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To study the effects of confinement by quantum-well potential discontinuities on ultrafast carrier dynamics,
we performed pump-broadband probe studies of a seriesyQfGa, s;As quantum wells excited 30 meV
above the band edge. Our measurements show that the rate of carrier thermalization is well width independent;
however, the rate of carrier cooling to the band edge is strongly influenced by confinement. This influence has
two separate physical origins. First, the dimensionality dependence of the density of states results in a larger
proportion of thermalized electrons that can emit LO phonons in three dimensions than in two. Second,
modification of the phonon density of states by the ionic mass discontinuity at the well boundaries may reduce
the electron—LO-phonon couplinfS0163-182808)07748-0

I. INTRODUCTION AND EXPERIMENTAL TECHNIQUE band offsets for the ,/Gay 5sAs/INg 47Alp 55AS System
are 440 and 630 meV, respectively.

Ultrafast optical measurements have played a major role There has been substantial previous work on the ultrafast
in understanding the dynamics of semiconductors. Studies afptical properties of semiconductdriiowever, the vast ma-
carrier thermalization and cooling are among the most imjority of this work has been on GaAs and larger band-gap
portant of these, as they reveal dynamics that are both criticahaterials. Although studies of both narrow quantum wells
for device development and of fundamental interest for un{QW’s)>* and bulk materiafshave been performed, previ-
derstanding carrier-carrier and carrier-phonon interactionsous experiments in which the transition from two to three
No such study, however, has examined the effects of matedimensions is examined have not been carried out. One study
rial confinement to quasi-two-dimensions on carrier thermalof the effect of confinement on spin relaxation dynamics was
ization dynamics. This question is important for device de-performed recently; however, in this case the variation in
velopment, as many high-speed devices are based aronfinement was achieved by varying the composition of the
guantum confined heterostructures. It is also of importancéarriers, which varies the depth of the wells, rather than their
from a more fundamental perspective. It is known that awidth. Changing the depth of the wells alters the penetration
number of many-body processes that act on the femtosecord the wave function into the barrier layers, which is not the
time scale, such as screening, Pauli blocking, and the elecase when well width is varied.
tron phonon interaction, are altered by confinement to two In this paper we present pump broadband-probe experi-
dimensions. However, real structures may exist in a regimenents in which Ig 4;Ga, 55As heterostructures were excited
intermediate between the absolute two- and threeapproximately 30 meV above the lowest bound excitonic
dimensional limits, and in this regime very little theoretical state. These experiments allowed us to study the effects of
or experimental work has been done. Furthermore, the the@onfinement on a number of ultrafast processes. Excitation of
retically predicted variations in these interactions with di-a semiconductor by a laser first produces coherent oscilla-
mensionality have not previously been checked experimentions of population between the valence and conduction
tally. bands. For excitation above the gap, however, this regime

In order to explore the influence of dimensionality on lasts for a time of order the pump duration, and results in the
these many-body interactions, we have measured the ugieneration of real carrier populations. The evolution of the
trafast  optical properties of a  series  of population is illustrated in Fig. 1. First, the sharply peaked,
Ing.47G& 53AS/INg 47Al g 55AS heterostructures with varying nonthermal populatiofa) thermalizes through Coulomb me-
guantum confinement. This material system is excellent fodiated carrier carrier scattering to a hot Boltzman distribution
studies of confinement because, IiGa, 55As has a rela- (b). This process is complete within the first picosecond, and
tively small band gap(800 meVj, which leads to large, is discussed in Sec. Il. Next, the hot carriers cool to the
weakly bound excitons. The exciton Bohr radius in this sys{attice temperature by the emission of phonons, eventually
tem is 290 A, more than twice that in the more commonlyresulting in a Fermi distribution in equilibrium with the lat-
studied material GaAs. Studies of)lp,Ga, 55As are also of tice. The majority of carriers have insufficient excess energy
technological importance, as its bandgap matches the minte emit LO phonons, and so cool by the much slower
mum attenuation wavelength of optical fiber. The thicknessacoustic-phonon emission process. Cooling takes several
of the Iny 47/Gay 53As quantum well layers in our heterostruc- hundred ps and is discussed in Sec. IV. Our measurements
tures range from 100 Aone third the Bohr radiygo 6000 A  also allow us to observe the influence of confinement on a
(20 times the Bohr radiys The valence- and conduction- number of transient nonlinearities, addressed in Sec. lll.
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A (a) (b) L © sufficient. energy to emit LO phqnons, and will t_hermalize
] largely without LO-phonon emission. The absorption spectra
for our samples show that for this excitation energy, the den-
sity of states for the electrons is very similar, ranging from
~1x10* meV cmi 2 in bulk to ~2x 10 meV cm 3 in the
100 A QW’s. From the absorption spectra and the depth of
the spectral hole we estimate the excitation density for all
x A samples to beN=5x10' cm 2 distributed over approxi-
mately 10 meV. At all times the probe beam waist was less

. . . than 3 the pump beam waist, so that the variation in carrier
FIG. 1. Schematic of population evolution towards the banddensity across the probe was less than 10%.

edge.(a) O fs. Band edge signal is due to screening by the nonther-
mal population(b) 300 fs. Band edge signal is due to screening by

/

thde hot' thelrmal; distribution gndbPauIi Ibl(;)ckin(.;:) 20 zsp Ba|1'n8| ) Il. COULOMB INTERACTIONS
;engge signal is due to screening by cooled carriers and Pauli block- AND CARRIER THERMALIZATION

Population thermalization by carrier-carrier scattering has
Measurements were performed on four been examined both theoretically and experimentally in a

INg 47Gay 5AS/INg 47Alp s5As  quantum  well heterostruc- humber of studies. Because in our experiment electrons are
tures, containing wells of 100, 200, 500, or 6000 A. The totalgiven ten times as much excess energy as holes, our mea-
thickness of 1g 47Ga, 55As for all the wells in each sample surements largely reflect electron dynamics. Thermalization
was 6000 A. 1g4AlosAs barriers were 70 A wide, and the requires the exchange of energy among particles, and is thus
lattice matched InP substrate was mechanically thinned to 5dominated by interactions between particles of similar mass.
microns to eliminate signals from two-photon absorption.Thus, electron—heavy-hole collisions are much less effective
Linear absorption spectra of the samples are shown in Fig. 20 thermalization than are electron-electron scatterings. Al-
Pump-probe measurements were performed using continuufiough electron—light-hole interactions could also give sig-
generated from a NaCl additive pulse modelocked laser an@ificant energy rearrangement, the light-hole —oscillator
amplifier system. This system produces 120 fs continuun§trength is only; that of the heavy hole, so few light holes
pulses centered around 1.38n. The pump beam was se- are present. Thus we expect thermalization to be dominated
lected from the continuum using appropriate interference filby electron-electron scattering.
ters, while the broadband probe was analyzed using a spec- The scattering rate is governed by two factors: the
trometer and InGaAs optical multichannel analyzer. Allstrength of the(Coulomb scattering interaction, and the
samples were held in a liquid-helium cryostat at 7 K. phase space of final stateShe effective strength of the
The central energy of the pump photons was chosen to beoulomb interaction is mpdlfled by screening; howeyer, ac-
30 meV above the lowest bound exciton state of eact¢urate models of screening for nonthermal populations are
sample. Accounting for the electron and hole effectivedifficult to develop for a number of reasons. First, screening
masses, fiy,= 0.377n,, my,=0.052m,, m,=0.041m,) this  Models are strongly dependent on accurate modeling df the
excitation produces an initial electron distribution with an Space distribution of the carriers involvd&imple models
excess energy of approximately 26 meV, and a heavy-holgenerally take either a Fermi or a Boltzmann distribution,
distribution with excess energy approximately 3 meV.leading to the Thomas-Fermi or Debye-Huckel approxima-
Ing 47Ga 5sAs has two LO-phonon branches, GaAs like, tions for static screening. For the case of thermalization,
with energy 35 meV, and InAs like, with energy 28 meV. All however, the population distribution is evolving on a very

of the holes and the majority of the electrons thus have inshort time scale, and can not be accurately modeled by any
simple functional form. Furthermore, the tractable models

for screening generally take a static model, in which the

100A rearrangement of carriers to most effectively screen the po-
tential has no internal dynamics. On the time scales of our
200A experiment, this is clearly not a good approximation. Even

these simplified models are only tractable in the absolute

two- and three-dimensional regimes, and for wells of finite
500A thickness can only be examined via extensive computational

simulations. In addition, these studies rarely include the ef-

fects of valence-band complexity, or of many-body effects
6000A such as correlations and excitonic effects.

Despite the difficulty in making predictions about the de-
tails of carrier thermalization, it has generally been asserted
that carrier thermalization should occur faster in quantum
wells than in bulk samples due to the reduction in screening
in two dimensions. In GaAs quantum wells, pump/broadband
probe studies have shown that Coulomb mediated thermali-

FIG. 2. Linear absorption spectra of four samples, ranging fronzation occurs within 300 fs or less for carrier densities on the
two to three dimensions. order of 16° cm 2.2 Studies have also been performed on
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LA A A A A Similar measurements taken on samples with 200 and 500 A
' well widths give the same results. This indicates, then, that
for densities of 18 cm™2 the rates of carrier-carrier scatter-
ing by the nonthermal population anet significantly differ-
ent in two and three dimensions. Since the densities of both
initial and final states are similar among all the samples, the
equivalence of carrier-carrier scattering rates implies that, in
the range of densities explored, the Coulomb interaction
among the nonthermal carriers is equally effective in two and
three dimensions. This contradicts the prediction that the
Coulomb interaction should be weaker in three dimensions
than in two, due to the increased effectiveness of screening.
This surprising result is confirmed by the full spectral pro-

Differential Transmission (arbitrary units)

00 files of the DTS shown in Fig. 4. For all samples, the spectral
06 04 02 0.2 04 06 08 holes dissipate at the same rate. Using this measure, we con-
Picoseconds firm our result that the carrier thermalization, and thus effi-

) ) o _ciency of screening among nonthermal carriers, is not influ-
FIG. 3. Differential transmission at band edge near zero timésnced by well width

delay. Bulk(gray circle$ and 100-A quantum welblack squares

Signals are averaged over a 20-nm band width.
I1l. PAULI BLOCKING

bulk GaAs® which found time constants for thermalization =~ AND TRANSIENT BAND-EDGE NONLINEARITIES
approximately twice those found in quantum wells at similar - tha two major influences on the band edge DTS are

densities, in qualitative agreement with theoretical predicereaning of the Coulomb bound exciton, and Pauli blocking
tions. Since these experiments were performed with SOM&s e eycitonic absorption. Pauli blocking, or phase space
what different techniques and on samples of different qualging originates in the fermionic nature of the carriers. The

ity; however, direct comparison of the results is absorption in the presence carriers ds= ao(1—fo—f1),

questlonablle. Four wave mixing measurements of Ca.lm(f:‘\y\lherefe and f,, are the electron and hole occupancies, and
dephasing in GaAs bulk and quantum wells have also indi-

. ) y is the absorption strength in the absence of carriers. The
cated some influence of confinement on screefifigdow- %o b 9

t K all ved f e phase space filling nonlinearity ., is obtained from the
ever, recent work on spectrally resolved Tour wave mixing - qjjjator strengths of the exciton with and without the pres-

has shown that such spectrally integrated measurements C8Hce of carriers. In the approximation where the interband

be misleading. . . . matrix elements are taken to be independenk,dhe oscil-
We have measured both detailed dynamics at a S'nglﬁ*ﬂor strength is given B9

wavelength as well as full spectral information to extract the

effects of confinement on carrier thermalization. The signal fo=4me?|r g, |2 dn(r=0)|2

can be expected to evolve as follows. When the carriers are

first injected high in the band, there will be a phase spacing 1

filling signal close to the excitation energy, reflecting the Xi1-= én(r=0) Ek (fetTn)dn(k) . @

nonthermal electron-hole plasmereafter known as the
spectral holg In addition, there will be a signal at the exci- Here f,, are the excitonic wave functions amd, are the
ton reflecting screening of the exciton by the nonthermainterband dipole matrix elements. This leads immediately to
population, which broadens the exciton and reduces its oscithe result for the change in oscillator strength due to phase
lator strength. Once the carriers have thermalized to a hogpace filling,
Boltzmann distribution the spectral hole will dissipate. The
signal at the band edge will simultaneously increase, as it ﬂz 1
e —o7 2 (Fet T dn(K) | @

reflects phase space filling of the states that make up the f én(r=0) %
exciton as well as screening of the exciton by the thermali-
zed population. The hot distribution will have a temperature We are interested in particular in the effects of phase
given by the excess energy with which the distribution wasspace filling by a hot carrier distribution. At time delays
initially excited, well in excess of the lattice temperature.longer than 500 fs the carriers have already thermalized to a
Finally, as the carriers cool to the lattice temperature théBoltzmann distribution. Carrier cooling through phonon
signal at the band edge will continue to increase, as the o@mission does not begin to become significant until at after at
cupation of states that overlap the excitonic states increasel€ast 1 ps of time delay. Thus, the phase space filling contri-

The evolution of the signals at the band edge and spectréiution to the band edge signal for times between approxi-
hole forAt<1 ps reflect the carrier thermalization dynamics.mately 500 fs and 1 ps is due to a thermalized distribution
Figure 3 shows the differential transmission spect(@®S)  that has not yet started to lose energy to the lattice. To cal-
at the band edge for the bulk and 100-A quantum wellculate this contribution, we introduce into E@) thek space
samples, over 1.4 ps arourd =0. Contrary to predictions €xpressions for the excitonic wave functions and the hot car-
that the thermalization should be substantially faster in twdier distributions in two and three dimensions. For the two-
than in three dimensions, the two signals are essentially idergimensional casep;s(k) = V87AZ/[(1+ A%k?)¥2]. In three
tical, rising from 10% to 90% of their final value in 400 fs. dimensions ¢(k)=\64ma’d[(1+a%k?)?]. Here A
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FIG. 4. Time evolution of differential transmission spedaa100-A well, (b) 200-A well, (c) 500-A well, (d) 6000-A well.

=ay/2. Since the electrons we excite have 30 meV of excesand phase space filling in two and three dimensions. In Sec.
energy, it is legitimate to approximate their distributions with Il we showed that screening does not appear to be strongly
Boltzman distributions. The holes have very little excess enaffected by confinement for our carrier densities. Thus, a
ergy, so their distributions hardly change with time and carcomparison of early to late band edge signals for different
be approximated as Fermi like. We thus obtain for the elecwell widths gives a measure of the effect of confinement on
tron contributions to phase space filling,S,  the strength of phase space filling. Figure 5 shows DTS of
=(ma2Ng)2aeplp  in two dimensions, and S,  the 100 A guantum well and bulk samples taken at zero time
=(87"%a3Ny) a2, in three dimensions. Herer,,, delay and atAt=500fs. A comparison of the band edge
=(m/mg)(4E,/kT) and aezp=(m/m.)(E,/KkT). I,p and DTS shows that phase space filliigSFH is approximately

| 3p are integrals over error functiofsee Appendixthat can

be evaluated explicitly for any given carrier densily,f and
excess energyH,). For 137 cm™3 carriers with an excess
energy of 30 meV, we predict that phase space filling will be
approximately twice as effective in two as in three dimen- E
sions.

For early time delays, when the carriers are in a nonther- 0907
mal distribution, the signal at the band edge is due entirely to 005}
Coulomb interactions, i.e, screening and collisional broaden- -o0.to
ing. Once the carriers have thermalized, phase space fillinc
by the hot population contributes to the signal as well as
screening. Thus, by comparing differential absorption spec- FIG. 5. Differential transmission spectra for zero time delay
tra around zero time delay with those at 500 fs time delay(dotted and At=500 fs (solid). (a) 6000-A sample,b) 100-A
we obtain an estimate of the relative importance of screeningample.
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ery times of many devices. These studies have in large part

been restricted to the electron phonon interaction, because

270fs the hole phonon interaction is greatly complicated by the
270fs complexity of the valence-band structure. In our experi-

135fs ments, it is legitimate to concentrate on cooling of the elec-

trons, as they have the large majority of excess energy. For
our experimental regime the effects of high carrier densities

M

ofs on the electron phonon interaction can not be neglected. In
this case polar interactions are screened, and the screening
-135fs must be treated appropriately. A second effect of high carrier
O e—— densities arises because the rate for hot electrons to emit a
0'860'8%8'9 0.920.94 0.8 0.820.840.86 LO phonon may be much higher than the rate for LO
(a) (%V) phonons to decay into acoustic phonons. Since only acoustic

phonons can drain energy from the sample and equilibrate it
FIG. 6. Differential transmission spectra f@ 100-A sample  with its surroundings a large population of nonequilibrium

and (b) 6000-A sample. LO phonons may develop. These hot phonons decrease the

rate of carrier cooling by increasing the likelihood that a
twice as effective in the quantum well as in the bulk. This iscarrier will reabsorb a phonon. The effects of hot phonons
in good agreement with our calculation. We have measureflave been measured in a number of studies in GAA%.
this ratio in intermediate dimensionality samples, and obtain The addition of confinement to this picture introduces a
a linear extrapolation from the two-dimensional to the threenumber of new issues. Most obviously, the electronic wave
dimensional limit. functions must be modified to take account of the confine-

Several other nonlinearities occur near the band edge fahent. Boundary conditions for doing this are well

delays close ta\t=0. In all samples, the band edge signal understood® A more complicated problem is posed by the
builds up from a small signal that is present well befdrte  effect of confinement on the phonon modes. For long-
=0. The majority of this signal is due to the coherent con-wavelength acoustic modes, the mode frequencies in the well
tribution to the pump probe response. For above resonancend barrier generally have substantial overlap. In this case,
excitation, this coherent contribution is known to produce ahe multiple quantum well structure acts as a superlattice,
DTS that is negative below the resonance and positive at anghich leads to zone folding. In many cases, however, this
above the resonance. This signal rises with a time constamloes not introduce a strong perturbation to the strength of the
T, for At<O0, and perS|sts as long as the pump and probénteractions and the acoustic phonons can be treated as bulk
pulses overlap foAt>0.%The DTS for the bulk sample are modes. For optical phonons, however, the situation is very
consistent with such a coherent contribution, as shown inlifferent. The frequencies of optical modes in the wells and
Fig. 6. In the 100- and 150-A quantum well samples, how-barriers may be very different, making it impossible for
ever, a negative signal below the exciton persists for at leagthonons to propagate. In this case the phonon modes must be
400 fs, well beyond the overlap of the pump and probetreated as confined. The development of appropriate bound-
pulses. In these samples the excitons are very stronglgry conditions for these modes remains controversial. In ad-
bound, yielding large oscillator strengths. These excitons undition to confined versions of ordinary optical modes, there
dergo collisional broadening due to the electron hole plasmaxist also new interface modes whose importance in electron
excited by the pump. We believe it is this incoherent colli-phonon scattering is also the subject of intensive study. The
sional broadening which causes the longer lived negativ@resence of a transition with decreasing well width from
signal. Although the weaker excitons in the wider samplegpropagating to confined phonon modes in GaAs$/GAl,As
are almost certainly broadened as well, due to the fact thdtas been shown in Raman scattering experiménts.
the excitonic resonances are less well defined collisional In the simplest model of confined phonon modes,
broadening is less evident. The change in exciton linewidttphonons are taken to have zero amplitude at the barriers,
can be related to the excitation induced dephasing effecteading to quantization of the wave vectors. Such confined
discussed in recent four wave mixing experiméfitSHow-  modes will have a weaker polar optical interaction with elec-
ever, in our case the time scale of the measurement is sulrons than do bulk modes, as this interaction goes g8, 1/
stantially greater than the dephasing time of the carfdus  and for confined modes there exists a minimgnin addi-
to the relatively long pulses and the very short dephasingion to these effects other, more subtle effects are produced
time induced by the high free-carrier densityrhus the by confinement. These include a change in the strength of
change in exciton linewidth is more appropriately describedscreening of the polar interaction as well as alterations of the

as incoherent collisional broadening. overlap of the electron and phonon wave functions. It should
be noted that the majority of both experimental and theoret-
IV. ELECTRON-PHONON INTERACTIONS ical work on the effects of confinement on the electron pho-

non interaction have treated electron populations that are

Interactions between carriers and lattice vibrations allowery high above the band edge, on the order of 200-400
hot carriers to cool to the lattice temperature, which is, on aneV, in lattices that are at room temperature. In this case, the
long time scale, in equilibrium with the surroundings. Stud-LO phonons are by far the most important as the electrons
ies of these interactions have become quite active in the pakave a large energy, and there is an equilibrium phonon
decade, as carrier cooling dynamics are critical to the recovpopulation that can result in absorption as well as emission
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phonon interactions in our samples, we measured the rate of
FIG. 7. Band edge differential transmission of bulgray  arrival of carriers at the band edge over long times, up to 50

circles and 100-A quantum wellblack squargssamples. Solid ps. Since carrier thermalization is complete within a few
lines are double exponential fits to the data, yielding initial risehundred fs, the gradually increasing signal at the band edge
times of <1 ps for both samples. The long time constant is 20 ps forreflects the cooling of the electron distribution, which results
the quantum well and 7 ps for the bulk. in a slowly increasing band edge population. Data for the

100-A quantum well and the 6000 A bulk sample are shown
of phonons. Furthermore, intersubband processes as well g$Fig. 7. Note that the band edge signal in the bulk saturates
intervalley scatterings are important in this case. In our exconsiderably faster than does that in the quantum well, indi-
periment, the electrons are excited with about 26 meV Otating that in the bulk sample, the carriers complete their
excess energy. The lowest LO-phonon mode incooling towards a Fermi-Dirac distribution more quickly.
Ing.47Ga 59AS is at 28 meV, however this InAs-like mode Fitting these signals with a simple exponential model, which
interacts far more weakly with electrons does the GaAS-"k%Ssumes one phonon Scatteringsl we find a 7-ps time constant
mode at 35 meV® Thus, immediately after excitation, less for the bulk, compared to a 21-ps time constant for the quan-
than 5% of the electrongand none of the holedave suf-  tym well.
ficient energy to emit LO phonons. The LO-phonon modes One might interpret this difference as a reduction in
in Ing 47Alp.55As are 10 meV higher at zone center thanelectron-acoustic phonon scattering due to confinement.
those in Ip 4/Ga& s3As, and thus we expect confinement of However this interpretation is problematic because the time
these modes in the narrowest wefls. constants are far too short. Typical electron-acoustic phonon

In order to study the influence of confinement on electrorscattering times for 111-V materials are on the order of 100—
300 ps?® Our scattering times are far more consistent with

0.05 [ those obtained both theoretically and experimentally for
(a) GaAs with sufficiently high carrier densities to cause hot
0.04r phonon effects(~7 p9.2° The densities we excite, on the
0.03L" LO phonon order of 16'-10"* cm™? are in this regime. o
N(e) We interpret the difference in our measured cooling times
0.02} by considering the Boltzmann distributions the electrons take
[\ up once they have thermalized. The electronic distributions
0.01 . in two and three dimensions are given by the product of the
ol T , Boltzmann distribution and the density of states. In this case
0 20 40 60 80 100 120 14 the Boltzmann distributions are the same; however, the den-
€ sities of states near the band edge are very diffdraing as
; ] energy 1/2 in three dimensions, independent of energy.in 2
A b) Figure 8a) shows the energy distributions of our thermal-
o8l ized, hot electron populations as calculated from their excess
€ K energy. In Fig. &), the populations have been integrated to
061 show the total percentage of carriers below a given energy.
J.N(a)de oal LO phonon In both figures the strongest LO phonon, at 35 meV, is
0 .
02}/ 0.4 |
ot 0.3
0 20 40 60 80 100 120 140 O
. 0.2
0.%
FIG. 8. (8 Thermalized carrier distributionN(e), for kT /
=25meV. Three dimensionsolid) and two dimensiongdotted. 0.2 0.4 0.6 0.8 1

(b) Integrated fraction of carriers with energies less thafor three
dimensions (solid) and two dimensions(dotted. Lowest LO-
phonon energy is marked with an arrow. FIG. 10. Two-dimensional integrabp.

o
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marked. From this figure we see that in thermalizeddis- and extrapolating linearly between the two- and three-
tributions, in contrast to the initialonthermaldistribution, a  dimensional limits. The relative strength of this nonlinearity

large fraction of the carriers have sufficient energy to cool byin two and three dimensions agrees well with our calcula-

emission of LO phonons. This fraction, however, is confine-tions.

ment dependent, being considerably larger in three dimen- Dynamics on longer time scales are also affected by con-
sions (43%) than in two (26%). This difference of carrier finement, due to a modification of the efficiency of electronic

distribution accounts for approximately a factor of two dif- cooling by phonon emission. Confinement influences this
ference in bulk and quantum well cooling rates. Our datgprocess in two ways. First, the dimensionality dependence of
shows a somewhat larger difference. The additional slowinghe density of states results in a higher proportion of the
of electron cooling in the quantum well sample may reflect ehermalized electron distribution that can emit LO phonons

reduction of the the electron—LO-phonon coupling constanin three dimensions than in two. Second, confinement of the
due to confinement. It should be noted that once the electrophonons by the ionic mass difference between barriers and
population has cooled to an average temperature of 20 meWells may result in a modified phonon density of states, re-
virtually no carriers remain high enough in energy to emitducing the electron—LO-phonon coupling.

LO phonons. At this point, acoustic-phonon emission will

dominate, and the carrier cooling rate will be vastly reduced.

The remaining cooling is expected to take place on the time ACKNOWLEDGMENTS
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Our studies of carriers excited well above the band edge
in Ing 4,7G& 53AS heterostructures have several results. We APPENDIX: MATHEMATICAL DETAILS
find that carrier thermalization to a hot, Boltzman distribu- OF PHASE SPACE FILLING CALCULATION

tion occurs within 400 fs of excitation, and is independent of _ _ o

well width. This indicates that the Coulomb interaction  The integrall 3p that appears in Sec. Ill is given Hyp
among carriers is not strongly modified by confinement at=Jo{(a¥%e~*VX)/[(1+x)?]}dx, evaluated in Fig. 9. The
our densities. Pauli blocking of the exciton by this hot dis-integral |, is given by I,p=[5{(ae™®)/[(1+x)*?]}dx,
tribution, however, is influenced by confinement, being ap-and is evaluated in Fig. 10. The are defined for two and
proximately twice as effective in two dimensions as in threethree dimensions in Sec. Ill.
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