteristics of wurtzite GaN, AIN, 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 AIN, and 10 kV/cm in InN, electric field intensities which are considerably
smaller than those that have been recently derived resorting to Monte Carlo simulatio28009
American Institute of Physic§S0003-695(00)03914-(

Nitride semiconductors like GaN, AIN, and InN have been the only ones to calculate the electric field for the onset
been object of intense research in recent years, a consef the electron overshoot in AIN and InN, obtaining 450 and
quence of the large technological interest associated witB5 kV/cm, respectively. These are also the electric field in-
their applications in blue/UV light emitting diodes and diode tensities for the existence of NDR in each nitride when the
lasers(e.g., Ref. 1. Promising characteristics for power field electron effective masses in the secondary valleys are as-
effect devices, high-performance and high-frequencysymed to be the free space electron nrags:®
transistors, and the lack of information concerning some of Seaking a better understanding of the electron velocity
the bulk lli-nitrides basic properties have led to the realiza-yershoot effect in wurtzite GaN, AIN, and InN, we perform
tion of several re_cefltft“d'es on their high-field steady-statg heoretical study of their transient transport properties re-
transport propertie’.** However, only a few of them were  q,ying to a powerful, concise, and soundly based kinetic
concerned with the transient transport regiffi¢® whose theory for far-from equilibrium systent. It is the one

understanc.lmg |s.|mporta|t1t for the |mprovemept of nltrlde'l‘ounded on a nonequilibrium statistical ensemble formalism,
based devices with submicron channels and high cutoff fre;

quency the so-called MaxEnt-NESOM for shdftwhich provides an
The bulk nitride transport properties have been Calcu__elegantfbpl)ractlcal, argé phyflcally clealr plcture fpr dzsc?blng
lated using Monte Carlo simulations and Boltzmann trans /EVErSIDIE Processes,as for exampie in semiconductors

port equations. In steady-state conditions, negative differerF—ar'from from equilibriun,” which is the case considered

tial resistivity (NDR) was shown to exist in AIN, GaN, and here. Through _the numerical solution of associate quantum
InN for electric fields with intensities larger than approxi- fansport equations based on the MaxEnt-NESOM, we char-
mately 450, 140, and 65 kV/cm, respectivdly? having a  acterized the onset of the electron velocity overshoot in
doping concentration of 130 107 cm™3 and in contact with ~ Wwurtzite GaN, AIN, and InN.

a bath at a temperature of 300 K. Those results should be To investigate the transport transient behavior in AIN,
recognized as approximations since they are highly deperf3aN, and InN, we derive in the MaxEnt-NESOM-based non-
dent on the details of the band structure parameters as, féinear quantum kinetic theory the evolution equations for the
example, the effective mass values in the secondary valleysnergy of carriers and longitudinal and acoustic phonons,
which are as yet unknown. The transient transport regime ilEc(t), E, o(t), Eac(t), and the carriers’ momenturR(t)

the Il nitrides follows in a subpicosecond scal€ @.3ps), (along similar lines as already applied to the study of trans-
during which an overshoot in the electron velocity can beport phenomena in GaAY. Associated with the above
evidenced for high enough electric fields. The onset for thequantities are five intensive nonequilibrium thermodynamic
electron velocity overshoot in wurtzite GaN was shown byvariables (the Lagrange multipliers that the variational
Foutzet al*® to occur for electric fields higher than 140 kV/ MaxEnt-NESOM introduces which are interpreted as re-
cm, while Caetancet a.l.l5 obtained that the electric field lated to: time-evoh/ing nonequi”brium tempera’[ure@-
should be higher than 50 kv/cm. To date, Foetal’®have  ferred to as quasitemperaturder carriers and longitudinal
optical (LO) and alternating-currertAC) phonons’® which
dElectronic mail: valder@fisica.ufc.br we call TZ (t), Tio(t), andTi (t); the carriers’ drift veloc-
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ity v(t); and a nonequilibrium chemical potentiad* (t) GaN
(quasichemical potentigl
Using the Makovian approximation in the MaxEnt-

NESOM based kinetic theory,we find that N 3 §
N N 'b
d eF N\ ““\\\\\\\\\\Q\\\\\\\\\\ =
—E(t)=— —-P()+I¥, (1) \\\\\\\\\\\\\\\\\\\\\\\\ >
dt m 120 NN \\\\\ 1
d Af@ \\\\\\\\\\\\\\\\\-‘
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wheren is the doping concentration. The first term on the 120 ":‘:3*333533\‘?‘:‘\‘\\‘\‘\‘\‘\%‘:‘\::‘\‘\\_ 1 >
right of Eq. (1) stands for the energy rate that the external 9 ‘.‘83\3{{‘\‘\‘&\\‘\‘\‘\‘\‘\‘\\\\\\\“\\‘\‘\\\
P . . . L Y
electric fieldF transfers to the carriers, while the second is %, 80 "“:‘Q&\i\g\\\\\\\\\\\\\\\\\\\\\‘ 0
the one taking account of the transfer of excess energy to the %, WS 0.2 (©9)
phonons. The first term on the right of E®) is the drifting TME
force provided by the electric field, and the second the rate of InN
change of carrier momentum as a result of collision with n W%
phonons. In Eq(3) we have at the right, first, the rate of ’.’&Wﬁ
change of the LO phonon energy due to their interaction with "“\\W )
the carriers; the last term accounts for the relaxation to the ”“‘\\\\\\\\\\\\\\\\\\\&%\\ 3 ﬁ
acoustic phonons due to anharmonic interactions. In(4g. m%‘“ \\\\\\\\\\\\\\\\\ N2 e
similarly to Eq.(3), the first term](Eza)C is the rate of change of ;' "“‘\\ \\ \ s
the AC phonon energy due to their interaction with the car- 44530 "“ \ \\\\
riers; the second one is the relaxation due to anharmonic % Q \ \ 0
interaction with the LO phonons, and the last one is the . T\N'\E (09)

contribution of thermal diffusion to the reservdthis latter

type of contribution for the case of carriers and LO phononsriG. 1. Time evolution towards the steady state of the electron drift velocity
is very small and has been negledtedl detailed description in GaN (upper figurg, AIN (middle figurg, and InN (lower figure.

of these terms can be found elsewhtré:

We solve numerically the set of coupled nonlinear inte-field, becomes predominantly larger than the other. On the
grodifferential Egs.(1)—(4) to obtain the evolution and other hand, the overshoot follows at intermediate to high
steady-state behavior of the basic intensive nonequilibriunfields when the relaxation time for energy is constantly larger
thermodynamic variables for wurtzite GaN, AIN, and InN. than the one for momentum. Moreover, it is verified that the
We have used for these materials the characteristic paranpeak in velocity follows in the time interval where the drift-
eters(effective mass, phonon frequencies, tifich coupling  kinetic energym*v?(t)/2 increases more rapidly than the
strength, deformation potential strength, egxailable in the  thermal energykgTe(t), and the peak in quasitemperature
literaturel® The electric field applied to GaN and AINNN)  follows for a minimum of the quotient of these two
is restricted to be smaller than 120 kV/¢80 kV/cm) since  energies’ On the other hand, the smooth overshoot on the
intervalley scattering is not considered in this work. Thecarriers’ quasitemperature in GaN, AIN, and InN, which was
doping concentration is taken as %.00cm 3, and the not reported before, is due to the changes of the LO phonons
bath temperature 300 K, that are the same used by Foutemperature related to the carriers excess energy
et al® in their calculations. dissipation” which was not considered by Caetaebal!®

The evolution of the electron drift velocity and qua- and Foutzet al®
sitemperature towards the steady state is depicted in Figs. 1 The time for the electrons to attain the steady state is in
and 2, respectively. These figures permit to characterize theur calculations very approximately the same obtained pre-
presence of an overshoot in both the electron drift velocityiously by other authors using different descriptions of the
and quasitemperature. The onset of the overshoot effect otransient transport phenomelfa® The electric field value
curs at 20 kV/cm in GaN, 60 kV/cm in AIN, and 10 kV/cm we have found for the onset of the velocity overshoot in
in INN. An analysis of the different channels of pumping andwurtzite GaN agrees very well with that calculated by
relaxation allows us to conclude that the overshoot at suffiCaetancet al® using energy-momentum balance equations.
ciently high fields is a consequence of the interplay of energyuring the transient regime, however, the mean electron en-
and momentum relaxation times. No overshoot occurs wheergy (which is directly related to the electron quasitempera-
the momentum relaxation time, which is smaller than theture) does not present an overshoot effect in the results of
energy relaxation time shortly after application of the electricCaetancet al*> On the other hand, the values of the electric
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kVicm in InN. Instead of being associated with intervalley
scattering as some authors argued, the overshoot effects in
1200 GaN, AIN (InN) for electric field intensities smaller than 120
1000 & kV/cm (60 kV/cm), as shown, is a result of the relation
800 + beteween the carriers’ relaxation rate of momentum and en-
600 ergy: overshoot follows if during the evolution of the mac-

;\28 400 roscopic state of the system, under the action of the electric
"%, field, the former is larger than the latter.
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