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We present a theoretical study of the thermalization process of laser-excited, electron-hole plas-
mas in quantum wells. In particular, the long-time behavior of the light holes is investigated to
determine their effect and the role played by the nonequilibrium phonons on the relaxation dynam-
ics. We find that phonon reabsorption by the light holes can result in a significant heating of this
population. The consequent retardation in the cooling is further augmented by the bottleneck effect
arising out of energy-threshold limitations for the inter- and intraband phonon-emission processes.
It is possible to obtain light-hole temperatures exceeding those of the electrons for some values of
the lattice temperature and well width. Our results compare favorably with recent experimental ob-
servations.

I. INTRODUCTION

The cooling of hot, photoexcited carriers in quantum-
well structures has been extensively investigated, both
theoretically' and experimentally, ' in recent years.
Theoretical results for the carrier cooling, phonon distri-
bution functions, ' and energy-loss rates' '" have been
obtained using various approaches. In most cases it has
been implicitly assumed that the carriers occupy only the
lowest subbands. Though this is a reasonable approxima-
tion at low carrier densities and colder temperatures, it is
almost always violated if the well widths are not extreme-
ly short. Even if the quantum wells were not too large,
the contributions from both the light and heavy holes
might become important because of their larger effective
mass.

It is only recently that experiments have been per-
formed to observe the dynamics of carriers lying in the
higher bands. Nuss et al. ' have developed a technique
to measure the transient mobility of the carriers on a fast
time scale. Carrier depopulation rates and interband re-
laxation times have also been obtained using infrared
bleaching techniques. ' The time evolution of both the
light-hole and electron temperatures has been experimen-
tally determined' for a few cases. These experiments
collectively indicate that cooling times for interband pro-
cesses are of the order of several hundred picoseconds
and depend on the width of the quantum wells. ' Tang
et al. ' had earlier obtained experimental evidence of a
direct relation between the cooling times and carrier den-
sities.

The results from analytical simulations based on the
lowest-subband approximation, ' '' on the other hand,
have not been able to explain the subtle aspects seen ex-
perimentally. These simulations indicate that screening
is not very strong in two-dimensional systems and that
the relaxation times are relatively short. These
discrepancies may stem from neglecting the light-hole
band, and we have shown previously that it is important
to include the plasmon-phonon interactions complete

with screening. ' In order to ascertain the influence of
the higher subbands and to make a comparison with re-
cently published experimental data, we model the carrier
thermalization using a many-band analytical approach.

As a first step towards a complete multisubband simu-
lation, we include directly the light holes. The decision
to use two hole bands rather than a pair of electron sub-
bands, was based on the following considerations. First,
because of their higher masses, the hole interband separa-
tion is much less than that of the electron subbands. As a
result, there is a greater contribution to the carrier popu-
lation from the light holes than from higher-lying elec-
tron subbands. This enhancement in the carrier density
is important since it not only affects the cooling rates, but
also alters the nonequilibrium phonon dynamics.
Secondly, the large difference between the effective
masses of the light and heavy holes makes it impossible
for the more energetic light holes to relax via interband
processes even for band separations less than the phonon
energies. This creates a bottleneck effect, making the
light-hole cooling rate considerably slower. This
bottleneck effect is easily varied by changing the well
width. Finally, experimental results on the cooling of
light holes on long time scales are already available, ' and
indicate the presence of many of these subtle variations.
It is therefore easier to compare the results of the theoret-
ical simulation with experimental data.

In this paper we present the results of a theoretical cal-
culation for the relaxation of photoexcited electron-hole
plasmas in quantum-well structures. An analytical ap-
proach has been used to model the thermalization pro-
cess. One electron and two hole bands have been used in
the calculations. The various intercarrier interactions, as
well as the relevant Frohlich carrier-phonon couplings,
have been included self-consistently. The carriers are
quasi-two-dimensional in nature, while the phonons have
been assumed to be bulklike, though more rigorous ap-
proaches of including their two-dimensional nature ex-
ist. ' The focus is primarily on the importance of the
light-hole band, and hence a detailed calculation of the

39 1180 1989 The American Physical Society



39 HOT-PHONON EFFECTS AND INTERBAND RELAXATION. . .

various modes that can exist in quantum wells has not
been performed. The screening of all the Coulombic in-
teractions has been incorporated self-consistently within
the random-phase approximation. Finally, the effect of
the amplification of both the TO and LO modes due to
the rapid, initial energy relaxation by the carriers has also
been considered. The results indicate that this phonon
amplification contributes significantly to the oscillations
of the light-hole temperature with respect to that of the
electrons. Moreover, these oscillations are strongly
dependent on the carrier-recombination rates.

II. THE THEORETICAL APPROACH

As discussed above, the time scale of interest here ex-
tends to several hundred picoseconds. It is therefore
quite reasonable to use a quasiequilibrium Fermi-Dirac
distribution for the various carriers. The use of these
quasiequilibrium forms for the nonequilibrium carriers
has an old basis' and depends on microinteractions
among the carriers to establish a quasiequilibrium distri-
bution. These microinteractions are primarily the in-
traband carrier-carrier scattering processes which quickly
thermalize each constituent species to a common, local
temperature. The time scales involved in such internal
relaxation are well below a picosecond, as has been
demonstrated experimentally from anti-Stokes lumines-
cence measurements ' and also by Monte Carlo simula-
tions. The approach of characterizing each carrier
species by a time-evolving, heated Fermi-Dirac distribu-
tion is, therefore, well justified in the present context.

The quasiequilibrium Fermi-Dirac distribution for the
various carriers is determined self-consistently at each
time step by solving both the energy- and the particle-
balance equations. Thus,

R„„ is the loss rate due to recombination processes,
G~„,„ is the laser electron-hole —generation rate, and T,
is the interband carrier transfer rate.

The laser-pulse shape was taken to be an hyperbolic
secant with the carrier generation rate G ( t) given by

G~,,,„(t)=B ( t)N„, sech [K (t —t /2)], (3)

B(t)=1—f, (t) —f~(t) . (4)

The energy-transfer rate R, h between the carriers and
the lattice through phonon emission and absorption is
given by

R; h=g fico [W'(t) W—(t)],
J

where the index j runs over all the possible phonon
modes. In the GaAs-Al Ga, As quantum-well struc-
tures, the electrons couple to the LO phonons through
the polar-optical interaction and to the LA and TA
modes through the acoustic deformation potential and
piezoelectric coupling. The holes, in addition to being
coupled with the LO and acoustic modes, also couple to
the TO modes via the optical deformation potential.

The expressions for W (t) were obtained using the usu-
al Fermi golden-rule —type calculations. Thus,

W"'(t)= S (t)6(E)(N + —,
'+

—,'),

where K and t are suitable constants related to the pulse
width, X„„.~ is the total number of electron-hole pairs
generated, and B(t) is the band-filling factor. This func-
tional form for the pulse shape is in accord with results
obtained by curve fitting experimental data. Finally, the
band-filling factor B (t) is given by the usual expression,

and

Eq, (t)= f E,f (EF, , T, , t)D, (E)dE
0

(la) with

S,(t)= fS,' (t)F dq~, .

n, (t)= f f(EF, , T, , t)D, (E)dE,
0

(lb)

where Er, (t) is the total energy, EF, the quasi-Fermi-
level, and T, the effective temperature for the ith carrier
type at a given time. The total energies Er;(t) and the
carrier numbers n, (t) given in Eq. (1) are dynamic vari-
ables, changing in time because of the input from the
laser pump, the interband thermalization, and the
carrier-phonon energy exchange. Their time dependence
is governed by the following set of equations for each car-
rier type:

In the above equations, S' is the corresponding three-
dimensional (3D) matrix element, while F is given by

F=f dq, I „(q,), (7a)

with

I „= f O„*(r)% (r)e ' dz
0

(7b)

(r) =e II llg„(z)

The electronic part of the wave function, O„(r), has the
following form:

dE' =X I-p& X t-j iaser recom
ph j

(2a) P„(z) being the solution of the 1D Schrodinger equation,

and

Bn =Gi„,„(t)+g T, —T, ,,dt
J

(2b)

In the above equations, R, „h represents the energy gain
from the phonons, R,- is due to interband carrier ex-
change, R~„,„ is the rate of energy input from the laser,

d'(t „( )z
(A' /2m ) + V,tr(z)P„(z) =E„P„(z) .

d2Z

In order to keep the problem simple and analytically
solvable, the exchange-correlation potential was not in-
cluded in V,z. Furthermore, band-bending effects were
neglected and V,& was taken to be a finite, rectangular
potential. The ratio of the depths of the conduction- and
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valence-band wells was chosen to be 68:32, in accord with
recent experimental findings. -'

The coupling between the carriers and the phonons
drives the phonon modes out of equilibrium because of
the net phonon emission during the relaxation process.
We include this nonequilibrium phonon effect and explic-
itly determine the time evolution of the phonon distribu-
tion by the Boltzmann equation. Since the phonon-
phonon interaction is quite complicated and involves a
series of anharmonic terms, we have chosen to describe
the phonon-phonon decay process by an effective, single-
mode relaxation-time constant ~l . The use of this
relaxation-time approximation seems to work rather well
in describing the net phonon decay rate. As we show
elsewhere, a time constant of ~L =7.75 ps fits the
Raman-scattering data extremely well at low tempera-

tures. Under this relaxation-time approximation then,
the phonon Boltzmann equation, for the phonon number
N(q, t), becomes

5N(q, t) 5N(q, t)
5t , 5t

C

N(q, t) —N
)

+L
(10)

where N is the equilibrium phonon occupation number,
and the summation runs over all couplings of the carrier
with a particular phonon mode. In our case, we consider
both the LO and TO modes. The first term on the right-
hand side of Eq. (10), representing the electronic contri-
bution to the phonon buildup, can be calculated in terms
of the carrier-phonon —interaction rates. Thus, neglect-
ing quantum effects and using a Fermi golden-rule ap-
proach, the rate is given by

5N(q, t)
6t

i C

g[)FS&D'(q)~ [N(q, t)+1]f,(k)[l f, (k —q)—]5(E)
k

—~FS3D (q) ~ N(q, t)f, (k)[1 f, (k +q)]—5(E) ]

This first-order equation for the phonon modes can be
easily solved, leading to the following solution:

N(q, t)= exp f A (t')dt'
0

X B t' exp — A t" dt" dt'+N
0 0

where

3 =W —W

I

larizability, respectively. These are mathematically given
as

F, (q) = f dz dx +, (z)+,*(z)%' (x)'P'(x)e

and in the static case

f;(k) —f, (k +q)
„E,(k) E, (k +q)—

The finite-temperature case is evaluated by using the fol-
lowing integral representation derived by Maldague,

II; (q, u)= f du'G(u —u', T)II,"(q, u', T=0), (14)

with

and
G (u —u', T) =

I 4kT cosh [(u —u') l2kT] }

W"'"= Q~FS,o" (q) f, (k)[1 f, (k q)]5(E—) . —
III. RESULTS

(12)

e2
e(q, cu) =1—g F„(q~j)~„(q,~)~(~ )q I II v (13)

where F; and H, are the well-known form factor and po-

The carrier-phonon interaction mentioned above has to
be suitably screened because of the electrostatic nature of
the coupling. We include the screening self-consistently
through the longitudinal dielectric function evaluated in
the random-phase approximation. The dielectric func-
tion e(q, co) includes the polarizability of both the ions
and the carrier gas with appropriate contributions from
both the holes and electrons. Neglecting the contribution
from the phonons, i.e., ignoring the mixing of the
carrier-carrier and the carrier-phonon lines in the Feyn-
man diagrams, the following expression for e(q, co) re-
sults:

The carrier-cooling curves for a 5-nm well width are
shown in Fig. 1(a). A 3.0-ps full width at half maximum
(FWHM) laser pulse, having an energy of 1.78 eV, was
used. For comparison, the results for the single-
hole —band calculation are also shown in Fig. 1(b). The
light holes, initially, have an effective temperature be-
tween that of the electrons and the heavy holes. This is
consistent with the fact that they have an intermediate
effective mass. After the pulse, however, the light holes
cool down rapidly until they approach a common tem-
perature with the heavy holes. This period of rapid relax-
ation is dominated by interband and intraband polar-
optical-phonon emission. While all types of carriers cool
during this period, the light holes show a sharper de-
crease in their temperature because they have a higher
effective mass than the electrons, are hotter than the
heavy holes, and lose energy by both interband and intra-
band emission processes. Of the two kinds of processes,
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the interband scattering rates are much lower than the in-
traband rates mainly for the following reason: Carriers
lying higher in energy, beyond Ace, from the bottom of
the heavy-hole minima, cannot make the transition from
the light- to the heavy-hole band because of the latter's
relatively flat shape. In the case of the electrons, the in-
terband transfer would be further reduced by the lower
value of the form factor F, .

The effect of the interband scattering is nonetheless
evident from Fig. 2. Following an increase in the light-
hole concentration during the pulse, their density begins
to decrease until about 6 ps. After 6 ps their behavior is
influenced by the buildup of nonequilibrium phonons,
with both the LO and TO modes being driven out of
equilibrium. The LO modes are excited by their coupling
to both the electrons and holes via the polar-optical in-
teractions, while the TO modes get amplified due to their
coupling with the holes via the optical deformation po-
tential. The resulting time evolution of the phonon
population is shown in Fig. 3(a), while the corresponding
situation for a single-hole band model is given for com-
parison in Fig. 3(b).

A marked difference exists between the single-band and
two-hole —band situations. The TO modes are more
strongly amplified when the light holes are included.
This is clearly due to the contribution from intersubband
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FIG. 2. The carrier concentration as a function of time for
the case of Fig. 1(a). Only the heavy- and light-hole densities
are shown since the time evolution of the electron density is
uninteresting.

scattering processes. The LO modes, on the other hand,
are not as strongly amplified as before. This is a direct
consequence of enhanced screening in the two-subband
situation and the effect of carrier degeneracy. Thus, the
larger the number of carriers, the greater the screening of
the carrier-phonon and carrier-carrier interactions, be-
cause of greater contribution from the various bands.
Since the single-hole —band model neglects the photogen-
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FIG. 1. (a) Time evolution of the carrier temperature for the
electrons, light holes, and heavy holes for a 5-nm quantum well,
and (b) time evolution of the heavy-hole and electron ternpera-
tures using a single band for each carrier type. The excitation
energy was taken to be 1.78 eV from a 3-ps laser pulse. The lat-
tice temperature was assumed to be 10 K. Both screening and
the hot-phonon effects were included.
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FIG. 3 ~ (a) The effective temperature of the LO and TO
modes for the three-carrier case, and (b) the time evolution of
the LO- and TO-phonon temperatures using only the electron
and heavy holes, so no interband scattering can arise.
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FIG. 4. Relative carrier cooling rates with and without the
inclusion of the light holes. The presence of the light holes in-

creases the density of the electrons relatively, enhancing the
screening and the degeneracy effects.

eration contribution from higher-lying bands, it underes-
timates both the carrier number and the dielectric con-
stant. Further, the q dependence of t is such that pro-
cesses involving small q values are more strongly
screened. Since the electrons are more energetic than the
holes, they experience a greater reduction in the
electron-phonon scattering length. This reduction in the
electron cooling rates was demonstrated some time ago
by Shah et al. The LO-phonon emission strength is rel-
atively lower in this many-band model, leading to a
slightly reduced hot-phonon population.

The effect of the enhanced screening is evident in the
curves of Fig. 4. Only the electron temperatures have
been shown for convenience. The hot-LO-phonon popu-
lation obtained from the three-band model is not
significantly larger than in the two-band situation, and
yet the corresponding electron temperatures are much
higher. This trend towards higher temperatures shown
by the electrons is in keeping with the experimental re-
sults of Tang et al. ' and the recent data of Ryan et al.
It is quite probable that the inclusion of higher electron
subbands would lead to an even greater reduction in the
cooling. Furthermore, the observed dependence of the
cooling times on the carrier density would probably be
explained.

The interesting behavior of the light-hole cooling is
clearly seen from the plots of Figs. 5(a) —5(c). The excita-
tion energies, pulse duration, and the photogenerated car-
rier densities were the same in all three cases. Figure 5(a)
is merely an expanded version of Fig. 1(a) and shows the
details of the simulation at longer times. The curves of
Fig. 5(b) were obtained by including carrier recombina-
tion in the previous situation. Finally, the effect of
changing the quantum-well width, while still incorporat-
ing the carrier-recombination processes, is shown in Fig.
5(c). The situation of Fig. 5(c) corresponds to a 4-nm
well, while those of Figs. 5(a) and 5(b) are for 5-nm wells.

In all the above cases, the light holes begin to reheat at
around 9 ps after nearly thermalizing with the heavy
holes. This time coincides with the peak of the phonon
population. It is therefore apparent that phonon reab-
sorption pumps energy into the carrier subsystem. Both

interband and intrasubband absorption processes begin to
become important. As seen from Fig. 2, the light-hole
population stops decreasing during this period and levels
off. This is indicative of the enhancement in the
absorption-aided intersubband process, by which carriers
are transferred from the heavy- to the light-hole subband.
Being dependent on the phonons, this reheating is expect-
ed to be dependent on both the lattice temperature and
the excitation intensity.

The cooling of the light holes takes place mostly via
optical-phonon emission, since both the acoustic and the
intercarrier scattering mechanisms are considerably
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FIG. 5. (a) Expanded version of Fig. 1(a) showing the cooling
behavior at longer times, (b) the effect of recombination on the
carrier cooling in the three-band case {the recombination rate
was taken to be about 1 ns; the light-hole temperature crosses
that of the electrons at 9 ps and again at around 90 ps), and {c)
the effect of narrowing the quantum-well width. A 4-nm well
was used in this case as opposed to the previous value of 5 nm.
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weaker. The intrasubband processes get severely limited
in their energy relaxation capability once most of the
light holes have energy below the threshold, Ace . This
leaves the intersubband processes as the major channel
for energy loss. This is supported by the curves of Fig. 2,
which show a steady carrier change with time. Since this
process, as already discussed, is not as strong as the intra-
band scattering, the cooling of the light holes proceeds at
a much slower pace. The retardation in the cooling pro-
cess is further augmented by a similar bottleneck effect
on the intraband scattering at even lower temperatures.
The slow interband cooling rate is in qualitative agree-
ment with the measurements of Oberli et al.

The role of carrier degeneracy is evidenced from the
curves of Fig. 5(b). Inclusion of carrier recombination
seems to have a twofold effect. First, the net rate of inter-
band transfer to the heavy holes increases as the heavy-
hole population drops with recombination. Second,
recombination heating effects are more pronounced for
the electrons because of their large numbers and are al-
most negligible for the light holes. The light holes, there-
fore, cool a little more than do the electrons and reach
lower temperatures after about 90 ps. The exact cross-
over seems to depend upon the recombination rate within
the device. In these simulations a recombination lifetime
of about 1 ns was used. Any deviation from this assumed
value of the recombination rate would obviously change
the crossover point. Qualitatively, however, such oscilla-
tions between the light-hole and electron temperatures
and their dependence on the recombination rates are in
agreement with the results obtained by Polland et al. '

The curves of Fig. 5(c) show that changing the well
width effectively lowers the temperature of the light
holes. This is probably due to a combination of two
effects. First, the form factor associated with the
scattering-rate equations increases, leading to a faster
cooling. Second, the narrow well increases the relative
separation between the hole bands. This enhanced sepa-
ration means that the interband phonon bottleneck effect
sets in much later, allowing the carrier to cool to a lower
temperature. Similar dependencies of the electron cool-
ing on the well widths have been observed experimentally
by Ryan et al. '

IV. COMPARISON WITH EXPERIMENTAL DATA

A comparison of our simulation results with recent ex-
perimental data clearly brings out the importance of in-
cluding the light holes in the calculations. In the present
case, we have chosen to use the experimental cooling
curves obtained by Ryan et al. ' for undoped GaAs-
Al„Ga, As quantum wells. The theoretical results
agree very well with the experimental values and the
cooling rates have the correct dependence on experimen-
tal parameters such as the excitation intensity, carrier
densities, and well widths.

The pair of simulated electron cooling curves shown in
Fig. 6 were obtained by using the same set of parameters,
except that the light-hole band was entirely neglected for
the lower curve. No contribution from the photogenera-
tion process to the net electron density was therefore pos-
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———With Light Holes
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FIG. 6. The electron temperatures as a function of time ob-
tained from two theoretical simulations. The lower curve was
derived assuming a two-band model, while the upper curve in-
cluded the light-hole band. The corresponding experimental
data obtained by Ryan et al. for the same conditions is shown
by scattered, unconnected data points. The quantum well was
taken to be 2.5 nm wide. The excess energy of the laser pulse
was set to 0.16 eV with an intensity of 2X 10' /cm . The lattice
temperature was 5 K. The upper three-band curve fits the ex-
perimental results much better.

sible. The corresponding set of experimentally obtained
data points shows an excellent fit for the many-band
model. This agreement is not as good without the in-
clusion of the light holes. The lower carrier temperature
in the absence of the light-hole band demonstrates the
role of the carrier degeneracy and recombination heating.
The simulation was based on the theoretical model al-
ready discussed and used a phonon lifetime of 7.75 ps at 4
K. It was not necessary to increase this lifetime in any
way to account for the hotter electron temperatures.

A dependence of the cooling rate on the well widths,
the excitation energies, and the carrier concentration was
also investigated. The results are again in good agree-
ment with the corresponding experimentally obtained
data of Ryan et al. " Figure 7(a) shows the influence of
the carrier density on the cooling rate. The two curves
correspond to excitation densities of 2.0X 10' /cm and
5.0 X 10"/cm . At the high densities of 2.0 X 10' /cm,
the shift in the energy-loss rate was particularly
significant. This agrees with an earlier work which pro-
pounded the importance of Auger processes in the high-
density regime. '

The well-width dependence is shown in Fig. 7(b) for a
set of four different values. Not surprisingly, an increase
in the well width decreases the cooling rate correspond-
ingly. Finally, the effect of varying the excitation ener-
gies is seen from the curves of Fig. 7(c). A 5.6-nm quan-
tum well was used with equal excitation densities. The
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ature on the carrier density, the photoexcitation energies,
and the well width was also obtained. Furthermore, it
was demonstrated that a proper inclusion of the light
holes is necessary to fit the experimental data. The re-
sults obtained from the three-band model matched recent
experimental data rather well.

The marked improvement obtained by including the
light-hole band in a simple fashion points towards the
need for detailed calculations for the multibands. This
conclusion is similar to that obtained by Stanton et al.
on the basis of their Monte Carlo simulations on a fem-

tosecond time scale. However, a more rigorous calcula-
tion for the long time scale can be quite involved, and
may not be worth the eff'ort unless one is working with
wide wells or using high-energy laser pulses.
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