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consider only long-wavelength diagonal screening derived
from ll:e matrix random-phase approximation (RPA) as
before:

cg(q)-l'i-zq,-,!—";i), (3}

where n is the band index (electrons, heavy holes, ete.)
and § is the subband index within each band. The con-
stant g,a is given by

Gia=mo/xh(2ne Ve ), W

with ¢, the semiconductor dickctric constant. The occu-
parcy, fi (D}, of the bottom of the band is calculated at
cvery time step (5 fs) during the simulation and used to
update the CCS ratc which changes dynamically during
photoexcitation.

In the present communication, we gimnlate the earlier
experiments of Knox et al. * corresponding to an undoped,
95-A-wide quantum well with an injected carrier density
of 2x10'® cm ~2. A background density of 2x10%cm? is

d for the uninientional doping in the molecular-
beam-epitaxial (MBE) layer which is also taken as the
ionized-impurity-scattering density. At these low values
of the free-carrier and iomized-impurity irations,
square-well solutions to the Schridinger equation are vir-
tually identical to those calculated using self-consistent
wave functions. We assume a 100-s laser-pulse duration
with a spectral width of 20 meV. As described else-
where,'? particles are added to the Monte Carlo simula-
tion in accordance to the lemporal and energy dependen-
cies of the pump probe i order to simulake laser excita-
tions. Typically, we use 20000-40000 particles and a 5-fs
time siep in order to assure the statistical accuracy of the
resulls. 'We neglect the photon momentum in the optical
transition so that electrons and holes are added simultane-
ously with the same wave vector. Thercfore, a certain
correlation exists in the initial distribution between clec-
trons and holes which rapidly decays through elastic and
inelastic collisions.

Figure 1 shows the simulated results at 300 K for clec-
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FIG. 1. Energy vs time lor elecirons and holes at 300 K. The
pulse durstion is 100 fs and peaks at ;=200 fs.

trons wid holes in which the excess energy of the electrons
above the conduction band edge is 20 meV corresponding
o the experimental conditions of Rel. 4. We plol Lhe
average encegy of clectrons and holes as a funclion of time
during and afier the pulse where the peak of the pulse
occurs at { =200 ps. Both electrons and holes are injected
with cxccss cncrgics below the Iatticc temperature, with
the heavy holes injected at a much fower temperature
than electrons due 1o the large difference in the density of
states, A substantial heating of the hole distribution
occurs during the first 200 fs after the pulse peak due 1o
TO and POP phonon absotplion. A weaker heating ol the
holes due to inclastic cleciron-hole scattering is also
present. Simulaled results with the same model at low
temperature show that at least | ps is required for 1he
clectrons and holes to equilibrate with onc ancther
through CCS, which is much ionger than the 200-fs heat-
ing shown in Fig. |. Experimentally, lower temperatures
are required to completely isolate the effects of intercar-
rier scatiering from thal of lattice vibrations.

In Fig. 2 we plot the instantaneous clectron-energy dis-
tribution at various times before and after the pulse. An
athermal, Gaussian-shaped pulsc is ohserved at time zero
which subsequently evolves to a Manwellian-shaped pulse
after 200 fs. The evolution of the electron distribution in
Fig. 2 is qualitatively similar to that ohserved expenimen-
talty over the same time scale in the differential transmis-
sion specira. As suggested by Fig. 1, considerable phonon
emission and absorption occur at 300 K which complicates
the interpretation of the relaxation. Carrier relaxation is
driven by inclastic scanering which allows the system 10
“sample” various regions of phase space. Optical-phonon
scaltering alone cannot account for the observed relaxa-
tion to an equilibrium distribution as the carriers would
then simply scatier back and forth beiween the same con-
stant energy shells separated by hag, By tabulating the
encrgy cxchanged per scattering event as a function of
time, we are able to determine which scatiering mecha-
nism is responsible for relaxation. Energy cxchange duc
1o clectron-clectron scatlering was found 1o be two to
three times that of clectron-hole and POP phonon scatier-
ing on the time scale of Fig. 2 which suggesis the former
mechanism as the primacy driving force for relaxation.
Our previous results for elecirons alone at low t\empera-
ture show the same quzliative relaxation over the same
time scale which further supports 1his conclusion.*”

In Fig. 3.we show a similar plot to Fig. 2 for the heavy-.
hole energy distribution Tunclion. The rclaxation of the
hole distribution occurs within 50 fs which is muech sooner
than that of the clectrons. This difference is due to Lhe
larger inlercarricr scattering rate corresponding 10 the
larger cfiective hole mass and due 10 the fact that holes
are injected much closer to Lhe band edge. Perhaps more
imeresting in Fig. 3 is the appearance of an athermal pho-
non replica (at 4) meV) in the hole distribution due to TO
and POP absorption which peaks after the maximom of
1he laser pulse. Such a feature has not been observed in
previous experimental studies, However, the photon ener-
gy which couples this excess hole encrgy 10 the conduction
band is in excess of 1.7 ¢V (based on a parabolic band
model} which is outside the optically coupled region of
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FIG. 2 Flectron distribution function as a function of encrgy al various Limes before and afier 2 pump pulse ;1 Lime =0

those experiments. Time-resolved observation of this
feature in absorption experiments could provide a direct
measure of the hole—optical-ph coupling and possibl:
nonequilibrium phonon effects at lower lemperatures. As
shown in Fig. 3, the athermal phonon replica is observed
10 smear oul with time duc 10 hole-hole scatiering and
evertually form a Maxwellian tail after 200 (s,

Finally, in Fig. 4 we plot the differential transmission

oot2 -

spectra as a function of photon energy at various times us-
ing Eq. {2) and the results of Figs. 2 and ). The excess
encrgies of f, and [, coupled by a photon of energy hv are
chosen to satisfy the momentum conscrvation rules for
band-to-band optical transitions. A quantitative compar-
ison between Fig. 4 and experimental spectra®’ is difficult
at this time due to the overlap of 1he excitonic absorption
spectrum at low encrgies which changes dynamically dur-

Hole Distribution
0 * 20100 7cf

€y~ Eg 7 20mev

Distribution Fyunclion
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FIG. 3. Hole distribution function as a function of energy al various Limes during a pump pulse at =0,
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FIG. 4. Differential transmission based on the distribution
Tunctions of Figs. 2 and 3 ut the same times.

ing photoexcitation.'” The evolution of the cakulated
differential \ransmission spectrum in Fig. 4 is scen 10 fol-
low thut of the clectron distribution of Fig. 2 and not that
of the holes in Fig. 3 which relaxes much faster. This re-
sult supports the original conjecture of Knox er al.® that

their results measured the relaxation of the electron distri-
bution function, at least for the present set of experimen-
1al conditions.

In conclusion, our Monte Carlo resulis for a photoexcit-
ed clectron-hole plasma in semiconductor quantum wells
show that the time-dependent refaxation observed in ex-
perimental differential (ransmission spectra is primarily
duc to relaxation of the electron distribution. The mecha-
nism for this relaxation is principally through inclastic
clectron-electron scattering with a lesser contribution duc
to electron-hole scatiering. At 300 K an athermal phonon
replica in the hole distribution appears due to POP and
TC phonon absorption which should resull in absorplion
spectrum features at large phonon energics. The time
evolution of this feature depends sirongly on the hale-
phonon sbsorption time as well as hole-hole scattering
which broadens this short-time distribution into a thermal
tail after severat hundred femtoseconds.
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Nosequilibrium Loagitudinal-Optical Phonon Effects in GaAs-AlGaAs Quastum Wells
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We usc an ensemble Monie Carlo lechnique Lo study the el and ph dy o a single
quantum well of GaAs-AiGaAs under optical cxcituti The cooling of the ph d quasi 1wo-
di waal ch distribution is studied in the p of s quilibrium dinai-optical pho-

non population aod eleciron-cleciron interaction. 11 is found that the presence of hot phosons due Lo

from the photoexcited carricrs in the

well red the ek A

Hative ag with available exper

PACS aumbers: 73.40.Lq, $3.20.Kr, 72.20.H1

Recent resulls from time-resolved studics of the hot-
carrict relaxation in GaAs-AlGaAs quanium wells have
shown that the relaxation times for photocacited elec-
trons are much longer than arc expected from simple
consideration of the bulk electron-iongitudinal-optical
{LO) phonon intcraction.'~? Several possibilitics have
been suggesied for this slow cooling rate: (i) enhunced
screening of the cleciron- LO-phonon iateraction due 10
the 1wo-di ional gas, (i) reduction in the cleciron-
phonon imteraction due 1o confinement of the lattice
modes in the quantum well, and {iii) the presence of &
noneyuilibeium population of LQ phonons. Recent cal-
culations of the effect of dynamical screening of the
two-dimensional clectron gas on the LO-phonon interac-
tion* indicute a $0% reduction in the total scattering due
10 this cffect. This is not enough in itselfl to account for
the difference in relaxation rates observed experimental-
ly. The existence of “slab” modes of the optical vibra-
tions in confined systems has been studied by Riddoch
and Ridley.> There it was shown that for wells larger
thun 150 A, the difference in scatlering rates between
slab mudes and bulk modes is fairly small. The presence
of nonequilibrium hot phonons in bulk systems under
high optical excitation hus been shown from time-
resolved Raman studies.® Their effect on the hot-carrier
relaxstion in bulk GaAs has been calculated analyticully
by Pitz and Kocevar’ and found 1o explain retarded
cooling effects observed cxperimentally in the bulk.® For
quantum wells, Shah ¢f al.? have argued that the effect
of nonequilibrium phonons is the dominanmt cffect con-
tribuling Lo slow carrier relaxation,

In the present study, we show the importance of non-
€quilibrium phonon effects in the cooling rates of pho-
toexcited ¢lectrons in a quantum well through an ensem-
bie Montc Carlo simulation discussed in detail elsc-
where,® We consider a siagle q m well of GaAs-
Alp2\Gag 1nAs in our calculation, with the subband cn-

raue io qual-

| results im such sysiems

crgics givea by the solution of the one-dimensional
squarc-well polential for a barrier height of 0.28 cV.
The two-dimensional clecirons are assumed 1o interact
with unscreened bulk LO phosons. The reported effects
of screening of the LO phonon interaction and the subse-
quent eflect on cooling vary considerably in the lireralure
both for the bulk and quantum wells and will not be con-
sidered here. The scattering rates for both intrasubband
and intersubband transitions are catculated fully numeri-
cally, similar vo other calculations of this mechanism for
confined systems. """ latervaliey transfer to the satellite
L valleys (Er; =0.283 eV) is included in the calculation
where the L valleys arc assumed quantized with the same
barrier us Lhe ceniral valiey. We have introduced 1wo-
dimensional electron-electron scattering inlo the Monic
Carlo simulation through a gencralization 10 multisub-
band systems of the self-scatiering technique of Brunelu
e1 al.*! used for bulk Ge. Both intrasubband and inter-
subband scatieting are considered, in which the various
electrons are atlowed 10 interact via & stalic screened
Coulomb interaction determined by the long-wavelength
limit of the iwo-dimensional Lindhard dielectric function
¥t low lemperature. la this approximation, the intersub-
band scutiering ratc is found 1o be negligible (intersub-
band in the sense that onc of the participant clectrons

hang hbands after ing}, while 1he intrasub-
band rate (which includes scattering belween clectirons
of different subbands} is at least an order of magnitude
greater than the LO-phoron rate so that encrgy is ex-
changed between subbands allowing them o thermalize
within a shont time. Degencracy in the quasi two-
dimensional system is included through a generalization
of the self-scaticring technique proposed by Bosi and
Jucoboni. '*'* Elcctron-hole scattering has been neglect-
ed in this study. This effect may be important in the re-
ported experiments, particularly at high excitation densi-
ties on undoped samples. For now we will concenirate

Ti6 © 1987 The American Physical Society
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on n-type sampies with relatively low injection densitics,

The noncquilibrium phonon distribution is given di-
recily by a detailed balance of emission and absorption
events during the simulation. On the time scales in-
volved in the simulation, the group velocity of LO pho-
nons is sufficiently small 10 neglect diffusion away from
the well region.  Because of confinement in the quantum
well, there 15 not conscrvation of the component of the
phonon wave vector ¢, normal to the well, For an
infinite well it has been shown'® that the probability of
scatiering with a particular g, is very peaked around mo-
menta associaled with the encrgy between the initial and
final subband. Thus, for intrasubband scattering, pho-
nons are emilted and absorbed with normal wave vectors
close to zero, while intersubband cvents occur for ¢, #0.
We assume that the overlap in momentum space of the
various probabilities is small so that we may consider in-
dependent two-di onal quilibrium phonon pop-
ulations occurring for each g, associaled with cach possi-
ble intersubband and intrasubband scatiering event. For
cach value of ¢,, the phonon population as a function of
¢ (the magnitude of the parallel wave vector) is calculat-
ed and continuaily updated. The nonclecironic contribu-
tions (phonon-phoron and phonon-boundary scaticring)
are introduced via a phenomenological lifetime. No
direct measurement of the LO-phonon lifetime in quan-
tum-well systems is available at this time and thus a
valye of 7 ps is used herc corresponding to the measured
value for bulk GaAs at 77 K from Raman studics.® As
the phonon population cvolves in time, a seli-scattering
rejection technique is used to account for the mod-
ification of the scaitering rate induced by the phonon
periurbation.

The cooling of photoexcited electrens in a-type GaAs-
AlGaAs quantum wells al low temperature (5 K) has
been simulated. At each time step of the simulation (10
fs) carriers are added monoenergetically 0.25 eV above
the lowest subband minima according to the generation
rate of the laser pulse. The evolution in time of the gen-
cration rate is taken as an inverse hyperbolic cosine func-
tion of width 0.6 ps which peaks at 1 ps into the simula-
tion. A cold background electron density of 2.5x 10/
cm? is considercd, similar to experimental studies on n-
type samples.’ Well widths of 50, 150, and 250 A were
considered with up Lo six subbands included (depending
on the well width and height). Parameters for GaAs {in-
cluding intervalley coupling constants) arc essentially the
same as used by Littlcjohn, Hauser, and Glisson. '®

Figure ! shows the mitial eleciron relaxation for an in-
jected density of 5x 80! fem? and a 150-A weil width
(our subbands sllowed). The clectron energy distribu-
tion function, N(E). is plotted at different times during
and after the laser excitation. The solid curve in the 10p
figure represents the initial cold background clecirons.
At the maximum of the laser pulse (r=| ps in this plot),
a significant iransfer of energy from the photoexcited
tlectrons to the background electrons has alrcady oc-

~ 0
9
a ™. . t=16ps
20 S bt
3
1
4 t=10ps
21
I TR B—t

EleV)

FIG. I. Electron distribution furction for various times be-
fore {solid curve), during (1 ps). and aficr (1.6, 10 ps) faser
eacitation. The arrows indicate the energy of higher subbands
relative 10 the ground state.

curred.  Furthermore, energy loss 10 the lattice through
LO phonons has also occurred as shown by the secon-
dary peak one phonon cnergy below the injection level.
Shortly after the end of the pulse (r=1.6 ps), the strong
intercarrice scattering creales a broad distribution where
the subband minima (indicated by arrows) clearly ap-
pear. Within ecach subband. the distribution function
starts to exhibit a2 Fermi-type appearance which is fully

established at longer times as shown in the bottom curve.

As a result of the spreading of the pulse arising from in-
tercarrier scaltering and hot phonons, a considerable
number of clectrons are excited above the minima of the
satellite £ valleys leading to intervalley transfer. This
number depends strongly on the background density of
cold carricrs which absorb the encrgy of the high-cnergy
inpected electrons preventing transfer. For the densitics
considered here, typically 5%-15% of the injected elec-
trons transfer within the first 4 ps of the simulation
where they cool and retransfer back to the central valley
within 10 ps. As the L-valley cnergy is close to that of

the AlGaAs “barrier, it is cxpecied that a real-space

transfer of carriers should occur as well. Although not
modeled here, it is expected that the effect will be quali-
tatively the same as for intervalley transfer.

The clectron relaxation towards equilibrium is accom-
panied by a buildup of the LO-phonon distribution duc
to the large encrgy loss via LO-phonon emission in the
initial phase of the relanation. Figure 2 shows the pho-
non distribution as a function of 1he phonon wave-vector
component parallel to the well for ¢, =0 at times during
and after the laser pulse. For polar optical scatiering,
energy and momentum conscrvation set @ lower limit on
the parallel wave vector of the participating phonons
which decreases with increasing clectron energy [sec, for

n?

VOLUME 59, NUMBER &

PHYSICAL REVIEW LETTERS

10 AuGusT 1987

10!

L3
4
Z 20F
920
et |
o
p=
o |
s}
o -
z
Q 10
2
a

LY

[s]

TIME (ps)

0.0

WAVEVECTOR (10% em™)

FIG. 2. Density of occupicd phonon modes as & function of total parallel momentum for times during and after laser excitalion
for g. =0 corresponding 10 intrasubband scaticring. Insel: The decay vs time for ¢ =6x 10° cm ~ (solid line) and q=5x10*cm '

(dashed curve).

cxample, Eq. (19) in Ref. 10). For electrons injected at
0.25 eV, the minimum phonon wave vector for emission
is 47x10°> cm ™' which corresponds 1o the long-
wavelength cutoff in the distribution of Fig. 2. The peak
in the phonon distribution a1 ¢g=1x10* cm ~! corce-
sponds to phonons emitted by the energetic photoinjected

longer times. For g, 0 (corresponding ta phonons gen-
crated through intersubband cvenis), qualitatively simi-
lar behavior in the phonon population is found.

The induced LO-phonon perturbation feeds back into
the clectron system and is responsible for a reduction in

electrons during their inttiat relaxation. However, as the
clectrons thermalize through e-¢ scattering and phonon
emission, phonons are emitted by clectrons with energies
close 10 the phonon emission threshold {35 meV). The
minimum cmitied phonen wave vector for electrons at
this energy is 2.4%10° ¢cm ~' and thus an increase in the

quitibrium ph population at longer times will
occur at shorter wavelengths. This is cvidenced in Fig. 2
for =4 ps where a buildup of the phonon distribution
around g=4x10* em ™' is observed. The minimum
wave vector for phonon reabsorption also increases as the
distribution cools which suggests that the population at
small ¢ as measured by Raman studies® is primarily
governed by phonon relaxation and not by reabsorption.
The inset in Fig. 2 shows the phonon population as a
function of time for long-wavelength phonons (g=6
x10* em ™) and for phonons at g=5x10% cm =
After a rapid imtial decrease (som the peak value, the
long-wavelength population decreases with the T-ps lime
constant assumed in the simulation as shown in the inset
for 1> 5 ps. For the lurge-wave-vector population, the
buildup in the distribution is delayed by several pi-
cuseconds i comparison, and the decay is slower because
of conlinued emission, appreaching the 7-ps rate at much

AL

the cooling rates, as shown in Fig. 3. There, the cvolu-
tion of the average cnergy per clectron (kinetic plus po-
tential relative 1o 1he lowest subband) is presented as a
function of time during and afler the laser pulse. MNote
that the average energy may vary considerably from the
electron temperature measured experimentally when the
system is degencrate. If the phonons are forced 10 main-
tain an equilibrium distribution, the hot eclectrons are
found to reach the cquilibrium average encrgy shown by
the dashed line in Fig. 3 (half of the Fermi energy at 5 K
for a total concentration of 5% 10''/cm?) in about 3 ps.
A much slower relaxation is found when nonequilibrium
phonons are accounted for, as shown by the two curves in
Fig. 3, corresponding to two different injected densitics
of {2.5 and 5)%10''/cm?. The reduction of the electron
cooling rates is due to reabsorption of nonequilibrium
phenons which build up at the earliest stages of the re-
laxauion, as seen in Fig. 2. The effect is stronger when a
considerable number of clectrons have relaxed to the
low-encrgy region below the emission threshold, resulting
in the long-time tail 1n the average energy seen in Fig. 3.
In this regime, the rates of LO-phonon emission and ab-
sorption are almost the same so that the energy loss rale
is severely reduced. The decay rate in the average cner-
gy is thus dependent primarily on the phonen lifetime
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FIG. 3. Avcrage totat encegy {kinetic plus potential) vs lime
for 1wo diffcrent ingection densitics. The dashed curve repre-
sents the equilibrium energy al 5 K for a total Carrier conven-
tration of 3.0%10%cm?. For ma,=5.0% 10" /cm?, results are
showa far well widths of 150 A (circls) and 250 A (asierisks).

and by vaziation of this parameter, proportionat changes
in 1he cooling are found in the results. A difference in
the cooling beiween the 1wo injection levels arises be-
Cause more cnergy is pumped into the system at the
higher injection density and thus a higher peak tempera-
lure is reached. The decay rale for the two curves in
Fig. 3 is qualitatively the same since the cnergy loss is
primarily governed by the phonon decay once the emis-
sion and absorption rates become comparable. However,
al loager times when phonon reabsotption cffects arc
strong. clectron-hole scattering will reduce the encrgy by
losses through transverse oplical modes coupling to the
holes,? increasing the cooling rate shown, especially at
higher injection densities where the electron and hole
vonceatrations are similar. This efect has not been stud-
ied in quantum-well systems sod will be the subject of
future work. As shown in Fig. 3, there is little difference

between the cooling rate for a 150-A (circles) well
width and a 250-A (astcrisks) well (six subbands includ-
ed) for 1he given injection level. The same resull was
found when a 50-A well was considered. Experimental-
ly. Ryan et al' (ound diffcrences beiween 150- and
250-A wells in time-resolved experiments for times
longer than 20 ps, which is longer than the time scale of
Fig. 3. For longer times, other effects not considered
here such as electron-hole interaction and fecombination
play un important role which could account for such
differences.
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We model noncquilibrium transport in a GaAs-Al Ga;_, As quantum-weil structure using an
ensemble Monte Carlo simuiation of the fult multisubband system in which we include electron-
eleciron (e-e} scautering eaplicitly into the calculation. The ¢-¢ scatiering cross seclion is calcular-

ed using the Born and rod

d into the

Monte Carlo simulstion via &

L

self-scattering technique. This interaction is found 1o be especially effective in feansferring energy
between diffesent subbands, thus thermalizing the carriers within a picosecond. The model de-
scribed herein is applied to the study of laser-excited carviers in » quanium-well system and io the
response of such s sysiem 1o high parallel electric fields. In the case of laser excitation, ¢-¢ in-

teraction may d the initial evoluti

ng the de of cartiers vis optical-phonon

emission.

L INTRODUCTION

Recent time-resolved bleaching studies of the initial
relaxation of photoinjected carriers in bulk GaAs (Ref.
1) and GaAs-Al,Ga, , As (Rel. 2) quantum wells QW)
have shown the apparent evolution of the electcon distri-
bution as a function of time on the subpicosecond time
scale. On this time scale, the electron {and hole) distri-
bution functions evolve from a highly nonequilibrium
Gaussian pulse centered around the excitation energy in
the band to & heated Maxwellian (thermalized) distribu-
tion on the order of a few tenths of a picosecond. This
time scale is short enough that polar-optical-phonon
{POP) scattering has not relaxed a significant portion of
the encrgy, and thus the distribution is thermalized
through intercarrier interaction. Time-resolved photo-
lurinescence measurements have also been reported
which show that the distribution function on the pi-
cosccond time scale is thermalized and Fermi-like.d—?
However, under certain conditions, cw luminescence ex-
periments show & cascadelike distribution arising from
successive phonon emission of electrons as they cool.®
In these eaperiments carrier-carrier scattering is lJess
dominant and a nonthermal distribution is maintained.

In the present work we model the picosecond time-
scale dynamical behavior of electrons confined in a quan-
tum well using an ensemble Monte Carlo simulation
which includes e-¢ scattering, degencracy, and the in-
clusion of nonequilibrium phonons. We previously used
this model to simulate the dynamics of photoexcited car-
riers in 2 QW system, the results of which showed that
carrier cooling in such systems is contsolled by hot-
phonon buildup.™® Here we present details of the model
used in the previous work and apply it to the study of
the subpicosecond response in quanium-well systems to

both optical and electrical excitation. In the present pa-
per we will concentrate on the model for e-¢ scaltering
in 8 QW sysiem and reserve discussion of hot phonons
for future work. In the next section (11), details of ihe
Monte Carlo transport simulation for 3 model QW sys-
tem are given. The following section (111} will show the
results of this simulation for the steady-state distribution
function of electrons subject to an applied electric field.
Resulis will then be presented for the carrier evolution
under laser eacitation in the presence of e-e scattering
assuming temperature-independent screening.  This evo-
lution, which depends substantiaily on the eleciron den-
sity, is found 10 evolve as a cascade of phonon enussion
only for very low injected densities (10" em~?). For
higher densities, e-¢ scattering broadens the injected car-
rier encrgy sufficiently fast to wash out peaks in the dis-
tribution arising from phonon emission. Duc 1o the high
rate of intersubband energy exchange, & common encrgy
is achieved between the different subbands shorily afier
the end of the laser pulse.

1l. MOGDEL

In the present section we describe the model used in
calcuiating the nonequilibrium response of a quantum-
well system using an ensemble Monte Carlo simulation.
Results of Monte Carlo simulation on transport in
guasi-two-dimensional systems have been reporied previ-
ously by other authors.® " In our model for the
quantum-wel system, all scaliering rates are calculated
from their two-dimensional forms including both intra-
and intersubband scatlering processes. We have includ-
ed the effects of polar-optical-phonon scatiering (bulk
maodes), intervalley scattering with the satelfite L valleys,
also assumed quantized, impusity scaltering (from »
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sheet of impurities'), and finally electron-electron
scattering. Degeneracy of the Fnal state is also account-
ed for in our simulation so that low-temperature trans-
port may be modeled. Typically, in the ensemble Monte
Carlo we model the motion of 2000- 5000 elecirons
whose free flight times and scattering events are gencrat-
ed stochastically from the varions probabilities for
scatiering and the random-number generator on the
computer. From this we tabulate the insta dis-
tribution function of the clecirons (and phonons when
nonequilibrium effects are included) from which various
fmacroscopic quantities may be calculated. In the follow.
ing, we deinil the moded employed in the description of
the quantum-well system and of the various scatfering
mechanisms. We also discuss the slgorithm used to in-
corporaie multisubband e« scsttering and degeneracy
effects into the Monte Carlo simulation.

A, Quantam-well systom

As a model quasi-two-dimensional sysiem, we consider
# finite square-well potential defined by the conduction-
band offset between undoped GaAs and Aly 5,Gag ;iAs
which we take as 0.28 ¢V. The subband cnergies and
eigenfunclions in the central valley are calculated from
the solution of the one-dimensional effective-mass equa-
tion for this potential. The envelope functions 1hen
satisfy the separable form'?

WIRI={Ane* "4, @.n

where R is the position vector, r and k are the position
and wave vectors in the plane parsliel 1o the well, 1 is
the normal direction, and A is the normalization area.
The scattering rates discussed below are calculated fully
numencally, and thus we are not limited to a simple
square well employed here for simplicity. Results using
a full self-consistent calculation including exchm?e and
carrelation cflects have been discussed elsewhere.!”! Wwe
consider the L valley as quantized although the barrier
height in the upper valleys is not well known and is ex-
pected {0 be less than that of the central valley. Here we
assume the same barrier in the L valley as the central
valley (0.28 eV) and assume solutions in the form of
(2.1

B. Polar oplics! scatieriag

Longitudinal polar-optical-phonon scattering is »
dominsnt energy-loss mechanism in GaAs, at least ot
high carvier temperatures. In the quantum well we as-
sume that the Iwo-dimensional (2D} electrons interact
with bulk phoron modes via the Frohlich interac-
tion."""  Qu ion of the ph des (or slab

des! has been considered to some extent by Riddoch
and Ridley,'* who found significant deviations in the
scatiering rates For well widths fess than sbout 100 A,
The cffect of screening of the longitudinal-optical {LQ)
inferaction 13 not clear, especially in 2D. Static screen.
ing leads (o gross overestimation of this interaction, and
thus a full dynamical catculation is required.'™'® [f one
assumes only bulk screening of longitudinal modes, then
the matriz clement lor scattering is given by™

H 2
|(l.tq.j|H' |l,i}|,=£ﬂ,ﬂj—q’l‘%
¥m g’ +g.+q)

Xlng +1F116G,le,11,

2.2

where g and g, sre the parallel and normal components
of the phonon wave vector, g, is the 3D inverse screen-
ing length, m* is the efeclive mass, i and j denote the
initiat and final subband indices, and the effective ficld
eEy is given by

m*ehag
”
with xg and «_ the low- and high-energy diclectric con-

stants, and #fay, i3 the phonon cnergy, The overlap in-
tegral | G, lg, )| is given by

eEg=

J__L| an
X, Xy | . -

LA Y]

1Gtg ) = [ dr [° de'pt2d0giz)e ,
- (2.40)

pyly=E7M2) (), (2.4b)

between initial and final subbsnds. This function, which
is related to the momentum uncectainty due (o the sps-
tial confinement of the electrons, is peaked for g, corre-
sponding 1o the parsbolic momenium associated with
the initisl- and final-state subband encrgies. By convert-
ing the sum over g, to sn integral, the g, dependence
may be integrated analytically to yield a smooth function
which is better suited for numerical evaluation of the
scatiering rate. Thus we define the function

g +9.1}

el'.ll—l')
g +ql+q”

Fig.2,2= f© dg, . 123

which may be evaluated by contour integration to yield
expl —(gl+q' |2 —2'|]

Mg,2,2" =
4 @ +g 17
lz—2" 14} el
x (1= ] n’n_ :. nl* 2.6)
Ug'+q,) 2q ' +4.)

which in the unscreened case (g, =0) gives the saime re-
sult ss Price." The total scatiering rate may thus be
written

ek, I H.j‘?;’
rq(kjs—z; JI-.J; ——"*——‘q]' +q})”:
e Hq.}
+omg 4 [ 0 | an

where the function 12, is defined from the integration
over the envelope fenctions
M g}
L - - B Y .
(q'+q;ll'7 - fﬁ . dz f_.dz pizlpn ') (g.2,27)
i3 B
12.8)
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with Jig,2,2°) given in (2.6). The + and — signs on qin
{2.7) refer to absorption and emission, respectively, for
the scatiered wave vector given by

doym?®
g=Ik—k'{ = [2e2p =47
i
2w m 112 11
-
-2k k‘tﬁ;—l co-sl .
(2.9a)
fw), = Kogt(E, —E ) , (2.9b)

where Aw) serves as an effeciive phonon energy which
depends on the initial and final subband energies £, and
E;. The scattering rate (2.7) is shown for & 150-A well
in Fig. 1 where i =1 and we sum over j (total scaltering
rate (rom the bottom subband). For comparison we plot
the 3D rate as welt. We take g, =0 for this calculstion.
As seen in Fig. ), the 2D rate is » piccewise approsima-
tion of the JD rate due to the discontinuitiey in the 2D
density of siates at the various subband energics.

If nonequilibrium phonons are considered, the phonon
occupation factors are no longer independent of ¢ and ,
and thus cannot be taken as constant. In the Monte
Carlo simulation we can account for this dependence
through the use of self-scattering. Here, ey is replaced
by its maximum value during the simulation {which
must be set a prioril, and after every scatiering event a
rejeclion technique i1s wsed 10 compare the maximum
scattering rate 1o its actual value determined by the in-
stantancous value of the phonon distribution.

C. Intervaliey scattering

Intervalley scattering for two-dimensional systems has
been treated previously in connection with Si inversion
layers™ In the GaAs-Al,Ga,_, As sysiem, it is not
cleas to what degree quantization plays s role in the
upper L snd X valleys of the GaAs as the band offset is
expected 10 be smaller there. For simplicily, we consid-
¢r only quantized upper L valley states in the GaAs with
the same barrier as the central valley. Fot zeroth-order
iMeraction, the matrix element for scattering is given by

AELtn, +1F 1M,
pAw,

where E,, is the intervalley deformation potential, p is
the mass density, and w,, is the intervalley phonon fre-
quency. [, is an overlap integral given by

VR4 L= . 2.1;

el - - , , ¢
Hop =S [ de [7 an [de [ ar
im,jn
Introducing the 1wo-dimensional Fourier transform of

the Coulomb potential in (2.13}, the matrix element be.
comes

[le—r) 41z -2
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FIG. I Totsl scattering rate due 1o POP scattering for &
150-A well for electrons in the frst subband {solid fine). The
dashed line is the 1D scatiering raee.

.= f“_ dz LM 1$n )2,

where v, and v, refer 10 the initial and final valley en-
velope functions. The total scattering rate is thus given
by

2.0

Elin, +3F 00,
T kt=Fmp—" .
T peR

with nt; being the cffective mass in the final-state valley
and the sum is over sl the final-state valleys. We con-
sider a GaAs(100) layer and thus the subbands of the
fout satellite L valleys are degenerate.

2.1

tron o ,
D. E} o -

The ¢-¢ scattering rafz in bulk materials has been pre-
viously calculated using the Born approximation ! -
This method has been criticized as overestimating the
scatiering rate by as much a3 § times in sodium® com-
pared to compulation based on the more-accurale
phasc-shift method, although the degree of this error in
semiconductors i3 nol known. As s first approach to
this problem in a quantum-well system, we will adopt
the Born approximation in our calculation.

We start by considering the scattering rate between an
eleciron in the well with wave vector k in subband i and
a second tlectron with wave vector kg, in subband j. The
final states of these iwo clectrons are k” and m for the
first electron and k; and w for the second electron, The
unscreencd matrix clement between these (wo initisl and
le states may be written

=kt 4 by ) ethor ¢ keng)

7 [AE3 Lt el T ad P AN 21h

r
Ire B0 4 15—k —kg)
Mg = Ang ~Foma D)

XN

12.14)



by EFFECT OF ELECTRON-ELECTRON SCATTERING ON . .. 58

with g = |k—k’'| and the form lactlor given by
Frualgl= f_‘_ di f_'" dr't, (2}, t27)
XAz e "4
12.15)

This form factor appears in the 2D random-phase-
spproximation (RPA} diclectric function'® and is some-
what similar to thal sppearing in phonon scatlering’™” as
wel. As will be discussed later, this form factor s im-
poriant in determining the relative magnitude of (he e-¢
scatiering snd [avors intrasubband over intersubband
transilions. Sceeening in the mullisubband 20D sysiem is
quantitatively difficull, requiring an inversion of the
dielectric matsix in the RPA P For single-subband stat-
w screening, the RPA dickciric funciion in the long-
wavelength limit is ch ized by a single wave-
veclor-independent  constant  {the inverse screening
length) which is independent of carrier deasily st low
tewnperaturc® and proportional 16 density under nonde-
gencrate conditions.” The square of the mairix elernent
is thus given by

477 B0k + ky—k —kg)

— 2.16)
AlNg +qoF

PH*| 1= 1Fpmale))?

with ¢y the inverse screening lenglh in (wo dimensions.
For sunphcity, we sssume g, is given by the low-
temperature  limit  in  the present  resulis.  When

© teniperature-dependent and multisubband effects are in-
cluded in g4, the e-¢ scattering raie is enhanced due to a
decrease in the screening consiant, Resulis in which we
couswder perature-dependent  and  multisubband
screening are reporied elsewhere,?® |n the Born approai-
wkstion, he total scatiering rate out of the rst eleciron
it an initial state k,i (o & Roal state in subband m is then
calkculuted from the sum over the Anal siates

2wt Fomlg)l?

, |
T tki= " El.f,(knlfdlu @ tee?

x8E~E), 21D

where use has been made of the & function in (2.16) to
climinale the sum over k' =k +ky—k; The & funciion
n (2.1T) represents conservation of energy belween the
initial snd Gnal state and f,ikg) is the casrier disiribu-
tion funcrion. The prime on the summsation indicates
that the sum is only over clectrons with antiparalicl spin.
Thus we neglect scanering with carriers at paraliel spin
which is lower in magnilude than e scattering due to
aatiparaliel electrons due to eachsnge considerations.™

As in the three-dimensional cuse,” it is useful 10 iatro-
duce the relative wave veclors

B=ko—k, g'=k-k 2.18)

50 1hat (2.17) may be rewritten

o . 1

2me* LA F et 8] /21
- C g [ ag —E———

Fum k) 25 .'z”f,t.,f TPy

XBE, ~E;), @19

and the argument of the & function between initial- and
Rnal-stalc emergics is

#lg? _ #g
4m*

s tE Q.20

BE, —E/)=8

with E,=E +E,—E, —E, This § function may be
used theo 10 feduce the inlcgral over g° 10

2
Awe'm 2 gl Fm'a) |
k) ——— ¥ [y} a8
Futh! W 4x E-L to I' § +4.00
@.an

where ¢ is related 10 8, the angle beiween g and §°, by
9=ls-51/2
=[2 +ad-2ptg  +22V P c0s0) P2, 22D
and gl is 4m*E, /K. In the case of intrasubband
scaltering., g, =0 and g is simply
¢ =g 5nd/2 . 2.23

The tola! scattering rate (2.21) depends on the square
of the form factor (2.15} which plotied in Fig. 2 for the
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FIG. 2. Ekviron-electron form factor as a function of wave

vector fur 2 E50-A square well. The inchces ijmm babel imitial
und final subband sisics. .
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dominant icrms involving the first eleciron i the luwest
subband. The dominant term oucurs for pure intrasub-
band scatienng G =011} i which the ininal and
linal subband for both electrons is the lowest subband.
Of sumlar value is the forn factor for intrasubband
scaltering 1 which the imual subbands of the two elec-
trons ace dillerent, alihough ihey stay within 1her
respeclive subbunds after scaitering (i =m and j =n).
This inclastic scatiering between subbands atlows cnergy
1o be transferred from hot subbands to cold subbands 50
that a wuniform energy is quickly reached between
different subbands. Since g, =0 for intrasubband teansi-
tions, the scatiering rates are peaked for ¢ =0 and
small-angie scatrering is favored.

The intersubband scattering fonn factor is much lower
in magoilude and vanishes for ¢=0 due to the
orthagonality of the functions in (2.15). Sirong in-
terlerence effects occur in (2.15) 50 that certain combina-
tions of initial and final subband states result in negligi-
bly small form faciors. For the 150-A well shown in
Fig. 2, the dominant intersubband form factors are
shown. The transiions 1221, 1331, and 144] are ex-
chauge transitions in which the first and second elec-
trons exchange subbands. Such transitions are similar in
efiect to ntrasubband scaitering as the net particke flua
from one subbund to ancther is zero. The other iransi-
tions du, however, allow a netl intersubband parick
diffusion. However, as shown in Fig. 2, the form fuctor
is almost 2 orders of magnitude less than the intrasub-
band value, and thus the mass ransfer rate between sub-
bands may be considerably reduced leading 10 transient
bottkeneck effecis in the subband populstions when 1he
2D sysiem is driven lar from equilibrium. The reduciion
in intersubband scattering is further enhanced due 10 the
nonzero value of gy in the denominator, which decreases
the scatiering rate. However, a similar form factor to
(2.15) multiplies the screening constant as well," 5o that
reduced screening could enhance the intersubband rate.
More work is needed on the full nwltisubband screening
i order 1o determine which eflect dominates. '

E. Moate Carle simuistion

We have included the various scatiering mechanisms
discussed above into the framework of an ensemble -
space Monte Carlo simulation. Monte Carlo techniques
us apphied to semiconducior transport bave been re-
viewed by Jacoboni and Reggiani™ For the quasi-two-
dimensiwoual QW sysiems, we include both intra- and in-
fersubband scattering io the simulation, both within the
same valley and between different valleys, Only two-
dimensivnal transpost has been cousidered in the plane
paraliel 1o the well, and thus vertical transport effects
over the well (such as real-space 1ransier) are not includ-
ed in the simulation. For the results presented here, we
ncgiect any screening of the phonon modes and thus
¢, =0 i (2,71 Typically, we lollow an casemble of 5000
clectrons from which we calculate the electron distribu-
tion function, the mean vekxily, and mean energy in
cach subband,

The cxclusion pringiple modifics the scatiering sates

discussed previously, und tins effect must be included in
the nonicyuilibiium behavior at low temperatures and
high carner densilies. The inclusion of this effect in a
Moale Carlo simuiation has been reported by Bosi and
co-workers® In the multisubband QW sysiem, we uc-
count for degencracy by tabulating the electron distribu-
tion functivn within each subband during the simulation
using a sclf-scattering rejection technique to accept or
rejech scatiering cvents based on the final-state occupan-
ey Using this technique tand including e-¢ scattenng
discussed below), the equalibrium distribution function
the Moate Carlo simuiation atiains the propes Fermi-
Dirac function of the mullisubband sysiem.

The inclusion of hot phonons in the simulation is ac-
complished through a detailed balance of LO-phonon
emission and absorption from which the phonon distri-
bution function is determined. From this distnbulion
funciion, the clectron-phonon scaitering fate is subse-
quently wpdaied through 2.1 A vanable self-
scatiering is used 10 account for the change of this rate
during the simulatioo.

We include ¢-¢ scatlering into the QW simulation us-
ing & modification of the sclf-scattering technique pro-
posed by Bruneui ¢r of.® for the bulk. Here we take
the full multisubband scaltering rate given by (2.21 and
maximixe the quantity inside of the integral, i.c., choose
a maximizing function that is integrable, calculale the
total scallering rate based on the new funciion, and ac-
count for the actual value of the function when the final
state is chosen through a rejection method. For the in-
trasubband scattering rate in (2.21), we note that the in-
tegrand is sharply pesked at ¢ =0 corresponding to #=0
and 2x. Since the form factor i1s always unity or bess, the
maumum value of the integrand is always less than
1/g} Thus, the maximum scattering rate is givea by

we'm N,

. 224
Wl

|
where N, is the total sheet density of the QW and the 1o-
tal rate has been multiplied by | due to neglect of paral-
ket spin scattering. This scatlering rate is used 10 gen-
eraie the free flight time during the simulation. Similas-
ly, for intersubband scaticring, the mazimum scattering
rale (rom an initial subband i to a final subband m may
be written

r-n,- =rm'"F2-.~n N 2.25)

where N, is the wotal number of subbands, and £, is
the maximum value of the form factor, (2.153, for inter-
subband scatiering (which 15 much less than unity as
seen in Fig. 2). When e-¢ scaticring is chosen, another
clection is chosen at random [rom Lhe enscmble, and the
scallering angle is chosen al random according to the
Bat distribution associated with the maximizing function.
Using another random aumber between zero and the
maximum value of the integrand (1/¢1), the aciual
value of the integrand is compared 10 that of 1he random
number, und the scatlering s rejecicd if the integrand is
dess (han this number. In this cuse, 1he electiron and its
counicrpart are then allowed 1o continue on their origi-

-R3 -
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nal flights wwhanged. IF the random number is less
than the intcgrand value, then the scattering is accepted,
the momenium and energy changed accordingly, and a
new flight generated. In Lhis technique, considerable
computation time is lost via self-scattering events. De-
pending on ihe exact cleciron dynamics, the number of
sclf-scatiering events may be 10— 100 fimes the number
of real events. Howevet, considerable savings in time is
achieved because {he scaftering rate does not have 10 be
continually recalcwiated as the clectron distribution
function changes. Also, the slgorithm is quite simple 1o
implement 1n the content of the usual Monte Carlo pro-
gram. Degeneracy effects are also included by checking
the occupancy of the final swates of both electrons and
using a rejection technique as discussed earlier.

In gencral, the total aumber of particles is nol con-
stand (e.g., during oplical injection). Also, the screening
constant depends sirongly on the clectron distribution
which changes as well, and thus the e scatlering rate
changes Juring the simulation. Therefore, at the begin-
ning of the simulation, the mazimum ¢+ scallering rate
which will occur during the simulation must be known.
During the simulation, the e-¢ rate will vary within this
maximum rate. The tabulation of all the scatiering rates
used to generate the termination of the clectron free
fights is shown schematically in Fig. 3. When the free
Might of the eleciron is ended, & random number between
0 and [" is chusen, selecting one of the mechanisms
shown in Fig. 3. As shown, scll-scstiering is divided be-
tween ¢-¢ scaltering and the other scattering mecha-
nisms. Il ¢+« scatiering is chosen to terminate a flight,
we first check 10 see if this is a real event or self-

1V = |ntervoliey
Imp = Impuniies

L Seil POP » Folar ophcal phonon
Scait. e-¢ = Eleclron-eleciron
) r,' where i+ iniwl subbond
T T . i= final subbend
Iye
et
POP POP
Lz *6y ¢
POP
] + rﬁ
Toa: Sell Scalt L m
e-¢
s E
IS WD s
* ()
Lz + Ly
o

FIG. 3 Misogram of 1he various scaitering rates in ihe
Maonte Carle simulation,

scatiering. Then as discussed above, a second possibility
for scll-scattering srises from the choice of final state
and degeneracy. The sccuracy of this merhod is im-

d as the ber of simulated particles is increased
and if time stepa thal are shorter than the collision time
are used (the time over which the distribution can
change sppreciably). We use a time step of 10 fs in the
present work which satisfies this requirement. Satislac-
tory resulis were obtained with 3000 electrons, and the
resulis were not found to vary with the inclusion of
more particles (only the statistical uncertainty is im-
proved). We include e-e scaitering onty for the central
valley electrons and neglect this interaction in the L val-
ley.

1ll. RESULTS AND DISCUSSION
A. Hot-carrier behavior In s uniform eleciric fleld

Electron-zleciron scattering exchanges energy hetween
carriers thus redistributing the energy gained by an tlec-
tric field and driving the clectron distribution function
towards s Maxwellian-type distribution. In polar semi-
conductors, the threshold in energy for optical-phonon
emtission resulis in a sharp increase in the scallering rate
which tends to deplete the population of electrons above
the threshold energy. Thus, in the presence of sirong
polar-optical-phonon scaticring, the clectron distribution
funciion culs off ai the emission threshold, while e.e
scattering has the effect of repopulating the high-encrgy
tail. Figure 4 shows the steady-state clectron distribu-
tion Tunction in the lowest subband with and withoul 2.
scattering in a uniform field of 0.5 kV/cm at 20 K. A
carrier density of 4> 10" ¢m~? was assumed which is &
typical value for GaAs-Al,Ga, ,As quantum wells.
Hot phonons were not considered in the results in which
electric fields were present. Without e-¢ scalicring, the
distribution function is well represented by a Iwo-
temperature model in which elecirons above the thresh-
old are depleted 1o lower energies via phonon emission.
The kink in the distribution function is removed with r-#
scaltering present due 1o inclastic scattering above the
phonon threshold. Such 8 resull has becn observed in
bulk Monte Carlo simulation of £ interaction as well. ¥

In Fig. 5 we show the clectron occupation versus ener-
gy for a 258-A well with four subbands in the well. The
-energies of the subband levels are shown by the arrows
in Fig. 5. The normalized eleciron density {which is the
distribution times the density of states) is shown for
three different applied electric fields corresponding 1o the
fields used by Shah er al.” in studying the carrier heat-
ing in similar width guantum wells using photolumines-
cence {PL). At the first excited subband energy, a kink
in Lhe demsity is observed in Fig. § due Lo the presence of
carriers in Lhe second subband, similar to the results of
PL studies. We see very little struciure in the occupa-
tion st the neal subband however. In lact, we sce a de-
pletion of the higher subbands due to the fact that elec-
tron may transfer from a higher subband to a lower one
by phopon emission for any encrgy (unless 1he subband
spacing is less than the phonon energy). However, to
make an intersubband scatiering 1o a higher subband via

&
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FIG. 4. Steady-state electron disiribution function for an
applied fickd of 0.5 kY /cm in 2 single subband system.
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FIG. 5. Sicady-state distrebution function for a 258-A well
I‘\_pr various applied electric fields. The arrows denote The ener-
Eies of the first and second exciied subbands.

phonon cmission requires that the electron be one pho-
non encrgy sbove the subband energy itself. Since at
low temperature absorplion is neghgible, there is a ten-
dency towards depleting the bottoms of the higher sub-
bands. This is stilt found to be true with ¢-¢ scatiering
present in the constant screening approrimation as the
intersubband ¢-¢ scattering rate is less 1han that of POP
scaltering.

The carrier “lemperatures™ are found from the high-
energy slope as shown in Fig. 5. We find values of 68,
103, and 152 K for cleciric fiekds of 100, 500, and 750
V/cm, respectively. Note that these temperatuses do
not correspond to the average carrier energies due to the
effect of degeneracy, the Iatter values being larger. The
clectron temperatures measured in PL studics are 100,
145, and 165 K for the same ficlds’" which are con-
sistently higher than those calculated here. The reason
for this difference is not understood at this time, al-
though screening of the LG interaction or hot phouons
could play a role.

In Fig. 6 we show the transient electron drift velociy
us & function of vime for sn electric field of 3 KV /cm ap-
plied at time 1 =0 10 an eleciron gas origmally at 77 K
in equilibrium.  The results are shown both with and
withoul e-¢ scalicring and the difference is very marginal
due to the fact that the total wave vector of both elec-
trons is conserved for e-¢ scaltering, and therefore no
change in the momenium in the direction of the field s
expecied. As shown by 1he dashed line of Fig. 6, clec-
trons are accelerated quasiballistically during the first
0.2 ps even though numerous e-¢ collisions have oc-
curred duning 1his time imicrval.

B P i into the well

_Nurnerous investigations have been made of the relax-
ation of hot carriers injected into multiple Quanium
wells.® The initial relanation dynamics sre strongly

!
I
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1

4 [} 1216 |8
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FIG. 6. Velocity vs tame afier an applied electric feld of 3
k¥/cm 10 a W00-A well fiwo subbands). The arrows denote the
onset of intersubband transfer thrst arrow) and inervalley
\ransfee. The dashed curve is the vebocity free acceleration of
the carriers without collisions.
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influenced by e-¢ interaction. Il e-e scaltering is weak,
the injected elecirons relax in s cascade of subsequent
polar-optical-phonon emission. The nenequilibrium dis-
tribution would appear as a series of peaks starting st
the injection encrgy and separated by fuwyg to the bottom
of the band. I #-¢ scattering is strong, then the elec-
frons are scatiered several times before optical-phonon
emission and thus memory of the initial injection cnergy
is eliminsted. In this case, ekctrons cool by phonon
emission (rom a thermalized distribution rather than »
cascade. .

To study the initial dynamics, we simulate the injec-
tion of carricrs monoencrgeticatly into the conduction
band of the quantum well. To model the time depen-
dence of the carrier injection through fi ond laser
excitation, we add carriers monoenergetically into the
Monie Cario simulati ding to the following cqua-

tion:

Gl =locosh™%2.6]41 /1,1 , 6.0

where I, is the incident intensity which we choose 10
maich the total humber of injected carriers, and 1, is the
half-widih of the pulse. Extra particles are added 10 the
simulation during esch time step according to (3.1). Te
account for speciral broadening of the pulse, the carriers
are introduced according to a Gaussisn distribution 20
meV wide around the injection energy. Hot phonons are
also included here duc to their dominant effect in the en-
ergy relaxation.’ .

in Fig. ¥a) we show the result for a Sw-l'sxulse and &
relatively small injection density of 5x10® em—? 5t
dilferent times starting at the end of the laser pulse (the
peak of the pulse occurs at 0.7 ps). Here we assume a
well widih of 130 A and a small background density of
110" cm T ai 5 K. Catriers are injected 150 meV
abuve the bottom of the band. We plot the total occu-
pancy as a function of energy for all the subbands, which
is the distribution function times the density of siales.
As shown, a cascade in the distribution is quite evident
and persists up (0 1.6 ps due to the relative inefficiency
of the e-e scatlering st this low free-carrier density. The
kink in the curve at about 40 me¥ is the sccond subband
cnergy.

In Fig. Tt} we show the relative rates of e-r and
clectron-phonon scatiering, calculsted from the number
of scatlcring events divided by the total number of paiti-
cles over cach time step. Phonon emission is the dom-
inant scattering mechanism until the distribylion has
cooled sufliciently (1.6 ps) that e-¢ scatiering is more im-
portant.  Phonon absorption becomes wncreasingly im-
portant due lo buildup of somcquilibrium phonons. As
shown an Fig. 7(b), the rates of emission and absorption
approach one another, resulting in a reduction of the net
energy-loss rate.

At un injection density of 5X 10'' cm~? shown in Fig.
8(al, e-¢ scallering i3 more cffcctive than the phonos
emission, and the Features of the cascade are washed out
almust resulting in a thermalized (Maxwellian] type of
distribution immediately after the pulse is over. The
rute of e-¢ scattering is now greater due 1o the increased
density of the injected carriers as shown in Fig. 3ib).

Here e-¢ scatiering excecds the phonon emission rate
after only 0.5 ps. Phonon sbsorption due 1o noscquili-
brium phonons becomes important at shorter limes due
to the higher injected carrier density which generates a
greater number of hot phonons.

In the simpliied model for screening used . here, the
screcning constant does not depend directly on density
which is characteristic of low-temperuiure screening in &
purcly Iwo-dimensional system, Thus, the scattering

E 150 meV (0}

inj =

10 2
Nil’lj - 5:10- /cm
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rate (224} is directly propurtionsl 1o the electson densuy
fesulting in the transition from cascadelike 10 thermal-
ized behavior in the 1 x 10" cm 2 range of carrier densi-
ties. If a more complete model for the screening is used,
this simple picture will no longer hold as the screening
constant depends on density, particularly at high tem-
perstures. At high iemperatures, g, is directly propor-
tional to density for & 2D sysiem, b and therefore e
scattering may be important at lower densitics as well.

Einj= 150 mev (o)
Ninj = 9x101/em?
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FIG. 8. Eleciron uccupancy as 8 funclion of encigy for vari-
Ous limwes after laser cxcolation and an i 1 &

However, the effect of reducing ¢, is 1o increase small-
angle scatiering which is ineffective in exchanging ener-
gy between particles,” and thus the densily dependence
may be qualitatively the same as we have presented here.
The effect of temperature-dependent SCTEEning on carrier
relaxation in 20 systems is discussed elsewhere. ™
Due 1o the intersubband energy exchange arisug from

e-¢ scatlering, redistribution of the carrier kinetic encrgy
occurs and the subband energics tend 1o equilibrate.
'itln'i effect is evidenced in Fig. 9 where we plot the car-
fier temperature (the average kinetic energyl in ihe
lowest and first excited subband a3 o functi of bme
during laser eacitati In this si on, we start with
» background density of 2.5 10 cm -7 carrees at 3 K in
the lowest subband and then inject casriers at an encegy
of .25 ¢V above the Jowest subband energy as driscussed
above. We inject a total of 5% 10" em~? carners into
the band using a 0.6-ps pulse which is centered a1 ¢ = |
psin Fig. 9, The injected carriess inferact with the cold
elecirons thiough e-¢ scaltering, transferring energy 1o
them and losing energy in the process. As seen in Fig. 9,
the electrons in both subbands rapidly resch the same
Average encrgy peimarily through e-e scaliering.  As
shown by the dotied curve of Fig. 9, when e-e scattering
is absent, the eleciron temperatures remain  quile
different sfier the pulse is over. In Fig. 10, we plot 1he
fractional occupancy of the howest subband as a funclion
of time with and without e-¢ scaltering which shows lit-
te diffcrence due 1o the relative weskness of intersub-
band «-¢ scattering in 1he present formalism.

The fraction of carriers which transfer 1o the L vailey
docs depend on e-e scatlering, especially st injection en-
ergies close 1o the L-valley encigy. This is also shown in
Fig. 10 on the lefi-hand side. More carriers reside in the
upper valley at times afier the pulse due to spreading of
the injected distribution 1o bigher encrgies before relax-

Subbend Energy
veraun tims

~— with 89

~===wilhoul 8-

Q2 04 06 08 10 12 14 16 18
Time{ps)

FIG. 9. Average kinetic encrgy wilh isobid line) and without

3310 cm™? at an energy of 015 eV sbove the conduction-
band edge. (b} Average 10tal scaltering rate per electron as a
funciion of time for POP eession (013, absorplion (A), and
elevtron-eleciron (O ) scattering.

hed line} e+ interaction in the ground (i =0 and fira-
excited (f =) subbands during & 0.6-ps leser pulte which
peaks st | ps. A huckground demsity of 253 10" cm ? is -
sumed wilk 3x 10" ¢ ? cariers injected at an energy of 0.5
¥,
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ing, allowing more carriers to transfer than in the case
where this mechanism is absent. This fact accounts for
the overall lower energy in Fig. 9 of electrons cooling
subject to e-e scattering. The energy is eventually fed
back into the electron system al longer times due 1o re-
transfer back from the L valley.

1V. CONCLUSIONS AND FUTURE WORK

We have presented a model for e-¢ scatiering in a QW
system using an ensemble Monte Carlo simulation. This
mndel is capable of describing the carrier dynamics at
low temperature through the inclusion of degencracy

EFFECT OF ELECTRON-ELECTRON SCATTERING ON ... phll]

and e-¢ scattering, which allows the equilibrium distribu-
tion at low tempersture to achieve a Fermi-Dirac distri-
bution in the simulation. With an applied electric ficld,
e-¢ scattering is found to be effective in the 2D QW sys-
lem in removing the kink in the distribution associated
with phonon emission. Comparison of the calculated
steady-state distribution function for various applied
clectric fields with photoluminescence results’® show
agreement in the gross features, bul give comsistently
smaller clectron temperatures as derived from the high-
energy tail of the distribution.

We show that the shape of the distribution function is
controlled by e-¢ scattering during and afier laser excita-
tion. For low carrier._densities, ¢-¢ scattering is weak
and electrons relax their energy via a cascade of succes-
sive optical-phonon emissions. For higher carrier densi-
ties, r-¢ scattering is more effective in setting up a heated
Maxwellian distribution which absorbs the energy of the
injected electrons before they can emit an optical pho-
non, thus suppressing the cascade. Our results show
that thermalization of the carrier energy between sub-
bands occurs quite rapidly through e-e scatlering shortly
after the end of the laser pulse. The exact scattering
rate due to e-¢ scattering depends strongly on screening
which is formally difficult in the muhisubband system.
We have used a low-temperature screening constant for
the present work which overestimates the screening, and
thus e-¢ scaltering may be imporiant at low electron
densitics as well. In future investigations, we will in-
clude heating effects on the 2D screening which our pre-
liminary results show enhances the rate of e scattering
during laser excitation.

ACKNOWLEDGMENTS

The authors would like to eapress their gratitude to R.
Brunetti, C. Jacoboni, P. Kocevar, and J. Shah for many
useful discussions related to this work. We wouid also
like to acknowledge financial support from the Alex-
ander von Humboldt Foundation in this research.

1], L. Oudar, 1. Hulin, A. Migus, and A. Amtonetti, Phys.
Rev. Let. 55, 2074 (19R5).

W H. Knox, C. Hirlimann, D. A. B, Miller, . Shah, D. 8.
Chemls, and C. V. Shunk, Phys. Rev, Leil. 56, 1194 {1986).
3. F Ryan, ®. A. Taylor, A. J. Turberfehd, A. Macicl, J. M.
Worlock, A. C. Gossard, and W. Wicgmann, Phys. Rev.

Lett. 53, 1841 {1934},

4). Shah, A. Pinczuk, A. C. Gossard, and W. Wiegmann, Phys.
Rev. Lett. 54, 2045 (1983).

3C. H. Yang, J. M. Corlson-Swindle, S. A. Lyon, and J. M.
Wwarlock, Fhys. Rev. Let1. 85, 2759 {1985). .

60 N Mirhn, 1. Ya Karlik, L. #. Nikitin, 1. . Reshins, and V.
F. Sapega. Solid State Commun. 37, 757 (1980).

5. M. Gootmick amd P. Lugls, in Proceedmgs of the Hth Inter-
natignal Centforence on the Physics of Semiconductors. edited
by O. Lagurim (World-Scientific, Singitpore, 1987), pp.
§334- 1338,

85 M. Goodnick.and P. Lugi, in High-Speed Elecironics, edit-.

ed by B. Kallack and If. Beneking {Springer-Verlag, Berlin,
1986).

M. Tomizawa, K. Yokoyama, an? A. Yoshii, IEEE Electron
Dev. Leit. EDL-5, 464 (1984).

10) . Yokoyama and K. Hless, Phys. Rev. B 33, 559% (19R6).

VM. Al-Mudares and B. K. Ridley, Physica 1348, 326 [1985).

12p, Lugh, S. M. Goodnick, and F. Koch, Superlatt. Micro-
struct. 2, 335 (1986).

", Ando., A. D. Fowler, and F. Stern, Rev. Mod. Phys. 54,
437 (1982).

WP J Price, Ann. Phys, (N Y.} 133, 217 {1981).

5. A, Riddoch and 1. K. Ridley, 1. Phys. C 16, 6971 (1983}

ThE A Riddach and 1. K. Ridley, Physica 1M1, 342 [1985).

VC H. Yang and 5. A Lyon, Physica 13410, 308 11985

135, Das Sarma, W. Y. L, and A. Knbayashi, in Procecdings
of the i8th Internattonal Conference on the Physics of Semi-

1588 $. M. GOODNICK AND P. LUGLY n

conductors, Rel. 7, pp. 651654,

%P 1. Price, Phys. Rev. B 30, 2234 (1984).

. K. Ferry, Surf. Sci. 57, 218 (1976).

2E. Abrahams, Phys. Rev. 95, 839 (1954).

3. M. Ziman, Electrons and Phorons Oxford University
Presy, London, 19600, pp. 170-172.

N, Takenaka, M. Inoue, and Y. Inuishi, J. Phys. Soc. Jpn. 47,
861 (1979).

MC. 3. Hearn, in The Physics of Nomlineor Transport in Semi-
conductars. edited by D. K. Ferry, J. R. Barker, and C.
Jacobon: (Plenum, New York, 1980, pp. 153166,

BE D. Siggin and P. C. Kwok, Phys. Rev. B 2, 1024 11970),

BF, Stern, Phys. Rev. Lett. 18, 5009 (1978),

A L. Feiter, Phys. Rev. B 10, 1739 (1974).

15 M. Goodnick and P. Lugli, Appl. Phys. Leit. 51, S84
{198 .

B Jacoboni and L. Reggiani, Rev. Mod. I'hys. 85, 645 {198),

%5, Bosi and C. Jacoboni, ). Phys. C 9, 315 (1976).

NP, Lugli and D. K. Ferry, JEEE Trans. Eleciron Dev. ED-32,
2431 (1985).

“R_. Brunetti, C. Jscoboni, A. Matulionis, snd V. Dienys, Phy-
sica 1348, 369 11985).

). Shak, A. Pinczuk, H. L. $trmer, A. C. Gossard, and W.
Wiegmann, Appl. Phys. Lett. 44, 122 (1984).

M5 A Lyon, 3. Lumin. 38, 121 (1986}

3P, Kocevar (private communicstion).



\ll\ﬁl

palwi $s8)d JUspedy 6861 O

SS3| SJ01JIAANA O3 DIULRJISUOD S| | [am ay) 01

T T enaowaoTIeARATM uouoyd ayp ¢ STudLadxs ueuey

wodj sdf se vaye} jueisuod awyy |edtbojouawousyd
® 03 NP AEIIP ST | |IM ST Loy 1T |PWLS 3y) Bujanp
S3UBA3 UCLIdLOSQE PUR UOLSSIWA JO adue|Rq PILLRlap
®WOLS DIJRINI|EI $1 (|8mM JY) 01 3|ieaed wniuswom
yitm suguoyd 4o uojye|ndod ayy JLuolienuls oae)
JJUdW Y3 UL suouoyd whiagljLnbauou 4oy
‘aday paapow
utyl 4210346 uaae g 01 pajdadxs sy Guiuajjeds
9-3 DURQQNSLIYL JO BIR4 Y] Sny) -Buyuasads
SAIPWLI534A0 YIpym BujJaiieds purg-rajuy boy se
XLA3R IPLIIS(ILP RS Y} 3sn am ‘Hujsajieds -3
purqqnsJajug ;om CUDLIIUNG UOLINQLAISLD J3idARd
1 ui saburya y :ouzg uojleines ayy Bupanp £ en
-uL U0 Saburyd yoiym X{dIBW 314338]31D yd¥ Ayl 4O
g | yybuajaaem Suo| ayl Buisn pako|dws Sy uoLyde
-dd3Ul PIudBIs J41mIs v 'BulaaLIess 8-p U0y
*$31649u3 pur suoLjouny
=3ATM DURQQNS {04 JLASSE S| [eLudied | [3m auenbs
[dwis v -$323)49 vouoyd 10y Bulpnidul BupJaijess
d0d M [-A1Nq pur ‘Bujdalyeds 3-d purqanseluy
pur -Jajuy 4O uoISALIUL Y3 ae a3aded jud
-S34¢ Y Ul ULIIU0D SO SWSLUTYDAW ULTW Iyl 3JAym
G- FAIYMBS | (4RIIP U} PISSNISIP S| SN M |[Apow
awy "NJOM $4N3NY O} SUOLIINJIJUL B OY-UOLY
=Ja|d jo »ﬁ:gm 43 ap pue wayshs wod1dd|¥ ayy Ljuo
[9pow am 3J4IH "SIUBWLISAXNS IADQE Yl JO SO}
~RiMWULS Qlde) 21U0Y PAW.OCLAd AAly aM ‘siuawlaad
-X3 3sayl 1andaquy ANy 30w 01 Japdo u]
Tajed Buidalivds g0g pueqgnsuajuy o1 anp sled
pa12adxe ayl uryl 4abuo| yonw ‘sdypi-f{ jO Sjueys
-U0d WY YIIA SAPNYS U134 UL Bt uoLiEXe|ad
mo|s L[aA11134 ¥ paALIS]O Lay) ..w- 19 L4990
40 SINSA4 oyl 03 ISRAIUGI u]  abaw| S§ uoy)
-RARdas DURQQNSLITUL BYT BJAUM S||3M YOS Uj uOle
~X® (34 purqqnsJdjul Apnis 03 uoL1dU0Sqe paLrJyuy

0/00'Z0¢ E0+ 1950%0/68/9E09-6¥L0

PIALOS3L 2u] PASh C T 1@ SIS "SPUOdaSOId
PAIPUNY |RIIAIS mm 43P0 ] UG ‘PIAJISAO PIIPU)
l3M purqqns [u0J3S Yy ut uoliendod iaLsded
Yl Joy sjurysuod awly Guoy | aad Jaddn aya
40 wopendodap ayy up ydaua(liog, e Jo £33119
=1550d 8yl 01 BuLPva] ‘wSiuRydaW JO4 Y] TLA SUDLY
~1suvay Bulyty wo4j uapp3qL0s B4R pURGENS PUOIIS
Y] JO WOII0Q Yl I SAdAA®I ‘snyp - (AdwsE)
ABa3ua uouoyd [e313do By} uty} $S3L S| YI|yM
ABW{2 3Q 0} PalJodad SEM SpURGQNS PU0IIS pUR 1Sdiy
Y] UAIMIIQ UCLIRLRAAS WYY ‘| (3A JAPLM YY) 404
g PUOI3S0DLd ® 4O 43PaO YL U0 ‘YIINb Klaapiwiad
st (dod) suouoyd (e313do Jejod 01 anp alva Bujaay
=1¥25 puURQGnSJaluL ay) AULS paIdadxd si uoLjv(R
~dodap pided v yang ‘JUIWLLIYX3 BY) 4O UCLIN| OS5
BULY 3y) ueyl S5 ‘pirded A awadixa sEm purqqns
puodas ayl jo uojie|ndodip paasasqo ayy ‘||am
Moairu ayy ul -abpa pueqgns puodas ayy anoqe 1snf
s31b4aus 1B A[SNOJURL|NWLS SPUBGENS PUOlES Pul
15414 843 Ui sJdLaded s r4auab youym as|nd dund
® Bupsn Sy|am yGlZ pue yo[1 404 2wil ugiiexe|dd
YT 1v 30O 03 Buysdyjeds uewey pueqqnsaIuL pasn
SR 39 p(49Q0 WY 40 UOLIIUNG B SE spurqans
43ddn YL UL SJ9LAARD JO uoLIR Ndod aaLie|3d Ay
Aphis 03 pasn sy aqgoad [e3;3d0 juanbasqns e pue
‘wIIsAs | (am wnjuenb e 4o spurgqns Jaddn uy Sdaid
-42) 3jeaduald 01 pasn s} as|nd dwnd uoiieinp auwL)
31404s ¢ ‘sjudwiiadxa yisns ul 9,.m=_kmgﬂnuu pueq
~qnsJalul y6NoUdy) S43La4RY SO uOLIEXE|[3J4 3y} Apnis
0} pafo|dwd u3aq aary sanbiuydaj Pas|0sas L}
*Apjuaday | cswaisks | (am wnjuenb up uojexe|as
uod}da|3-4yodiaa|a pur . suouoyd wniaqyinbauou
S® yINS $333)8 AjruiwNng|) mu Pasn ulaq IAwYy Sjum
~143dX@ YONS “SUOIINPUGI LIS U} UOIEXE (AL JBLd
-4¥D 104 3O SIWRuAp 3yl UD UDLIRUIOJUL SO yL{tIM
® papiaoJd @Aty S{|am wniuenb syegiy/syen puw

SYeD YLNQ 40 S3PRIS | 031340 pAA[OsIL ]

5139442 uouayd 10y 01 anp asind dund ay3 sayye
sawly Buo| 405 104 SULEPERL YILUM UOLIINY UOLINQLAYSIP ABLLJEI |10} ay
40 |1®] [rudayl Ayl YliM pajeidosse aq 0} sJradde uﬁwcz wuniuend apim uy

spueqqns aaddn uj ssajdaed 4o dn-3 d JueISUOD awyj
-UBWL4adXD Y] 1BY} MOYS SWS|URYDMN I|SRQ 3SAYY INOYLLM DUR YIiM sy(nsad
‘suouoyd |¥313do 4v|0d WNLugl|inbauou pur Bulialieds Jaladed

paje|nms

U0| padnseaw £{{®}

—43144¥3 DUBQQNSIAIUL PUR ~RATUL 4O UOLSNYIUL YT Y3 LM wALSAS UOU3IB|A

L1am wnjuenb a(Buis v |dpow am yaom juasaud Iyl uf

‘ugLjexe ad pueq

~qnsialu} JO sjuaujiadxa (e313do PIAL0SAL WYY JuITAL BIR(NWLS O} Si(3M
WHIUEND JOIINPUCILWAS JO UOLIRNWLS O|4R] 310K 3| QUASUS UR Pasn aaey an

(8861 3snbny 21 paajaday)

ALea] ‘wwoy £1100 ‘opucwiry g ®iA
RWOY P BILSIIALUAN [T ‘eILurday viuaaubabul Lp ojuayjdrdig
LB -4

16646 vobaag ‘si||rAd0)
£11543ALun 3135 uaBadp ‘yodvasay s{T(JAIRN PADURAPY 40 4IIuUP)
AILUPCOY 'S

ST73M WNLNVAD YOLINGNOIIWIS NI NOILYXWIIY ONVEENSHILNI 40 NOILYINWIS OT¥VD IINOW

6661 ‘¥ 'ON ‘G 10A 'SOINIINHSOLA PUR $831118)480NG



T e

padnod ay} ulyiM ABadua uou}d8|e 5SadXD
ay3y buydeay A ABJaua Jo uojjedissyp 2yl umop
mol$ 0} S| suouoyd wniuqilinbaucu jo 133342
‘umouy |13 S} SY NG 1@ ABuaud jwusd Byl iRy
o sn{eA wnyaqiiinba s} sayoead Aixanb pue L|pt
dea SaseaJdIBP S4aldded ayy jo Absaua abraaae ayl
Y} @306 1544 a £ B3 Ul umoys s} WOSLIRAWOD
gl T 3Insad snojaadd eayj 03 @.edwod pue ‘wnidqiy
nbe u} ujewed o} wdyl Buiddoy Aq suouoyd wniigiy
-inDDUOU 30 228333 3y} L340 WanY, K[3AL1I9|3S am
(ve3 Buop syy3 4o upbydo ayy pueisaspun of
‘pueqgns 3541y
|3 WOA  UOLIZUNY UOLINGLAISIP a4l jO 1R |mALAUY
3 07 anp #q o} s.vadde pueqqns puodas @yl jo £
#dN330 Byl CSIWLY | [T 3 awes ayy A{{Enidia e
spurqgqns puodas pue 3sdiy ayy jo Aourdnddo asyl
(a4 8y} ‘7 '6ij wouy uadS SE LIAMOH pueqQns
15454 3yl 40 EUY Uryl 43ieadb ag pLnoys pueqqns

‘suguoyd 104 JO 359349 Ayl INOUILA PUR UiiM
LL@m YOEZ 2y} J0j purqqns puodss ayl Ui Buypisad
JajJA®D JO UDLIIELY PuUR AKbadua abruany ‘¢ a4nbiy

- .

(sd) am1]

ov oc 0z ol ¢
0 . A R A . A )

"0 1 [

04 L
0 ——a= F OO

NOITH+
} maouoyd 104 Ttk
€0 oA YOEZ

~sd{=q 3¢ es|nd dund Byj 4O Nted ay3 Jaye
S}l SNCLARA 1 ([BM YOEZ T U} UCLIEXE[34 JajJded
AOF—MGHIIUDS UOLIDGLLISHD ABJaua |ej0l "7 aunbiy

{A9) £319uy
80°0 90 0 v0°'0 200 0

g €d 2

d0

/

sd OF

unonnqtIsig L3iauy

GL ‘P ‘ON ‘G 'JOA 'SOIMONASCIINW PuUs S831181480NS

- -

puOIAS ay3 40 Aourdnado ayy ueyy ‘Bujaanddo ydau
-91110G #0143 B S} 843y} 41 [|9m Je{ndjaed sy
404 pueqqns puodas ayy jo uoijisod ayy o) spuods
~B4J0D ASWZZ 12 UQ4IOUNY uOLINGLAISLD BYY UL Uiy
ayl -z "Bij ur umeys sv pueqgns puodas eyl ojul
UO11EILIXB030Ud 431 % S3ULY SNOLJRA IR L|3M YOE?
3yl U} SUCAIDI(P BY} O UOLINGLAISIP (B10) 3yl
1% y0O| M 'S4} APn3s 0] 'BUIJ4BIIEIS 404 40 UOLS
~saJddns ay) 01 anp Jajsulal pueqqgnsJalul Byl Ui
S4N330 Y22ua{3100 T Jayidys 5| uoj3sanb ayy
‘sdpy 4234® uaad pueqqns Jaddn ay} v ol
~e(ndod a[QRZLS ¢ SULTIULEW DURY JIYL0 Y} UO | |3m
¥0£Z Ayl s30f anoqe Jaye Lydue £l919|dwod s
pur A|pided ajinb sAedap (|3 Y01 8yl jo pueqqns
4addn 2yl uy uorieinded 3y poylaW D4R BIUOW
ay) Bulsn pajapow 3q A|Qruoseal ued JRY) BLRIS
Wiy Ay} 404 jSEI| 1R R 1@ | 4890 £q punoy
JBYY D) JE[LWLS L 343y J|NSIL UL |13 YOE2
syl pue y02[ 943 Y30q J4oj suoiie ndod pueqans aall
—w|9d 84l JO uosiaedwod ayy smoys | aunbi4

TSYIpImM | [Bm U
-1831p OMY 404 Z pue | spueqqns uj Dujpisad uoll
—g|ndod J4aj44vd |[BI0} BYI JO UOLIOR4Y ] a4nby 4

(83) sy
o ot oz ol

0
. A . A . \ ) 0
¢ pupqQans Yotz AL
£o
_ [
b
L

" +0

4, 50

| Foo

L0

. YozL wo
J

*SupLIBJRdas PURQANSJITUL (RIudwmiLadxE 3yl yOIRW
0] 49pJ0 Ul SUOLIR|NILEI JNO Ul PAsn adam yOEZ
pue yOZ1 30 SYIPLM LLaM ,,"S3|pNIs {rjusudadxa
YT YILM DUEPUOIIE U} uc~n&xa Jaddn ayy u} Kbaaus
uoupyd |®0}340 Y} MO|R PITIIAI B4R SAALLLRD
qeyy 05 UasoYd aur $a3,buaus uojpydeful AL -uciley
—nuys eyl 03ui SAf Bujpyead asind 8yj uiim s3|nEad
paje|nuis ayj (¢ u} peunsse s| Sd1 jO uoLjEInD
BSind y ‘NG 4O aJnjraeded) 83)33B| ¢ 1R UCL)
=3aful 4d@y3e NEU\:oﬁxv J0 £115uap Japdded |B10]
v DWNSSE BM JJAH CLP 19 |[43Q) 30 SjuduLadxd
ayy 03 mc,nconmauuow UO|IEXE |3 JF|JIED SO SUOLY
~pnaps uo jJoded am ‘Jaded jussadd 2yl ul
*anbLuyoe
uoj1defed ¢ ybnoayy papniduj os|e s} uuunam LRULS
a3y 30 Aaedausbag ..uuﬁzn AdSE| |rIUDWLIAAdX
1 JO UOIING.a3SIP (rJodway Byy 03 Bujpsoade
pueq u043onpucy ayy Ui ABius U0JIII|? SSAIXD
Y] PUNOJE PAASIUID UOL IR {NWLS BYY 03 SI|DLY
—avd ppt M ‘uo|i®}ioxd (e353d0 3jv|nEGS O)
pp 9eds wmjuawow uy | jaxoed
anem, wouoyd Y3 O YIPImM 3y} 01 SPUOdSaLA0d YILym
wajshs 1AM Wnjuenb 3yl jo yIPLm 3S4aAU} gy ueyl

98



(cgel)

0r0L '82 8 "ABY ‘SAyJ "URABIOY 4 DUR 71304 ‘M
uoiyediunwsod ajeatad ‘iaagy g

(8961) 9€9¢ '/c8

PUR ‘1313ydaey "9l 'ie) CN
uojeyyqnd

‘vibny -4 pue ¥oqupoog y's
(8861) 8452

*116n7 g pue ¥d(upooy ‘'
(L861) ¥85 ‘1§

"L1Bny ¢ pue ¥3tupoog i
(L861) 917 ‘6§

‘¥21upooy “H's pue ((Bny g
{€861) 169

‘91 3 "sAud " 'Aappry '@ pue ydoppyy 'y 4

{(861) s¥el

‘6§ 3181 AdY ‘shyd ‘ddeyss ‘N pue ‘uuewiay
9 'A@31e4ISqQy 9 ‘Jaugany ‘poH Jdajaw[jes 'y
1) 969 ‘65

119 “ABY .wxcm .uox..o: 'H pue .con..ovcmx ‘1
MERN P CULRLA AW ‘ARM C¥TQ ‘114290 A°Q

(9861) 1611 ‘95 ‘1127

TABY "SAYd 'yueys cpc) pur “riway) “§'g ‘yeys

A3y "sAy4 'xe] W
404 pajljuwgng
‘LEQ a8y shyd

‘31183}-258y4 - |ddy
< 73197 Ay Cshyd

(€1
{21

{01
(6
(8
{t
(9

(s

TCOCMIELIN (@UYU0 ‘uuRwydiH C) Cxouy WM (g
(S861) SPOZ ‘#S "3197 A8y -SAUYd ‘uuewbaLN

"M Opu® pJESSOn ")ty ‘WNZOUL4 ‘Y ueys P (2
{0861) SOST '#p *"3397 'Ad3y "$hyd

‘Banquabul | ‘H pue ‘[yny ‘p ‘apuyy 4ap uoa N ([

S EIENETEY

TYIJARASSY |RARN 40 301330 Ay} Ag pajdod

-9dns A1|vjiaed SEM Ya0M Spy)
Xueysy

€99,

TYAOM $1yy 03 paje)
=81 SUCLSSNIS|P [NJBSN U0y Yeys ° pue {|4agy '(Q
01 ayi| PLROM SJaoyInt By) - juswaBpd|mouxdy

843y PIJIPISUOD 10U SEBM YD|ym
2|04 juriacdut ue Keid pinoo $359548 FETEILNE]
3Jeds (ead 05 '43iadeq ayy 40 doj ay3 03 aso >
S1 oS|I wnjuenb yog uy pueqqns puodas ayi ‘sjusw
~149d%3 418Y3 UL ‘4DAIMOH *AL{Rjudui.adxa paans
~ROW SEM SE BIPJ UO|IEXE|3J PURGQNSJIIUL PISEILIAP
OU PUL) puR _'i® 12 J3)(13S JO Sjudml.adxa
a3 46 "co_uv_ng_m URd A[LRUGLILPPR 3ARY N
‘Y3z (1309
® 4O uoiyrwlo) ayl sasoddo yojym purqgns puodas
943 j0 uoije|ndodad 03 t@jadeq ® S| aaay] sny)
"PUBQQNS DUOJSS AUl JO WOYY0Q Yl AA0QR (AdWSE)
£64oua uouoyd auc jses| 1w ABusua ue JARY 0] ARy
A3y ‘voissiwe uouoyd BLA purqqgns puodas 8yy 03
PURQQNS 153MO| =13 W04y JDIIRIS 0] SuW0LYIR|3 J0)
48p40 U} ‘AL eupq  'a3ed BuLJa31eIs pueqgRsdalu)
PITEAIOUL UR U} 1INSAJ PLNO> MS{uURYIAW SiyY L0
(3pow Bujuazass 239 |dwod sJaow e ‘A1snotaadd pauoyg
-uaW Se yBnoyl |k ‘yeam A{aAliR|ad §| uOLIRQLUUCD
%41 snyt  BulJaiieds pueqansaalul 404 03 anp
TRYL 43udy ® jnoqe sem Bulusljess e—a pueqqnsaajuy
01 anp sjuaas Fuilajleds jo Jaqunu |®y0] Ayl fliom
YOEZ 3yl jo ased ay3 uf  “juasaad shem|® 5y yoiym
Buyial1eds pueqqnsuajul a9 s 4033ey Jdayjouy
T puRqens 03 7 pueqqns wody Buisajieds a0y
PLOYS3IY] 2A1309)48 341 a0Qe pajowodd 2q 07 Su0.#3
=222 3y} 4O wWUS SMO||® yIiyM Buiaaljeds a3 343
=S®|3Ul S| Jug  uojssaaddns uwouoyd [ea}3do Jejod
03 anp Bujuwioy woay yoeua|336q ® juaaedd o pua}
YI4ymM 5992548 BuLIadUOD [taaAsS BuR 3.3y
*ABdaua
PURQQNS puodas ay) @A0qR (1B} RW4aY) ® ULBIULRW
01 suouoyd 3oy jo ouasaad syl N0y} M L|pides
sAedap pueqqns puolas ayy 30 fouednooo 8yy ‘¢ "By
Ui umoys sy ‘pueqqns puodas ayl jo Asurdnado
BALIR(B4 BYT U PAIJB|JBL S| 38448 S4\) LIS
—d10sqe pasesiou) 46NOLY) waisks :oco;qucohuuu_a

6861 't 'ON 'G '1OA ‘S91mIINSOININ pUE SPIIIAANS



panwiy (uOpuoT) "Du| $581d FNuIPedY 5861 @

syl *uojIngaiIsyp IBLRYD UCAIIN|F Y L0} uoly
-enba 5, uDSSEOd YIM A{3UIS|SU0I-J135 parlos
$} uojIEnba §,436uULPRLYIS |PUC)SUBWIP-IUD AYY
Yoym U} uoiRrwixoadde 33434 AN Buisn wayshs
$143 40j PAIW|NI[RD ILE SUO}IDURJIARM pUR sa\b
| -J3ud puRqqgns ay) ‘pPITHLEO0| §) SUOIII(D ¥L
JO JeqQuNu PND? UR YILYM UE (LA [RIJuaIed
v sajeadd abaeyd Siyy syed uj pappaqua abaeyd
aa13150d JO 333YyS B JO 53SESUCD UNIOMILS 345¥
YL “ge ) IIIYRIS|D uaAlb aJ4e spurqqns Jake|-§
Y o cwmuunuvm:uu Y3 J0 s[1N19g *d}|oqraed
ST pajead) 94t SAR{ A= 33}118I0S pue |RJUID
; Byl *SYPLY Y} PUR SYRD SYY UIIMIIG AW 8270 IO
| 4 Ty6iay J914aRq ¥ PUR Y 051 30 WIPLM [Las SYRD
i ¢ y3im aanbiy 1yl jo 34ed Jaddn syl uy umoys
3 fep7ualdd | euO}SURWLP-IUC IYY O bujpuodsaLiod
: SUOLIOURJIARM PUR SIN(EAUIDLD B4} 39|
-naped @M f[|am aJenbs ayy Joj "SI Youd 403
pausplsuod {wj3uazod |apow ay3 Smos 1614
.Nauouu_ucugu 2@} pLatj padop-§ ul paanseaw
A3)5uap #Y3 0% 25013 5} NLPA 5Lyl °SUDLY
-RLR3{E> Y} U} PASN SEA SWI/5 1 0|XG O Ayysuap
ABp44wD 8345 R “Jede] o:maov w ayy 404 424e|
SyeOly 9y3 Y} PAIRI0| $JOUOP PIZUO} JO J3Q
-wnu enba ue wody Bujwod [1am ay3 up SJILMITI
W2/ | 0LXS JO A1LSuap ® BunSSE am ‘|LaN wnjuend
Yl 404 *S¥SED yioq v} sI|nsad {rruswpaad
-x3 pajsodaz 3y} L) LE21dAY $3)345uIp palap)s
-UDD OS|R FARY IM *SIIIAIP LWIK 40} ujod Buy
-3e43d0 [®2}dA3 ® 0} SpuodsadJod ysiym ¥ [l JO
aurgeaadudy a2}33V] ¥ 40 Isuodsdd syl JApsUOd
BM *SYEO[Y-SYPY JO L[#m wnjuenb padop uoliv|
-npow ¢ 4O 3BY) Y3IiM Jake| Buidop-g v Jo esuod
~$3d WNpaqy|nbI-UoU dy} IJRdWOD N CJINOLARYAG
Yo432B[3 30y IYF JO UOIIR|AWLS O|JR) IJUOH
® JO SIS Fy3 UD JJ0d3L IM 43 PaLIPLS
—upd 34T SUG)SURILP LIUUEYD UOJILWQNS Laym

vf SEE

Kuewa3g 3o -day “pad
UAYOUMK YB3 ISIPALUN IYISILYIRL 81 3 Juawaeda)-y sAuyg
Yooy "3 pu® %24upood °§ -

A N

0/00'208 v0 +SCEOP0/98/9E09-6+L0

AL ey 2adsa *asuodsad putlas-021d pue #ouwd}
~dad praty ybry 419yl puRISISpUN 0} ISAIAUL
Jo S} 34 ‘sweysds 9302 ydoNS UG pISEQ SILAILED
prieabalu} Jo A3|1qi5s0d Yy jo asnedaq
woLINd
-}1dde sy3 uo Buppuadap ‘ubsap youd jO SANJIA
anjrelas gy jo sbejurapr Bupyny ‘diy> swes
Y3 uo sadAy y30q JO SIVLAIP BULQUOD Y23y
S34N3410 PJQAY JIpysuod 03 3|q1SER4 S) 3
T5371A3p IWIN 40; IPYY SP Wwes ay) 5} saehey
yons 4o) Bujssadoud ayy adoups ‘osly "suolIwd
-}, dde aamod ybiy up SN 404 FAIORIIIE 3Q Aew
wasAS 5)Y3 uo pASRQ SJOISLSURSY tiake-P
3y uy ybjy S| UOLIRJIUADUDD LILLIED WY IULS
*o549kR| yons BuLZLiyan pajediaqe) uadq ARy
mLWumwmcuua-uuumuu.u_o,u *, 9302 pueqqgns- 3 nw
R 30 FIUIISLXD Iy uMDYS u»u: sivhe| Bujdop-p
J0 SILPNIS LELIGU] ° wa/ 101 dapa0 40 suoljedy
~UuPdUod FARY x—_uu,qmu sdin3omuys oW "@#|q)ssod
ad® (HWI/o Q1) SUCIIRIJUIIUDD JRpJIED ybjy
Alan movum—_nos ybLy Bujaaiyor 4o swaay uj
sbejurapestp ® 51 Siy3 ybnoyjy "sdouop Iy 40
£31yL2ta agy uy saeades afuwyd ayy Bujzj e
sNy3 ‘1i{am (eijueiod Yy SO Jajudd ayl 3w
saj3tandwy Iy3 sadeid 'Bujdop uwojyduny-p pALLEI
-ps sy} ‘Cujdop jo adAy Jayjouy “euayss bupdop
Sy} ud pISEq IXAIP T 5} {LW3H) 403835UR4]
A311400w U0J3dRLd ybyy Yyl *wa3sAs Syl 40}
531341 EG0W LAty 0 yBay Adda uj SILNSAL y34uM
(9302) seb u0J3D3|3 |QUO}SUMI|D-OA] Y3 wOd)
pajeledas L||vjieds aiv sjuedop Y3 SRINIINJYS
(OW) padop uo3R{Npow U] *suoled} 1 0dR FD4ARP
up LJuURYD ® SB 3SR 40, dake] Bujionpuod ® AR
2942 0} J9PJ0 U} FIQRLITAR AR SIUIYIS SNOJIRA
snyy pud *s3yyiandwy Jouop Iy Jo uojyisod
Py} 9s00yd 03 Paay S} o ‘({3M) Axeyida weaq
AR|N33 0w 'Aq waodb $2an3oMU3S paudkeg ul

{

- £10S$999U @47 S3URLLND IndIno ybLy Etaym snoabny

-ueApe 3q {IM Jafe|-§ By3 uo paseq SAFJAP | FUMRYI-FI0US JO IduEw
-da0j49d 3yl ‘A3LSuap JILLIED deybry ayy 4o s5nEIIP * SWAISAS OMY Y V|
JRjlwis #q 03 Jeadde 513130134 3344P pajeanivs 33e3s Apeais yy “JaAd
-0y "SpLRIg w61y ¥ Bupaaijeds Aypandup 30 329)33 W) 0y anp walsks
gW snsdaa-Bupdop-g ay3 up A3120|@A
-3p ® puw A3}|1qow plaj) moy paanpad
syED Y|NQ W} PIppaque Sa|3tandwy JGUOP 3O jaays © Aq pauwioy Jake| bujdop
-9 B JIYI0 Ay} puw SyRD{y/SYEY Jo (I sJenbs a|buls (QW) padop wojye|
~npoW ® FUD ‘SwWaIsAs [RuOlSuUALp-OMY UL JIP OMI JO X [L 3T BSuOdSEd
PLoi4 YEIY Y3 4O UOJIRLNILED OLAV) IIUOH ALQUAsUI 1 Y D iad ARy N

1004SAFAD JUILSURLT DY) u} ISEILD
* MOYS UOJIR{AI|R3 SIYF JO SILNSAY

- (9861 asnbny 81 :paAtaaay)
’ |
*Buyyoaeg S%08-0

-

A\wa] *euapod 0011y W/EIZ LOURD BIA .uMuvoz vkuuugu>_c=.-u_u_m'voucoevugun_o
' 11607 ‘4

SY13K WILLNYAD NI SNO¥1313 LOH 40 ACRLS 074¥) IINOW

§861 P ‘ON ‘T JOA 'S8iM2NISOIINN pue saonzeedng

-4

o aepme

R T Y

[V R

—



*(pueqgns punosB 33aso] Iyy IA0qQe
s3154aua Ayl A39I1pul SMOJLR IY]) uoLIIUNy
UOIINQLISIP A4 wf S3JILAULIV0ISED 3y} wou)
4061y S1y3 UL UPLAD OS|® 5} Jake|-p Ay 4
22NIONUYS PURQYNS IYL “UOLIIUNY LOFINGILISLP
3 Jo ado(s ay) AQ umoys A1uwad sy Aap|ea-f
By} U} Bujyedy uolysIla ayy "sAajRA- ayy 03
Palda suRi) IARY WIY) JO YEE puR Piaty w3 £g
dn pajesy a4v SU0LIIILI WISAY § Y @dnjedad
~W3Y UCL}I3[3 pauijap-|iam © Ag pazjLajovaeyd
yora ‘spueqqns oMy IS4}y a3 ALpdewjad Adnado
SJaL4aRD 94y *Adwdauabap 4o uorsnpauy ayl
03 NP NP1~ g saeadde uoLINQLLISID W)
*{awibaa djwyo-1senb) wIZAY | Iy "SPLat) Iud
=433P OM3 A0} JeAR(-9 Y3 U} SJILLIRD LI[|RA
{R43833 JO u0INQ}aIs)p ABJauld ayeys Aprays
3y3 10(d In 2°614 up *uoprenyys aymsauabap
=Uou 3yl 03 329dsad yjtm pacnpad awmcoLum 118
bupaaiess 40d 40 UOLIIIS-$504D Bupdayyens
Yyl pur ‘ajvJdauvabap Ajawadixe $§ waysds Iy
‘uopyedyuldued abavyd Jaays ybpy ayz o3 ang
‘w3/AY £ 03 dn inJD0 03 paAddsqo sem Bupjeay
UOJ3Ja|@ (RLIURISGNS OU "LAR|-D W3 404
s JuUTISU0D play sJr 531B
-dIUI IYY YILyM Ui om-w Y wody AL[RIpIRuRsp
003 J39331p 03 wads jou op sajbdaud pueqans ayy
Ul 539939 JjwRudp PNV YIpym SuwOjelNded
LR uES JO SILNSIL IYF ‘adsamoy “Ideys ||am g3
buRyd || }M WOLINGLIISEpIa puv Bupiedy Jajdawd
ybnoyy uIad ‘Juelsucd play s sajbiaud pueqqns
Y *aJ0M JuIsIAD FYY U] CIPIIE| Y] Yiim
WALIQLINbS U} UOLINGLAISEP IWA0- U] ¥ YIIA
0 = 3 30 3415 0} PIWNSSE U YIpyM uojie[nuys
Yy Bujpanp Su0JIIILI QOOZ MO0 A[LwopdAy am
UOLIRINILED O(JR) JuUOy I|QUISUI Yy ul
*pajdnido sy WIS [RURS YT IRyl A3
~1L1qvqo4d ay3 Jo; Junod3e 03 Pasn siianbjuyray
U0LII9Laa ® “Juaad Bulaalgeds Je(ndjjaed @ 4oy
a3m3s (Ul ayy Bupydsa(as Jaayyy {L1isuep ey
Aq PapIALP UOLIR(NWES 3Y) Uy SUOJ}II|I O Jag
-WNU Y3} UOLIEINDLS YL 4O BILR ALITRY)E W)
03 paz)|ewiou 'pueqqns yodeva Joj 3day S} uspy
=NQp1381p ajudedas v ‘wayshs g7 ayy u[ ‘Piquas
=UP VOJIIR|@ W) WOJ) uolIR|NWS 3y} uj dais
swpy AIIAP IV PRICNILRI S} UOLINGLIISEP Iovds
=1 34) YILYM U} £53)pNIS O[JR] JUON A1NQ U}
pPRAOLdwe POYIdU dyl ISR AN 1Y "ajed Bupaay
-303% #43 uj papn|iuy 3q 03 sey Adwssuabap Jo
33939 dyy ‘aady pajeblisaruy saanye. dway mng
PuUR S313LSuIp A334403 ybLy ayy jo as. dag

..x:*_ vougyd | #233d0 dyvjadosdde yy yiim saje3s

pazjjusnb |vTUj) puR |E134U} LM, | R)Iu0d

UOLITWIOIP (#4340 Ay epA pItR NI P &)

0304 BupaaIIeas Y| TSSRU BAPIDIHSP JuIAILHP

T Y NG CALpeA [ RIIVID BYF 30 @50 Y} U}

SR PATIIuend OSI® ‘uOlIRINWLS FYY Ul SAjpeA

=7 jesauabap ploj-y Y apniou) ospe am snyl

*(wa/ay §) SpLayy 43399 ybyy 20y Abaaud

UOLIIF[3 By} uj Awmeund ¥ JuIAJLD O JUIINS

z J0U 5} Juo|® Bujdayyeas 4og ‘wojiepnugs Iy
) Uy Juasazd La|{wa (43Ul ay3 K(uo yIiN

"wayshs syl ui Jabuoays yonu si buy

~4333838 L3pandw} o 339339 gy ‘sadep-9 Iyl uy

L daubly yorw.os|® 5} sapilandwy Jo A3psuwp gy

LS afe|-9 aNT 40} d3wd YY) ueyy A|pded

dJow gonw SARIIP 5431333035 JO AJ4suap awes

. 9E61 'F 'ON T JOA *S9IMINNSOLIpy PUR S9INE112dNS

Pry
‘-_‘t»

N

shaiiea o, Ay buy_

Yy Jop ABaaua jo uppiduny v se 33ed Bujaatieds
I FlLam qaenbs ayy Jo ISEI Ay Uy sa3pand
-l ) wodj Jake] @2 Yy jo uojjeaedas eviieds
Y3 JO Isnedag ‘*pueqqns 9)buis w Joj uoly
=3un} 21433313 VdY 02 Y3 JO Jjwi| yibuajarem
Buoj ayy £q uaayb Jumisuod Bujuaasads paxyy
Wil [ ®13ua30d quolno) pausaLds v ST UIYRY St
SP13t4ndu] @yl pue SUCJIIIP Y} UIIMIIG LO})
=2RJBJUL YL LM IYF JO JIJUID Iy P SJOucp
PIZIUOL O 333ys ayy 03 snp S| Buprajzjess
Ayyanduy *aakei-p ayy 403 *bujdop uopyw|npow
40 133343 Y)Y AR NwES 0] JBpJ0 k) ‘SYPHly I3
PUR SYRD Y} UIINMIIQ II€4LAVUL YY) wWOUY Y §L
S® UISOYD AJIy ‘Jade| syed(y Iyl UL pappag
-Wa 5§ 333ys Sy} *[|as adenbs ayy Jdoy tLake|
Sujdop-§ #y3 40j puw [am sJenbs ayy 10} y30q
‘abaeyd 3o 1I3ys ® wosy Bupspae se Bujsajyens
Ajpandwy 3eau3 am "jJom [RLYLU} SpYL Ul
*SUOYLIIUNLIARM Y] JO S|}U3ap J0u
pue sajeys Jo A3 sudp ayy ue AQjsvmjad spuadap
9304 bujpaaiyeds ayy se JIkw|-p ayy puv ||am
*wnjuenh Yy uIIMIIq A1QeJappsucd AJeA 03 punoy
30U a0 31ed Bulaalieas Jod pareLno(ed ayy
*ALLEIJPRU PIJRINI|RD 4T SIUBWI|@ XjIjew
LI *Pasn 4R SUOLIJUNJIARM JUISLSUOI- (S
BOULS CURIUOY[LWRH YIPIN0L BYI BIA SUO)3AR
pazijuend y3pm Bujiswdaju) #yj(-%|Nq 2 Sapou
uouoyd ay3 eyl Buiwnsse pajeindted s} Bujasy
3035 d0d “SIUIAD PURQQNSJIJUL PUR -RIIUL Y10G
404 *Buja33R95-43 ] | ALY} JUA{RALNDA-UOU puw
=A31dndw) *-(404) vouoyd |e3}3do aejod Buypniou}
LLoM ay3 03 [@|feded uojI0ow LCJIII(P Iy} 39|
~PULS 3M 'WOIR(NILRD O(dRY IJUOKW YT U]
1644
U} UMOYS 4T Lud/p 01X5 JO A3ysuap v Buisn
pauj®qo _dvucumoa pue s|aad| Abaaus pueqars

Y oSt
8 -3
€L |--=-=-]
08t |-~
192 - -

Addl 187

: gtt




o L

~Se-

U0 SLCUII(@ *sp|aty ybiy asayy 3y *A3|lqow
LRpIURIJ 4P @aLyebau Jo uopbaa v Bupmoys
‘Wa/AY § #A0QR Spiayy) 3¢ A||esj303dulse anjea
duEs Jy3 03 sasealdap Ing *syibuaais piajy
SIEIPIWIAIUL PUT MO| I® A[NG AT URYY A3100|@A
Jaybiy ® Sey 94n32nJ3S padop LOLIELAPO I3
*pr814 up umoys sy “gPURD UIaQ Sey % {f ¢
P95ALWO pO0Z INOGR JO an(wva bwaaaw ur A|(RIuaw
-ydedu3 “Jafe| ay3 30 SpuBqQNS PAL [} SNOLARA
43 43A0 3bvJaaw ue S} SRpEA S|y "FAIRD
PL3J-A3320194 313 4O #do|s Ja|[Pws ayy Aq
PSOUBPLAR SR Ja5p/,Wd QOYE IN0OQP JO A3)Ljqow
P13l J-mO| J3||Pws :w:e R SRY J3Ae|-p Wyl

e
¥ hy

B (V) DY

-
-4

B R B T
'

(no3aN

n

07Z 00z 08 O 08 07 O
(h2un3

LEE

*IIA/PWS 0DOEZ INOQR 3G O3 punoy )
[13% wnyuenb oW Y3 403 (P[@}J 0432 3¥ 8AJND
PLat) A310019A 343 3o 2dOyS 2y} wolj uayey)
Aypriqow piay) Mo| ayl "uosjuedwod 40) uMoys
os(e sy nsu\ 0} JO UOLIRLIuFIUOD A3 pandw)
ut Yim qaw J|Nq 403 aA4nd 33035 Apeays
paIEinI > mc» "yrblg Ul umoys 5| prayy 9443
=28{# JO UOLIIUNS W ST AJLD01aA 3))dp WY
S Lam wnjuenl g 43 404 §i6°| Ajuo
40 Je3d%) ® 0} uos|tedwod uj Jakel-9 Joj |17
#q 03 punoy s} Bujdazleds 404 o3 bupuayiess
AJ1andug Jo oj30s Y3 CWI/AY § JO Plaf) ® 405
'93u3s Apeals Yy u] “aunyONJ3S {{am wnjuend ay
40 uRyY LIMO| yonw §} In{RA xead ayy Ing ‘pay
=5339p 5} I004SJaA0 B[S ® CWI/AY § 1Y ‘wIISAS
OW 343 03 329dsat yiim M0l 39 03 A3}|jqow g3
#3403 wspueyoaw BulJaIIEIT S|y YILM PaELOOSSR
SI550| wWhluawow @y "uo}IRAIUIOL0D A3jandw}
ybiy ay3 o3 ang ‘patapisuod §) tade|-9 a3
UBYM JURABSLLP FEYMIWOS S| UD}IENGLS Y
*3100YSJIAD
Juedljlubls Aue Jnoyyim payseoudde $y uoLItp
-u0> 3yNs Apreys ay3 pue paonpad A(buosas s
AS[1BA=7 Y3 03 43 5UR4] FYY "Pasmo] S| Pl
Dpa329|9 ay3 su *jiam wnjuenb ayy 405 £ *by4 u)
U3Is Sy “3a04A9p |Buueyd Jebuo| JO JRYY JRAD
Sourwiogdad paAcadw) 35QL4Xd PINOYS Suo|Sudw)p
UOJD LGRS Y3 |M SIDJATP SJRIONUISCIALIY ‘uDsRAL
Syl 404 “wil S£t0 ynoge s} Bulddajsuvdy auoy
=9Q SUDJIDR|D 2135)||Rq Y3 AQ pa|aarsy asur)
~Sip abeaaar 3y *sd © InoQe JB3ye payIEsd S|
h»up—u> ALLLIAES Y3 JO spueqgns pazjjuend ayy
upAdno0 SuDJId{R Ay} JO 3O jhoqe YIIM) UOLY
~¥NY}S A3E3S Apeass oyl “A3|00|9A 3)dp L3)UALRD
PUY JO UCEIONPIA W SISNED A3 |RA-T @YY JO SSEu
#A1309)30 2aybiy ay) adays La||eA Jaddn eayy.
o3u} Jajsuedy o3 ABsaud gBnoua upeb Aagy |paur?
ALI®2435) | (¥9-|SURD 930133230 SUDIYIB]P Fud-
WI/AY § T J00ySusA0 padunouosd ® S3LQLyx2 ([N
wnjuenb ayi "J3kej-p ay3 pur [|am wnjuenb.
Y 410G JOJ X L IT P{P)J V141033 UR O uOyy
-edjidde 4930 WPl O UOpIDUNy R SE A3jo0aaA
1J14p 943 smoys £ b1 Cplaty 93430213 waoypun
{-da8 T O SUOAIBILI WYY 40 ISuDdSId Bwy
43 buyApnys Aq pask{eur 3q ved SwWIsLs (2 v} -
340dSurdy 253831 |*Q 404 £3}11qQis50d By)

S T
(sd . :
€2 z & t so o0,

_ \

12)e \m.c‘.c

'lm nva...q-!- \\ -y

; <
LR Y S -~ ; =
. . A
T N 2
.,-\ " -
f J— .
{s

[ PN VI



uojyeaLunuLod Iealld Caauudag Y {9
(061) €¥8E “1y 52)p8hyg patlddy

30 [Ruunop *33admey "M pue yany "3 (s
{5861) B6LE '65 $2)5Aud p3yiddy

JO |euanop *SSaH "y put nuefonos % (¥
(5861) 1EY2 *2€-03 *3$9ARQ UGJIIR|T WO

suoiydesuri] 3331 _tALdE] AT0 put p16n1 4 (€
(5961) 8091 'Pe $315Aud paplddy jo Ry

=9¢ -

»
"

£ qRatAR) Waopad PINOD 434R|-9 Y1 PUI

aigi5s0d §§ 33 *pIads IpAIP Y U} |04 d0few ¥
sheid A310013A PIIEANIRT Y] IJyM SAALAIP |
-URY3 340yS Uy TSNyl "AI}0|IA UORIRINIES D130}
~duisuy awes 3y) yorodddy swIysds yjoq asAamoy
tsp1aty 4By 3¥ admdnngs padop uolieinpow

© w30 3%y} uwy) Jaaood s| dake)-9 343 jo asuod
. =534 PlaL} MO| By ‘L1934 O 43U G U}

-anop asauedep ' 6oO|d. X PUR 323QNY35 "4°3 n~w||11||buu-uo_ sa)3p4nduy 3o K3psuap aaybiy ydnu Yy

— (986t) 095
TEE @ MaAR {WI43AUY ‘ueey "JTL put
0014 "X Yoy ‘4 t1abuysiay H "dduuaag 'y {1

TRULeLFE]

*0¥3 Y} puR UOCLITPUNG) IPOQURH UDA
Japuexad|y ayy Aq pyisoddns ApLej3aed sem yJom
S)yL *SuOLSSNISLP |N}ISN 20) NRYIR] ‘R pUv
Jauuadl 'y JuBY} SJ0yINe L - Juawabpamouy 2y

*Bburdop 40 3dAY SIYY YA A{qyssod S34s
-uap {auueyd Jaybiy a3 Bupdapisuod K| |e}oads?

[ b ON T TOA SRMIINASOINN pue saINeadng

o3 ang ‘Jake) Guidop-9 ® puU. ANIINLIS ||IK WM
-uenb QW € JO JN0pARYIQ 3915 APRaIS pul JudS
-uRI} YL PAJPNIS FATY Im ‘UO}SALIUGD ul
<pasn sudyds bujdop Ayl AQ pajIdjyeun
Alan)1ulad 39 {1 swayshs asayy up L3p20|@A
A34Ip PAIRIAGRS AYY Sl AILIQ0u R}V
-33p aajiebay Supmoys INOYILA ING PISTILIOV §)
PL?bS @y) S® AJL20[9A uopIRAmIES NG 3wes 3
sayseoddde sakef-9 Iy} 'SPLIL} ybjy 3y "Jeadde
-S}p 03 Spud} SJ3}J41d abueyd ayl put 5Jou0p
Y1 LIIMIIG LOjIRaRdRs | HIIEAS @ Buppnid
-uy Jo 3BEIURApE 3yl ‘Shyl pIINPA Kyyeaab
s} Gupaanyeds Lapdndup 3o AoupO44)9 Uy
put RunjeLadwdl ILIIR| AYY IA0QR LI PARIFIY

BEE

)

TR

R .
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ABSTRACT

We bave modeled ultra-fast processes ing duri ifati i
ufcils qsing an ensemble Monte Carlo simm:c:::ms Thiawsii:uhuonph‘?mu::::l: UL:: :;nGa::c(G:?s uql{anmm
d:qeunond clecrons and holes confined within a single quantum  well including the cﬂ'za:&_m:}h
opcal and transwerse optical phonons, intervalliey  scattering, jomized impurities, and in(erc;cr’i::
seattering, .Thc effect of nonequilibrium phonons and degeneracy are also included. We have used
our simulation o0 compare (o time resolved photoluminescence  and  transmission experiments |
scmiconductor quantum wells.  For the laiter expeniments (W.H. Knox et al, Phys. Rev. Lot 56, 119“11
(1985)) performed at low excitation encrgics in the band, the resufts of our simula-(.ion she th
c!:ctro'n—clecuon_ scattering & the dominant mechaniv in accounting for the experimentall & ac:
relacation.  While the electrons relax to form 2 thermalized distribution over 200 fx, the :cavy hrc:::s

is primanily determined by eleciron reiaxation in the conduction band izati
. c Thermalization of the ejectr
with the cooler holes occurs over 3 longer time scale of 1 ps via inefastic interearrier scattering Flesirons

L INTRODUCTION
Femtosecond laser excitation in  semiconductor i i probe
tasec T ] ‘ quantum wells has provided a unigue
ootequilibrium  carrier  relaxaion  with picosecond  and subpicuumndp time resoluti:n.l's Su::

cxpenments are usually pump and probe smudies in whi - i
clcctro-l_:ole pairs which are optically probed at u:h:h d:l:ysma;tcr:“lhlzsc ;izdmpuichS;(::hge:c I"ar:;el
probes include pbotoluminesc:n:il Raman  scattering,? and absorption  bleaching expc.rimen:s 35 pul
the cxperiments of K.ngx e albs AlGaAs-GaAs multiple quantum wells were studied usi.ng. a ]JumIl
g:noct;e [::s 1.509 c\.f which generates electrons appraximaicly 20 meV above the conduction band edng
e this eocrgy is bl::‘ow the encrgy of the l?np'rudinal optical phonons (36 meV), it was argued that
v TS must rc throug}: tercartier  interactions rather thag through phonon  emitsion. In
todoped  quantum 'wel]s with low intensity exciation, the differencal transmission  spectrumt  measured
;:s vanous Gme intervals before and  after the pulse was observed to evolve from an athermai
disﬁ:::z:: :::lercd around the pump cnergy (hoke burnin g) t0 a thermalized (te, Marwellian)
nbuon T a time scale of 200 k& For n-dojpcd sampies under high dessity injection, the
rmairauon Ume was much shorter, lesy than 50 57  This bebavior was explained using a simpl
rclaxation  time model assuming  electron-elecizon scattering. Moote Carlo sinm.lar.ic:mg of wpe
experiments™” also showed that the experimentally observed relaxation could be accounted for by =

J——
*Permanent address: 1T Universisf di

/00173 Rowa, Italy. Roma, Dipartimento di Ingegneria Meceanica, Via O. Raimondo,
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electron-clectron  seattering.  Although e scatering does not change the average energy of the
carriers since emergy is comserved, it does allow electrons to scatter 1o differcal emergy shells, and
hence band filling is simply a result of diffusion or spreading of the imjected pulse in momentum
space.

Although the cxperimental resuits seem 1o be adequately accounted for by c-c scaltering, the actual
situation is wuck more complicated due to the presence of equal numbers of holes generated ac the
samc time as the clecrons. In fact, the absorption coefficient (neglecting the excitonic part) depends
not only on the electron distribution but on the hoie distribution as well

AEpo(L- b - fy), ' )

where o ( is the absorption cocfficient at phofon cmergy fo is the electron distribution Function
and fp, is the hole distribution function. The differential transmission is therefore the sum

AT/Tg=f, +fy. : @

which depends on the relaxation of both the clectrons and the boles. The interpretation of the
rilaxation is  also complicated because the clecrons and the boles scatter inelastically exchanging
kinctic ecgergy between both systems of carmiers Thus, electron-hole scatiering could also  be
responsible for the observed relaxaticn.

In the present article, we investigate the role that holes play in the interpretation of these
bleaching experiments through Monte Carfo simulation of these experimeats.  We preseat a model for
the coupled eiectron-hole system described in the following section.  From the calculated results of
this model, we show that the observed evolution of the differential transmission specrum is indecd
primanly due to relaxation of the clectron distnbution as the holes thermalize ca a much shorter time
scale.  However, substantial heating of the hole distribution occurs it room lemperature experiments
due to the absorption of TQ and LO phonons by the boles which are injected at an energy below the
lattice temperature.

2. Monte Cazlo Simulai

In a Monte Carlo simulaticn of transport in semiconductor materials, the motion in k-space of
charge carmiers (and other quasi-particdes as well) is simulated as 2 function of time subject to
extcrnal fields and the various collision processes present iin the mareriai Numerically, the fres
flights between  scattering  events are  generated stochastically using the computer random number
generator according (0 the scattering probabilities calculated using time dependent perturbation theory,
In an ensemble Moate Carlo, the trajectories of many particles (which in general may interact) are
modeled simultancously so that macroscopic quantities such as drift velocity and mean energy are
caiculated as averages over the ensemble as a2 function of tme. Thus the traosient time evoluton of
a system of nonequilibrium carriers may be simulaied with no ptions madc concerning the form of
the distribution function, which makes the Monte Carlo method well suited to study wuitra-fast
phenomena such as the pump and probe experiments discussed earlier.

The basic model that we have cmployed to study carrier relaxation in quantum wells as been
discussed in detail elsewhere.? Essentially we use a simplified mode! for the quantum weil subband
structure, that of a square well potental determined by the band offsec between Al Gay. As-GaAs
Parabolic bands are assumed for both the elecirons and the holes, so that for the hole subbands, two
sets of subbands arise due to light and heavy holes In reality, the subband structure in the valence
band is much more complicated due to the admixture of light and heavy hole states caused by the well
polenl.ialm which is beyood the scope of the preseat paper.
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We include scottering due lo lomgirudinal polar optical (LO) phonons for cieciroos and holes aod
transverse optical (TO) phonous for the boles only. fo the former casc, the Frochlich conflinli
describes  the  interaction between  quasi-two-dimensional charge curiers  and  bulk-like phonousg- 1,
for both intra- and intersubband scamering evems The TO phomon scaltering rale is caleulated using
the deformation polential Anmsatz which has beem calculated by Ridleyl! for quasi-two-dimensional
systems and geocralized to include arbitrary shaped well,  The deformation poential comstant for
heavy holes was taken as eV/am. For the LO phooons, we ioclude the effect on the scattering
rate of the ooaequilibrium distribution of phonous which may bc gemerated by the optically imjected
cariers 13 This is accomplished by keeping a detailed balance of phomon cmission and absorption
processes and otherwise relaxing the phooon disribution via a phenomenological time constant.  For
the time scales considered in the prescar study, bot phooon effects do not play an impomant role.
For the time scales and energies iavolved, acoustic mode and intervalley scaitering arc also negligible.

Intercarrier scatiering is caiculated in a similar manner to our previous calculation of c-c scatter-
iog in a multisubband syuem®® where we comsider two partide interactions through a screened
Coulomb poteatial with the reduced mass replacing the clectron mass for elccron-boic eveats.  Of
f-diagonal screening in the mauix  dielecric function of the electron-hole  multisubband  system i
neglecied and  the long-waveleagth Fermi-Thomas limit is  assumed gencralized for an  arbitrary
distribution function of carriers® As in the casc of ¢-¢ scatlering alone, intrasubband tramsitions are
much strooger than those associated with intersuband scattering duc to the overiap integral of subband
functions and the large q vectors involved in imtersubband transitions.  The intraband scaitering
includes scauering cveats in which thc two partides are in different subbands (but reawin in the
same subband after the collision), and thus this type of iteractica is effective in transferring eaergy

Energy vs. Time
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berween subbands and between the ciectron and  hole systems which is important in ultra-fast
relaxation cxperiments.  For the low injection cncrgics wavoived, Lght hok.s are not found to be
prmmmsmmﬂnmmmmmmmmmmmqhdummmmm

In addition to Ibhe above, we include the cffecs of the Pauli exclusion principle on the scaiteriog
probability through a self scauering techaique discussed clsewbere.?  We acglect the contribugion  of
tbe overlap integral of the Bloch statcs oo the calculalated scartering rates?® which to first order is
unity for small aogle scattering. This assumption is true for LO phonons and intercamier scamering
but less 50 for TO phonoa scartering which is isotropic.

3. SIMULATED RESULTS

To simulate the laser pulse, we introduce cariers around ;
Lhcsi.mul.au‘wnw:ordinglo(hn.-ti.medun:ios:olmepu.lse.9 Fortheupcdmcnuo(l{mzuaL.vs
the laser pulse duration was 100 5 with a specral broademing of 20 meV. We simulate this spectral
broadening by generaling carviers in a Gaussian distribution centered ar the pulse energy. To compare
wilhl]mr:su.lt.sofKnoxetaL‘farlow'j:qimdcuidcs.wcmcnﬂmdthofﬁAa.nd_aback-
ground density of 2u07/cm® clectrons in the well comesponding to the residual impurides in  the
uminteotionally doped MBE layers. The injected density of clectron-hole pars due to the pu}sc was
estimated at 2x1010/cm® from the total absorbed power in these cxperimcnis. For ibe simulated
results, we used 20000 to 40000 particles and a 5 [s time step.

the injection encrgy at cach ume step of

Energy vs. Time

T T T T T T T T T ]

300 "___-——-—--..—""'ﬁ

I”"
- s E_.~£ s20meV

230 Electrons /7 o e
. I/ 1,0y = 2%10'%cm®
¥ ;
,. 2001 / T=300K .
%) / 1
© F)
w I
E—‘J 150 ,' Heavy Holes 7

i
i
'1
100 A -
i
‘I
,O
50 L ] [l L L 1 i 1 q
0 200 400 600 800 1000
TIME (fs)

Figure 2 Energy versus time at 300 K for the same conditioes as in Figure L

~do- . ... L

e ¥ e e s v e



Qyz- 1}

To illustrate the interaction of the elecwrons and holes during exctation, we show in Fig. 1 the
average cpergy of the clecrons aud beavy holes as a2 function of time before and after excitation for
carriers igjected into system at 42 K At this temperatuse, the coauibution due to phonon  absorption
is pegligible and the clectrons arc injected at a temperature greater than the lattice temperature.  The
maximum of the pulse occurs at t = 200 f5,  The holes are observed to gain energy from the electron
system which cools more rapidly thap in the casc in which the c-h interaction is shut off (dashed
curved in Fig. )5 Over the time scale of the plot. an equilibriwm between the two systems is not
teached, although they appear to be couverging to the same epergy. Thus the thermalization time
between electrons and boles is estimated to be betweea 1and 2 ps due to electron-hole scattering.

The situation is more complicated when injection occurs at 300K, as shown in Fig. 2. Here, both
thcelcctmuandlbehokaminj:mdwithammencrylusthanrhchtﬁnelempemmrc. This is
particularly true for the bholes which due to the larger cfective mass are generated ar very smail
excess encrgy above the band edge. A rapid increasc in the hole energy over 200 fs is found due
primanily to the absorption of TO and LO phonons and to a much smaller exent via e-h interaction,
Thus, an cquilibrinm simuation with the latice is achicved quite soon after the end of the pulse due to
the availability of thermal phoscns which the cold carriers absorb. The electrons are also injected

Electron Distribution
Min * 2 x10°%/cm?

Ehj - Ec = 20 meV

003 300K
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Figure 3. Flectron disuibution function as a function of energy at various times before and after a
pump pulse at time t = 0.
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with an average caergy below the lattice encrgy, though only slightly less, and thus a lesser heating
of the eleciron distribution is also observed in Fig. 2 This result indicates the possibility of
creatinga nonequilibrium cold polar optical phonon distribution since LO phoncos will be depieted due
to excess absorption,

In Fig 3 we show the calculated clectron distribution function as a function of emergy for various
times before and after the pump pulse. As shown, the distribution evolves from a Gaussian shaped
puisc 1o a Maswellian shaped distribution over a ume scale of abowt 200 fs. The simulated results for
the eclectrons appear very similar to the experimental differential transmission spectrum®®  and are
very similar to the results in which holes were pot included®’ which supports the assertion that e-¢
scattering is the dominant reladation mechasism.  In simulations for which intercarrier scautering is
“shut off’, the distribution is found to remain in its nogequilibrium shape without relaxing,

In Fig 4 we show a similar plot for the caleufated bole distribution at various times. The results
here are quite different than for the electrons in Fig. 3. The hole distribution is located quite close
to the band edge and thermalization occurs within 50 fs due to the smaller excess cnergy below the
valence band edge aed the increased h-h scattering rate duz 10 the larger mass. More interesting is
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injection encrgy. This feature has not beco observed in! previous studics because the emergy below
the vaknce band edge comresponds lo photon cnergies gutide the optically coupled region of the ex-
perimental studies From a simple cffective mass calulation, the cxpected photon emergy range
wowd be around 175 eV at room temperarure. If such a phonon roplica were experimentally observ-
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pulse and the maximum of the replica at different cmperatures. AL fow temperatures, such a feature
could be used as a e of the pr of ponequilibrium phooons geserated during the relaxaton
process which are reabsarbed by the holes. '

Experimentally, as discussed carlier, the obscrved quantity in the differential wransmission spectrum
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we conclude that the dominant feanwres observed in the tme resolved differential absorption  measure-
meats of Knox et al. are associated with relaxatiog of the ciectron distribution. This relaxation is

primarily duc to ec interaction with e scauering playing 2 lesser role dus fo the heavier mass
which tends to make the scattering  more  eclastic.  The apparent relaxation is increased for higher
injcction densities and for o-lype samples due to increased intercarrier scattering.  During and  after
excitation into the well, sobstantial beating of the hoic distribution occurs at room temperature which
showld result in a phonon replica observable at higher phaoton cnergics in the differential  transmis-
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ABSTRACT

The Monte Carlo (MC) technique has been over the last couple of decades a very
uselul tool for the study of hot carrier transport in semiconductors. In the following we will
concentrate on a fairly new development of the MC algorithm, directed towards the study
of ultrafast phenomena. In particular we will show haw it is possible to simulate the carrier
dynamics in parallel to the evolution of the phonon distribution, thus accounting for hot-
phonon effects. Furthermore we will concentrate on the methods that allow to incorporate
intercarrier scatlering into the simulation. The fact that no assumptions on the form of the

phonon or the eleciron distributions are required, makes the MC method preferable with

respect to other techniques.

The study of LO-phonon perturbations as a resuit of the relaxation of photoexcited car-
riers in polar semiconductors is presented. Bulk GaAs and InP, as well as GaAs-AlGaAs
heterostructures are analized. Good agreement is found with available experimental results
from time resolved luminescence and Raman measurements. The strong phonon emission

by the high-energy photoexcited electrons in the first stage of their relaxation (within a few

tenths of a picosecond) is found to drive the phonon distribution strongly out of equilibrium.
After the excitation, reabsorption of the emitted phonons by the carriers and nonelectronic
phonon-decay processes bring the distribution back to its equilibrium valuye. The field depen-
dent case in GaAs is also discussed, showing peculiar drag and heating phenomena associated

to phonon perturbations.
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1. Introduction

As the name suggests, the Monte Carlo method (MC) is based on the selection of random
numbers (Hammersley and Handscomb 1984; Yu Schreider 1966; Spanier and Gelbard 1969;
Jacoboni and Reggiani 1983; Jacoboni and Lugli 1989). In its present form, the method is
attributed to Fermi, Von Neumann, and Ulam, who develaped it for the aolution of problems
related to neutron transport. In principle, the MC method can be considered as a very general
mathematical tool for the solution of a great variety of problems.

Among the various applications of the method the following are probably the most
important:

* Integro-differential equations

* Matrix inversion

* Transport of nuclear particles

* Transport in semiconductors

Modeling of semiconductor devices

Process simulatijon

An important feature of the MC technique is that more precise results can be obtained by
generating larger numbers of points. More generally, being based on random numbers, the
results obtained with a MC procedure are never exact, but rigorous in a statistical sense: the
exact result lies in given intervals with given probabilities. The uncertainty on the results is
strictly related to the variance of the possible outcomes and it is smaller if the size of the
sample (i.e. the amount of computations devoted to the sclution of the problem) is larger. One
basic element of the numerical procedure is the possibility to generate random numbers with
given distributions starting from pseudorandom numbers uniformly distributed between 0
and 1. Modern computers provide sequences of numbers obtained with precise mathematical
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algorithms, starting from a given element (seed). For each seed, the sequence is perfectly
prediciable. However it satisfies a large number of statistical test of randompess. Those

psendorandom numbers offer two great advantages: they can be generated in a very fast way,

and they are reproducible, when desired, as for example in debugging.

The applications of MC methods can be divided into two major groups. One consists
of direct reproduction on a computer of the microscopic dynamics of the physical process
in a system which is already statistical in its nature. We use in this case the term “MC
simulation”. The second group consists of MC methods devised for the solution of well
defined mathematical equations. In such cases the methods are used to solve the equations
that describe the problem of interest. The majority of real cases are a mixture of the two
extreme limits indicated above. The application to the study of semiconductor transport is
a good example. In fact, transport problemsa are statistical in nature, but are also accurately
described by well defined transport equations. A MC method applied to the solution of such
equations may or may not correspond to the direct simulation of the physical system under
examinatiopn. For instance, the MC solution of Boltzmann equation (BE) not only gives
the distribution function that verifies the equation, but also yields information that are lost
in BE itself. On the hand, the direct simulation is at times very inefficient, as for example
in the analysis of situations that are rare in the actual physical system. In such cases it is
necessary Lo distort the simulation by applying some more sophisticated MC techniques that
reduce the variance of the quantity of interest, giving up the advantages offered by the direct

simulation.

In the present work we will briefly discuss the principle of the MC method, and illustrate
in some detail how it is possible to account for special effects related to the microscopic
phenomena involved in semiconductor transport under highly nonequilibrium conditions. In
particular we will address the question of possible effects of nonequilibrium optical phonon
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distributions on the dynamics of hot carriers. Such problem has been discussed since a long
time, expecially in connection with fundamental aspects of charge transport (Peierls 1930;
Klemens 1951; Parrot 1957). Steady state phenomena associated to high fieid transport
have later been addressed (Kocevar 1972,1985; Rieger et al. 1988, 1989). More recently,
the influence of phonon disturbances opticaily excited charge carriers in semiconductors is
becoming a widely investigated and debated topic ( Shah et al. 1970; Von der Linde et al.
1980; Potz and Kocevar 1983; Collins and Yu 1984; Kash J. et al. 1985; Price 1985; Shah et
al. 1985; Kash K. et al. 1985; Ryan et al. 1986; Pugnet et al. 1986; Leo et al. 1988; Lugli
1988; Lugli and Goodnick 1987; Lugli et al. 1987a,19870,1989; Mickevicius and Reklaitis
1987). The main scientific motivation comes from the rapid development of picosecond and
subpicosecond laser spectroscopy, which allows the study of the fastest relaxation phenomena

in solids and thereby also some fundamental hot carrier-hot phonon processes.

As the hot carrier system loses its energy mainly through emission of phonona, the mean

phonon occupation number of the most strongly coupled vibrational modes will increase over

its thermal equilibrium Planck distribution N at the lattice temperature Ty. This phonon

amplification will ultimately depend on the rate at which the perturbed modes dissipate their
excess energy by way of phonon-decay processes into the “heat bath” of the electronically
inactive lattice modes. Figure 1 shows the energy fow o, within and out of a coupled carrier-
phonon system for the most general case of several types of carriers and electronically active
phonons: electrons in different conduction band valleys of I'-,L- and X-symmetry, long wave-
length longitudinal (LO} and transverse (TO) optical phonons, and the remaining types of
intervalley and acoustical phonons. Depending on the material, on the excitation level and
on temperature, different types of casriers, lattice modes and carrier-phonon {c-ph) coupling
will dominate the overall energy transfer (rom the external d.c. or laser field into the lattice.

Direct experimental evidence for strongly amplified optical phonon distributions has come
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from time-resolved Raman spectroscopy. The ensuing feedback of energy into the carrier sys-
tem through the relative increase of phonon reabsorptions has been only indirectly evidenced
through a heavily reduced cooling rate of highly laser-pulse excited electron-hole systems.
However, for the high carrier concentrations involved in most of these experiments, possible
contributions of carrier-carrier {c-c) scattering, screening of long-range c-ph couplings, spatial
carrier diffusion, and collective plasma effects have not allowed an unambiguous separation
of hot-phonon effects from the experimental data. Great efforts are therefore presently un-
dertaken towards a sufficiently accurate theoretical description of highly excited c-ph aystems
to achieve deeper insights into the transient high-field response of semiconductors and solids
in general. The best-suited framework for such investigations is the semiclassical transport
theory, and most of the work on hot phonons has indeed been formulated in terms of the
Boltzmann equation for the phonons, but always with simplifying assumptions about the
functional form of the distribution function of the carriers (Kocevar 1985; Luzzi 1985; Poetz

1987; Cai et al. 1987).

The corresponding transport model for the carriers and optical phonons is set up in Sect.
2. The principles of the Monte Carlo method are outlined in Sect. 3, together with specific
features directed to the study of carrier-carrier scattering and hot-phonon effects. Section
4 deals with applications on the photoexcitation of polar semiconductors, for the simplified
case of monoenergetic electron excitation in bulk GaAs and GaAs/GaAlAs quantum wells
(QW) (here the role of slab modes will be also discussed). The more realistic case of electron
excitation out of the threefold valence band of GaAs and InP will be presented in Sect. 5. A
direct comparison of the MC results with existing experimental data wiil be given. Section 6

will illustrate the MC analysis of the field-dependent case in GaAs.

2. The Transport Model
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The dynamical evolution of the carrier phonon system under space-homogenecus conditions

can be adequately described by the coupled Boltzmann equations:

oo Ly o 0
ot Mt le-ph ot le—¢ It le—impurity
aNgi) _ aNtl;J)l N aN‘?)I @
ot a3t lphee Ot pheph

where fx and N, are respectively the carrier and the phonon distribution functions. The
superindex i and j indicate respectively the type of carrier (electrons or holes) and of phonon
modes (LO, TO,...] considered. As long as the carrier densities are not too high (typically
lower than 10'"erm =2 ) | 5o that no efficient coupling exists between electrons and holes only
the electron dynamics need to be accounted for. In the same spirit, we assume unscreened
electron-phonon interactions.

The time-dependent transport equations for carriers and phonons are coupled through
the occurence in the carrier-phonon collision integrals of both carrier and phonon distribution
functions {Conwell 1967). A decisive simplification of the phonon equation comes from the
possibility to use a temperature-dependent relaxation time for the phonon-phonon interac-
tions, rqp, in the form:

N, __Nq—N;,' 3)

at lph—pa N Top

where ¥, is the thermal Plank distribution
Np = (eh/ksTe 1)t {4)

and hw is the phonen energy.

The relaxation-time approximation is justified by the fact that the phonon-phonon in-
teractions are dominated by the decay of the LO phonons into pairs of electronically nonactive
phonons from zone-boundary modes. Zero-temperature values of the phonon lifetime, 7.,

S

are generally of the order of 10 ps, with a weak decrease with temperature (Klemens 1966).
Time-resolved phonon spectroscopy has yielded a rather wide range of values for 1,,, between
7 ps (Von der Linde at al. 1980) and 28 ps (Mooradian and Wright 1966). The reason for this
spread of experimentally determined LO phonon lifetimes seems to have two sources, Firstly,
the quality of the sample surface can strongly influence the decay dynamics within the thin
light-absorption layer (Damen et al. 1970). Secondly, the decay rate of a nontherrnal phonon
population might contain strong contributions from the reabsorption by the photogenerated
carriers of the initially excited phonons. This point will be discussed in detail later. Our

choice of 7., equal to 7 ps at 77 K and 3.5 at 300 K is in agreement with the most recent

 experimental results (Kash J. et al. 1985).

Several theoretical approaches for the solution of Eqs. 1 and 2 have been presented in
the literature. Details about the various methods can be found in Pugnet et al. (1981), Potz
and Kocevar (1983), Cai et al. (1987}, P5tz (1987). Certainly one of the most interesting is
due to Collet and Amand (1986) who directly solved the coupled transport equations through
a discretization in q-space and in time to obtain the evolution of the carrier and phonon distri-
butions and of the mean electzon-hole plasma energy during and after 80 femtosecond laser
excitation pulses of varying intensity. Another method, based on the carrier-temperature
concept, is of particular interest here since it originated the MC investigation of phonon
perturbationa. In this approach to d.c. field transport, the carriers are assumed to be charac-
terized by a heated and drifted Maxwellian (HDM) distribution (Kocevar 1981, 1985). In the
first attempt to use a MC technique in the study of phonon perturbations, an iterative hybrid
procedure was developed that coupled the HDM scheme to a one-particle MC simulation of

nonohmic transport (Bordone et al. 1986,1987).

The full consistent Monte Carlo simulation, developed for the case of photoexcitation
in bulk GaAs ( Lugli et al. 1987a, 1987b; Lugli 1988; Lugli et al. 1989) and in QW's (
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Goodaick and Lugli 1986; Lugli and Goodunick 1987), and of high fields in GaAs (Rieger et

al. 1988,1989} , will be presented in the next section.

3. The Monte Carlo Algorithm

The basic principles of the MC simulation of semiconductor transport will be illustrated.
A more detailed analysis can be found in Jacoboni and Reggiani {1983) and Jacoboni and

Lugli (1989).

3.1 Fundamentals

The Monte Carlo method, as applied to charge transport in semiconductors, consists of
a simuiation of the motion of one or more electrons inside the crystal, subject to the action of
external forces due to applied electric and magnetic fields and of given scattering mechanisms
{Kurosawa 1966; Fawcett et al. 1970; Price 1979; Jacoboni and Reggiani 1983; Jacoboni and
Lugli 1989). The durations of the carrier free flights between two successive colfisions and
the scattering events involved in the simulation are selected stochastically in accordance
with some given probabilities describing the microscopic processes. As a consequence, any
Monte Carlo method relies on the generation of a sequence of random numbers with given
distribution probabilities.

When the purpose of the analysis is the investigation of a steady-state, homogeneous
phenomenon, it is sufficient in general to simulate the motion of one single electron; from
ergodicity we may assume that a sufficiently long path of this sample electron will give
information on the behaviour of the entire electron gas. When, on the contrary, the transport
process under investigation is not homogeneous or is not stationary, then it is neceasary to
simulate a large number of electrons and follow them in their dynamic histories in order
te obtain the desired information on the process of interest, We will refer to the latter as

.

-~ -

“Ensemble Monte Carlo” (EMC).

Let us summarize here the structure of a typical Monte Cario program. The details of
each step of the procedure will be given in the following sections. For the sake of simplicity
we shall refer to the case of electrons in a simple semiconductor subject to an external electric

field E. The simulation starts with one electron in given initial conditions with wavevector k,;

. then the duration of the first free flight is chosen with a probability distribution determined

by the scattering probabilities. During the free flight the external forces are made Lo act
according to the relation

L {5)

Then a scattering mechanism is chosen as responsible for the end of the free fight, according
to the relative probabilities of all poasible scattering mechanisms. From the differential cross
section of this mechanism a new k state after scattering is randomly chosen as initial state

of the new iree flight, and the entire process is iteratively repeated.
3.2 Definition of the physical system

The starting point of the program is the definition of the physical system of interest,
including the parameters of the material and the values of physical quantities, such as lattice

temperature T and electric field. The dispersion relation e{k) is usually given in the form

2
@i = bE (6)
w=2[H . K], 0
(k) = ak?|1 ¥ g{9,¥)]. (8)

Equation (6) (spherical case) represents a band with spherical equienergetic surfaces
with a single scalar effective maas m, and it is appropriate for the minimum of the conduction
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band located at T' and for the maximum of the split-off valence band. This simple case is
generally adopted as a model for any material when rough estimates of transport properties
are sought.

Equation (T) {ellipsoidal case) represents 2 band with ellipsoidal equienergetic surfaces,
with a tensor effective mass. The ellipsoids have rotational symmetry. around the crystallo-
graphic directions which contain the centers of the valleys. Here, k; and k. are the longitudinal
and transverse components of k with respect to these directions; 1/m; and t/my are the lon-
gitudinal and tranverse components, reapectively, of the inverse effective-mass tensor. This
case is appropriate for the minima of the conduction band located at L and along A; for
symmetry reasons several equivalent valleys are present (many-valley model).

Equation (8) is appropriate for the two degenerate valence bands,where the definition
of an effective mass tensor is not possible. This equation represents bands with warped
equienergetic surfaces (here T refer to heavy and light holes, respectively). ¥ and ¢ are the
polar and azimuthal angles of k with respect to crystallographic axes. g{?, ¢) contains the

angular dependence of the two degenerate bands, given by (Ottaviani et al. 1975)
g(#,¢) = [b’ + e (sin*Pcos’gsin?p + sinzﬂcoazﬂ)]"z .
with

A, 1Bl el
2me” " AT T Al

where A,B and C are the inverse valence-band parameters {Dresselhaus et al. 1955)

For values of k far from the minima of the conduction band and/or from the maxima
of the valence band, the energy deviates from the simple quadratic expressions seen above,
and nonparabolicity occurs. For the conduction band, a simple analytical way of introducing

nonparabolicity is to consider an energy-wavevector relation of the type

€(1+ ae) = (k) {9)
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where (k) is given by one of the right-hand sides of Eqs. (6) and (7). « is a nonparabolicity
parameter, which can be related to other band quantities.
It is also possible to use the full band structure €{k), calculated for example by pseudopotential
methods and tabulated in a 3-dimensional grid {Tang and Hess 1983: Fischetti and Laux
1988). It is worth noting that, among the parameters that characterize the material, the
least known are the coupling strengths describing the interactions of the electron with the
lattice and/or extrinsic defects inside the crystal.

At this level we also define the parameters that control the simuiation, such as the
duration of each subhistory, the desired precision of the results, and 80 on.

The next step in the program is a preliminary caleulation of each scattering rate as
a function of electron energy. This step will provide information on the maximum value of
these functions, which will be useful for optimizing the efficiency of the simulation. Finally,
all cumulative quantities necessary for the calculation of average values must be put at zero

in this preliminary part of the program.
3.3 Initial conditions

If a very high electric field is applied, and an energy of the order of KpT ia initially
given to the electron, this energy will be much lower than the average energy in steady-state
conditions, and during the transient it will increase towards its steady-state value. As a
consequence, the eleciron response to the field, in terms of mobility, may be initially much
higher than that of stationary conditions. This phenomenon corresponds to the transient
overshoot and it is reflected in real space by initial free flights which are much longer than in
stationary cenditions because of an abnormally large momentum relaxation time.
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When a simulation is made to study a transient phenomenon and/or a transport process
in a nonhomogeneous system (as in the case of device simulation), then it is necessary to
simulate many electr(;ma separately; in this case the distribution of the initial electron states
for the particular physical situation under investigation must be taken into account and the
initial transient becomes an essential part of the problem to be solved (an example will be

given later describing the photoexcitation case).
3.4 The free flight, self scattering.

The electron wavevector k changes continuously during a free Hight because of the
applied field, according to Eq. 5. Thus if FP|k{¢)]dt is the probability that an electron in the
state k suffers a collision during the time interval dt, the probability that an electron which

had a collision at time £ = 0 has not yet undergone another collision alter a time ¢ is

ezp[~ [a ‘ P[k(t’)]dt'] . (11)

Consequently, the probability P(t) that the electron will suffer its next collision during dt

around ¢ is given by
Plt)dt = P[k(l)]czp[—/o P[k(t')]dt']dt. (12)

Because of the complexity of the integral at the exponent, it is impractical Lo generate
stochastic free flights with the distribution of Eq. (11) , starting from evenly distributed
random numbers r and appiying the direct or rejection techniques; with this approach an
integral equation would need to be solved for each scaitering event. Rees (1968,1969) has
devised a very simple method to overcome thia difficalty. If I' = 1/7g is the maximum value
of P(k) in the region of k space of interest, a new fictitious “sell-scattering” iz introduced
such that the total scattering probability, including this self-scattering, is constant and equal
to I'. If the carrier undergoes such a self-scattering, its atate k' after the collision is taken
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to be equal to its state k before the collision, so that in practice the electron path continues
unperturbed as if no scattering at all had occured. Generally it is sufficient that T" be not
less than the maximum value of P(k); furtherm?re, as we shall gee below, I can be extended
to a convenient function of energy.

Now, with a conatant P(k) = r;*, Eq. 12 reduces to P(f) = ;‘;e:p(-t/ro) and random

numbersa r can be used very simply to generate stochastic free fights ¢, from
tr = —1pin{r). (13)

The computer time “wasted” in taking care of self-scattering events is, in general, more
than compensated for by the simplification in calculating the free-fight duration.

As regards the choice of the constant ', we note that in general F(k) is a function of
the electron energy ¢; a suitable choice for T is then the maximum value of P(e) in the region
of energies which are expected to be sampled during the simulation. When Ple) isnot a
monotonic function of ¢, its maximum value must be estimated in some way, for example,
with a tabulation at the beginning of the computer program. When P{¢) is an increasing
function of ¢, as is often the case, one can take ' = P(epr), where a4 is 2 maximum electron
energy with negligible probability of being achieved by the carrier during the simulation. It
must be observed, however, that the range of energy “visited® by the electron during the
simulation is not known at the beginning, when T is to be chosen. Therefore, an estimate
must be made for ey, keeping in mind that ear cannot be taken too large, if one is to
prevent an unnecessarily large value of I’ that would result in a waste of computer time for
self-scattering events. Appropriate action must be taken if the energy during the simuiation
becomes larger than ¢4,

For a semiconductor model that contains several valleys, a different value of e may be
appropriately taken in each type of valiey.

- 14~
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Sometimes the total scattering probability P(c) has a large variation around some
threshold value due to a strong scattering mechanism with a given activation energy (a
typical case is intervalley scattering from central to upper valleys in polar semiconductors).
In this case, a single value of I' may result in a very large number of self-scattering events at
low electron energies. It is then possible to introduce a piecewise functions I'{¢) with more

than one step. In this case, the straightforward extension of Eq.(13) is given by

t, =t +r[-In{r) - ‘i(tJ = t-a)/7l (1)
=1

where the subindeces refer to the discretization of the energy domains. The effectiveness of the
procedure depends critically on the additional computation time required by the calculation

of the free flight compared to the time saved through the reduction of self-scattering events.
3.5 The scattering process

During a free flight, the electron dynamics is governed by Eq. (5) so that at its end
the electron wavevector and energy are known, and all scattering probabilities Pi(e) can be
evaluated, where ¢ indicates the_ sth scattering mechanism. The probability of self-scattering
will be the complement to [ of the sum of the P,’s. A mechanism must then be chosen among
all those possible: given a random number r, the product rT is compared with the successive
sums of the P,'s, and a mechanism is randomly selected.

If all scattering have been tried and none of them has been selected, it means thag rT' >
P(c), and a self-scattering occurs. A self-scattering event is therefore most time consuming,
since all F,’s must be explicity calculated. However, the process may be shortened by use of
an expedient that might be called fast self-scattering. It consists of setting up a mesh of the
energy range under consideration at the beginning of the simulation and then recording in a
vector the maximum total scattering probability P} in each energy interval Ae(! (energy
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intervals equally distributed on a logarithmic scale may be useful). At the end of the flight
if the electron energy falls in the nth interval, before trying all P;'s separately, one compares
T with P("}. At this stage if rT > P{™ then a self-scattering certainly occurs; otherwise all
F’s will be successively evaluated, Thus only when Ple) < r[' < P1") does a self-scattering
ocecur which requires the evaluation of all P,'s.

It is in general more convenient to tabulate all scattering probabilities in a mesh of
the energy axis and to use look-up tables during the simulation. This is particularly true
when very sophisticated scattering probabilities are used which tequire a large amount of
computation, as, for example, when the full three-dimensional band structure is taken into
account.

As a final consideration we may note that some scattering mechanisms may depend
on the distribution function itsell, which is the final result of the simulation, and therefore
they are not known at the beginning, when the program is set up. This is the case, for
example, of intercarrier scattering and of phonon or impurity scattering when screening is
to be considered, since the screening depends on the carrier distribution. In these cases it is

necessary to establish some sell’ consistent procedure, as will be shown later.
3.6 The choice of the state after scattering

Once the scattering mechanism that caused the end of the electron free flight has been
determined, the new electron state after scattering, k,, must be chosen as final state of the
scattering event. If the free flight ended with a self-scattering, k, must be taken as equal
to ky, the state before scattering. When, in contrast, a true scattering occured, then k,
must be generated stochastically, according to the differential cross section of that particular

mechanism.

3.7 The Ensemble Monte Carlo {(EMC}
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We shall consider here the case of a homogeneous electron gas with time-dependent
behavior. In particular, it is of interest to study the transient dynamic response to a sud-
den change in the vaiue of an applied field or in the presence of laser excitation. In this
situation many particles must be independently simulated with appropriate distributions of
initial conditions. Provided the number of simulated particles is sufficiently large, histograms
obtained by reading the electron wavevectors or energies at regular intervals of time provide
the distribution function f(k,t) or f{e,t), respectively. If a single quantity 4 is of interest, its
average value can be obtained on this sample ensemble a3 a function of time. To determine
the precision of the results obtained, one separates the entire ensemble into a certain number
of subensembles and estimates for each of them the quantity of interest A. Then their avarage
value and standard deviation can be taken, respectively, as the most probable value and the
statistical uncertainty of A.

The transient dynamic response obtained by means of the simulation will, of course,
depend upon the initial conditions of the carriers, and these must be assumed according to

the situation to be explored.
3.8 Many particle effects

Many physical systems of interest are characterized by high carrier densities. In this respect,
interparticle scattering and degeneracy effects might be of great importance. In the following

we will describe possible algorithms used to inciude such phenomena in a MC simulation.

Carrier-carrier scattering

Following the analysis of Bohm and Pines (1962) two main coatributions to the carrier

-carrier scattering can be identified:
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- the individual carrier—carrier interaction via a screened Coulomb potentiai of the form
Vir) = et (15)
- Kr

which accounts for two-body short-range interaction, where 3 ia the inverse screening length;
- the electron-plasmon interaction, which accounts for the collective long-range behaviour of
the eletron gas.

The scattering rates for electron-plasmon interaction are calculated from Fermi Golden
rule, as shown in Lugli and Ferry (1985a,1985b), and used directly in the MC simulation.
Such scattering is particularly important when fast electrons are injected into heavily doped
regions, as for example in ballistic devices. .

In semiconductors, the plasmon energy at reasonable density can be of the same order
of magnitude as the characteristic phonon energies {for example in GaAs at a concentration
of § x 10'7em ™2 the phonon energy Aw, is equal to 30 meV).

Using the screened potential of Eq. (15) the scattering rate for electron-electron {e-e)
scattering is obtained using the Fermi Golden rule. For non-degenerate situations we have :

et [k — kol
Fooella) = v 2 M e o £ 7

(16)

The choice of the wave vector k determines the value of the wave-vector difference g=k-ky
of the two electrons before the collision. After the collision the relative wave vectors will be
changed to g’ = k’ — kj,. Since the scattering conserves the magnitude of g, the new vector
g’ can be determined from the angular distribution probability P{#)d# with equal to the
angle between g and g'. The angular probability P(§)d#, determined from the differential
scattering probability S(g,g’) is given by

sindde
PO = e T A )

with g = |g|.
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The previous analysis can be easily extended to account for the electron-hele interaction
{but the following is valid also for the interaction between electrons in different valleys). If the
two body coclomb interaction can still be represented by a screened potential,with electrons
and holes characterized by two different temperatures, mpective'ly T. and T4, the inverse

classical screening length £ is given by :

4mne? 1 1
T _ _— —_
A= Tty

(18)

In the calculation of the scattering rates using Fermi golden rule, the same procedure
seen before for the e-e scattering is followed, introducing the relative wavevector g and the

reduced mass 4 defined by
ko k

=2u(— - = 9
B=2(2 - L) (19
and
m.my
= h 20
s m. + my ’ ( )
where m, and my, are respectively the electron and hole effective mass.
The total scattering rate lor electron-hole interaction is then given by
Zuet g
Fe-n(ko) = 21
e-alho) = 535v Z.I:f"ﬁ’lg2 + 7] @n

The inclusion of the screened Coulomb interaction into the standard MC algorithm
presented some difficulties, due to the dependence of the total scattering rates on the carrier
distribution function. In the one particle MC, the distribution function is one of the cutputs
of the calculation. Thus, some sort of self-consistent calculation must be performed in which
an assumed f(k) is used to evaluate acattering probabilities and the same f (k) results as
solution.
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The use of the Ensemble Monte Carlo technique greatly simplifies the treatment of
carrier-carrier scattering. Since the distribution function is built in the simnulated ensemble
of carriers, the sum over f, in Eqgs. {16) and (21) can be properly taken into account at any
point of the simulation, even under transient conditions. To this aim two alternative methods
have been proposed.

The first one (Lugli and Fer.rjr 1983,1985b,1985¢) starts from the realization that a sum
over the distribution function is simply an ensemble average of a given quantity. Thus the

scattering rate for a carrier-carrier scattering can be expressed as

_ 2ue? g
Fewelke) = o 2. B+ 7’ )

all carriers
where u,¢ and J are given in general by Eqgs. (18-20) which include the case of one-carrier
plasma as well as the one of a many-component plasma. The sum is taken over all wavevectors
of the sub-ensemble formed by the carriers of a given type. [ is obvious that the scattering
rate defined from the ensemble average does not require any assumption on the form of the
distribution function. Furthermore, it is not limited to steady-state situations, but applies as
well to the study of transient phenomena. The main limitation comes from the computational
requirement of Eq. {22), which involves a tridimensional sum over the ensemble of carriers,
and depends on k rather than on its amplitude. In the implementation in Lugli and Ferry
{1983,1985¢) the scattering rates are tabulated over a two-dimensional grid at fixed times
during the simulation (a three-dimensional grid could also be used). The time step for
the tabuiation depends critically on the specific situation of interest. If the distribution
function changes rapidly over short period of times (such as for examples following laser
photoexcitation), the scattering rate should be calculated in such a way as to reproduce
the changes in the distribution. Tipically, time-steps of 100 femtoseconds are used. On the
contrary, il the time scale of the relevant physical processes is of the order of picoseconds
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or longer, such a fine discretization in time is not necessary. In the limit of steady-state
situations, no update is required any longer in the tabulation of the scattering rate. The
carrier-carrier scattering falls into the category of interactions whose rate changes in time. It
is therefore impon;tant to let the maximum scattering rate adjust itself during the simuiation
(that is to have a self-scattering variable in time), to avoid the unphysical occurence of
negative rates for real processes.

A second method to treat the carrier-carrier scattering is based on a rejection algorithm
(Brunetti et al. 1985; Goodnick and Lugli 1988a,1988b). A self-scattering internal to the
interparticle scattering is introduced by substituing the term 9/{g® + F*) in Eq. (22) with its
maximum value 1/23. This enhanced carrier-carrier scattering rate is introduced among the
other mechanisms. When an intercarrier collision is selected during the simulation, the coun-
lerpart carrier is chosen at random from the ensemble. The internal rejection is performed
by comparing a random number r between 0 and 1 with 20g/{g® + B*). If the collision is
accepted, the final state is then calculated as usual.

With respect to the previous method, the self-scattering algorithin for the carrier-carrier

scattering does not require the tabulation of the scattering rates, which can be a strong

limitation in terms of computer time and memory requirements. However, a large number of
rejections occurs.

When an interparticle scattering is selected during the ensemble simulation, the k-
vector of the second carrier involved in the binary collision can be taken at random from the
ensemble. The selection of the final state k!, of the simulated carrier is performed according
to the prescription given earlier.

Two possibilities exist concerning the partner carrier involved in the collision. Since it
has been selected from the ensemble, its state can be also changed to become k' = g+kl. In
this way, Lthe total energy would be conserved in the process. On the other hand, this would
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force the second carrier to end its free flight at a time different from the one determined from
its own scattering probability. To circumvent such a problem, the second electron state could
be left unchanged. This procedure creates however another fauit, as it introduces an artificial
energy dissipation in the collision process.

An alternative method for the treatment of the electron-electron interaction has been
proposed by Jacoboni (1976). It is based on a molecular dynamics simulation for the real-
space trajectories of the ensemble of electrons interacting via a bare Coulomb potential,
coupled to the usual EMC algorithm for the k-space dynamics.

The strength of the method lies in the fact thas it does not require any assumptions
on the screening between carriers. Furthermore, it naturally accounts for a fundamental
component of a ciassical electron gas, namely the carrier density fluctuations. Applications
of the molecular dynamics MC can be found in Lugli and Reggiani (1986), Lugli and Ferry

(1986), Rota and Lugli (1989).
Degeneracy in Monte Carlo caleulations

As shown in the previous sections, the Ensemble Monte Carlo method is a semiclassical
technique, in that it simulates electrons as classical particles undergoing scattering events
that are caiculated according to the quantum mechanical transition probabilities. Classical
statistics is used, and the Pauli exclusion principle is neglected. On the other hand, many of
the situations of interest in semiconductor devices involve high concentrations of electrons,
where degeneracy is expected to play an important role. In GaAs at 300K, this occurs for
n > 4.6 x 10"em 3,

A powerful algorithm to include the Pauli exclusion principle in the MC technique has
been proposed by Bosi and Jacoboni (1976) and extended to EMC by Lugli and Ferry {1985d).

The Pauli exclusion principle can be thought of as a many-body effect that influences
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the transport properties of degenerate semiconductors by limiting the phase space available
for electronic transitions. The probability of an electronic transition {rom a state k into a
state k' is in general proportional to the probability f(k) that the initial state is occupied and
the probability [1 — f{k')[ that the final state is unoccupied. Thus, the transition rate from
k to k' is 5(k, k') = P(k,k’) f(k)[1 - f(k')], where P{k,k') is the scattering probability per
unit time usually calculated from the Fermi goiden rule. The standard MC procedure works
within the approximation f(k’) = 0. That is, it considers all final states as being available.
The latter method is only applicable to non-degenerate conditions, where the effect of the
Pauli princile is negligible. The problem of working with the factor [1 — f(k’)] in the Monte
Carlo algorithm lies in the fact that f(k’} is not known a priori. However, with the EMC

technique, the distribution function evolves with the ensemble and is known at every time.

The method of Bosi and Jacoboni, suggested for a one particle simulation, is based
on the self-consistent iterative algorithm that resorts to the rejection technique to account
for the occupation probability of the final state at each scattering event. At the time of
the selection of the particular scattering process, the final state of the transition is still not
known. The exclusion principle can at first be neglected for the determination of the lenght of
the free flight, and for the choice of the scattering mechanism and of the final state. However,
once the final state k' is selected, f(k') is, at least in principle, known from the simulation,
and a random number between 0 and 1 can be used to accept or reject the transition. If
r > f{k') the transition is accepted; if instead r < f(k'), the scattering is treated as =z self-
scattering. This corresponds to the introduction of an auxiliary self-scattering mechanism
with probability proportional to {1 - f{k'})]. This rejection procedure must be included since
the factor |1 — f{k’)} was ignore in eatlier steps. As the procedure is iterated, a steady state
will eventually be reached, with the probability of transitions into the state k' proportional to
the occupancy of that state. In applying this procedure the normalization of the distribution
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function must be carefully accounted for in such a way that the evaluated f (k) represents
the occupation number of the state k. Such a normalization is to be performed by taking
into account the number of states in the considered cell of k-space and the density of carriers
in the physical system to be simulated.

The extension of the procudure to ensemble simulation is straightforward. In this case
the distribution function is evaluated over the grid in k-space by countung the number of
electrons in each cell. The distribution function so defined is then properly normalized as
indicated above, taking also into account the number of particles in the ensemble.

When a scattering event occurs in the EMC simulation, the cell ¢ containing the Enal
state for the selected transition, is found. The normalized distribution f., corresponding to
that cell, is compared with a number r randomly choosen between 0 and 1, and the scattering
event is accepted or rejected as indicated above.

As it is always the case for an EMC simulation, the algorithm just described allows the

analysis of the transient evolution of any given initial distribution to its steady-state.

3.9 Hot Phonon algorithm

We present here an Ensemble Monte Carlo algorithm for the study of non-equitibrium-
phonon effects under hot electron conditions. This procedure allows us to follow the time
evolution of the phonen distribution. A collection of results has already been presented in
Lugli et al { 1985,1987a,1987h,1988a,1988b) and Rieger et al. (1988,1989)

In the case of laser excitation, the photogeneration is reproduced by adding particles to
the simulation, distributed in time according to the lineshape of the laser pulse, as shown in
the insert of Fig. 3. The simulation is subdivided in time intervals A¢ (with At typically much
shorter than the average scattering time for the LO phonon scattering). At time T = jAtL,
the number of Monte Carlo electrons is updated from the previous step according to the
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expression :

N(T) = N(T - At) + C At cosh™ (woT), (23)

where wo and C are the parameters which mode} the width and power of the lager pulse.

Electrons are excited in the conduction band centered arcund a given energy Einj, with
a small broadening depending on the width of the iaser pulse {(typically around 20 meV). Since
the excitation energies considered here are below the threshold for intervalley scattering (0.3
eViorlto L transitions), there is no significant transfer to the satellite valleys,

For the d.c.-field case, the number of simulated particles is fixed and the initial distibu-
tion is usually assumed 10 be Maxwelljan.

The disturbances of other types of phonons aze negligibie in the situation examined here.
The LO-phonon distribution function is followed in its time evolution, and phonon-induced
modifications to the relaxation rates of the electrons are considered. In a finite difference
scheme, Eq. (2) for the phonon evolution can be written in the form:

No(nat) = Ng((n - ae) + ‘SN“(nA”Lh—e

(24)
— {Nq(nat) ~ NL)fJ i n=1,2,3..
op

The procedure set up Lo account for the LO-phonon disturbances has the following features:
i) the time evolution of the LO-phonon distribution Ng is calculated as a function of wavevec-
tor q from the MC simulation , by setting up a histogram h, defined over a grid in g-space
of mesh size Ag. Alter each scattering event involving an LO phonon, the histogram is up-
dated. In the absence of external d.c. fields, because of the fult spherical symmetry only the
amplitude of q is relevant, thus reducing the complexity and the storage requirements of the

simulation. A detailed analysis of such a situation (Rieger et al. 1987} will be given in the

last section
ii) At fixed times T = jAt during the simulation y Vg ia calculated aa
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Naljat) = Na(jat) + (Nqliat) - Nalf—:. (25)

where
Na(5at) = No((7 ~ 1)A) + Alkg. {26)
The term A Ahg gives the dynamical contribution of the electronic processes to the phonon
distribution during the time step At. Here, Ahg is the contribution of the c-ph processes to
the histogram, and A is a normalization factor accounting for the density of states in q -space
and for the concentration of excited electrons, given (for the apherically symmetric case) by

= 2x3 )
¢?Ag N’

(27)

where ng is the electron concentration and N the number of simulated particles.

The second term on the right hand side of Eq. (7) accounts for phonon decays during
At due to phonon-phonon processes. The algorithm for the phonon counting can be viewed
as a hvbrid MC solution of the phenon Boltzmagn equation within a finite difference scheme.
iii) to account for the modifications induced by the phonon disturbance an the rate of electron-
phonon scatterings, the integrated scattering probabilities for LO-phonons are calculated and
tabulated at the beginning of the simulation using an artificially high value Nmas for the
phonon distribution. The choice of the final state of each scattering process involving an LO
phonon is made using a rejection technique which compares the actual value of the differentjal
scattering rate with the maximized one. In this way, we are able to discriminate between
the scatterings that can be attributed to the enhanced phonon distribution versus those
induced by the initial maximization ( which are treated as self-scatterings in the simulation).
A achematic plot of the rejection technique is presented in Fig. 2. In order to reduce the
number of sell scattering events , it in possible to recalcuiate the scatiering rates at fixed
times dusing the simulation. A numerical integration over the perturbed phonon distribution
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function gives the exact scattering rates at a given time, which can be used directly on the
simulation.

The suggested procedure is a full MC simulation of the dynamics of an interacting
electron-phonon gas within the finite difference scheme indicated above, free of adjustable
parameters. In the next section, the results of the MC simulation in the presence of Jaser
excitation will be presented. The appiication of the algorithm in the presence of an applied

electric field will be presented in Sect. 6.
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4. Simple Case: Excitation from a single valence-band level
4.1 Bulk GaAs

A two-valley (I' and L ) model is used for GaAs (under the conditions considered here X
valleys do not contribute significantly}. The following scattering mechanisms are considered:
- deformation potential coupling to acoustic phonons (D, = TeV), treated exactly according
to the procedure given in {Jacoboni and Reggiani, 1983},

- unscreened polar optical coupling to LO phonons;

- unscreened scattering from ionited impurities, treated in the Conwell-Weisskop{ formal-
ism. Throughout the present section, nominally'undoped materials (with a residual impurity
concentration of 10'* em~3) will be considered,

- deformation potential coupling to intervalley T' — L phonons {D;, = 8x10%V fem),

- electron-electron scattering between [-valley electrons, which has been included using the
algorithm described earlier (Lugli and Ferry 1983,1985a).

The algorithm described in the previous section has been applied to various situations
to study the dynamics of the LO phonon, of the electron distributions, and their mutual
effects. The time evolution of the perturbed phonon distribution is shown in Fig. 3 for
an excited carrier density of 5x10'® em™. Electrons are excited at an energy of 0.25 eV
above the bottom of the conduction band, corresponding to a photon energy of 1.8 eV.
The lattice temperature is 77 K. The lineshape of the laser pulse is shown in the insert
{halfwidth = 0.8 ps). The LO distribution is driven out of equilibrium even during the
excitation, due to the fast power dissipation of the high-energy photoexcited electrons. The
maximum is reached at a delay time of 1 ps for wavevectors of about 6x10° ¢em~'. The small
q values that are amplified during and immediately after the excitation are due to the polar
nature of the electron-phonon coupling. At longer times, the phonon distribution relaxes
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towards its equilibrium value as a result of two distinct processes, phonon reabsorption and
phonon-phonon interaction. The first one is due to the fact that the group velocity of optical
phonons is very small (less than 10%cm/s), implying that the phonons cannot drift away of
the excitation volume during their lifetime. Therefore, if the phonon lifetime is long enough
and the coupling with the carriers sufficiently strong, emitted phonons can be reabsorbed.

It is important to notice that modes of different wavevector evolve in time in different
ways, as indicated in Fig. 4. Those with the smailer q {6x10° crn—') exhibit an exponeatial
decay, immediately after the end of the excitation, with a characteristic decay time of 7 ps.
At intermediate q's {8 and 10x10° em ™) the phonon distribution decay much faster at short
times (up to 5 and 8 ps delay), approaching then the exponential behavior. The amplification
of these large-q phonons is not as pronounced as that of the smail-q ones.

The time evolution of the phonon distribution reflects the microscopic details of the
cooling processes in the coupled electron-phonon system. While phonon-phonon processes
are always active, and their effect is independent of wavevector, phonon reabsorption varies

drastically as a function of time and wavevector. In fact, the very rapid changes in the electron

distribution function (that will be examined below) modify the range of phonon transitions

that are allowed by energy and momentum conservation. Figure 5 shows the minimum q for
LO-phonon absorption and emission as a function of electron energy in a parabolic band. At
high energy, electrons can emit phonons with very small g, but as they ccol the minimum
allowed q shifts to higher values. Such a shiit appears in Fig. 3, hidden though by the strong
initial amplification. Furthermore, an electron will not be able to reabsorb the earlier emitted
phonons once it goes below a certain energy.

Thia simple analysis explains why the phonona with small g-vector excited during the
first stages of the electron relaxation {up to 2 ps delay time} caanot be reabsorbed, and
decay exponentially via nonelectronic phonon-phonon processes. On the other side, both the
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reabsorption and the phonon-phonon terms will contribute to the damping of phonons of
larger wavevector in the firat few picoseconds, feading to their faster decay over this time
interval.

The modification of the scattering rates for the electron-LO phonon interaction due to
the phonon perturbation is presented in Fig. 6. There the total scattering rates for ab-
sorption and emission, obtained from a numerical integration over the perturbed distribution
function Ny, are plotted at different time delays after the end of the laser pulse. Since at
low temperature the value of the equilibrium phonon distribution is much smailer than unity,
the emission probability is a few orders of magnitude higher than the absorption one. As
the phonon population grows out of equilibrium, the absorption rate increases dramatically,
relatively much faster than the emission one. The changes of the scattering rate with time
reflect the temporal evolution of the rhonon population. It is important Lo notice that even
a few picoseconds after the pulse, a significant amount of phonons are still present and a

considerable number of phonon reabsorptions are detected.

The time evolution of the electron distribution function, shown in Fig. 7, compietes the
previous analysis of the phonon amplification. The distinct peaks in the distributions at short
time delays (0 and 1 ps} are due mainly to LO phonon emission which sets in already during
the laser pulse (an average time of 160 s for the emisaion of an LO phonon by electrons at the
excitation energy is calculated from the simulation). At a time delay of 4 ps, the electrons
mainly populate the low energy region below 100 meV. Many of them have an energy below
the threshold for LO phonon emission. It will be seen later that in this case reabsorption can
become very important.

As a last remark on the phonon dynamics, it is important to compare the previous
considerations with the experimental results of Raman spectroscopy. The shaded area in
Fig. 5 indicates the range of Raman-active wavevectors for the data given in Collins and Yu
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{1984) and in Kash J. et al. (1985). The MC result for those modes {curve Ll in Fig. 4) is in
good qualitative agreement with the findings of Kash J. et al. (1985), obtained for the same
electron concentration but a higher excitation energy.

The effect of the phonon perturbation on the cooling of the photoexcited electrons is

shown in Fig. 8. The electron relaxation rate is drastically reduced because of the presence
of non-equilibrium phonons. The phenomenon is mainly due to the reabsorption of the LO
phonons that have been emitted in the first stage of the relaxation without having had enough
time to decay. The effect of phonon reabsorption grows with time as the electrons populate
the low energy regions below the threshold for optical emission. Furthermore, the reduction
in the cooling rate of the electrons is even larger at higher electron densities or higher injection
levels, as found both experimentally (Kash K. et al. 1985; Leo et al. 1988; Ryan et al. 1988)
as well as in our simulation.
The MC algorithm presented here has been compared with the models of P5tz and Kocevar
{1983) and Collet and Amand [1986). At the low excitation energies used in Collet and
Amand (1986), the phonon disturbance is reduced with respect to the case shown in Fig.
3, and reaches its maximum at higher q's. The result of the simulation obtained with an
electron density of 10'%m~3 and an 80 fs [aser pulse with an initial electron energy of 80
meV is shown in Fig. 9. The MC result agrees quite well with that of the more sophisticated
model of Collet and Amand (1986}.

The temperature model of Pitz and Kocevar {1983) assumes that the carriers (electrons
and holes) are characterized by a Fermi-Dirac distribution at any time during and after the
laser pulse, corresponding to a very fast thermalization within the photogenerated plasma.
In order to verify the consistency of our results, we have performed a simulation by assuming
that the carriers are initially distributed according to a heated maxwellian distribution. The
MC results, obtained using the same parameters as in the calculation of Fig. 3, indicate in
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this case 2 much smaller phenon perturbation, with the maximum of the phonon distribution
stil] reached at 1 ps delay time as in Fig. 3, but its value being reduced by a factor two.
The reduction of phonon heating is related to the population of the low-energy region of
the maxwellian distribution as compared to the sharp distribution at the excitation energy.
The MC results agree very well with those we obtained from a temperature model for a
one-component plasma. When I:;oth electrons and holes are considered, the temperature
model, assuming the same temperature for both carriers, implies an inherent instantaneous
energy transfer from the electrons to the holes and thereby a further reduction of the phonon

heating by electrons. Although the latter result depends heavily on the assumptions of the

single-temperature model, it nevertheless shows that the electron-hole interaction can be

very important. A preliminary step to combine the effect of electron-hole scattering and non
equilibrium phonons haa been recently presented both for a two-temperature model (Patz

1987) and a MC analysis (Osman et al. 1987).

Up to now we restricted our discussion to cases where only the central valley is im-
portant. In general, especially if the excitation energy is sufficiently high, the population of
the higher valleys {L and X) is not negligible. For such cases the influence of the satellite
valleys on the phonon disturbances can be very strorig. Figure 10 shows the minimum q for
LO-phonon absorption and emission as a furction of electron energy for the T’ (same curve as
Fig. 5) and the L valleys. Due to the higher effective mass of the latter valleys, the emitted
LO phonons have a larger wavevector. Because of the increased area of phase-space, the
contribution of the L-electrons to the phonen distribution function will be reduced. This is
illustrated in Fig. 11, where an initial electron energy of 0.5 eV has been used (withaT' - L
separation of 0.3 eV). The parameters of the simulation are the same as before. One picosec-
ond after the excitation, about 60 percent of the electrons are found in the L valley. The
MC histogram (Fig. 11a) confirms that the emission of LO phonons by L-valley electrons ia
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concentrated in the large-q region. The actual number of phonons reflects indeed the relative
population of the two valleys. Nevertheless, the effect of thase phonons on the perturbed
distibution (Fig. 11b) is negligible. Furthermore, all of the L-valley phonon have q values too
large to be detected spectroscopically. We can therefore expect that phonon amplifications
experimentally detected would decrease in the Presence of substantial intervalley transfer.
We are assuming here that the four ellipsoidal valleys can be represented by an equivalent
spherical valley with an average effective mass, although a study of the effect of the valley

anisotropy is needed.
4.2 GaAs-AlGaAs Quantum Wells

Recent results obtained with time resolved photoluminescence have shown dramatically re-
duced energy relaxation rates for photo-excited electrons in CaAs-AlGaAs quantum weills
(Ryan et al. 1986; Xu and Tang 1984). After some controversy whether the slow cooling
rates are due to the effect of non-equilibrium phonons (Lugli and Goodnick 1987; Leo et
al. 1988; Das Sarma et al. 1988; Shah et al. 1985), of screening (Yang et al. 1986; Das
Sarma et al. 1987) or of some [fombined action of these mechanisms, hot phonons are now
recognized as the main cause. The algorithm just presented has been applied to a single
quantum well of GaAs-AlGaAs (150 A wide and 0.28 eV deep), with subband energies given
by the solution of the one dimensional wave equation for a square well potential. The bands
are assumed to be parabolic. The scatlering rates (both intra- and intersubband) of the
quantized 2D electrons with bulk unscreened LO-phonons are calculated numerically without
the use of momentum-conserving approximations {Riddoch and Ridley, 1983). It has been
shown there that, for wells larger than 100 A, there is little difference between the scattering
rates calculated accounting for phonon confinement (slab modes) and the one obtained using
bulk modes. Intervalley transfer to the L-valleys (also quantized) is included as well. The
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mechanism of 2D electron-electron scattering is introduced in the MC simulation through a
generalization of the self-scattering technique described above (Brunetti et al. 1983} to the
multi-subband quantized system (Goodnick and Lugli 1987,1988a). The various electrons
are allowed to interact via a statically screened Coulomb interaction determined by the long
wavelength limit of the two-dimensional Lindhard dielectric function. Degeneracy effects due
to the Pauli exclusion principle are also considered. In the present simulation we have ne-
glected electron-hole scattering and recombination, which might be of importance in some of

the reported experiments.

In 2D, the component of the phonon wawevector in the direction of the well, g, is not
conserved due to the spatial localization of the electrons there. In fact, the emitted phonons
are spatially localized which causes problems as to their representation in terms of plane
waves as was noted by Price (1981). This problem has been more recently addressed by
Cai et al. (1988) who solve the coupied 2D electron-phonon kinetic equations considering off
diagonal contributions of the phonon density matrix. In our mode! we considered a simpler
approach, that is that the ¢, componenis of the phonon distribution are localized in a region
of wavevector space of extent 1 /1, L being the width of the well. This choice is indicated by
the probability amplitude for emission and absorption obtained from the 2D-electron- phonon
scattering matrix element which has been shown to be a sinc function of width 1/L (Riddoch
and Ridley 1983). We approximate this function by a flat distribution over the range 1 /L.
For intra-subband transitions, this function is centered around qx = 0, whereas for inter-
subband transitions, the sin¢ function is centered around a non-zero momentum related to
the change in subband energy. Therefore, the phonon distribution is tabulated for discrete
¢s corresponding to the varius inter- and intra-subband evenis, with the phonon wavevectors
otherwise treated as two-dimensional. These assumptions are relaxed when slab modes are
considered explicitely, as it will be indicated in the next paragraph.
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The cooling of photoexcited electrons in an n-type GaAs-AlGaAs quantum well al
low temperature {5 K) has been considered (Lugli and Goodnick 1987; Goodnick and Lugii
1988a). A background sheet density of 2.5x10"" cm~? is used. The injected sheet density
is 5x10'!" ¢m~2 The GaAs parameters are the same as for the bulk case. The width of the
simulated laser pulse is about 1 ps, during which time carriers are added to the simulation
with an initial energy of 0.25 ¢V above the bottom of the lowest subband. The insert in
Fig- 12 shows the position of the energy levels in the well. Figure 12 shows the evolution of
the electron total energy (kinetic plus potential) as a function of time during and after the
puise. The excited electrons lose energy mainly through the interaction with the background
electrons and through the emission of LO phonons. For equilibriumn phonons (M), the hot
electrons are found to reach equilibrium in about 3 ps. In contrast with the case of an
unperturbed phonon distribution, a much slower relaxation is found when non-equilibrium
phonons are accounted for {0 , A). The two cases in Fig. 12 correspond to different injection
densities. At the excitation energy considered here, virtually no intervalley transfer occurs. It
is worth noticing that no real dependence on weil width has been found in the MC results. The
reduction of the electron cooling rate is due to the reabsorption of non-equilibrivm phenens
which buyild up during the initial pumping and the first stage of the electron relaxation.
This is evidenced by the time evolution of the phonon distribution at g,=0 (intra-subband
scattering) shown in Fig. 13. The same, although reduced, features are found also at ¢, # 0.
LO-phonon emission during the pulse and immediately after creates a large population of
phonons at small q’s. At longer times, phonon reabsorptions and phonon-phonon losses drive
the distribution back to equilibrium. The secondary peak that develops at later times in the
phonon distribution is due to phonon emission by electrons that have already relaxed to lower
energy. As pointed out before, the reduction in the electron relaxation rate is mainly due to

reabsorption of the emitted LO-phonons. The effect is stronger when a considerable number
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of electrons have relaxed to the low energy region below the emission threshold.

Recently, a time resolved Raman analysis of the development of non-equilibrium LO
phonons in narrow AlGaAs-GaAs quantum wells was presented (T'sen et al. 1988). There
electrons were excited in the first subband with an excess energy of about 160 meV. From
the anti-Stokes peak of the Raman signal it was possible to monitor the build up of the non-
equilibrium LO-phonon population. For an experiment performed in back scattering geometry
in a two dimensional syatem, the output (that is the LO phonon population) constitutes an
average over all LO modes, contrary to the bulk case where a well defined region of g-space
is analyzed. The experimentzl results (extracted from the time-resolved average of the anti-
Stokes peak} indicates an “average” phonon lifetime of 8 ps at 10 K. The MC resuits for the
same situation are shown in Fig. 14 for three different values of r,,.

It is clear that reabsorption plays a very important role in the experiment. The more
strongly amplified phonons (around g = 8 x 10%° em™!) decay with a time constant which
is much shorter than the ph-ph value introduced in the simulation. As pointed out in the
discussion for the buik case, this indicates a strong contribution of the electronic processes
to the phonon lifetime. Therefore, even if it is hard to extract an average phonon lifetime
from the results of Fig. 14, this seems to indicate that the measured phonon lifetime is not

directly the nonelectronic ph-ph lifetime, but sets a lower limit for it.
Slab modes

So far, the standard three dimensional dispersion for the LO phonons has been used.
Recently, a lot of activity has been directed to the study of the vibrational properties of
QW'’s and superlattices (two excellent reviews on the subject can be found in Jusserand and
Cardona, 1989, and Menendez, 1989). Most of the theoretical and experimental work has

centered on the physics of phonons in such systems, without focusing on its implications
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on carrier transport. On the other side, the transport community has so0 far negiected all
the features connected to phonon confinement (except for some isolated attempts, such as
Riddoch and Ridley 1985; Sawaki 1986; Babiker et al. 1987), relying on the well established
bulk-phonon picture. While such approximation is justifiable for large QW's (well width of

10nm or more), a more creative and rigorous approach is needed for narrower wells.

It is well established that optical modes are localized in each layer of superalttices and
QW’s, with a small degree of penetration into adjacent layers depending on the properties
of the interaface. Macroscopic models have been used to study the laitice dynamics of
QW’s and superlattices. On the basis of a dielectric continuum model, Fuchs and Kliever
{1965) have analized the vibrational properties of ionic slabs. By treating the LO modes
as consisting only of electrostatic flelds, the solution of Laplace equation leads to two sets
of modes, guided modes whose associated dispiacement is represented by sine and cosine
functions, and surface modes, with displacement given by sinh and cosh functions. The
standard electrostatic boundary conditions imposed on the field lead to a zero value of the
potential at the boundaries, with the transverse displacement in anitiphase with respect to
the potential. Such formalism has been used by Riddoch and Ridley (1985) to determine
the scattering rates and by Jain and Das Sarma (1988) to calculate thé energy loss rate due
Lo polar optical scattering in QW’'s. Recently it has been pointed out {Cardona 1988) that
mechanical boundary conditions must also be taken into consideration, by imposing phonon
confinenemt via a zero dispacement at the boundaries. Accordingly, since the mechanijcal
displacement is proportional to the electrical polarization, the potential is bound to have a
maxirnum at the interface. Furthermore, because of the zero diplacement condition, no surface
modes are allowed. Such conclusion ia somewhat analogous to the results of Babiker (1986)
based on a dispersive continuum model, and of microscopic models (Huang and Zhu 1989).
The incompatibility of the two boundary conditions, and the consequent opposite symmetry
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of the displacements and potentials have originated some controversy {Ridley 1989). It has
recently been shown (Huang and Zsu 1989; Menendez 1989) that no controversy actaully
exists, and that the proper account of the surface modes leads to a good agreement between
Fuchs and Kiever model and microscopic calculations. The key point is that the interface
modes of the dielectric continuum model {which for k = 0 become bulk-like vibrations)
correspond to the first confined mode of the microscopic model. Once the “interface” mode
are included in the picture, the symmetry of the successive confined modes coincides in the

two models. The following results will be based on Fuchs and Kliever model.

The total scattering rate for electrons in the first subband of a 150 A QW due to guided
modes {dashed line) and to surface modes {dotted line) at 10 K is compared with the bulk
three-dimensional rate in Fig. 15. Under these circumstances the contribution of the surface
modes is negligible. Such scattering rates are used for a MC simulation of the relaxation
of a photoexcitec plasma. In this case electron-electron, hole-hole as well as electron-hole
scatterings are accounted for (Goodnick and Lugli 1988b). A background electron density of
7x 10" em™ ? is considered, while the excited plasma density is 3 x 10''cm 2. Electrons are
injected with an excess energy of 200 meV at a lattice temperature of 10 K. Figures 16 and
17 show respectively the average electron and hole energy {in K degree) as a {unction of time.
The three curves correspond to different values of the phonon lifetime r, respectiveiy 0 ps (i.e.
unperturbed phonons, continous curve), 7 ps (dashed curve) and 25 ps (dotted curve). The
different behaviour is attributed to the hot-phonon effect descrideb earlier, When phonons
are kept in thermal equilibrium carriers exhibit a faster decay; the rate at which the cooling
process takes place depends on the phonon lifetime, since the phonon reabsorption ia directly
proportional to ;. Hole present the same type of behavoiur, with the reduced cooling
associated mainly to the presence of nonequilibrium LO phonons. TO phonons are only
slightly perturbed, mainly because of the large portion of g-space that the emitted phonons
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g} up.

The phonen distribution of the three lowest guided mode at 1 ps time delay is shown in
Fig. 18. Here, a phonon lifetime of 7 ps is assumed. The strongest amplification is found for
the m = 1 mode, which, because of its parity, reflects mainty the contribution of intrasubband
transistions. The non-equilibrium distribytion for the first guided mode is plotted at three
diffrent time delays in Fig. 19. The highest perturbation is found immedialtely after the ex-
citation, very pronounced at small qs, indicating a major contribution from the photoexcited
electrons. Holes contribute less to the heating of the slab modes, because of the eavier mass
{which implies a larger q of the emitted phonons), the reduced excess energy, and the strong
coupling to the TQ phonons. The phonon perturbation is smaller than the one found in the
previous section, since the intercarrier scattering constitues now the main channel for energy

dissipation from the photoexcited plasma to the large background electron bath.
5. Itealistic Model: Excitation from a three-valence band model

When the details of the band structure are taken into account for the photoexcitation process,
a more elaborate description of the initial carrier distribution is necessary. As illustrated in
Fig. 20 for bulk GaAs, the absorption of photons with considerable energy (typically around
2 eV) induces transitions from the three hole bands. Therefore, the energy distribution
of the photoexcited electrons is characterized by three distinct peaks, slightly broadened
because of the warping of the valence band and of the natural absorption linewidth. This
condition enters as the initial condition (for the electron energy distribution function) in the
MC program described earlier). The present MC algorithm has been used to analize the
luminenescence spectra after photoexcitation with a 400 [s wide laser pulse at 7;,=300 K
(Shah et al. 1987) (see below). The physical parameters used in the simulation are shown in

Tab.-1. Figure 21 shows the MC electron distribution at three different time delays in bulk

- 39-

InP and GaAs. Some important differences are worth noticing. In GaAs, around 60% of the
photoexcited carriers transfer to the satellite valleys during the Jaser puise (the average time
for I' —L transition via phonon emission or absorption is around 80 fs). This creates the
depletion in the high-energy region, above 0.3 ¢V, noticeable in Fig. 21. Carriers return slowly
to the [ valley, with a characteristic time of 2 or 3 ps. The net I' — L transfer is actually
2 complicated series of processes where electrons can scatter in and out of the L valleys
before leaving the actively-coupled energy region (that is the range of energy above 0.27 eV).
The L valleys in InP sit at a much higher energy, and do not significantly contribute to the
cooling process. The electron distribution is smoother than in GaAs, and the population of
the low-energy region is higher at all times, since the cooling process is not slowed down by
intervalley transfer. In both cases, electrons are characterized at the shortest time {1 ps) by
an athermal distribution. Even if the intercarrier scattering is not sufficiently strong, at the
low densities considered here (5 x 10'%¢m~3), to assure complete thermalization within the
ensemble, it is nevertheless sufficient to smooth out the initially peaked distribution. This

indicates the inadequacy even at the shortest timena of the cascade model (Kash J. et al 1985).

A direct comparison with experiments requires the calculation of luimeacence apectra,
which is directly proportional to the product of the electron and hole distribution functions.
By assuming that the holea relax to a thermal equilibrium at the lattice temperature within
the laser pulse, it is possible to extract the spectra directly from the electron distribution
functions shown in Fig. 21. The results are presented in Fig. 22 where spectra obtained for
GaAs from the simulation at three different delays are compared to the experimental ones.
The agreement is indeed extremely good. The most remarkable aspect of the data is that the
luminescence intensity near the bandgap energy {as well as the integrated luminescence) show
a significant increase for nearly 10 ps after the end of the excitation pulse. This is clearly

shown from the luminescence intensity as a function of time in Fig. 23, where for comparison
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the InP result is also shown. Once again the agreement between theory and experiment is
excellent. For GaAs, this indicates for the I’ — L deformation potential Dy a value of of

6.5+ 1.5 x 10° eV/cm.

The time behaviour of the electron average energy for InP and GaAs is presented in
Fig. 24 for three different carrier concentrations. The density dependence of the results is
due to hot phonon effects as described earlier. Clearly, other processes such as electron-hole
scatlering or free-carrier screening of the polar optical phonon coupling can }‘mve an influence
on the carrier relaxation, especially at the highest carrier densities. However, screening has
repeatedly been demonstrated to Play a minor role in the presence of strong LO-phonon
amplification (Pétz and Kocevar 1983; Kocevar 1987). At reom temperature, the reduction
of the cooling rate is not very pronounced, especially in GaAs, because of the large availability
of LO phonons that Jimits the effectiveness of the reabsorption processes. The time behaviour
of the average energy indicates a very rapid cooling of the photoexcited electrons in InP, due
te the confinement of electrons in the I valiey and to the stronger polar coupling of this
material. Because of the high density of I electrons, the hot phonon effects noticeable in the

first picoseconds after the excitation are stronger than in GaAs.

The characteristic beh;viour of the two materials also shows up in the non-equilibrium
LO phonen distributions shown in Fig. 25. A stronger and faster phonon build up is found
in InP, with the maximum amplification reached at time delay of 1 ps. The time evolution
of the Raman-active modes {9r = 8 x 10% em™') for GaAs is shown in Fig. 26. For
the room temperature case (open circles) a plateau is observed in the first picoseconds after
excitation, which is a direct evidence of the slow return of the electrons from the upper valleys,
Such features are related to the fact that, within the spherical model for the upper valleys,
phonons are emitted there with wavevectors outside the Raman-active area. Therefore, the

contribution to the phonon amplification at ¢r follows closely the loss of population of the
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upper valleys. The comparison of the time behaviour of the phonon modes at two different
temperatures is also presented in Fig. 26. After the initial delay, the populations decay with
characteristic times of around 3.5 and 7 P2 at 77 and 300 K respectively, in agreement with

the experimental results (see insert).

A crucial point in the analysis of the experimental data and the comparison with theory
concerns the determination of the effective temperature of the carriers. The efective temper-
ature of the I-valley electrons (which for a thermal distribution is given by the slope of the
energy distribution function) is usually extracted from the tail of the luminescence spectra
as those shown in Fig. 22. It is important to notice that only the low-energy portion of the
distribution function shown in F ig. 21 {below 0.2 eV} contributes to those spectra. In order
to check how the effective temperature obtained from the slope of the energy distribution is
representative of the electron average energy (shown in Fig. 5) of the central valley electron
population, we have piotted in Fig 27 the electron distribution function in the range 0-0.2
eV for three different excitation densities in GaAs, and for the lowest density in InP. The
effective temperature deduced from the alope of the curves (solid lines) are indicated. Clearly,
within the first picosecond after excitation, the distribution function is not maxwellian, and
the definition of an effective temperature is questionable. In fact, the effective temperatures
deduced from the distribution function are always lower, expecially at very short times, than
the average energies calculated from the MC simulation.

As a last point, we would like to comment on a previous determination of Dy, for
GaAs obtained from Raman data. In the experiment of Collina and Yu (1984), a value of
Dry equal to 1.5 x 10% eV/cm was derived from the time evolution of the anti-Stokes peak
for a much lower excitation density and a much longer laser pulse, compared to the situations
examined above. The data were interpreted as indicating very little transfer of photoexcited
carriers into the sateliite valleys despite the very high excitation energy. Our MC siulation
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of that experiment shows that the non-equilibrium phonon population is not very sensitive
to the ' — L coupling, as shown in Fig. 28, mainly because of the long times and small
densities involved. Figure 29 illustrates this point, by comparing the time evolution of the
phonon disturbance (at q=8 x 10* em~!) obtained from the MC simulation with two values
of Drz equal respectively to 1.5 and 7 x 10° ¢V /em. When the I' - L coupling is weak, the
transfer of photoexcited elecirons to the satelite valleys is drasticatly reduced. Therefore,
a stronger phonon amplification is found at the shortest times, compared with the case
(Dqr = 7 x 10® eV fern) when the intervalley transfer is dominant.

As it was shown by Shah et al. (1987), the MC analysis of time-resolved photolumines-
cence data indicates that a value of Drr = 1.5 x 10® eV /em is far too low to interpret the
experimental results, while an excellent agreement is found for Dy, = 6.5(:£1.5) x 10% eV /em.
If the experiment could be repeated under more favourable conditions (that is with a much
shorter laser puise and a higher density}, the phonen distribution could be used to discrimi-

nate between different values of Dpp.

6. Field-dependent case

In the present section we will study the effect of non equilibrium polar optical phoncns
driven by an external electric field {Rieger et al. 1988,1980). We use a slightly different
physical model than in the ptevious section. Static screening of the LO phonon interaction
has been considered, and impurity scattering is treated in the Brooks-Herring formalism.

In this case, the LO phonon distribution has been collected on a two dimensional grid.
Because of the small q involved in the polar optical scattering, the phonon amplification is
strongest in the field direction. In order to allow a better comparison of our results with
earlier work for phonon equlibrium, the material parameters have been taken here from the

standard d.c. MC study of GaAs of Littlejohn et al. {1977). As for the previous sections,
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acoustic-phonon disturbances are negligible at the high temperatures of the present study.
The intervalley phonons are also assumed to be in equilibrium, since their disturbance is
partitioned over large regions of g-space {Kim et al. , 1988). A range of electron and
impurity concentrations from 10'® up to 10'%crm— 2 is considered. Lower densities would in
fact display negligible phonon disturbances, while at higher densitiea the electron mobility
will be totally dominated by impurity scattering and hot phonon effecta will vanish. As a
particular interest for future device applications in quantum wells, a simulation has also been
performed with a high carrier density in the presence of a negligible impurity concentation,

so to reproduce the modulation-doping case.
6.1 Single-Valley Effects

In order to sudy the consequences of purturbed LO phonons on the mobility and average
energy of T-valley electrons, the electric fields are kept below the threshold for noticable
intervalley transfer. Figures 30, 31 and 32 show the results obtained for a field of 2kV fem,
an electron and impurity concentrations of 3 x 10"7em ™3, at 300 K. The first two figures
diplay a comparison between the time evolution of the average drift velocity (Fig. 30) and
average energy (Fig. 31) as obtained for phonon equilibrium (ro = 0, full lines) and disturbed
phonons (rg = $%ps, dashed lines) respectively. The major effect of the phonon disturbances
is a significant increase in v and Er, showing the drag of the carriers by the most strongly
amplified phonons and the reduced cooling of the carriers by hot phonona.

The time evolution of the forward distribution N(q,cosé = —1) is separately shown
in Fig. 32. The distribution, which exhibits its strongest amplification in this forward
direction, approaches a steady-state value of 1.4, a substantial increase over the thermal
equilibrium value of 0.34. The magnitude of the wavector corresponding to the maximum
phonon amplification decreases with time, following the increase of Ep and the concomitant
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population of higher energy regions. In this way a prononced low-q peak develops, down to
3 minimum value set by energy and momentum conservation requirement and by the static
[ree-carrier screening of the polar opticai coupling. Expecially at high fields such low-¢ peak
is accentuated by the accumulation of I' valley electrons at energies just below the valley

transfer threshoid.

It is important to correlate the g-space anaiyais of the amplified phonons with the
information about the carrier distribution function f (E) that can be extracted from the sim-
ulation. In contrast to the thermal equilibrium case, with equal rates for phonon emission
and absorption, the presence of a d.c. field causes a relative increase of emissions over ab-
sorptions, to provide the net flow of energy from the external field through the carrier system
into the lattice. In the presence of phonon disturbances, the statistical factors for induced
emission and absorption processes increases in the same proportion Ny /Ny. Therefore, no
change in the net energy transfer can be expected from the increased phonon occupancy
alone. However, the resulting relative increase for the absorption rate is higher whenever the

occupation probability N{E} o 3 f(E) peaks below the threshold for LO phonon emission

and near the favorable reabsorption range (see discussion of Fig. 5). In this way the relative

statistical weight for absorptions is enhanced and the difference between emission and absorp-
tion rates reduced. Carrier are therefore “hotter”than in the case of phonon equilibrium. The
simulated I-valiey occupations are plotted for two different times in Fig. 33. Indeed most of
the electrons are found at energies below the LO-phonon emission threshold, as required for
marked phonon-reabsorption effects.

An interesting effect is connected to the interplay between jonized impurity (i-i) scatter-
ing and phonon reabsorption. Due to the higher electron average energy, a quite pronounced
decrease of the screening parameter ¢p is found during the phonon build up, which outweights
the reduced efficiency one would find for the unscreened i-i scattering. As a result, a slight
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increase of the number of i-i scattering and of the i-i momentum dissipation rate is detected
in the simulation.

A related questions concern the infiuence of the screening model. Figures 34 and 35 swoh
the results obtained for Debye-screened and unscreened polar optical coupling at 77 K. They
confirm the old finding of the carrier-temperature models {Kocevar 1985) that screening plays
a negligible role in the presence of strong phonon disturbances. As the use of static screening
correspond to the assumption of the maximum possible scrrening efficiency of the free carriers,
any more detailed dynamical screening model would give intramediate results between the
two limiting case of statically screened and unscreened coupling. The only exception wouid
be the case of antiscreening (Doniach,1959) where the results can be expected Lo extrapolate

beyond the unscreened limit, but again with negligible effects on the average velocity,
6.2 Many-valley effects and velocity overshoot

At high electric fields, a substantial fraction of electrons scatters into the satelite val-
leys. Figure 36 shows the time evolution of the T -valley relative concentration (dashed and
full lines) and average energy (dotted and dashed-dotted lines), with and without phonon
disturbances, for an electric field of 8 kY fcm turned on at t = 0. The high field causes a suf-
ficient heating of the I' electrons to allow a very rapid onset of intervalley scattering, leading
to a decrease of the [-valley mobility and a substantial transfer. The consequences of such
trazisfer on the average total velocity and on the energy of the L-valiey elecrons are shown
in Fig. 37. No effect of the LO phonon disturbance on the velocity overshoot is detected,
which is somewhat astonishing alter the strong phonon-induced heating of the I-valley elec-
trons found in the previous section. It is again of help to follow the time evolution of the
LO-phonon disturbance and of the carrier occupation. Figure 38 shows the forward phonon
distribution at three different times, corresponding to the velocity peak (¢t = 0.5ps}, to the
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maximum amplification of the electronically active modes (¢ = 1.3ps}, and to the onset of the
steady state {{ = 20ps). The error bar indicate the statistical fluctuation connected to the
choice of the discretization of g-space. In spite of the strong and rapid phonon amplification,
the average energy of the [-valley electrons is still the same as for the unperturbed case.
Therefore, the I' valley population and the velocity overshoot remain practically unchanged.

While the phonon-excitation spectrum at ¢ = 0.5ps is very similar to the steady-state one
of the previous section, the carrier occupation in the I’ valley is now much broader, peaking
near the threshold for intervalley transfer and leaving only a small fraction of electrons to
the dominant net-reabsorption region below the optical phonon energy. As a consequence,
phonon reabsorption for ['-valley electrons is strongly rediced with respect to the iow field
case, explaining the failure of the LO-phonon disturbance to intefere with the transfer to the
upper valleys.

The decisive difference between low and high field cases is shown in Fig. 39, which
shows the steady state carrier occupation at two different electric fields. At 2kV/em, a
noticeable depletion of the low energy and corresponding enhancement of the high energy
regions is induced by the phonon reabsorption. The average electron energy moves from 55
meV to 68meV when phonon disturbances are considered. At 8kV/cm the two distributions
are practically identical within the statistical fluctuation in spite of the very strong phonon
amplification shown in Fig. 38. A separate analysis of the average velocity of I" and L valley
electrons reveals very small nonequilibrium effects on vy, and a noticable effect on vr. In
contrast to the low-field case, however ur is reduced. This change from a dominant phonon-
drag effect at low fields to a [rictional hot-phonon effect at high field cinfirms the finding of
the temperature model.

The velocity-field curve for GaAs at 300 K is shown in Fig. 40 for two condition
corresponding respectively to equilibrium (continuous curves) and perturbed phonons (dashed
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curves). One set of curves refers to the case of uncompensated material with the electron
concentration equal to the impurity concentration. The other situation is tipical of the
remote impurity scattering characteristic of modulation doped atructures, where the mobile
carriers are spatially separated from the impurities they have been generated from. At low
fielda, below the threshold for intervalley transfer, the T electrons are dragged by the forward
streaming phonons. As a result, the drift velocity increases. At high fields, the majority of
the carries populate the L valleys. Because of the larger curvature of the L valley, most of
the LO phenons are now distributed over a large range of q-values with smail forward drift.
The overall drag effect is therefore destroyed. The phonon amplification leads to a frictional
effect responsable for a reduction of the drift velocity. Figure 41 also ashows that for high
mobility materialz {when ionized impurity scattering is negligible) the drag effect is reduced,
indicating even at low fields a stronger frictional action of the phonon disturbance.

As a final remark in the present section, it is important again to compare the optical
injection case to the d.c. one, which exhibits much smaller hot phonon effects. In the
pho;oexcit.ation case, carriers are generated at high energies, and relax towards the energy
region where reabsorption plays a relevant role. Therefore, hot phonon effects become very
important after the initial decay. On the contrary, for d.c. excitations, carriers start from
an equilibrium configuration and are heated by the applied field. The higher the field, the

smaller will be the effect of phonon reabsortion.

7. Conclusions

A full Monte Carlo technique for the study of electron and phonon dynamics in bulk GaAs,
InP and in AlGaAs-GaAs quantum wells has been presented. The method does not require
any assemption on the form of the distribution function, and provides a detailed microscopic
description of the transport phenomena. For the photoexcitation case, it has been shown
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that during the initial stage of the relaxation a strong emission of LO phonons occurs which
drives the phonon distribution function out of equilibrium. The presence of a perturbed LO
phonon population causes a reduction of the cooling rate of the photoexcited electrons. Such
a reduction, which is a function of the excitation conditions and of the lattice temperature, is
caused by a sizeable reabsorption of LO phonons by the cooling electrons. Peculiar differences
in the time evolution of the electron and phonon distributions are found in GaAs vs InP, due
to the contribution of the satellite valleys in the former material. The results of the Monte
Carlo simulation compare favourably with available experimental results obtained with time
resolved photoluminescence and Raman measurementa. The slowing down of the photoexcited
electrons due to the presence of hot phonons has also been found in GaAs-AlGaAs quantum
wells.

In the d.c. field case, the phonon-induced modification in the energy dissipation of the
hot carriers leads to a slight increase of the drift velocity at low field (drag effect) and to a

smali decrease at high fields (frictionai effect).
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FIGURE CAPTIONS

Fig. 1. Schematic representation of the energy flux in a typical semiconductor.

Fig. 2. Schematic of the rejection technique used for the selection of the fnal state in
the Monte Carlo algorithm for hot-phonon effects. The two random numbers r; and r» are
uniformely distributed in the range (0,¢maz} and (0,Nmae), respectively. The case illustrated

in the figure represents an accepted scattering event.

Fig. 3. Non-equilibrium LO-phonon distribution functions at three different delay titmes as a

function of the phonon wavevector. The insert shows the shape of the laser pulse.

Fig. 4. Time evolution of four different modes as a function of delay time.

Fig. 5. Energy dependence of the minimum wavevector for absorption and emission of LO
phonons, as a function of energy in a parabolic band. The shaded area indicates typical
Raman-active phonon wavevectors and Ein, is the energy value at which carrier are initially

injected measured from the bottom of the conduction band.

Fig. 6. Total scattering rates for polar-optical interaction at different times after the excita-

tion as compared with their equilibrium value,

Fig. 7. Electron distribution function of carrier energy, at different delay times.

Fig. B. Average electron energy, measured in equivalent temperature, as a function of time

with (continuous curve) and without {dashed curve) hot-phonons.

Fig. 9. Non-equilibtium phonon distribution for an excitation energy of 80 meV and an

electron concentration of 10'%¢m =2 for an 80 fs laser pulse at two different, delay times,

- 55

Fig. 10. Minimum wavevector for absorption and emission of LO phonons as a function of

energy in a parabolic band for the I' and the L valleys of GaAs.

Fig. 11. Phonon histogram (a} and distribution function (b) at 1 ps after the excitation, for

an initial electron energy of 0.5 eV.

Fig. 12. Average electron energy, measured in equivalent temperature, as a function of time
during and after the laser excitation for two different excitation sheet densities. The position

of the energy levels in the well is shown in the insert.

Fig. 13. LO-phonon distribution as a function of total parallel momentum (for ¢, = 0) for

times during and after the laser excitation.

Fig. 14. Time evolution of various phonon modes obtained by using three different values

for 7op-

Fig. 15 Scattering rate for optical phonon emission in a 150 A QW at 10 K. Dashed and
dotted lines show respectively the contribution of guided and surface modes, compared with

the 3D buik rate {continvous curve)

Fig. 16 Electron average energy as a function of time after excitation (with a 1ps laser puise)

for three different values of the phonon lifetime

Fig. 17 Hole average energy as a function of time after excitation (with a 1ps laser pulse) for

three different values of the phonon lifetime

Fig. 18 Nonequilibrium phonon distribution for three guided modes (m = 1,2,3) at 1ps time
delay
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Fig. 19 Nenequilibrium phonon distribution for the first (m = 1) guided modes, at three

different times after photoexcitation.
Fig. 20. Schematic representation of the excitation process in polar semiconductors.

Fig. 21. Energy distribution function for I-valley electrons in GaAs (a) and InP {b) at three
different time delays after the excitation. The excitation density is 5 x 10% ¢cm-3 and the

lattice temperature is 300 K.

Fig. 22. Luminescence spectra of GaAs at three different delays after excitation. Zero delay
correspond to the center of the excitation pulse (of 400 fs at 2.04eV. Full circles indicate

the MC results, the continuos lines the experimental data.
Fig. 23 Luminescence intensity versus time for GaAs and InP at room temperature

Fig. 24. Average energy, measured in equivalent temperature, of the T-valley electrons for

different excitation densities in GaAs (a) and InF (b) at Tp=300 K.

Fig. 25. LO-phonon distribution for T-valley electron in GaAs (2} and InP (b} for three

different time delays after the excitation at Ty =300 K.

Fig. 26. Time evolution of the Raman-active modes for two different temperatures. The

experimental results of Kash et al. '(1985) are shown in the insert.

Fig. 27 Detailed view of the low-energy portion of the energy distribution function in GaAs
al three different densities and in InP at the lowest density. The values indicate the electron

temperature deduced from the slope of the curves.

Fig. 28 Monte Carlo calculations of the Raman-active modes as a function of the laser-pulse
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energy under the condition of Collins and Yu's experiment [31] for two different values of the

[-L coupling; (M) Dri =7.0x 10° eV/cm, (o) Dpg = 1.5 x 108 eV/cm.

Fig. 29 Monte Cario calculations of the Raman active modes as a function of time under
the condition of Shah et al. experiment {46] for two different vaiues of the I-L coupling;

(M) Drgy =7.0x10° eV/em, () Dpy = 1.5 x 108 eV/cm.

Fig. 30 Average electron velocity as a function of time with (dashed line) and without

{continous line) phonon disturbance

Fig. 31 Average electron energy in the T valley as a function of time with (dashed line) and

without (continous line) phonon disturbance
Fig. 32 Forward LO phonon distribution function at two different times.
Fig. 33 Electron occupation of T valley at two different times

Fig. 34 Average electron velocity as a function of time: with phonon disturbances (dashed
line} for both screened and unscreened coupling; without phonon disturbances for screened

(full line) and unscreened (dashed-dotted) coupling.

Fig. 35 Average electron energy in the T valley as a function of time: with phonon dis-
turbances for screened (dashed line) and unscreened {dotted line) coupiing; without phonon

disturbances for screened (full line) and unscreened (dashed-dotted) coupling.

Fig. 36 Average energy and relative valley population of I'-valley electrons as a function of

time with {dashed lines) and without {continuous lines) phonon disturbancea.

Fig. 37 Average electron velocity and average energy of L-valley electrons as a function
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of time with {dashed and dotted lines) and without [continuous and dashed-dotted lines)

phonon disturbances.

Fig. 38 Perturbed L.O phonon distribution for forward modes at two different times after

turning on the electric field.

Fig. 39 Occupation number for the I' Valley electrons for two electric fields below (a) and

above [b) the threshold for intervalley transfer, with and without phonon disturbances.

Fig. 40 Steady state drift velocity as a function of electric field with (dashed lines) and

without {continuous line) phonon amplification.

Fig. 41 Steady state drift velocity as a function of electric field for the case of remote ionized-

impurity scattering with (dashed lines} and without (continuous line) phonon amplification.
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