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Carrier cooling is investigated by means of time-resolved photoluminescence spectroscopy in an
undoped Al 45Ing s;As/Gag 47Ing s3As/InP heterostructure and in undoped and modulation-doped
Gay 47Ing s3As/Alg 43Ing s,As multiple-quantum-well structures. The cooling dynamics of electrons
and holes is analyzed by a theoretical model based on Fermi-Dirac statistics and taking into account
polar-optical scattering and acoustic-deformation-potential scattering as energy-loss and Auger pro-
cesses as heating mechanisms. The energy loss of holes by polar-optical scattering is close to
theoretical expectations in the low-excitation regime, but is reduced by 2 orders of magnitude for
high-excitation densities. This reduction is attributed to a hot phonon effect. For electrons the
polar-optical energy-loss rate is strongly reduced even at low excitation densities as compared to
theoretical expectations. We assume that screening of the Coulomb interaction between carriers
and lattice might play a role beside the hot phonon overpopulation to explain this phenomenon.

I. INTRODUCTION

The investigation of carrier-phonon interactions has
been a topic of major importance in semiconductor
research during the last years. Interest in these interac-
tions is motivated by fundamental aspects as well as by
their potential for device applications.

In the field of fundamental physics, research concen-
trates on the investigation of the strength of the different
carrier-phonon interactions and the dependence on car-
rier density and dimensionality. Switching times of de-
vices as well as materials degradation are ‘strongly
influenced by hot carrier effects. Therefore a systematic
study of typical cooling times as well as of carrier-phonon
interaction in specimens with different structural compo-
sition and by that way possibly enhanced or reduced
energy-loss rates (ELR’s) of hot carriers probably leads to
faster devices or improved device lifetimes.

Previous experimental investigations on carrier-
phonon interactions have been focused on the
Al,Ga,_,As/GaAs system because of the favorable en-
ergy gaps and the well-developed crystal-growth tech-
nique. A comprehensive overview of the experimental
and theoretical state of the art is given by Shah.!

The enormous technological importance of the ternary
semiconductor Ga, 4;In; s3As requires an understanding
of carrier-phonon interaction and of hot carrier effects in
this material also. Carrier energy relaxation has been in-
vestigated by means of time-resolved photoluminescence
by Kash and Shah? in a Ga, 4;Ing s3As epilayer and with
cw photoluminescence by Shum and co-workers.> In
both papers a remarkably reduced polar-optical ELR was
claimed, which was found to be independent of excitation
density.

Recently, we carefully investigated the ELR of hot car-
riers in undoped bulk Ga 47Ing 53As and undoped and n-
type modulation-doped Gag 47Ing 53A8/Alg 4gIng 55As
multiple-quantum-well (MQW) structures in a cw experi-
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ment* and with time-resolved photoluminescence.’”’
The following facts have been established by our work.
(i) For low excitation density the polar-optical ELR of

carriers in undoped Ga 47Inys3As samples (bulk or

"MQW?’s) can be described satisfactorily by using the

theoretical value of the Frohlich coupling constant for
the polar-optical energy loss. (ii) A reduction of the
polar-optical ELR by 2 orders of magnitude is observed
for high excitation densities. (iii) The polar-optical ELR
of hot electrons in an n-type modulation-doped
Gay 47Ing s3As /Al 45Ing 5,As MQW is reduced by a fac-
tor of 35 even for very low excitation density. (iv)
Deformation-potential scattering and heating by Auger
processes have to be included for the interpretation of
cooling data in Gag 47Ing s3As. In the cited publications
we have investigated undoped and n-type modulation-
doped material; therefore a separation of the energy-loss
rates of electrons and holes was impossible.

In the present paper we extend our experimental inves-
tigations in the following two directions.

(1) We perform a systematic study of the well-thickness
dependence of the energy-loss rates of carriers in un-
doped Gag 47Ing 53As /Al 4gIng s,As MQW’s.

(2) We investigate n- and p-type modulation-doped
Gay 47Ing 53A8/Al) 45Ing 5, MQW’s. In that way we can
separate, especially for polar-optical scattering, energy
loss by electron—-LO-phonon scattering and by
hole—-LO-phonon scattering, and study the excitation
density dependence of each scattering mechanism nearly
independently. Our new presented data enable us to give
a consistent picture of carrier cooling and allow us to un-
derstand qualitatively the mechanisms, which reduce the
polar-optical energy loss at high excitation densities.

The paper is organized as follows. In Sec. II, details of
the experimental setup and the structural parameters of
the samples are described. In Sec. III the cooling of hot
carriers in a Gag 47Ing 53As/Alj 43Ing 5,As/InP  hetero-

structure is discussed in detail. A theoretical model is
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presented, which uses Fermi-Dirac statistics for electrons
and holes, and takes into account polar-optical scatter-
ing, acoustic deformation-potential scattering, and car-
rier heating by Auger processes. The data are analyzed
with this theoretical model. In Sec. IV a systematic study
of the well-thickness dependence of energy loss by polar-
optical scattering, acoustic deformation-potential scatter-
ing, and Auger processes in undoped Gag 4;Ing s3As/
Alj 43Ing 5,As MQW?’s of different well thickness is per-
formed. In addition, the intersubband relaxation of elec-
trons, which are excited into higher subbands by the laser
pulse, is discussed. The influence of carriers generated by
doping on the cooling process is investigated in Sec. V.
Analyzing the cooling behavior in n and p-type
modulation-doped MQW?’s, we can separate the energy
loss by electron-LO-phonon scattering from that by
hole—-LO-phonon scattering. In particular, these two
energy-loss rates show a completely different dependence
on excitation density, which allows us to identify the un-
“derlying mechanisms for the observed reduction of the
polar-optical energy loss at least for the p-type
modulation-doped and the undoped samples. In Sec. VI
an interpretation of the data and a consistent picture of
polar-optical scattering is given. The presented results
are finally compared with results published by other
groups. The conclusions (Sec. VII) summarize the experi-
mental data about the cooling of hot carriers in two- and
three-dimensional Ga, 4;In; s;As.

II. EXPERIMENT

The samples used for the experiment are grown by
molecular-beam epitaxy (MBE) and lattice matched on
(100) InP substrates.® The bulk sample consists of an
unintentionally doped 0.75-pum-thick Gag 47Ing s;As lay-
er, which is clad by a 1.25-um-thick Al 43Ing s,As layer.
The Gag 47Ing 53As layer is thick enough to show no
quantization of energy levels. On the other hand, effects
of inhomogeneous excitation and therefore diffusion into
the depth do not seriously affect the evaluation of the ex-
perimental data. The undoped MQW’s are composed of
150 (70, 50) Gag 47Ing 53As quantum wells (QW’s) of 3.4
(8.0, 13.8) nm width alternating with unintentionally
doped 11.4-nm-thick Al 45Ing 5,As barriers. The various
well thicknesses allow a systematic study of the ELR of
the carriers as a function of well width. The n-type
modulation-doped MQW?’s consists of 50 unintentionally
doped Gag 47Ing 53As QW’s of 3.4 (8.2) nm width alternat-
ing with 23-nm-thick Al 4Ing s,As barriers. The bar-
riers are composed of 8.5-nm-thick undoped spacer lay-
ers, which clad a doped center region of 6-nm thickness.
The p-type modulation-doped sample is composed simi-
larly. The carrier density per QW in the modulation-
doped samples has been determined by Hall measure-
ments as well as by Shubnikov—de Haas experiments and
amounts to 4X10'" cm™2 for the n-type and 2X10!!
cm ™2 for the p-type modulation-doped sample. All sam-
ple parameters are compiled in Table I. A more detailed
description is given by Stolz et al.®° The experimental
setup for time-resolved photoluminescence is shown
schematically in Fig. 1. The samples (sample tempera-
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TABLE I. Structural parameters of the samples.
Well Barrier
thickness thickness Doping
L, Lg density
Sample (nm) (nm) Type (cm™?)
A bulk
B 34 11.4 undoped
C 8.0 11.4 undoped
D 13.8 11.4 undoped )
E 34 23 n 4x 10"
F 8.2 23.2 n 4x 10"
G 8.1 24.3 p 2X 10"

ture 5 K) are excited by a synchronously pumped mode-
locked dye laser with a repetition rate of 80 MHz and a
pulse duration of 4 ps. The dye laser is operated at a
wavelength of 840 nm using the dye Styril 9. The pho-
tons with an energy of 1.48 eV are therefore absorbed
only in the Gag 47Ing 53As layers. The maximum average
power is 50 mW, which is attenuated with neutral density
filters as well as by varying the size of the laser focus.
The size of the focus is measured carefully with calibrat-
ed pinholes. By these procedures we can vary our excita-
tion density between 2X10'® and 5X 10! cm™3 in the
case of the bulk sample and the corresponding two-
dimensional (2D) densities for the MQW’s. The photo-
luminescence is spectrally dispersed by a 0.32-m mono-
chromator and temporally resolved by a 2D Hamamatsu
synchroscan streak camera with an S1 cathode. The en-
ergy resolution of this set up amounts to approximately 3
meV and the time resolution is limited to 15 ps due to
temporal broadening by the spectrometer and the trigger
jitter of the streak camera. In our experiment we are able
to measure simultaneously the luminescence as a function
of time and of wavelength. The sensitivity of the whole
system is carefully gauged with a calibrated tungsten
lamp. After correcting for the spectral sensitivity, we can
evaluate transient luminescence spectra and the lumines-
cence lifetimes of our samples.

Trigger 032m 20
Diode Mono- Streak @——
chromator Camera
Cryostat
Digital
Image
Processor
\J 80MHz , 7, = 4ps , A =840nm
-—LSynchron pumped Dye quefj—\ Computer

LMode—Locked Ar*. Laser ‘}—ﬁ

FIG. 1. Experimental setup for the time-resolved photo-
luminescence measurements. For explanations, see text.



5236

III. BULK Gag_4;In, s;As

In Fig. 2 we show three transient photoluminescence
spectra obtained from bulk Gag 4;Ing s3As at delay times
of 40, 160, and 470 ps after the maximum of the excita-
tion pulse for the highest excitation density of 2.2X 108
cm 3. The photoluminescence is attributed mainly to ra-
diative band-band recombination; on the low-energy side
there might be a contribution of impurity-related recom-
bination. Luminescence from excitonic transitions will
not be considered, since excitons are damped out in bulk
semiconductors at densities of a few 10!
cm 3 carriers/cm?3. 1©

We assume fast thermalization of electrons and holes
as well as between electrons and holes via carrier-carrier
collisions to analyze the experimental data. Inhomogene-
ous excitation and reabsorption are neglected. The
luminescence spectra are fitted by a band-band recom-
bination model assuming conservation of the wave vector
k. This line fit shows a flat dependence of the lumines-
cence intensity on photon energy between hv=E, and
hv=E,+u,, where E, is the band gap and u, is the
quasi-Fermi-level for electrons, and an exponential de-
crease for hv= E, +pu,. Therefore we obtain the density
of excited carriers, which enters the line fit via the quasi-
Fermi-levels of electrons, and the carrier temperature T,
which determines the high-energy tail by the relation

J
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I(hv)< exp(—hv/kT,). In that way the temperature of
the carrier system is obtained as a function of excitation
density and of delay time.

Figure 3 shows the temporal behavior of T, for four
excitation densities. A rapid cooling is observed in the
first 100 ps for the highest excitation density of 2.2 10'8
cm ™3, followed by a slower decrease of the carrier tem-
perature at longer delay times. We have also measured
T, for dealy times as long as 1.5 ns and have observed a
temperature of 40 K. Sample heating is therefore limited
to temperatures below 40 K and the high temperature of
120 K after a 500-ps delay has a different physical origin.
The cooling curves for lower initial excitation densities
show, in principle, the same behavior, however, the initial
cooling starts from a lower temperature and is faster. In
addition, the carrier temperature after 500 ps is closer to
the lattice temperature of 5 K.

The next step is the development of a theoretical model
for carrier cooling, which allows one to extract the
strength of the different energy-loss and heating mecha-
nisms from the cooling data. We use Fermi-Dirac statis-
tics for electrons and holes, because for excitation densi-
ties in the range of 10'"® cm™3 the electronic system is
highly degenerate. The most important energy-loss
mechanism for carrier temperatures above 40 K is polar-
optical scattering. The polar-optical ELR per electron
for a degenerate distribution is given by!!

1/2
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FIG. 2. Transient photoluminescence spectra for bulk
Gay 47Ing 53As at three different delay times (40, 160, and 470 ps)
depicted for an excitation density of 2.2X 10" cm 3. The spec-
tra have been normalized to the respective maximum and multi-
plied by a factor of 10°, 104, and 10? for delay times of 40, 160,
and 470 ps, respectively.

Time (ps)

FIG. 3. Cooling data of bulk Gag 4;In, s;As for different exci-
tation densities. Theoretical fits calculated by the model of car-
rier cooling explained later in the text are depicted (solid curves)
using E,.=3 eV and F =100, 70, 40, and 3 for excitation densi-
ties of 2.2X 10", 5% 10", 1.5X 10", and 5X10' cm™3. The
dashed line shows a theoretical curve for the highest excitation
density calculated with the same parameters as the correspond-
ing solid line, but neglecting Auger recombination.
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where P,=fiwyq/7,, fiwg is the energy of the
longitudinal-optical phonon, 7,=0.16 ps is the
electron-LO-phonon scattering time, x,=#fw;/kT,,
Nq=1/(ex°—1) is the occupation number for LO pho-
nons with x,=%w;o/kT;, where T} is the lattice tem-
perature, f(e)=1/[1+ exp(e—m)] is the occupation
probability for electrons with e=E/kT. and
n=Ep/kT,, and

1 fw glde
[(G+1)J0 1+ exple—n)

is the Fermi integral of index j. The material parameters
entering in this and the following equations are listed in
Table II.

Equation (1) is valid only for electrons and consists of
two parts, the first describing the absorption and the
second the emission of LO phonons by electrons. The
polar-optical ELR for heavy holes is obtained by using
the effective mass of heavy holes instead that of electrons.
In addition, the rate must be reduced by a factor of 2, be-
cause the theory of polar-optical scattering is calculated
with s-like wave functions, whereas holes are described
by wave functions with p-like symmetry.!> These wave
functions produce a smaller overlap in the matrix ele-
ment of the Frohlich Hamiltonian, which must be com-
pensated. Concerning the light holes we note that the oc-
cupation probability is proportional to m{y/mfq.
There are much fewer light holes than heavy holes be-
cause of the small effective mass and these fewer light
holes scatter less efficiently with LO phonons than heavy
holes. It is therefore justified to neglect energy loss by
light holes in the theoretical model.

Holes also lose energy to the transverse- optical (TO-)
phonon system via the nonpolar-optical deformation po-
tential. Since this energy-loss rate has a similar analytical
dependence on carrier energy, density, and temperature
as polar-optical scattering, we subsum nonpolar-optical
scattering under the polar-optical energy loss. This pro-
cedure seems reasonable, since we determine the strength
of the polar energy loss by a fitting procedure. We use a
factor F to reduce the theoretical polar-optical energy-

Fy(p)= @)

TABLE II. Parameters for Gag 4,Ing s;As from Ref. 12.

Electron effective m} 0.041m,
mass

Hole effective my, 0.5m,
mass

Static dielectric € 13.73
constant

High-frequency €0 11.36
dielectric constant

Acoustic deformation E, 59 eV

potential for electrons
Density of mass

-3
of Gag 47Ing s3As p 5.89 g/cm

Electron—-LO-phonon Teo 0.16 ps
scattering time
Hole-LO-phonon Tho 0.09 ps

scattering time
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loss rate,
dE _1|dE ®
dt PO, expt F dt PO, theor

This reduction factor F phenomenologically describes the
reduction of the polar-optical energy loss because of
screening of the Coulomb interaction between a single
carrier and the lattice as well as other carriers and be-
cause of the buildup of a nonthermal distribution of LO
phonons (LO-phonon bottleneck). Screening weakens the
interaction and thereby reduces the emission of LO pho-
nons. In the presence of nonthermal LO-phonon distri-
bution the occupation number for LO phonons is much
larger than the equilibrium value of Eq. (1). In that case
the probability for the absorption of a LO phonon be-
cames comparable with that of an emission of a LO pho-
non. Therefore the net polar-optical ELR will be strong-
ly reduced.

The next important energy-loss mechanism, especially
for carrier temperatures 7T,<40 K, is acoustic
deformation-potential scattering, which is generally ex-
plained in the framework of crystal deformations. The
ELR by this scattering mechanism is given by!!

_ 8‘/5, (m#)5/2E2

dE — ! 3/2
dt |pp 7372 pfi4 (KT.)
T Fi(n)
x |1—=5 |2 @
T, | Fyp(n)

where E; is the acoustic deformation potential for elec-
trons and p is the density of mass of Gag 4;Ing 53As. The
ELR by acoustic deformation-potential scattering of
holes is obtained using the effective mass of heavy holes
and an acoustic deformation potential E,_ for holes. Be-
cause of the (m*)’’? dependence the energy loss by
acoustic deformation-potential scattering of holes by far
exceeds that of electrons.

Piezoelectric scattering must be only considered for
T, =20 K. It can therefore be neglected in our calcula-
tions, since we are interested in the temperature range
above 20 K.

In addition, carrier heating by Auger processes has to
be taken into account in narrow-gap materials. The heat-
ing rate per electron or hole is proportional to
CcuccnpE, for the conduction-band Auger process and
to CcpsynpE, for the valence-band Auger process (n and
p are the concentrations of electrons and holes; Ccycc
and Ccygy are the Auger coefficients for the respective
Auger processes). In undoped samples we cannot distin-
guish the contributions of the different Auger processes
(n=p) and therefore the heating rate simplifies to
C Aang with C,=Ccycc+Ccpysy- In GaAs Auger
heating can be neglected because of the much smaller
Auger coefficients.

We use Fermi-Dirac statistics for electrons and holes
to model the cooling dynamics of the carrier system.
Thus effects of recombination heating!* are included. For
the lifetime of the carriers we use the value for the lowest
excitation density (2.6 ns for the bulk sample), which can
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be determined from the temporal decay of the
wavelength-integrated luminescence. For higher excita-
tion density the carrier lifetime decreases mainly because
of the increasing importance of Auger processes, but the
evaluation via the wavelength-integrated luminsence be-
comes much more difficult.

We can now perform theoretical calculations of the
cooling behavior of an electron hole plasma, taking into
account the described energy-loss and heating mecha-
nisms. The acoustic deformation potential E,; for holes,
the Auger coefficient C 4, and the reduction factor F of
the polar-optical energy loss are treated as free parame-
ters. We assume the Auger coefficient and the acoustic
deformation potential of holes to be independent of exci-
tation density, but allow a variation of the polar-optical
ELR with excitation density. This assumption seems
reasonable, because in the case of the Auger processes the
dependence on carrier density is explicitly expressed.
Theoretical work, in which screening of the acoustic de-
formation potential in 3D systems is postulated,'” is not
yet verified. In addition, we will show in this publication
that even the long-range Frohlich interaction, which
causes polar-optical scattering, does not screen for holes
in 2D systems. We assume therefore that also the short-
range acoustic deformation potential will not be
influenced dramatically by effects of screening.

The a priori unknown parameters, the reduction factor
F of the polar-optical energy loss, the acoustic deforma-
tion potential of holes, E,., and the Auger coefficient C ,
are determined nearly independently. The rapidly de-
creasing parts of the cooling curves at times less than 100
ps after the excitation are caused by polar-optical scatter-
ing and can therefore be used to determine the value of
the polar-optical ELR according to Eq. (3). Acoustic
deformation-potential scattering of holes is the dominant
cooling process for low excitation densities and T, <40
K. Therefore a suitable fit of the cooling curve at the
lowest excitation density of 5X10'® cm™3 yields the
acoustic deformation-potential constant E,. for holes in
bulk Gag 4,Ing 53As. Heating by Auger processes plays
the most important role at the highest excitation density.
We attribute the relatively high nonequilibrium carrier
temperature of over 100 K for times longer than 100 ps
to heating by Auger processes, and therefore deduce the
value for the Auger coefficient from this part of the cool-
ing curve at highest excitation. We obtain the solid lines
in Fig. 3, which represent fits of the cooling of the
electron-hole plasma calculated by our theoretical model.
We will first discuss the intensity dependence of the
polar-optical ELR. A factor of F =3 is obtained for the
lowest excitation density of 5X10'® cm™3 by fitting the
theoretical model to the experimental data. This factor is
close to the value found in cw photoluminescence experi-
ments* and the theoretical 3D value. For higher excita-
tion densities of 1.5X10'7, 5X 10", and 2.2X 10" cm ™3,
we need reduction factors of 40, 70, and 100. As a result,
a polar-optical ELR is obtained that is close to the
theoretical expectation at low excitation density, but is
strongly reduced with increasing excitation density. This
observation is in contrast to the work of Kash and Shah.?
An interpretation for this strong reduction of the polar-
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optical ELR will be given in Sec. VI of this paper.

A value of E,.=3 eV gives a good fit to the cooling
curve at lowest excitation density. This value is approxi-
mately half of the acoustic deformation potential of
E,=5.9 eV of electrons.!” A similar relation between
E,. and E, has been also obtained for GaAs."

Finally, an Auger coefficient of C,=7X10"% cm®s™
is necessary to approximate the cooling behavior at the
highest excitation density. This value is in good agree-
ment with other measurements of Auger coefficients in
Gay 47Ing 53As or materials with a comparable band
gap.'®!” We point out the importance of including car-
rier heating by Auger effects by depicting the dashed
curve in Fig. 3. This curve is calculated with the same
parameters as the solid curve for the highest excitation
density, but neglecting Auger processes.

6 1

IV. UNDOPED MQW’s

We next investigate whether the ELR’s change at the
transition from 3D to 2D or quasi-2D systems and
whether these rates show a well-thickness dependence in
MQW’s. A systematic study of carrier cooling in un-
doped MQW’s of different well thickness is performed us-
ing well thicknesses of 3.4, 8.0, and 13.8 nm (samples B,
C, and D). The thin MQW B has only one confined elec-
tronic subband, whereas samples C and D have, respec-
tively, three and four electronic subbands. In the experi-
ment carriers are simultaneously excited into all states
because of the applied excitation wavelength. The excita-
tion density is varied again using neutral density filters
and/or changing the size of the laser focus. Transient
luminescence spectra at typical delay times are depicted
in Fig. 4 for the different samples. These transient spec-
tra indicate several complications in comparison to the
luminescence spectra of the bulk sample.

First, in the thicker quantum wells of 8.0 and 13.8 nm
well width part of the carriers are excited by the laser
pulse to higher subbands and thus can change the cooling
process. - The energy position of the transitions corre-
sponding to these higher subbands is marked by arrows
in Figs. 4(b) and 4(c). The fundamental question is now
whether we can assume a thermal equilibrium between
the carriers and, in particular, the electrons in higher
subbands and in the ground state. Recently, we investi-
gated intersubband relaxation in an n-type modulation-
dOped GaO. 47In0.53AS /Alo 481n0.52AS MQW and have
found that the intersubband relaxation time should have
a value between 0.5 (Ref. 18) and 3 ps (Ref. 19). Now an
intersubband transition of electrons occurs mainly by
scattering on a LO phonon; therefore intersubband relax-
ation times of n-type modulation-doped and undoped
MQW'’s should be comparable. We can therefore assume
that electrons and, more generally, carriers in different
subbands are thermalized and can be described by a sin-
gle distribution functions, at least for our time scales.

Second, excitons are much more important in two-
dimensional structures than in bulk material, because the
binding energy of 2D excitons is 4 times that of 3D exci-
tons, and screening of the Coulomb interaction is much
less effective in 2D than in 3D systems. In order to clari-
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FIG. 4. Transient photoluminescence at different delay times
of the MQW’s with well thicknesses of (a) 3.4 nm, (b) 8.0 nm
and (c) 13.8 nm in a plot corresponding to Fig. 2.

fy this point, we have studied the saturation of the exci-
tonic resonance by free carriers in the 3.4-nm-thick
MQW.2 A value of 3.5X10° cm™2 for the saturation
density N, is obtained in these experiments. We can thus
neglect excitons for excitation densities, at which Fermi-
Dirac statistics must be used. At lower excitation densi-
ties excitons are indeed present, but on the high-energy
tail of the photoluminescence we always detect the tem-
perature of free carriers.

Third, the part of the luminescence spectrum between
the energy of the n =1 transition and the quasi-Fermi-
level for electrons is not flat as expected from fits using
band-band recombination with an energy-independent
matrix element, but decreases towards higher photon en-

ergies, thus indicating an energy dependence of the ma-
trix element of radiative recombination. The real prob-
lem is, however, that this dependence on photon energy
seems to be a function of carrier temperature or density,
as observed in Fig. 4(a) for the thinnest MQW.

Finally, the long carrier lifetime of 2.4 and 3 ns in the
case of the 8.0- and 13.8-nm-thick MQW?’s results in an
accumulation of carriers by successive laser pulses, which
have a temporal spacing of 12.5 ns. The 2D picture of
luminescence shows that the structures near the energy of
the n =1 transition stem from a carrier-accumulation
process and are therefore experimental artifacts. Carrier
cooling as observed by the high-energy tails of the
luminescence spectra, however, is not influenced by the
accumulation process.

Considering these problems associated with lumines-
cence spectra of 2D systems, we abstain from fitting the
whole luminescence spectrum by a band-band recombina-
tion model and instead only extract the carrier tempera-
ture as a function of temporal delay with respect to the
excitation pulse from the high-energy slope. The initial
carrier density is estimated by measuring the size of the
focal spot, the laser-pulse energy, and the absorption
coefficient at the laser wavelength. The cooling curves
derived in this manner are depicted in Fig. 5 for the
different samples at various excitation densities.

Most of the theoretical work on scattering rates in 3D
and 2D systems agrees that these rates are the same
within a factor of about 2.21?2 Since a careful analysis of
such small-dimensional effects is beyond the scope of this
paper, we use the outlined 3D formalism for analyzing
the cooling behavior in 2D systems.

We discuss again the behavior of the polar optical ELR
as a function of excitation density. Figure 6 shows the
observed reduction factor F for the three MQW samples.
The same strong reduction of the polar-optical ELR is
found for increasing excitation density as in the bulk
sample. A detailed discussion of the underlying mecha-
nisms of this reduction will be given in Sec. VI. At this
moment we will focus on three points.

First, in all three MQW samples the polar-optical ELR
at low excitation density is comparable to theoretical
(3D) expectations. Since the theoretically anticipated 2D
scattering rates should be similar to the corresponding
3D ones, we conclude that the strength of the Frohlich
coupling in two dimensions is close to theoretical expec-
tations. In addition, Fig. 6 shows a tendency of increas-
ing coupling strength with decreasing well width, which
is predicted also theoretically.??

Second, the Frohlich coupling
Gag 47Ing 53As is comparable.

Third, we note that the reduction of the polar-optical
ELR as a function of the sheet density n, as depicted in
Fig. 6 is similar in all three samples. The possible mecha-
nisms, which cause this reduction, namely LO-phonon
overpopulation, screening of Coulomb interaction, or
plasmon-phonon coupling should depend strongly on the
sheet density in 2D or quasi-2D systems®>»?* and there-
fore the observed similar dependence of the polar-optical
ELR on n, in all three MQW?’s is theoretically expected.

Next, we study the well-thickness dependence of the

in 2D and 3D
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ELR by acoustic deformation-potential scattering of
holes. The strength of the acoustic deformation-potential
scattering is proportional to (m*)’’2EZ. For the bulk
sample we know the effective mass of heavy holes and can
therefore determine E,; to 3 eV. In MQW’s the effective
mass of heavy holes as well as the acoustic deformation
potential can show a dependence on well width and at
present it is impossible to separate both effects. Figure 7
(solid dots, left-hand scale) shows the ELR by acoustic
deformation-potential scattering of holes as a function of

well thickness, normalized to the bulk value. A
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FIG. 5. Cooling curves for the MQW’s with well thicknesses
of (a) 3.4 nm, (b) 8.0 nm, and (c) 12.8 nm at different excitation
densities. Theoretical fits (solid curves) use the reduction fac-
tors F of Fig. 6 and the deformation potential for holes and the
Auger coefficients of Fig. 7.

H. LOBENTANZER, W. STOLZ, J. NAGLE, AND K. PLOOG 39
103 T T T
undoped Gag47Ingg3As /Al 048 Ings2As
©  lLz(nm): @ 34 o & m MAWs
w A 80 ° A 8
T 102l =138 = |
.f_)_' a
8— [ ]
L
(=} [ ]
_g + sy
- 10 —
o
c
2 am
[$]
3
[9] 1+ [ J -
o
L i 1
1010 on 1012 1013

Excitation Density (cm=-2)

FIG. 6. The reduction of polar-optical ELR as a function of
(two-dimensional) excitation density for the 3.4-nm MQW (cir-
cles), 8.0-nm MQW (triangles), and 13.8-nm MQW (squares).

significant increase is observed with decreasing well
thickness. Further experiments are necessary to investi-
gate the origin of this increase.

We discuss finally the well-thickness dependence of the
Auger coefficients, which is also plotted in Fig. 7 (open
squares, right-hand scale). A decreasing Auger
coefficient with decreasing well thickness is observed
(from 7X10~% cm®s ™! at a well thickness of 13.8 nm to
4X107% cm®s™! for 3.4 nm). This well-thickness depen-
dence is explained by the normal dependence of the
Auger effect on the size of the energy gap, which is ob-
served also in the Ga,In, ., As;_,P, system.!” We note
that the Auger coefficients in the samples under investi-
gation compare well with results obtained by a pump-
and- probe technique in the same material’® and in
Ga,In,_,As, P, with a comparable band gap. There is
no experimental evidence for a lower Auger coefficient in
2D structures in comparison to bulk material with a com-
parable band gap.
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FIG. 7. The strength of acoustic deformation-potential
scattering of holes (normalized to the bulk value) and the Auger
coefficients as a function of well thickness.
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V. MODULATION-DOPED MQS’s

So far we have discussed the results obtained from un-

doped materials. Because of the excitation of electron-
hole pairs, we can neither isolate the cooling behavior of
one type of carriers nor attribute the observed reduction
of the polar-optical ELR to a specific carrier type. A
more detailed investigation of this phenomenon is possi-
ble in n- and p-type modulation-doped MQW’s. The pa-
rameters of the samples E, F, and G are listed in Table 1.
The same luminescence experiment as described in Sec. I1
is performed with these samples. Transient luminescence
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FIG. 8. Transient photoluminescence spectra for the

modulation-doped MQW’s. (a) and (b) show data for the 3.4-
and 8.2-nm-thick n-type modulation-doped MQW'’s, whereas (c)
shows spectra for the p-type modulation-doped sample in a plot
corresponding to Fig. 2.
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spectra are shown in Fig. 8 for the two n-type and the p-
type modulation-doped samples. The problems associat-
ed with higher subbands, energy-dependent matrix ele-
ments, and experimental artifacts are comparable to the
case of undoped samples and will not be discussed. Car-
rier temperatures are derived from the high-energy tails
of the transient luminescence spectra, leading to cooling
curves, which are depicted in Fig. 9. The strength of the
polar optical scattering, the acoustic deformation poten-
tial E,. of holes, and the Auger coefficient are again
determined by the described fitting procedure, taking into
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FIG. 9. Cooling curves for the modulation-doped MQW’s at
different excitation densities. (a) and (b) show the cooling be-
havior for the n-type modulation-doped samples, whereas (c)
shows the p-type sample.
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account the doping density of the respective sample. Be-
fore discussing the polar-optical energy-loss rates, a few
additional points should be mentioned.

First, the carrier temperature of the n-type
modulation-doped samples remains high for longer delay
times even at moderate excitation densities. This behav-
ior is explained by the strongly reduced importance of
acoustic deformation-potential scattering of holes. The
strength of acoustic deformation-potential scattering
must be determined at excitation densities comparable to
the doping density. In this case we find the same value as
in comparable undoped specimens.

Second, the acoustic deformation potential observed in
the p-type modulation-doped sample is the same as in un-
doped material. This result shows that acoustic
deformation-potential scattering of holes will not be
influenced noticeably by effects of screening at least up to
a density of holes of 2X 10! cm™2. This result justifies
the unscreened acoustic deformation potential used in
our model calculations.

Third, CHCC and CHSH Auger processes are not
longer equivalent in modulation-doped samples. Never-
theless, at excitation densities, which are high in compar-
ison to the doping density, both Auger processes became,
in fact, unseparable again. We therefore use the same
heating term as developed in Sec. III and find the same
value for the Auger coefficients as for comparable un-
doped samples.

The reduction of the polar-optical ELR as a function
of excitation density is plotted in Fig. 10. It is important
to point out that the plot of the reduction of the polar-
optical ELR against excitation density is a bit misleading,
since the total carrier density is nearly constant in the
case of weak excitation, but proportional to the excita-
tion density for high excitation. The dependence of the
energy-loss rates by electron—-LO-phonon and hole-LO
phonon scattering on excitation density (and also on total
carrier density) is completely different. The polar-optical
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FIG. 10. Reduction of polar-optical energy loss as a function
of excitation density. Circles and triangles show data for the n-
type modulation-doped samples, whereas squares give the
reduction factor for the p-type modulation-doped sample.
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ELR of holes starts at approximately the theoretical
value for low excitation density. For higher excitation
densities we observe a reduction of the polar-optical ELR
comparable to that in undoped samples. For the n-type
modulation-doped samples, which have the same doping
density and show an identical behavior, we see a reduc-
tion of the polar-optical ELR rate by a factor of 35 even
at the lowest excitation densities used in this experiment.
This result is in excellent agreement with infrared pump-
and-probe experiments on the 8.2-nm-thick MQW (sam-
ple F) (Ref. 19) and compares well with results on n-type
modulation-doped GaAs MQW’s obtained by Shah
et al.?® by means of cw photoluminescence experiments.
For higher excitation density the polar-optical energy
loss is further reduced.

VI. DISCUSSION

In this section of the paper we first discuss the be-
havior of the polar-optical ELR in bulk G 4;In, s3As and
in undoped and modulation-doped Gag 47Ing 53As/
Al 45In, s,As MQW’s as a function of excitation density,
and second we compare our results with earlier publica-
tions. The key feature for a qualitative understanding of
the mechanisms, which cause the strong dependence of
the polar-optical ELR on excitation density, is given by
the results of the p-type modulation-doped MQW (see
Fig. 10). We observe a strong reduction of the polar-
optical ELR for excitation densities considerably below
the doping density; that is, at nearly constant total carrier
density. Screening of the Coulomb interaction as well as
plasmon-phonon coupling depends sensitively on the to-
tal density of carriers.!>3® We therefore conclude that
these mechanisms are ruled out for the explanation of the
observed strong reduction of the polar-optical ELR in the
p-type modulation-doped MQW by experimental
findings, and assume that the discussed reduction is
caused by the remaining mechanism, an overpopulation
of those LO-phonon modes, which are involved in the
cooling process of holes. This LO-phonon overpopula-
tion has been proposed by P6tz and Kocevar.?” These
authors have shown theoretically that the polar-optical
ELR is substantially reduced by the existence of such a
LO-phonon bottleneck. Screening and plasmon-phonon
coupling might play a certain role for excitation densities
higher than the doping density.

A comparison of the influence of hot LO phonons on
electrons and holes implies that a significantly greater
effect is expected for electrons, since the k space of LO
phonons, which interact with the respective carrier type,
scales in a simple parabolic band approximation as
(m*)*/2, v being the dimension of the carrier system. In
addition, electrons will be screened by holes in undoped
samples. We therefore expect that the polar-optical ELR
of electrons is reduced at significantly lower excitation
densities than that of holes. For this reason the depen-
dence of the polar-optical ELR on excitation density in
undoped samples will be determined by the excitation-
density dependence of the polar-optical ELR of holes.



This expectation is confirmed when we compare the
reduction of the polar-optical ELR in modulation-doped
sample with the corresponding reduction in the undoped
sample. Essentially the same behavior is observed in both
samples. Therefore the observed reduction of the polar-
optical ELR at high excitation densities in undoped 2D
and 3D samples should be mainly caused by a non-
thermal population of LO phonons, which are involved in
the cooling process of holes.

The dynamics of the polar-optical ELR of electrons
can only be studied in n-type modulation-doped MQW
samples. The interesting new feature is the leveling of the
reduction factor as observed in Fig. 10 for low excitation
densities. As explained earlier, electrons are more sensi-
tive to LO-phonon overpopulation than holes. Compar-
ing now the excitation dependence of polar-optical ener-
gy loss of the n and p-type samples, we certainly have ex-
perimental conditions in which an overpopulation of LO
phonons, which are involved in the cooling of electrons,
can reduce the polar-optical energy loss of electrons.
However, even among theoreticians there exists a consid-
erable disagreement about the influence of screening on
the polar-optical ELR of electrons. Yoffa?® claims that in
3D GaAs the polar-optical energy-loss rate of electrons
should decrease at densities as low as 6X10'® cm™3,
whereas Das Sarma et al.? give a value of 5X10'7 cm 3.
Of course, we cannot straightforwardly compare GaAs
and Gag 4;7In, s3As as well as 3D and 2D material. Nev-
ertheless, the cited papers show that at the carrier densi-
ties used here as doping densities screening might reduce
also the polar-optical ELR of hot electrons. The problem
is that screening and a hot phonon effect compete with
each other, i.e., the existence of screening reduces the
phonon overpopulation. We therefore conclude that a
separation of effects due to screening and to LO-phonon
overpopulation is not possible with this type of experi-
ment in n-type modulation-doped MQW’s. In our
opinion the main effect is caused by a LO-phonon over-
population, but screening might play an additional role.

We now compare the results reported in this paper
with results published by other groups. The first mea-
surements on carrier cooling in Ga, 4,Ing 53As were re-
ported by Kash and Shah,? using a 0.5-um-thick epilayer
of Gay 47Ing s3As. A strongly reduced polar-optical ELR
independent on excitation density has been observed for
excitation densities of 7X 10! and 2X10'® cm ™3, In that
paper Maxwell-Boltzmann statistics has been used for
analyzing the cooling data and only energy loss by polar-
optical scattering has been taken into account. In addi-
tion, the range of excitation densities has been too small
to make definitive claims about the dependence of the
polar-optical energy loss on excitation density, especially
for low carrier densities. If we neglect discrepancies in
the numerical value of the reduction of the polar-optical
ELR, which are caused by our more accurate theoretical
model, these earlier measurements can be regarded as the
high excitation limit of the measurements reported in
Sec. III.

The results of Shum et al.,® which claim a reduction of
polar-optical energy loss by a factor of 300 in a cw exper-
iment at excitation densities of 10" cm™® in
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Gag 47Ing 53As /Al 43I0, 5,As single quantum wells, are in
strong contradiction to the results of our cw experiment*
and to the time-resolved data presented in this paper,
especially the dependence of polar-optical energy loss on
excitation densities. The origin of this discrepancy is not
clear. We suppose that the determination of the excita-
tion density, which enters critically the calculation of the
polar-optical energy loss in the work of Shum et al., is
rather uncertain because of the indirect excitation.
Another problem are the trapping times used in the
theoretical treatment of Ref. 3.

The strongly reduced polar-optical ELR in n-type
modulation-doped MQW’s was first reported by Ryan
et al.’° in the GaAs system. This reduction was attribut-
ed rather to a reduced Frohlich coupling in 2D systems
than to the doping density of electrons. However, in the
work of Shah? and of ourselves’ it has been shown that
this reduction of polar-optical energy loss in n-type
modulation-doped MQW?’s is caused by the doping densi-
ty of electrons and has therefore nothing to do with the
reduced dimensionality of the coupled carrier—LO-
phonon system.

The result that the reduction of the polar-optical ELR
behaves similarly in undoped MQW’s of different well
thickness, when it is plotted as a function of the 2D exci-
tation density, has been reported recently in the GaAs
system.>! ™33 The claim, however, that this dependence
indicates a hot LO-phonon effect’? is not correct. All
mechanisms which cause a reduction of the polar-optical
ELR, ie., screening of the Coulomb interaction,
plasmon-phonon coupling, and a nonequilibrium LO-
phonon population, should depend on the 2D excitation
density n, in quasi-two-dimensional systems.

Finally, the observation that the polar-optical energy
loss of holes is not influenced by effects of screening, at
least up to densities of 2X 10" ¢cm™?, and that the ob-
served reduction of this loss must therefore be caused by
LO-phonon overpopulation, is confirmed by the experi-
ments of Riihle et al.** and Polland et al.>® The results
of these papers show that the polar-optical ELR in un-
doped samples, which is determined by the polar-optical
ELR of holes, is not influenced by the carrier density up
to 3D excitation densities of 4X10'7 cm ™3 or 2D densi-
ties of 4X 10! cm ™2,

VII. CONCLUSIONS

We have studied the cooling of hot carriers in an un-
doped Al 43Ing 5,As/Gag 47Ing s3As/InP heterostructure
and in undoped and modulation-doped Gag 4;Ing 53As/
Al 43Iny 5,As MQW’s. The observed polar-optical ELR
of holes is in good agreement with the theoretical value
for low excitation densities, whereas it is reduced by 2 or-
ders of magnitude at high excitation according to a hot
phonon effect. For electrons the polar-optical energy-loss
rate is strongly reduced, even at low excitation density.
In explaining this reduction we cannot rule out a certain
screening of the Coulomb interaction.
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In addition, we find a well-thickness dependence of the
acoustic deformation-potential scattering of holes and of
the Auger processes. Acoustic deformation-potential
scattering increases with decreasing well thickness due to
an increase of the acoustic deformation potential of holes,
E,., and/or of the effective mass of holes. The Auger
processes become less important with decreasing well
thickness, which represents the expected dependence on

energy gaps.
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