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The evolution on the picosecond scale of the macrosdopicequilibrium thermodynamistate of

a highly excited photoinjected plasma in bulk GaN is analyzed. We present the equations of
evolution for the quasitemperatuigevel of excitation of the hot carriers and of the optical
phonons. A hot-phonon temperature overshoot is evidenced, as well as a preferential production of
phonons in excess of equilibrium in a reduced off-center region of the Brillouin zone. A comparative
analysis of the influence of the length of the exciting laser pulse is also performe@00®
American Institute of Physics[DOI: 10.1063/1.15664§7

Group-lll nitrides(mainly AIN, GaN, InN and their ter- We consider this question, performing a theoretical study
nary compoundsare receiving considerable attention as aof the ultrafast phenomena developing in the photoinjected
result of the technological advantages they provide whemplasma in GaN using a kinetic theory derived from a Gibbs'’
used in diodes and lasers emitting in the blue-green and uknsemble formalism for nonequilibrium systetA&n exten-
traviolet spectral regionsDespite intensive efforts expended sjve detailed description shall be given elsewhérieere, we
in recent years, the light-emission mechanisms in III-nitride-report and comment on the main physical results. To deal
based devices are not completely understood, either in thgith the irreversible thermodynamic evolution and transport
case of low-dimensiondlvells, wires, and doysor tridimen-  yroperties of an electron—hole plasma in GaN, we recall that
sional(mainly epilayers systems. Quantum confinement, in- \e statistical formalism requires, as a first step, the choice of
terface related states, compositional inhomogeneities, angl pasjc set of variables to describe the macrostate of the
polarization (spontaneous and piezoelecirieffects are the  ,oneqyilibrium semiconductor system. For the present case,

key competing mechanisms for the understanding of the Iigk\;ve select the carriers’ Hamiltonidﬁo, and number opera-
emission characteristics of lll-nitride-based Iow—dimensionaltorSN anth (e stands for electrons, and h for holeand
e ]

devices? On the other hand, research for the understandin e number of LO phonons}dzbgbd, where bd(bg) are

of light emission from tridimensional llI-nitride samples L _ T .
have been focused mainly on GaN, whose stimulated emisqnn|h|Iat|on(creat|or) operators of longitudinal opticdLO)
’ phonons in modg. The LO phonons are the relevant ones in

sion at low temperatures is knowin. ) o _ .
Excitonic and electron—hole plasma recombination, pelhe highly polar Ill-nitrides, and those which are specifically

low and above the Mott transitiofroughly at 168 cm™3), warmed up in the process, while the trar_lsverse op(ita)
respectively, are recognized as the key mechanisms of ligithonons and acousti&éC) phonons are slightly warmed up,
emission from tridimensional GaN epilayérs! Band-to- and considered as remaining in equilibrium with the thermal
band instead of excitonic transition was shown to be thd€Servoir at temperaturg, .

dominant transiton in  metalorganic-chemical-vapor- ~ The average values over the nonequilibrium ensemble of
deposition-grown GaN epilayers at room temperafufae  these dynamical quantities, that is, the basic macrovariables
stimulated emission threshold in SiC/GaN and sapphire/Gahich characterize the nonequilibrium thermodynamic state
films was assigned recently to be due to excitonic processe¥ the system, are the carriers’ eneiigy(t) and densityn(t)

at carrier temperatures smaller than 200 K, and to the exigthe same for electrons and holes since they are produced in
tence of an electron—hole plasma when highail these  pairg,’* and the LO-phonon population in each mode
results suggest that recombination in the latter is the gaimg(t). Let us consider an intrinsic material, or, since doping
mechanism in GaN-based blue lasers. Consequently, for i3 unavoidable when growing these materials, we consider
deep understanding of the optical gain mechanisms in lllthat its concentration is much small@rders of magnitude
nitride-based optoelectronic devices, it is necessary to focugan the photoinjected one, and can be neglected. Associated
on the ultrafast processes developing in the coupled nonequijyith the basic variables of Eq&l)—(3), is a set of intensive
librium hot-carrier and hot-phonon systems during the ul-nonequilibrium thermodynamic variables that the formalism
trafast dissipation of their energy in excess of equilibrium. jntroduces, which are the so-called carriers’ quasitemperature
T%(t), which is a measurement in Kelvin degrees of the
dElectronic mail: valder@fisica.ufc.br kinetic energy of the photoexcited carriers; the so-called qua-
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sichemical potentialgeo(t) and up(t); and the quasitem- o0 k] R A LA
perature associated to each LO-phonon matfi(t).*>° i (@ ]
These intensive nonequilibrium thermodynamic variables% F A e
(so-called Lagrange multipliers in the variational statistical . i _/
formalism'? are present in the collision operators on the % 2000 '_," A_t\ j
right-hand side of Eqgs(1)—(3). Hence, in order to close [:: [/ \\
these equations, it is required to relate them to the basics AT N
variables, relations which constitute a kind of nonequilib- $ e I ]
rium equations of stat¥. The solution of the problem re- LE 1000 T:, /-3""-:-‘\3‘, 4
quires, then, to solve the coupled system of kinetic and stateZ :', /'leo’cm"\___ _ :'_ f:“_‘}-:.-;‘*._ 1
equations. = '---/--,«-’--\--.-7..I_________‘_f-_’_‘”‘*:
The equations describing the irreversible evolution of = e
the macrostate of the system &ré>*’ 0 P S L L
q 0 2 4 6 8
—Edt)=— > E, (1), ) TIME (ps)
dt a,ﬂvia'” L L L
] e N (b)
gD =Ng(D)+np(1), @ = AL -
2 A
« = 2000 ]
at v§(t) =g c(t) + vgan(t). ©) § ‘:' \‘
x J:\lxlo’cm" .
In Eq. (1), the right-hand side stands for the rate of en- Z J.';'nlo“cm'\ T
ergy in excess of equilibrium, which is transferred to the E 1000 o= T, =
phonons;»=L0,TO,AC, and the upper indeixefers to the < ?/' Sx10'eml i S
different types of interactions, PD, PZ, and FR for deforma- & LS T T T S T T T st
tion potential, piezoelectric, and Hrlich interactions, re- a1l om
spectively; in Eq(2), hg refers to the rate of change ndue 0 S E— |
to radiative recombination, ant, to the rate of change due 0 2 TIM‘E ©5) 6 8

to ambipolar diffusion. The first one is unimportant in the
picosecond range we are analyzing, and the latter is writtepiG. 1. Time evolution of the carriers’ quasitemperat(treangles and of
as np=—n(t)/mp(t), where mp(t) is a characteristic time the quasitemperatures of the LO phonons in magie$ x 10° cm™? (solid
for diffusion 1819 Finally, in Eq. (3), the first term on the line), 1x10f cm™! (point long-dashed line 5x 10° cm™* (dashed ling

. o 1x 10" cm™ ! (double point-dashed ling5x 10" cm™! (long-dashed ling
right accounts for the change in time of the I‘O'I:)hommand 7.5¢10" cm ™! (points. The upper figuréa) corresponds to the case of

population in each mod€ as a result of scattering with excitation with a laser pulse of 0.1 ps, and the lower m¢o a laser pulse
carriers, and the second due to anharmonic interactions witdf 6.0 ps.

the AC phonons. The change in the thermodynamic state of

TO and AC phonons can be disregarded, as compared with

the one of LO phonons in this highly polar semiconductor, asroughly 100 ps. Concerning the phonon modes, they warm

already noticed. up but in a differentiated way, namely, a strong one for those

Let us consider the case of an exciting laser pulse with gran off-center region of Brillouin zone, roughly for wave

. . _1 . .
photon-energy-generating carriers with an excess kinetic erflumbers in the interval 2 10° to 110° cm . This is also

. . —22 .

ergy of 810 meV, which produces a photoinjected carrielno"ICeOI in the case of Ga&g and it is a result of the
system with an initial quasitemperatufg (0)=3140 K. The mterpla'\y of the conservation of.energy and momentum in the
intensity of the pulse is taken as to produce a photoinjecte§Cattering events, together with the dependence on wave
concentration of & 10 cm~3, with, first, a pulse duration number of the Frblich potential and the density of states

of 0.1 ps and second, of 6 ps. In the given conditions, thdthis is discussed in Ref. 23Moreover, similarly to the case
carriers(electron and hole pairsire on the metallic side of Of GaAs™® it is possible to notice the existence of the
Mott transition® The coupled set of nonlinear equations of Phénomenon callekot-phonon (HP) temperature overshpot
evolution are solved using the parameters for zinc-blendéhat is, at certain time intervals, a few phonon mogzsn-
GaN (effective masses, Entich coupling strength, energy tained in the off-center region of the Brillouin zone just men-
gap, etc) available in the literaturédetails in Ref. 13 tioned acquire a quasitemperature that is larger than that of
In Figure Xa) is shown the evolution of the carriers’ the carriers. The cooling down of the carriers is slow a
quasitemperature and the quasitemperature of several Ldwndred of picoseconds time scaées a result of this pho-
phonon modes in the case of the short pud p9. It can  non bottleneck and also because of the effect of ambipolar
be noticed a cooling down of the carriers in the picosecondliffusion. In Fig. Xb) is shown the case when the excitation
scale, with their quasitemperature displaying a rapid decrease performed using a longer puléé ps than in the previous
in the, say, first 6 to 7 ps, followed by a smooth chafge case. It can be noticed that the phonons in the modes of the
near plateauin the tens of picoseconds region, and attainingprivileged off-center region of the Brillouin zone are warmed
final thermal equilibrium with the lattice, at 300 K, after up In a stronger way than in ithe case of Figa)lAs a
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S L elapses, the recombination of the carriers proceeds in a nano-
second time scale, which also comes to influence the relax-
——4=6.0ps 1 ation process, however, outside the picosecond range.

----A=0.1ps
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