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To study the energy relaxation of lower-dimensional hot carriers, picosecond time- and energy-
resolved photoluminescence measurements have been carried out on bulk GaAs and

GaAs/Al„Ga&, As quantum-well structures in the presence of magnetic fields up to B =20 T. For
GaAs the results show that the energy-relaxation rate reduces with increasing strength of the mag-
netic field. This cooling behavior is adequately described by a model for energy relaxation contain-

ing the magnetic-field-dependent kinetics of the coupled carrier —nonequilibrium-LO-phonon sys-

tem. For the quantum-well structures, an increasing magnetic field normal to the quasi-two-
dimensional layers reduces the carrier cooling up to B =8 T, while at higher field strengths an

enhancement in cooling is observed up to B =20 T. We suggest this eA'ect to be due to a reduction
in energy relaxation rate by LO-phonon emission, so that at B & 8 T carrier cooling is taken over by
acoustic-phonon emission, which increases with magnetic field.

I. INTRODUCTION

Study of lower-dimensional carrier systems, obtained
by confinement of carriers in quantum-well layers,
quantum-well wires, or quantum-well boxes, is of great
importance from both the fundamental and technological
points of view. The ability to grow modulated semicon-
ductor structures with dimensions in the order of the de
Broglie wavelength of the carriers provides a way to
modify wave functions, band structure, and scattering
rates of the carriers, i.e., to modify the material parame-
ters. Quasi-two-dimensional carrier systems exhibit in-
teresting new physical phenomena, ' and improved optical
and transport properties which are valuable for fast
(opto-) electronic devices. Quantum-well (QW) wires, in
which carrier motion is quantized in two directions, and
is only possible in the longitudinal direction, have been
realized by Petroff et al. However, to date no satisfacto-
ry QW wires have been fabricated for optical and elec-
tronic devices. Theoretical investigations on transport in
QW wires predict strongly reduced scattering probabili-
ties, which can be useful for the development of high-
speed semiconductor devices. For quantum-well-box
lasers, in which carrier motion is completely quantized
and the carriers have a zero-dimensional character, great
improvements in performance are predicted.

Study of quasi-one-dimensional or quasi-zero-
dimensional carrier states with dispersion relations and
density of states like carriers in a QW wire and a QW
box, respectively, is possible due to the confinement prop-
erties of a strong magnetic field. Determination of the
energy-relaxation rate of lower-dimensional hot carriers
in semiconductor materials is of fundamental importance

for the understanding of the lower-dimensional carrier-
phonon interactions. '

For hot quasi-two-dimensional carriers in
GaAs/Al, Ga& „Asquantum-well structures, picosecond
excite-and-probe, and luminescence experiments
showed a reduced relaxation rate in comparison to bulk
GaAs. ' ' As a possible origin for this reduced carrier
cooling, Ryan suggested the effects of reduced dimen-
sionality of the carrier (and phonon) system, dynamic
screening by the two-dimensional (2D) plasma, and de-
generate electron statistics. However, recent theoreti-
cal' and experiment ' investigations strongly indicate
that nonequilibrium LO-phonon populations generated
by the relaxing carriers play a predominant role in the ex-
perimentally observed reduced carrier-cooling rate.

In this paper we describe in detail the results of a study
on hot-carrier energy relaxation in the presence of a
strong magnetic field (up to 8 =20 T) for both bulk
GaAs and GaAs/Al, Ga&, As quantum-well structures
by time and energy-resolved picosecond photolumines-
cence. Analysis of the time- and energy-resolved photo-
luminescence spectra with a model containing the density
of states for electrons and holes and the Fermi distribu-
tion functions yields the temperature T, t, (t) and density

n, h(t) of the carriers, and for 8&0 T the Landau-level
linewidth l (t) as a function of time after excitation.

From this analysis it was found that under picosecond
photoexcitation the energy-relaxation rate for hot car-
riers in bulk GaAs and GaAs/Al Ga, As quantum-
well structures is strongly afFected by a magnetic field.
For GaAs the results show that the energy-relaxation
rate reduces with increasing strength of the magnetic
field and that the carrier cooling is adequately described
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by a model for energy relaxation containing the
magnetic-field-dependent kinetics of the coupled carrier-
nonequilibrium optical-phonon system. The observed
magnetic-field dependence of the carrier cooling and the
absence of magnetophonon resonances support the as-
sumption of the presence of nonequilibrium optical-
phonon distributions generated by the relaxing carriers.

For the quantum-well structures application of a mag-
netic field parallel to the GaAs layers clearly shows the
two-dimensional character of the carrier gas, and the
energy-relaxation rate was found to be independent of
field strength as long as the cyclotron orbit diameter
exceeds the quantum-well width. For a field direction
normal to the layers an increase in magnetic-field
strength reduces the relaxation rate via optical-phonon
emission, as in three dimensions. At high magnetic fields

(B p8 T) an enhanced cooling was observed, which we

suggest to be due to an increasing relaxation via
acoustic-phonon emission.

This paper is organized as follows. Section II describes
the sample properties and experimental procedures for
picosecond-time- and energy-resolved photoluminescence
measurements under application of strong magnetic
fields. Also, experimental results of the time-resolved
luminescence experiments on bulk GaAs and
GaAs/Al Ga, ,As quantum wells, respectively, are
presented. In Sec. III the procedure to analyze the
luminescence spectra is presented, and as a first result the
time variation of the Landau-level-broadening parameter
I (t), which describes the evolution of the initially strong-
ly broadened Landau-level density of states, is discussed.
In Sec. IV a theory for hot-carrier energy relaxation in
the presence of a magnetic field is briefly discussed. For
bulk GaAs a model was used that contains the magnetic-
field-dependent coupled carrier-phonon interaction rates,
and takes into account the nonequilibrium optical-
phonon populations generated by the relaxing carriers.
To describe the increasing energy relaxation with
magnetic-field strength for hot quasi-2D carriers at B & 8
T the results of a model calculation on the relaxation via
acoustic-phonon emission are presented. Section IV B
gives the experimental results on the carrier cooling and
a comparison with theory is made. Finally in Sec. V the
results obtained from the analysis and the physics under-
lying the observed variations in energy relaxation are dis-
cussed.

II. EXPERIMENTAL DATA AND RESULTS

The photoluminescence experients were carried out
on unintentionally doped bulk GaAs and
GaAs/Al„Ga, As quantum-well structures, grown by
metal organic vapor-phase epitaxy (MOVPE) in a special-
ly designed reactor cell, the details of which are given
elsewhere. The background doping level in bulk GaAs
was determined from Hall measurements to be 1)&10'
cm and is expected to be the same for the quantum-
well structures. The bulk GaAs sample was grown on an
n-type GaAs substrate, and consists of a 0.25-pm-thick
GaAs layer, confined between 0.1-pm-thick Alz 6Gao 4As
barrier layers. These confining layers are transparent to

the excitation wavelength and avoid surface recombina-
tion and carrier diffusion to the substrate and reduce the
gradient in carrier density perpendicular to the surface.
The quantum-well structures were grown on GaAs buffer
layer on the substrate, and consist of five periods of 5-nm
GaAs and 100-nm Al~ 6Ga~ 4As. The various layer
thicknesses were determined by means of transmission
electron microscopy (TEM).

Optical excitation was achieved with picosecond light
pulses (duration 2 ps) from a cw dye laser (rhodamine-6G
dye, emission wavelength 610 nm), which is synchronous-
ly pumped by a mode-locked Kr-ion laser (repetition rate
82 MHz). Time-resolved detection of the emitted
luminescence radiation due to electron-hole recombina-
tion, was performed with use of an up-conversion light-
gating technique. ' ' ' The picosecond laser pulses are
split into two pulse trains, of which one focused by a mi-

croscope objective to a 15-pm-diam spot on the sample
surface, while the other is sent through a stepping-
motor-controlled variable-delay path. The luminescence
from the epilayers is collected by the same objective, and
focused collinearly with the delayed picosecond light
pulse onto a LiIO3 crystal. The 3-mm-thick crystal, cut
with the optic axis at 58' to the surface normal, is angle
tuned with a stepping motor, to generate sum-frequency
radiation. The phase-matching bandwidth for up-
conversion in the LiIO3 crystal, is experimentally deter-
mined to be 12 nm [full width at half maximum
(FWHM)]. Due to group-velocity mismatch of the
luminescence radiation and the picosecond light pulses
the time resolution of the light-gate system is 5 ps. The
up-converted signal is detected with an EMI 9789/82 QB
photomultiplier tube via a 1-m grating monochromator
(Monospek) with 0.5-nm spectral resolution. To measure
the spectral distribution of the luminescence radiation at
a fixed delay time, the phase-matching angle of the non-
linear optical crystal is synchronously tuned with the
monochromator. The spectral response of the complete
photodetection system was calibrated with use of a
quartz halogen lamp and taken into account in the
analysis of the measurements. To allow lock-in detection
techniques the excitation beam is mechanically chopped.

The samples were cooled down to a temperature of 1.5
K in a bath cryostat, which was mounted in the hybrid
magnet system of the University of Nijmegen. This mag-
net, which delivers fields up to 25 T dc, consists of a two-
segment Bitter coil surrounded by an 8-T superconduct-
ing magnet.

To study the energy relaxation of hot carriers generat-
ed with a picosecond laser pulse in GaAs the excitation
beam with an average excitation power of 2.7 mW (pho-
ton flux per pulse 5&(10' cm ) was focused onto the
sample surface. Estimation of the initially excited
electron-hole density by taking into account a reflection
coefficient of R =0.3 and an absorption coefficient of
a=4X10 cm ' amounts to n, h(t =0)=1)(10' cm

Figure 1 shows the measured and calculated (see Sec.
III) luminescence spectra due to electron-hole recombina-
tion at different delay times up to 850 ps after excitation
in the absence of a magnetic field. Under the experimen-
tal conditions (i.e., high-excitation intensity, high-quality
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FIG. 1. Measured and calculated (dots) photoluminescence
spectra of bulk GaAs at different delay times after excitation.
The spectra are all drawn on the same vertical scale to show the
real-time evolution for the different photon energies. Values for
density n, &(t) and temperature T, h(t) of the carriers were ob-
tained from an analysis of these spectra.

1.50 1.52 1.54 1.56 1.58 1.60 1.62
PHOTON ENERGY (eV)

FIG. 2. Measured and calculated (dots) time- and energy-
resolved luminescence spectra of bulk GaAs in the presence of a
magnetic field of 8 =16 T. Value for density n, z(t) and tern-

perature T, &(t) of the carriers and Landau-level linewidth I (t)
were obtained from analysis of these spectra.

GaAs) luminescence radiation emitted by the epilayer is
due to free carrier recombination and thus contains infor-
mation about the energetic distributions of the carriers in
the bands. The spectra are all drawn here on the same
vertical scale to depict the time evolution of the lumines-
cence signal for the dift'erent photon energies. With
respect to the low-energy side of the luminescence spec-
tra, a shift to higher photon energies with increasing de-
lay time is observed, which is related to a decrease in the
carrier density, and therefore a shift of the renormalized
band gap. ' Obviously the change in slope on the high-
energy side of the spectra is directly related to the de-
creasing carrier temperature with time (see Sec. III).

Similar spectra, but in the presence of a magnetic field
of 16 T, are presented in Fig. 2 and show Landau-level
structure arising at 35 ps after excitation, when both the
thermal energy of the carriers, k~T, I„and the Landau-
level linewidth I are less than the Landau-level splitting

Due to both cooling (relaxation) and recombination
of electrons and holes, occupation of higher Landau lev-
els decreases, which is clearly shown by the decreasing
spectral range of the luminescence spectra. This results
finally in population of only the % =0 Landau level at
times exceeding 750 ps after excitation.

We now turn to the experimental results on the energy
relaxation of hot carriers confined in quantum-well struc-
tures. In the sample used, of which the parameters are
given above, the band gap of the Alp 6Gap 4As confining

layers exceeds the laser photon energy, and excitation
with an average power of 2.4 rnW created an initial car-
rier density of 3X10' crn directly in the thin GaAs
layers. Restricting the number of GaAs wells to five min-
imizes reabsorption of luminescence radiation and en-
sures a homogeneously excited carrier density in the
different layers (variation less than 5%). In Fig. 3 some
time-resolved 2D subband luminescence spectra are
shown for B =0 T (thin lines) and B =8 T normal to the
layers. In both cases the spectra distributions consist of a
broad luminescence band with features comparable to the
corresponding 3D spectra. Direct comparison of the
slopes at the high-energy side of the corresponding 8 =0
and 8 T spectra reveals the much higher carrier tempera-
tures for the latter except at 25 ps. Due to well-width
fluctuations, which give rise to varying Landau-level en-
ergies, the luminescence spectra are broadened and no
Landau-level structure is observed at 8 = 8 T. This
phenomenon will be discussed in Sec. III (see Fig. 7).

By increasing the magnetic field up to 20 T, Landau-
level structure is clearly observed in the spectra of Fig. 4
at times from 75 ps after excitation. With increasing de-
lay time the carriers cool down by photon emission and
recombine, which both lead to a depopulation of the
higher Landau levels, as shown by the decreasing spectral
range of the subsequent spectra. It should be noticed
that comparison of the symmetric spectra line shapes of
the quantum-well luminescence spectra (Fig. 4) with the
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asymmetric line shapes for the bulk GaAs spectra (Fig. 2)
reflects the different Landau-level density of states for the
quasi-2D and -3D carrier gases, respectively (see Sec. III).

III. ANALYSIS
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Direct one-photon interband absorption of a pi-
cosecond light pulse creates instantaneously monoener-
getic electron and hole distributions in conduction and
valence bands, which thermalize by carrier-carrier in-
teractions within a picosecond to an effective temperature
T,

„

far above the lattice temperature. ' In order to ob-
tain teinperature T, t, (t) and density n, t, (t) of the car-
riers, and for 8&0 the Landau-level linewidth I (t) at
different delay times t after excitation, the measured pho-
toluminescence spectra (Figs. I —4) due to electron-hole
(band-to-band) recombination were analyzed with a mod-
el neglecting the k-selection rule' as is given by

fico —E lI(fits)=C f g, (E)g„(%tv E E—
i )f, (—E)

Xf, (fitv E E, )dE—, —

where C is a constant which contains the optical matrix
element. For bulk GaAs, E, represents the renormalized
energy gap' formed by conduction and valence bands
(Ei Eg), wh——ile for the quasi-two-dimensional case
E, =Eg +E„+E» where E„andE» are the lowest 2D
quantum-well subbands. It should be noticed that, due to
one-well-width fluctuation 5L, over the spot size of the
excitation beam, there is a fluctuation in E, given by
5E„,h =(2E„,„)5L,. These fluctuations, which
influence the low-energy side of the quantum-well
luminescence spectra, can be described by assuming
Gaussian distributions of E&. This is accomplished by
inserting in front of Eq. (l) the integral

(2~rl" )
'~ f exp[ —(E, —(E& ) ) /2I" ]dE,

where (E, ) is the expectation value of Ei and I" can be
determined from the luminescence spectra at very low ex-
citation intensity. The Fermi-distribution functions

f, „(E)for electrons and holes contain the quasi-Fermi-
levels F, z which were determined from the relation
n, z —— g, , E, , E E. Both temperature T, z t and

density n, i, (t) were assumed to be similar for electrons
and holes. ' ' The density-of-states functions for the
conduction (c) and valence (v) bands of a 3D gas in the
presence of a magnetic field are due to Dingle, given by

pS

I I I I i I i I

).60 1.62 1.64 1.66 1.68 1.70 1.72 1.74

PHOTON ENERGY ( e V )

(E E„)+[(E E)'—+r']'"—
(E Etv) +I—
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FIG. 4. Measured and calculated time- and energy-resolved
luminescence spectra of a GaAs/A106Ga04As quantum-well
structure for B =20 T normal to the layers. The dashed lines at
200 ps are due to a variation of 10 K in carrier temperature, and
show the sensitivity of the fitting procedure.

where I =(A'/e8)' is the magnetic length, m* the car-
rier effective mass, Ez ——(N + —,

' )fico„with N the
Landau-level index and co, the cyclotron frequency. For
the carrier masses the values of m, =0.068m 0 and
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m& ——0.5mo have been used. Following Dingle the Lan-
dau levels have a Lorentzian linewidth I =R/2r, where
1 j~ represents the carrier-scattering rate.

The experimentally observed Landau-level structure
could be analyzed correctly only if the X =0 term in Eq.
(2) is replaced by a term calculated from Kubo's
theory. ' The resulting "adjusted" density-of-states
function together with the result obtained from Eq. (2)
are shown for electrons in Fig. 5 for 8 =20 T. Instead of
the low-energy tail into the energy gap given by Dingle's
expression, a low-energy cutoff shifts to higher energies
with increasing magnetic field and ensures the approach
to the zero-field density of states for large Landau-level
line widths.

Further nonparabolicity of the GaAs conducti. on
band and a AN=0 selection rule were taken into ac-
count. Contribution of light-hole and split-off-hole
valence bands may be neglected. ' Reabsorption effects,
which lower the apparent temperature slightly, were not
taken into account since they are expected to work out
identically for 8 =0 T and 8&0 T and to be of minor im-
portance. Also, spin splitting (0.026 meV/T) is neglected,
since it is small compared to k&T, h and to the Landau-
level splitting for electrons (1.7 meV/T) and holes (0.24
meV/T).

For the quantum-well structures the density-of-states
function in the presence of a magnetic field normal to the

100

E50-
Ql
L

C
hJ

broadening

broadening

ergy cut off

g (E)

FIG. 5. Landau-level density-of-states functions calculated
from Dingle's expression [Eq. {2}]and the "adjusted" expression
(see text), respectively, for B =20 T. The low-energy tail of the
former is replaced by a low-energy cutoff of the latter. This en-

sures a correct shift to higher energies with increasing field

strength, and the approach to the zero-field density of states for
large Landau-level linewidths.

2D gas is given by a summation over (Gaussian)
broadened Landau levels, with degeneracy I /2~1 as

2m. l

—1/2
X

g exp —2
N=0

(3)

For the electrons, nonparabolicity of the conduction
band is taken into account. The masses of heavy and
light holes are anisotropic and values for motion normal
to the layers [mH„=0.45mo and m„„=0.094mo (Ref.
33)] used to calculate subband energies strongly differ
from the in-plane hole masses. For motion parallel to the
layers (which is relevant in our experiment) dispersion is

very complicated. However, Yang and Sham have ana-
lyzed magnetooptical spectra comparing parabolic bands
and more realistic band structures for the valence band.
Their results show that the assumption of a parabolic
band (with m HH

——mo) gives a good description to within
5%. Therefore Eq. (3) is also used to describe the
valence-band density of states. Moreover, to minimize
the effect of band-structure complexities, very thin quan-
tum wells (L, =5 nm) were used, where only one electron-
ic subband is present and the energy splitting between
light-hole (LH) and heavy-hole (HH) bands is 42 meV.
Finally, it must be emphasized that the electron popula-
tion dominates the structure of the luminescence spec-
trum and that the obtained carrier temperature, which
follows from the high-energy side of the luminescence
spectrum, is mainly governed by the electron Fermi func-
tion. Excitonic effects have not been taken into account,
since the density of excited carriers is high (n, h

= 3 X 10'
cm ) and variation of the Sommerfeld factor over the
spectral range is less than 10%. Finally, it should be
mentioned that Haug and Tran Thoai have shown that
carrier temperature and density obtained from a non-k-
selection-rule fit are in good agreement with data ob-
tained from exact calculations.

The calculated lines in Figs. 1 —4 give a good fit at the
high-energy side of the spectra, which implies that the
carriers are thermalized. On the other hand, accurate
analysis of the low-energy side of the spectra is very com-
plicated, since in addition to band-gap renormalization,
plasma screening of the exciton enhancement of the ma-
trix element, plasmon effects, and tail states have to be
considered. ' These effects play a minor role at the
high-energy tail of the luminescence spectra, which is
dominated by the carrier temperature. For the spectrum
at 500 ps of Fig. 4, where only the lowest Landau level is
populated, the carrier density obtained by the fitting pro-
cedure is 1.8)(10' cm .' Comparison to the max-
imum number of carriers per Landau level at this field
value 1/m =2&&10' cm (where a factor of 2 for both
spin states is included), shows excellent agreement. In
conclusion, we have shown that the above-used analysis
gives good results for both 3D and quasi-2D carrier sys-
tems (L, = 5 nm) in the presence and absence of magnetic
fields.

As a first result of the analysis, we concentrate on the
Landay-level linewidth I (t) as a function of time for bulk
GaAs at B =16 T as shown in Fig. 6 and derived from
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FIG. 6. Landau-level linewidth I (t) for bulk GaAs as a func-
tion of time t after excitation for B =16 T. The inset shows the
evolution of the broadened Landau-level density of states, as
determined from the spectra of Fig. 2.

the spectra of Fig. 2. The level broadening I (Refs.
26 —29) is due to the finite lifetime of a carrier state,
which for carrier temperatures T, & ) 50 K mainly arises
from the interaction with optical phonons. The absolute
value of I of several meV corresponds to an expected
scattering time of a few tenths of a picosecond, while the
time dependence is in agreement with a reduction of the
carrier density and the nonequilibrium phonon popula-
tion. The inset of Fig. 6 shows the evolution of the elec-
tronic density-of-states function as derived from the spec-
tra of Fig. 2.

For the quantum-we11 structures the observed broaden-
ing of the Landau-level luminescence I', as shown in Fig.
7, is due to a time-dependent Landau-level broadening

I „anda broadening due to well-width fluctuations I"&L .
z

I"„depends on temperature and density of the carriers,
phonon occupation number, and magnetic-field strength.
This contribution is a few meV as in bulk GaAs. In addi-
tion to the broadening of the individual Landau levels,
the luminescence spectra are broadened due to well-width
fluctuations 5L, . The inset of Fig. 7 shows the varying
Landau-level energies for the different positions in the
quantum well caused by well-width fluctuations. Spatial
averaging over the laser focus spot gives rise to inhomo-
geneous Landau-level broadening I &L . For the

z

quantum-well width of 5 nm, low-excitation photo-
luminescence measurements with a He-Ne laser yielded a
value of I &L

——14 meV, which corresponds to
z

5L, =0.28 nm. The total broadening I, as determined
experimentally, is given by I =(I'„+Isl )', where I

„z

ranges from 10 meV at 25 ps after excitation to 1.5 meV
at 500 ps after excitation for 8 =20 T (%co, =34 meV)
comparable to bulk GaAs values. It should be noted that
the overlap between the Landau levels as observed in Fig.
4 is mainly due to the inhomogeneous part of the
Landau-level linewidth I &I ——14 meV. However, for the

analysis of the time evolution of the carrier temperature
only the homogeneous part of the Landau-level linewidth
I„,which is due to phonon interaction, has to be taken
into account. Since in most of the cases the Landau-level
splitting Am, & I„,optical-phonon emission is reduced
and acoustic-phonon emission has to be brought in.

Other results from the above-described analysis are
temperature T, I, (t) and density n, 1, (t) of the carriers as a
function of time t. The time evolution of the carrier tern-
perature after excitation is shown in Figs. 8 and 9 for
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FIG. 7. Evolution of the Landau-level linewidth I (t) in a
GaAs/Alo 6Ga„4Asquantum-well structure for B =20 T, as ob-
tained by fitting the spectra of Fig. 4. The line is drawn as a
guide to the eye. The inset shows the contribution to the
Landau-level broadening as a result of spatial averaging over
the varying Landau-level energies caused by well-width Auctua-
tions.

FIG. 8. The solid lines show calculated cooling curves for
bulk GaAs with a model containing the (magnetic-field-
dependent) kinetics of the coupled carrier-phonon system for
8 =0, 4, 8, 16, and 20 T at n, z

——1&10', 1)(10", 3)&10",
1&(10', and 1)&10' cm, and C=0.5, 0.5, 0,5, 0.2, and 0.2.
fhe dashed line represents the corrected cooling curve for B =8
T, n„&——1)&10' cm, and C=0.5.
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&60

laxation is much slower, and is mainly due to acoustic-
(ac) phonon emission.

In general, the energy-relaxation rate by optical- and
acoustic-phonon emission is given as'

120
dN= —g g fico

l

(4)
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FIG. 9. Carrier temperature T, h(t) as a function of time t for
a GaAs/Alp6Gap, As quantum-well structure at 8=0, 8, 16,
and 20 T. The solid lines are not calculated but serve as a guide

to the eye.

IV. HOT-CARRIER ENERGY RELAXATION

A. In bulk GaAs

At carrier temperatures T, & & 50 K, the excess energy
of the photoexcited carrier gas is transferred to the lattice
mainly by emission of optical phonons via electron —and
hole —LO-phonon coupling. ' ' The holes also interact
with the TO phonons via optical deformation-potential
coupling. At lower carrier temperatures the energy re-

bulk GaAs and a 5-nm GaAs/A106Gao 4As quantum
well, respectively.

Figure 8 shows that, in the absence of a magnetic field,
carrier cooling by optical-phonon emission (see Sec. IV),
which is dominant for T, & & 50 K, ' practically complet-
ed within 100 ps, in agreement with previous re-
ports. ' ' The results show further that applicatioq of a
magnetic field reduces carrier cooling in bulk GaAs sub-
stantially up to the maximum field used, of B =20 T.

As to the GaAs quantum well, the results of Fig. 9
show in the first place that the carrier-cooling rate at
B=0 T is strongly reduced with respect to that in bulk
GaAs. This is in agreement with results of other
groups. ' Secondly, it follows that the effect of a mag-
netic field strongly deviates from that in bulk GaAs.
While initially the cooling rate is reduced up to about
B =8 T, it starts thereafter to increase up to the max-
imum field value of B=20 T.

In the next section we will show that the experimental-
ly determined magnetic-field dependence of T, t, (t) can be
described by a model for hot-carrier energy relaxation
that takes into account (l) for bulk GaAs both the
magnetic-field-dependent carrier-phonon interaction with
inclusion of nonequilibrium optical phonons and degen-
erate carrier statistics, and (2) for a GaAs quantum well

the magnetic-field dependence of acoustic-phonon emis-
sion.

where summations run over the different carrier-phonon
couplings (i =LO, TO, ac) and over the wave vectors q of
the phonons with energy %co which are involved in the
energy-relaxation profess. The terin (dNq Idt), represents
the change in phonon population due to electron- (hole-)
phonon interaction, and depends on temperature T, I, and
density n, z of the carriers and on the phonon occupation
number N . The rate of change in N is determined from
the sum of phonon generation and decay rates as

dN,

dt

dN

dt

N —N(T, )
(5)

Here the second term on the right-hand side represents
the decay rate of the generated nonequilibrium popula-
tion of optical phonons into acoustic phonons, where ~ is
a wave-vector-independent phonon lifetime, ' Ti is the
lattice temperature, and N is the Bose-Einstein distribu-
tion function. Following this approach, Potz and Ko-
cevar calculated the carrier cooling in the absence of a
magnetic field. '

We extended their model by calculating the energy-
relaxation rate in the presence of a magnetic field using a
field-dependent (dNq Idt), for unbroadened Landau levels
as given by Bauer et al. The application of a magnetic
field changes the band structure (Landau levels) and, as a
result of energy and momentum conservation, the range
of involved phonon wave vectors (volume of the phonon
momentum space) and the rate (dN /dt);. To compare
the experimentally obtained temperature evolutions
T, , (t) with the calculated energy-relaxation rates, the re-
lation dE/dt =(dT, „/dt)(dE/dT, „)was used, and we
solved the coupled differential equation for T, h and N .
Here (dE/dT, &) is the specific heat of the carrier gas,
which is taken to be 1.5k& in the whole magnetic-field
range. Finally, to fit the experimental data of Fig. 8 with
the calculated time evolution of T, I„the initial tempera-
ture To, and a constant C (multiplication factor in front
of dE/dt) have been used as adjustable parameters.

The solid lines in Fig. 8 represent the calculated cool-
ing curves for To ——800 K, where the values of C are
given in the caption and discussed in Sec. V. For all field
values the carrier cooling is adequately described by the
above-presented model, the details of which are given
elsewhere.

It should be noticed that comparison of the carrier-
cooling rates at different field strengths is only allowed
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for equal carrier densities. The density of the carrier gas,
which was also obtained from the spectral analysis, '

varies from 9)&10' cm directly after excitation to
1&(10' cm at 1 ns (Ref. 38) and is practically similar
for B =0, 4, 16, and 20 T. However, due to a variation in
excitation density at B = 8 T the carrier density is a fac-
tor of 3 higher during the entire time interval. Correc-
tion for this higher density with use of the model
presented above yields the dashed cooling curve for B = 8

T, which fits extremely well in the magnetic-field depen-
dence of the other experimentally determined cooling
curves.

In conclusion, it is shown that (1) the model which
takes into account both a nonequilibrium optical-phonon
distribution and degenerate carrier statistics gives a good
description of the experimental data, and (2) for a 3D car-
rier gas the energy-relaxation rate reduces with increas-
ing magnetic field up to B =20 T.

25

o 15-

10-

cn 15-

O

B. In quantum-well structures

Comparison of the experimentally determined cooling
curves of Figs. 8 and 9 shows that the carrier-cooling rate
at B =0 T in the 5-nm GaAs quantum wells is strongly
reduced with respect to bulk GaAs.

From the slope of the zero-field-cooling curve it follows
that for 2D carriers the experimentally determined
energy-relaxation rate is of the order of —1&(10 eV/s.
This implies that the contribution of acoustic phonons to
the energy relaxation cannot be neglected, as is usually
done for T, I, &50K.

To get some insight in the magnetic-field dependence
of the energy relaxation via acoustic-phonon emission
(dE/dt)„, a model calculation was performed using a
general expression for phonon emission and absorption as
given by Conwell. ' The influence of the magnetic field
on scattering in the plane of the layers enters the model
via the transition matrix element between the different
Landau levels. The effect of confinement on the carrier-
phonon coupling in the quasi-2D layers is treated using
the analytical approach of Price. Fermi-Dirac statistics
was used to describe the carrier system, while the phonon
system was assumed to behave three dimensionally. The
Landau levels were taken to be Gaussian broadened.
Complexities concerning the valence-band structure,
which may influence the energy-relaxation rate, were not
taken into account, and parabolic bands were assumed.
The calculations, of which more details are given else-
where, show that (dE/dT)„ is a function of magnetic-
field strength B, Landau-level linewidth I, carrier-density
n, z, and carrier-temperature T, I, . In our temperature
region the Landau-level broadening I is caused mainly
by electron-phonon interaction. A measure for this in-
teraction with the optical and acoustic phonons is the
energy-relaxation rate (dE/dt) itself. There I should be
calculated self-consistently. However, I can be deter-
mined experimentally, which enables us to insert the
measured value for I into the calculations. In this way
in our analysis the influence of the Landau-level broaden-
ing on the energy relaxation is taken into account au-
tomatically. Results of these model calculations show

0 I
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20
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B(&)

FIG. 10. Energy-relaxation rate by acoustic-phonon emission
as a function of magnetic field for fixed carrier temperature T, z.
The inset gives the value of (dE/dt)„as a function of Landau-
level linewidth I for fixed field strengths at T, I,

——150 K.

that (1) (dE/dt)„ is of the order of 10' eV/s and has to be
taken into account, and (2) the importance of relaxation
via acoustic-phonon emission increases with field
strength.

Figure 10 shows the increasing energy-relaxation rate
for quasi-2D carriers by acoustic-phonon emission as a
function of magnetic field for different carrier tempera-
tures at a carrier density n, &

——2)&10' cm and a
Laudau-level linewidth of 7 meV. The oscillations in the
value of (dE/dt)„at T, I,

——50 K and T, z
——100 K as a

function of field strength, are related to the position of
the Fermi level with respect to the Landau levels. The
origin of the oscillations is similar to that of the de
Haas —van Alphen effect. The inset of Fig. 10 gives the
value of (dE/dt)„as a function of I for fixed field
strengths at T, z

——150 K and n, &
——2&10' cm . If

I =0, i.e., the density of states consists of 6 functions, no
intra-Landau-level emission of phonons is allowed, thus
(dE/dt)„ is zero. On the other hand, for very large
value of I the energy loss becomes small again because
the peak of the Landau levels is proportional to 1/I .
Therefore (dE/dt)„has a maximum for I =3 meV
which corresponds to the energy of the acoustic-phonon
mode with the largest wave vector that can participate in
the scattering, determined by the matrix elements. For
small magnetic-field strengths the maximum is less pro-
nounced due to the increasing Landau-level overlap. The
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FIG. 11. The calculated energy-relaxation rate due to
acoustic-phonon scattering as a function of carrier temperature
for B =8, 15, 20, and 30 T, I =7 meV, and n, &

——2)& 10"cm

dependence of (dE/dt)„on I is in agreement with re-

sults of Uchirnura and Uemura.
Figure 11 shows the increasing energy-relaxation rate

with carrier temperature for fixed B, I, and n, z. Both
the increase of (dE/dt)„with carrier temperature and
the increase in slope of the curves with field strength B
are in agreement with calculated scattering rates of
Prasad and Singh. To compare calculated values of
(dE/dt)„with the rates of carrier cooling (dT, t, Idt ) we

calculated the magnetic-field-dependent specific heat
(dE/dT, t, ) for degenerate 2D carriers.

In the following we use the calculated values of
dT, &Idt to give a quantitative explanation for the ob-

served magnetic-field-dependent carrier cooling. To illus-
trate the field dependence of the cooling in 3D and 2D
carrier systems more clearly, we first plot in Fig. 12 the
time the carriers need to cool down to T, h

——100 K. For
3D carriers this time increases with B, i.e., the energy-
relaxation rate reduces with increasing confinement by
the magnetic field (as already discussed in Sec. IVA).
Confinement of carriers in quantum-well structures at
B=0 T also reduces the carrier cooling with respect to
3D as was reported previously ' ' for picosecond pho-
toexcited carriers and is shown in Fig. 12 at B =0 T.

For a magnetic field parallel to the 5-nm-thick GaAs
layers of the quantum-well structure the carrier cooling
was found to be field independent, as shown by the
dashed-dotted line. This is in agreement with the fact
that the cyclotron orbit diameter exceeds the quantum-
well width for B &20 T, which implies that wave func-
tions and band structure of the carriers are practically
not modified by the magnetic field, so that the carrier-
cooling rate is unaffected.

However, for a magnetic field perpendicular to the 2D

FIG. 12. Time to cool down to T, z ——100 K as a function of
magnetic-field strength for hot carriers in GaAs (solid line) or in
a 5-nm GaAs/Alo4Ga«As quantum-well structure with the
field normal (dotted) or parallel (dash-dotted) to the GaAs lay-
ers. Lines serve as a guide to the eye.

GaAs layers (dashed line) the time to cool down to
T, &

——100 K increases for B & 8 T (as in 3D) and subse-
quently decreases up to B =20 T, in agreement with pre-
vious reports. ' ' We suggest this behavior is due to de-
creasing relaxation rate via LO-phonon emission and an
increasing relaxation rate via acoustic-phonon emission
with increasing magnetic field.

In general, the energy relaxation via phonon emission
is given by dE/dt =(dE/dt), , + (dE/dt)„. Application
of a magnetic field normal to the thin GaAs layers
reduces (dE/dt), ~, as in three dimensions. However, in
two dimensions the applied field completely quantizes the
carrier energy to E„~=E„+(N+ ,' )fico, where E„is—the
confinement energy. The absence of dispersion implies
that the degenerate carriers (Landau-level degeneracy
eBIR) all emit LO phonons in the same wave-vector re-
gion. This further enhances the reducing effect of non-
equilibrium LO phonons on the relaxation rate, and will
result in a saturation of (dE/dt), , oHere 'it must be
emphasized that the density of states has a Landau-level
linewidth I „much smaller than both the Landau-level
splitting A~, and the optical-phonon energy %co„o,as dis-
cussed previously. On the other hand, as shown in Fig.
10, application of a magnetic field increases (dE/dt)„.
To sustain this quantitatively we compare the experimen-
tal and calculated cooling rates at T, &

——100 K for B =8
and 20 T, where acoustic-phonon emission is important.
From the slopes of the experimental cooling curves of
Fig. 9, dT, I, /dt is found to vary from —0. 1 K/ps at
B =8 T to —0.8 K/ps at B =20 T, i.e., a relative
enhancement by a factor of 8. Turning to the theoretical
results of Figs. 10 and 11 for calculation of (dT, h Idt)„,
one must take into account both the variation in
(dE/dt)„with 8 and I and the field-dependent specific
heat.

From the inset of Fig. 10 it follows that for B =8 T
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and the experimentally determined value of I = 10 meV,
(dE/dt)„=2 4X. 10 eV/s, while at B =20 T and I =4
meV, (dE/dt)„=9 5X. 10 eV/s. With use of the specific
heat of the carrier gas at T, &

——100 K and n, z
———1& 10'

cm, which amounts to 0.5k& at B =8 T and 0.39k& at
B =20 T, dT, h/dt is —0.3 K/ps and —1.8 K/ps, re-

spectively, i.e., a relative enhancement by a factor of 6.
This is in good agreement with the factor 8 experimental-
ly obtained. The overestimation in absolute value by a
factor of 3 (cf. —0. 1 and —0.3 K/ps at B =8 T and
—0.3 and —1.8 K/ps at B =20 T) may be due to the
model; however, it supports the importance of acoustic-
phonon emission in the energy-relaxation process. In
conclusion, for 8 g 8 T energy relaxation for hot carriers
in a 5-nm quantum well is well described by acoustic-
phonon emission.

V. DISCUSSION

We first discuss the experimental results for bulk
GaAs. For the zero-field-cooling curve (Fig. 8) a value of
C =0.5, i.e., (dE!dt),„,=0.5 (dE/dt), h„„hadto be used
to obtain a correct fit of the data. This discrepancy be-
tween theory and experiment may be due to neglect in
the model of both phonon generation during the pi-
cosecond laser pulse' ' and dynamical screening of the
carrier-phonon interactions. ' Inclusion of both processes
is expected to give closer agreement between theory and
experiment, since they reduce carrier cooling. Secondly,
the description of the return to equilibrium of the
optical-phonon system with a single wave-vector-
independent time constant r (Ref. 18) may be a significant
simplification.

With respect to values of C&1, in case a magnetic field
is applied, the following comments can be made. (1) The
model presented in Sec. IV deals with unbroadened Lan-
dau levels, and is questionable for low-field values (B & 10
T) where fico, = kii T, „and Aco, =1 . (2) A more exact
treatment on the energy relaxation should contain the
time-dependent variation of the density-of-states function
(see inset of Fig. 6). (3) The behavior of dynamical
screening in the presence of a magnetic field has not been
studied until now. (4) The initial temperature To is as-
sumed constant for the different magnetic-field strengths.

The physics underlying the experimentally observed
changes in carrier cooling GaAs can be described as fol-
lows. The photoexcited hot carriers lose their excess en-
ergy primarily by LO- and TO-phonon emission, where
carrier band structure and conservation of energy and
momentum determine the wave-vector range of the in-
volved phonons. The volume occupied in carrier momen-
tum space at 8 =0 T is a sphere. Application of a mag-
netic field breaks the spherical symmetry of the carrier-
momentum space, and as a consequence the relevant pho-
non phase-space volume, as was shown by Calecki and
Lewiner for hot carriers in the extreme quantum limit.
It should be noted that the effect of both magnetic field
and dimensionality enters only by the change of density
of states. The matrix element of the electron-phonon in-

teraction is not affected. In three dimensions, when
a number of Landau levels is occupied and relaxation
occurs via both intra- and inter-Landau-level transitions,
the range of emitted phonon wave vectors normal to the
field direction (qi ) is determined by the Landau-level ma-
trix elements. For the direction parallel to the magnet-
ic field (q, ) the range of emitted q, values, allowed by the
conservation laws, depends on the ratio of Landau-level
splitting Ace, and optical-phonon energy E„o,and is
minimal at the resonance conditions NAco, =E„o.This
implies that application of a magnetic field favors phonon
emission in specific regions of q~ and q„which leads to
large phonon populations of particular modes. The pre-
diction by Pormotsev, that this narrowing in wave-
vector ranges results in decreased energy-relaxation rate,
and a suppression of the magnetophonon resonances is in
agreement with results for 3D carriers in Figs. 8 and 10.

Application of a strong magnetic field normal to the
2D carrier gas leads to quasi-zero-dimensional carrier
states. The absence of dispersion, and the fact that
intra-Landau-level scattering is not allowed (the optical-
phonon energy, Aco~o ——36 meV, exceeds the Landau-level
linewidth, 1 „&7meV, at all field strengths) leads to a
further suppression of the relaxation via optical-phonon
emission. These two effects, together with the effect that
in a 5-nm well only one electronic subband is present, im-

ply that for 8 & 8 T energy relaxation by optical-phonon
emission has reduced so much that acoustic-phonon
emission takes over.

The magnetic-field value at which the carrier cooling is
minimal depends, via the scattering rates, on excitation
conditions and well width. As follows from the experi-
mental results, for a quantum-well width of 5 nm and an
excited carrier density of n, &

——3 )( 10' cm the transi-
tion to enhancement in cooling rate is observed around
8 =ST.

The fact that the cooling rate slows down in bulk
GaAs indicates that even in the presence of nonequilibri-
um LO phonons the contribution to the energy relaxation
by acoustic-phonon emission is still relatively small up to
8 =20 T. An enhancement of the carrier cooling as ob-
served in two dimensions above 8 =8 T is expected to
occur at field values above 8 =20 T, since the magnetic-
field dependence of the carrier —acoustic-phonon interac-
tion is likely to be similar in both carrier systems.

As observed for both 3D and 2D carriers (Figs. 8 and
9) the carrier temperature does not f ll abelow 40 K within
the carrier lifetime. Lattice heating should follow as a re-
sult of energy transfer from optical phonons to acoustic
phonons or via direct carrier —acoustic-phonon coupling.
However, since the acoustic-phonon phase space is large,
its deviation from equilibrium is expected to be negligi-
ble. Besides, an increase in lattice temperatures has no
effect on the magnetic-field dependence of the carrier-
phonon interaction rates. In conclusion, we have shown
that (1) the energy-relaxtion rate of photoexcited hot car-
riers in bulk GaAs reduces with increasing magnetic-field
strength. This effect is well described by a model con-
taining the magnetic-field-dependent kinetics of the
carrier —nonequilibrium-LO-phonon system. (2) For the
quantum-well structure, application of a magnetic field
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parallel to the 6aAs layers leaves the cooling rate
unaff'ected, as long as the cyclotron orbit diameter
exceeds the quantum-well width. For a field normal to
the layers, carrier cooling initially reduces up to 8 =8 T
and speeds up at higher-field values up to 8 =20 T. This
behavior is suggested to be due to a reduced relaxation by
optical-phonon emission (as in three dimensions) and an
increasing relaxation via acoustic-phonon emission.
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