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By using a Monte Carlo analysis of the carrier relaxation in GaAs quantum wires following laser pho-
toexcitation, we show that carrier cooling due to phonon emission and internal thermalization due to
electron-electron interaction are significantly decreased with respect to bulk systems. This decreased
thermalization is mainly attributed to the reduced efficiency of intersubband processes and to the re-
duced effect of electron-electron intrasubband scattering.

Most studies of transport in quantum-wire (QWR) and
other mesoscopic systems have been primarily concerned
with the near-equilibrium linear-response regime where
quantum coherence effects are evident (see, for example,
Ref. 1 and references therein). However, Cingolani and
co-workers have recently reported ultrafast pump and
probe absorption studies of a quantum-wire system in
which carrier relaxation was observed to be considerably
slower than found in bulk systems under similar excita-
tion conditions. Under such conditions, the carrier dis-
tribution is far from equilibrium, and many subbands of
the quasi-one-dimensional (quasi-1D) wire system are oc-
cupied. The average energy of the carriers is well above
that of the lattice, and phonon emission is dominant as
carriers relax their energy in the return to equilibrium.

In such quasi-1D structures, the electron-phonon-
scattering rate is substantially modified by quantization
of the carrier motion due to the two-dimensional
confining potential, as well as by changes in the
Frohlich-interaction Hamiltonian caused by phonon
confinement and localization. Calculations of the
electron-phonon-scattering rates in quasi-1D systems
have been reported in the literature. Both intrasub-
band and intersubband scattering rates for bulklike polar
optical phonons interacting with quantized electrons
were reported, including self-energy corrections to ac-
count for broadening of the final density of states. '

More recently, scattering rates have been calculated for
both quantized electrons and confined phonons in the 1D
structure. Monte Carlo (MC) simulation of the carrier
dynamics in quasi-1D systems under an applied electric
field have been reported, and show features in the none-
quilibrium distribution function arising from the reduced

dimensionality of the system ' as well as real-space
transfer out of the 1D system.

The aim of the present Brief Report is to extend the
analysis of nonequilibrium charge transport in quasi-1D
systems by studying carrier relaxation following laser ex-
citation. In particular, we consider the role of electron-
electron scattering in the thermalization of the photoex-
cited carriers, an efFect which has been neglected in previ-
ous treatments. Here the carrier dynamics is modeled
using a k-space ensemble Monte Carlo simulation, which
allows a semiclassical transient analysis of the short-time
evolution of the one-particle carrier distribution function
during and after the generation of electron-hole pairs by
the time-dependent optical pulse.

As a model system, we consider QWR structures such
as those fabricated from multiple-quantum-well (MQW)
samples by chemical etching. This technique gives a
GaAs rectangular quantum wire confined in the vertical
growth direction (z) by AI„Ga& As layers, and free
standing along the transverse direction (y). In the present
MC simulation of this structure, electron-polar optical
phonon (EP) scattering as well as the electron-electron
(EE) interaction are included for both intrasubband and
intersubband transitions. The EP and the EE interac-
tions have been shown to dominate the subpicosecond
transient regime in bulk GaAs (Refs. 9 and 10) and in
GaAs/AI„Ga& As MQW's (Refs. 11—13) for excitation
energies below the threshold for intervalley transfer. We
have deferred the study of scattering due to the photoex-
cited holes until later work to focus attention on the EE
interaction alone.

Scattering due to the EE and EP interactions is treated
using time-dependent perturbation theory within the ap-
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proximation of Fermi's golden rule. To first order, the
net scattering rate due to confined phonons in QW sys-
tems differs little from that calculated using bulk pho-
nons, at least for well widths of about 100 A or more. In
the present work, we thus neglect phonon confinement
effects due to the heterojunction interface and assume
that the phonon modes are infinitely extended in the vert-
ical z direction. Fuchs and Kliewer slab modes' are as-
sumed in the lateral direction confined by air on either
side. Broadening of the energy levels is also included to

I

account for inhomogeneities in the wire width as dis-
cussed elsewhere. '

Carrier-carrier scattering in the QWR system is as-
sumed to occur via a statically screened Coulomb interac-
tion (the only affordable method in MC simulations),
which is similar to that used in 3D (Ref. 8) and quasi-2D
systems. " The unscreened matrix element of the bare
Coulomb potential between particle 1 of momentum kI
in subband i with a second particle 2 of momentum k2 in-
itially in subband j is given by

2

f dz f dy f dz' fdy'y!(y, z)y' (y, z)y (y', z')y„(y', z')

X5(k, +k2 —k', —k2)KO ~q, ~+(y —y') +(z —z') (1)

where y, (y, z) is the free-electron wave function in subband i, Ko is the zeroth-order modified Bessel function, q„ is the
wave vector exchanged in the x direction, k i

—k„and I is the simulated length of the wire. The final subbands after
scattering are m for particle 1 and n for particle 2. The total scattering rate for an electron of wave vector k, in a given
subband i is given by the sum over all final states for this electron and over all initial and final states of the partner elec-
tron. Neglecting for the moment degeneracy effects (degeneracy is accounted for later with a rejection technique), and
using conservation of energy and momentum, the EE scattering rate becomes
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where p' is the relative mass of the two carriers after scattering, and q I and q2 are the two possible values for the ex-
changed momentum:
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where 6=E'I +E2 E ] E2 is the difference in the sub-
band energy levels. As is evident from Eq. (3), for every
pair of interacting electrons there are only two final states
available. If, at the end of the scattering, the two carriers
remain in their respective subbands, the only final state
available is that in which the electrons exchange their
crystal momentum. Such scattering is irrelevant if both
particles originate from the same subband, since the two
particles are indistinguishable. If the two electrons are in
different subbands, this interaction produces a significant
energy exchange between the subbands. We shall still
refer to intrasubband scattering as the interaction of two
electrons that lie in different subbands, as long as they
remain in the same subbands after scattering. Intersub-
band scatterjng then refers to the case in which one or
both of the electrons change subbands. The relative
strength of intrasubband versus intersubband scattering
depends on the magnitude of the EE form factor given by
Eq. (1). Figure 1(a) shows a plot of this form factor as a
function of q for several different types of intrasubband
and intersubband transitions illustrated schematically in
Fig. 1(b). The continuous line represents the intrasub-
band scattering between electrons in the first and the
second subbands. The form factor peaks at small q, and
is much larger than the intersubband form factors (shown

by the dashed and dotted lines, respectively) due to the
orthogonality of the eigenfunctions. It is interesting to
note that this type of scattering never creates new states
in k space, and thus does not produce any thermalizing
effect, only an energy redistribution between different
subbands. The only scattering that enables a generation
of new k states (and thus momentum relaxation) occurs
for intersubband scattering. In this case, the difference of
energy between the initial and final subbands enters into
the conservation law and allows the creation of two com-
pletely new states. A typical transition is shown in Fig.
1(b) by the dashed line. As mentioned earlier, such inter-
subband scattering is greatly reduced due to the small
form factor, and so thermalization due to carrier-carrier
scattering is significantly reduced compared to that in
higher-dimensional systems.

The screened scattering rate can be computed using the
bare Coulomb potential dressed by the dielectric function
of the carrier system:

Bee(H"(q) ~ q

e,"„(q,co)

where c is the dielectric matrix of the multisubband sys-
tem. The static, long-wave limit is taken which allows
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the analytic determination of the determinant above.
The MC method adopted here is substantially the same

as that used in the simulation of bulk GaAs and
GaAS/Al„Ga, „As QW's, with free motion in only the
x direction. A rejection technique has been applied to
take into account the Pauli exclusion principle in the final
state after scattering, similar to that used in the 3D and
2D cases. '" As a model system, we have considered a
100-A GaAs layer cladded by Ala 3Gao 7As layers on ei-
ther side in the z direction. The lateral width is chosen to
be 300 A, which gives a total of ten 1D subbands in the
well.

In order to simplify the analysis, we have considered
only photoexcitation from the heavy-hole band to the
conduction band. The laser excitation is assumed to have
a time duration of 50 fs and a spectral width of 20 meV.
All the simulations were performed at a lattice tempera-
ture of 10 K with an equivalent density of 10' cm
Electrons are generated in all the energetically accessible
subbands (assuming that the b, n =0 rule holds for transi-
tion between valence- and conduction-band subbands
proportional to the final density of states).

In Fig. 2 we show the results of a simulation performed
with a low excitation energy (43 meV) where only EE
scattering is considered. The results are plotted versus
the magnitude of k to illustrate the difference between the
simulation results and those of a heated Maxwell-
Boltzmann distribution (shown by the dotted line) of the
same average energy as the injected distribution. In the
QWR case [Fig. 2(a)], very little thermalization has oc-

curred, even after 1 ps. In contrast to this result, the
bulk case [Fig. 2(b)] is completely thermalized after 400
fs. The result illustrates the greatly reduced effect of in-
trasubband EE scattering in a 1D system in contrast to
higher-dimensional systems due to the reduced phase
space of the final state. Since thermalization in the pres-
ence of EE scattering alone may only proceed via inter-
subband events in a QWR system, the time scale is much
longer than that required in 2D and 3D.

Figure 3 shows the combined effect of the EP and EE
interactions, for both the QWR [Fig. 3(a)] and the bulk
[Fig. 3(b)], respectively, when a higher excitation energy
is used (170 meV). The peaks present in the QWR simu-
lation correspond to the position of the subband minima
indicated by the arrows shown in Fig. 3(a). The distribu-
tion function in the bulk is broadened with respect to the
QWR case during the laser excitation, due to the strong
effect of the EE interaction, and is completely thermal-
ized after 300 fs. Again, the dotted lines in parts (a) and
(b) correspond to a heated Maxwellian distribution at the
temperature of the electron gas. In the QWR, the distri-
bution function approaches that of heated Maxwellian
only after 1 ps. The presence of both scattering mecha-
nisms significantly increases the thermalization rate com-
pared to that of EE scattering alone [Fig. 2(a)], since the
emission of polar optical phonons allows the electrons to
access new momentum states in conjunction with in-
trasubband EE scattering which redistributes energy
among the various subbands. The combined thermaliza-
tion rate, however, is still much slower than in an
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FIG. 1. (a) The form factor for EE transitions, Eq. (1), show-

ing the intrasubband (solid line) contribution for two electrons
lying in subbands 1 and 2, respectively, and the intersubband
ones (dotted and dashed lines) for an electron jumping from sub-
band 1 to 3 while the other remains in subband 1 (dashed line)
or 4 (dotted line). (b) Schematic representations of the first two
electronic transitions described above.

k (I/cm)

FICx. 2. (a) Electron occupation number in the QWR at two
different times when only EE interaction is included as a func-
tion of k„. The dotted line represents a heated Maxwellian at
the temperature of the electron gas. (b) The same condition
simulated in the bulk (in this case k is the modulus of the total
momentum}.
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FIG. 3. (a) Electron occupation number in the QWR at three different times after the excitation including both EP and EE scatter-
ing. (b) The same conditions above repeated for the bulk.

equivalent bulk system, as illustrated by the comparison
in Fig. 3. This slow thermalization in the QWR system is
consistent with recent measurements where a very slow
thermalization was found.

In summary, we have presented a Monte Carlo study
of photoexcited carrier relaxation in a quantum wire with
realistic dimensions in which electron-electron and
electron-polar optical phonon scattering is included. The
energy relaxation rate due to electron-phonon scattering
is reduced due to the relative strength of the intersub-

band versus intrasubband scattering. A strong reduction
in the efficiency of the single-particle intercarrier interac-
tion is shown, which results in a slow internal thermaliza-
tion of the photoexcited electrons.
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