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Abstract

Recent experimental results in the application of time-resolved
photoluminescence to study the thermalization of excitoms in semiconductors
such aé CuZO, AgBr énd CdS are diécussed. It is shown that such'SCudies
provided detailed information on the interaction between excitons and
phonons and on how these interactions affect the thermalization of excitons.

and exciton-polaritons.
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Introduction

In this Comment, the word thermalization will mean procésses by which
a system achieves thermal equilibrium. The system'I am interested in consists
of electrons and holes in semiconductors which have been produced by illumination
with either a continuous wave (cw) or a pulsed'radiation.source. What has been
called thermal equilibrium in such systems is really a steady state in which
the photoexcited carriers have distfibutions that can be approximéted by
equilibrium distributions. For example, anorrelated electrons and holes
usually reiax via electron-phonon interactions to band extrema where their
distributions are both given by Fermi-Dirac distriButions with a quasi-Fermi
level for the electrons and one for the holes. If the electrons and holeé
are attracted by Coulomb interaction, they form correlated pairs or excitons
which are bosons. The excitons behave iike neutral free particles, and they
relax into a distribution which can be approximated by the Boltzmann distribu-
tion. 1In this érticle,lI will be congerned only with correlated electron-hole
pairs.

In a typical cw'photoluminescence experiment, one excites excitons with
a narrow energy distribution by means of a laser. In most cases, the excitons
relax by exciton-phonén interaction in a time which is short compared to the
exciton radiative lifetime.. Thus, the emission spectra reflects the thermalized
distribution of the exciton and contaias no informafion on the intermediate
thermalization process. By assuming that the excitons follow a Maxwell-
Boltzmann distribution, one canvanalyze”the emission spectra to determine the
effective temperature of the exciton in quasi-thermal equilibrium with the

lattice. 1In principle, one can learnm a lot about the thermalization processes



if one can measure the exciton emission before they become thermalized. There
are at least two ways to measu;e such ndnthermalized luminescence (sometimes
referred to as hot luminescence in the litéraﬁure). In the first way, omne
shortens the exciton lifetime so that the exciton thermalization time is now
longer than or comparable to its lifetime. In this case, the emission can be
excited by é cw source. In the second method, one uses a pulsed source with

a pulse length which is short compared to the thermalization time to excite
the emission which is then detected with a time-resolved technique.

So far, nbnthermalized emission has been measured mostly with the first
method. Interestingly enough, they have been observedvboth in samples of poor
qualityl-3 and in samples with extremely high qual_it:y.l"-7 In poor samples,
the exciton lifetimes are shoftened by nonradiative recoﬁbination at defects.
On the other hand, in samples with electric dipole-active excitons, nontherm-
alized emission lineshapes have been reéorted only in high quality samples
at low temperatures. In these materials, the reason why the emission is
nonthermalized is rather interesting. | | |

It is well kﬁown that electric-dipole active excitons which are not
strongly damped form coupled photon-exciton modes known as exciton-pola;itons
(to be abbreviated as polafitons)."Outside the sample, the polaritons are
just ordinary photons. Inside the sample, the polaritons are photons 'dressed'
by excitons (analogous to a polaron which is an elecﬁronv'dressed' by
phonoﬁs). Thus the thermalization of polaritons inside the cryétal is
equivalent to a radiation field coming into thermal'equilibrium with a cavity.
Since the incoming photons have energies of the order of an electron volt while
the sample ﬁemperature is typically £ 100° K, the polaritons have to suffer
many inelastic collisions (basically Raman and Brillouin scatterings) in order

to equilibrate with the lattice. For this to occur the lifetime of the



polariton inside the sample must be long compared to the scattering time. Since

this lifetime is usually very small when the polariton isuphoton-like the polaritons

do not equilibrate with the lattice. - Another way.to approach this problem.is to
consider the dispersion curves of polaritons as compared with those of excitons.
Bare excitons (i.e., not coupled to photons) have dispersion curves similar
to free particles so they can equilibrate with the lattice just like a collec-
tion of atoms or molecules will equilibrate with a container which acts asba
heat bath. However, the dispersion curve of a polariton is'quite different
from that of a free particle (a schematic diagram comparing the dispersion
curves of poiaritons,.bare excitons and photons is shown in Fig. 1). Since
the minimum energy of a polariton is zero, in principle polaritons héve to
thermalize into the zero energy state. When the polariton energy is small,
it is basically a photon so it will interact only very weakly with the lattice.
As a result, one concludes again that the polariton will nét come into thermal
equilibrium with the lattice. However, Téyozawa8 pointed out that
polariton lifetime has a maximum around the exciton. energy and he labelled it
as the'polariton bottleneck: If the interaction time between the polaritons
and phonons is short compared with the polariton lifetime at the bottleneck,
then it is possible for the polaritouns to thermalize around the bottleneck.
Thus, whether polaritons canvreach a quasi-ﬁhermal equilibrium or not depends
on these two times: the polariton-phonon scattering time which is determined
mainly by the exciton part of the polariton and the polariton lifetime inside
the sample which is determined either by the trapping of polaritons at defects
or by its escape.from the sample via its photon part.

Although nonthermalized emission spectra obtained under cw excitation
conditions have been around for some time, they are difficult to analyze

9,10

because these spectra are typically broad and featureless. Recently,



nonthermali;ed emission spectra have been obtained by pulsed excitation with
picosecond lasers. These spectra contain considerably more information since

the spectra lineshape changes with time. For the first time, it has‘been

possible to extract detailed information about the thermalization of excitons -

and of polaritons from the time-resolved nonthermalized emission spectra. The

L

materials which have been studied incluée CuZO, AgBr, CdS and CdSe. The former
two materials are ideal for studying the behavior of excitoms since the
excitons are not stfongly coupled to photons, while CdS and CdSe are
classic materials for studying polaritons. Since these time-resélved measure-
ments are possible recently mainly because of advances in techniques for the

generation of very short laser pulses, I have included a brief discussion of

the experimental techniques in the Appendix.
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Theory

Calculation of nonthermalized luminescence lineshapes can now be

performed even with microcomputers. -Typically, it involves solving numerically

(9

a rate equation for the carrier population p(E) in the form of:

do(E) _ _ e(E)
922 = G(B) - S(B) - [1]

- .Where E is the energy of the carrier, G(E) is the generation rate due to

the laser and scattering of carriers from other energies into the state E,
S(E) is the scatteriﬁg rate due to carrier-phonon, carrier-carrier interactions
and 7t; 1is the carrier population lifetime due to radiative and non-radiative
recombinati&ns. Most of ﬁhe physics is contained in the calculation of S(E).
In thé cases. of interest to us, the photoexcited carrier densities are low
enough that carrier-carrier interactions can be neglected. Then S(E) is
determined by electron-acoustic phonon and electron-optic phonon intéractions.
In general; these interactions are responsible for the thermalization of the
carriers. We also notevthat the electron-phonon interactions do not decrease
the total carrier pobulation; they only redistribute the population. On the
other hand, processes contributing to fl deplete the overall carrier
population.

If we can define a mean electron-phonon scac;ering time Te-p’ then
it is obvious that whether the steady state luminescence is thermalized or

. For = <<t ,

not depends on the relative magnitude of Te_p andv T, e—p )

the carriers can reach thermal equilibrium before recombination so the

emission has a thermal equilibrium lineshape. When re_p>r1 , then the



- emission is nonthermalized. 1Imn. actual cases, this‘simple picture may be
.complicated by the fact that both Te_p and T, can be energy-dependent.
In principle, by analyzing the nonthermalized émission lineshape and its
time~-dependence one can measure directly T, and Te-p as a function of
energy.

The simple Equation [1] is not valid at high carrier densities. It has

been found that for carrier densities typically above 1018 gm-3, the
electron-L0 phonon can be screened and the energy gaps are renormalized.(ll)
These effects cause .Te—p and the densiﬁy—of-states to be density dependent.
At still higher densities, Auger processes become dominant and T becomes

(12)

density dependént also. Another compiication to Eq. [1] arises when the
electron relaxation generates so many phonons that the phonqn-population
becomes time-dependent. When this happens, it is necessary to write down
another rate equation for the phonon population and solve both the electroﬂ
and phonon rate equations simultaneously. So far there have been reports
of TRPL experiments in these high carrier density regimes(l3) but most of
them have not been analyzed quantitatively because of the comﬁlications
discussed above. Therefore, in ;his Comment I will concentrate more on the
recent low excitation ekperiments.

Theoreticall&, one can solve Eq. [1] and display the resuits in two ways.
One can plot p(E) versus t for various energies E or plot p(E)
versus E for various times t. Experimentally, it is usually more
convenient.to measure p (E) as a function of time for different energies.

So it is important to interpret the experimental p(E) versus time curves

correctly.



Let us assume the population p at energy E 1is given by a simple

equation of the form:

£ = o) - bo [2]

where G(t) 1is the rate of generation and bp 1is the decay rate. The

solution of Eq. [ 2] can be written as:

. t .
o(t) = e-btjc(t) ePCae _ [3]

-0

~ assuming the initial condition to be p(-®) = 0. It is generally assume&
that G(t) is a delta function AS8(t) so that p(t) = AG(0) e-bt. Thus
the populatioﬁ decays exponentially, and, from the gra&ient of the semilog
plot lnp versus t, the decay time b~! éan be measured. In most solids,
this is an exception rath;r than the.norm. Even when the éxcitation laser
pulse can be approximated by a delta function in time, the single exponential
solution is valid only for the population at the energy of excitation. The
populations at all other energies are built up from decay of populatiomns in
higher energy states, and therefore their generation rates are not delta
functions. Let us assume that the population p(E) 1is created by decay of

another state whose population p(E',t) changes as o(E',t) = o(E',o)e-at

so G(t) has the form Ae‘at. Substituting into Equation [3], we get

o(E,t) = TB%ZT (e—at - e-bt> - [4]
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The important thing to note about Eq. [4] is the symmetric role of a and b.
Normally we expect that the population p(E,t) will show a rise time given

by afl and a decay time equal to b~!, Equation [4] shows that this is

true only when a>>b. &;;n the reverse is true, the fise time of p is -
determined by b ! while its decay time is equal to a~!! 1In both cases,

the time Aependence of o 1is not exponential except for time large compared ¢
to both a~! and b71l.

In solids there are usually continua of electronic states, and carriers
in these states can scatter into each other via phonons. 1In principlé, the
populations p(E,t) are solutions of many coupled rate equations, ‘and one
should not expect a simple exponential decay for p(E,t). However, in
most cases the electron-phonon scattering time Te—p is mpch shorter than
the carrier lifetime rl,‘ Only for time < Te-p are the decays of p(E,t)
non-exponential. For t>>re_p, the entire carrier distribution will be ir
thermal equilibrium, so p(E,t) decays exponentially with the same time
coﬁstant T, independent of energy E. From this discgssion, it is clear
that by measuring the photoexcited carrier distribution as a function of
time, one can determine, first, the time for the carriers to reach thermal

equilibrium (equilibration time). This time is mainly determined by Tacp®

Secondly, one can determine the lifetime (Tl) of the thermalized population.

Recent Experimental Results . -
Since this Comment is not meant to be a review article, no attempts

will be made to include here all the availablevexperimental resﬁlts on TRPL.

Nor will time-resolved experiments in which lineshapes are already thermalized

be considered, since this discussion is aimed at understanding nonthermalized

emission lineshapes. Experiments will be divided into two categories. 1In



the first category the excited carriers form excitoums, but not polaritons,
because the excitons are either indirect or electric-dipole forbidden. In
the second category, the excitons have strong dipole moments and form exciton-

polaritons.

a. Thermalizationvof Excitqns

From the theoretical point of view, the thérmalization process of
excitons is relatively well understood. Excitons relax by scattering Qith
optical phonons (OP) énd acoustic phonons (AP). Suppose at t = 0 a narrow
distribution of excitons is created at energy E  >> Eg (hiﬁimum exciton
energy) as shown in Fig. 2 In typically less than 1 ps, excitons will relax
to the band bottom by emission of OP. Then the excitoné thermalize by
scattering with AP. The equilibratién time varies from picoseconds to
nanoseconds depending on the lattice temperature. After the excitons have
reached thermal equilibrium, their population distribution is given by the

Maxwell-Boltzmann distribution:
p(E) =\E-E_ exp [—(E-Ex)/kBT [5]

This exciton distribution can be determined from the excitom luminescence.
Because of momentum conservation, the zero-phonon exciton recombination
peak r%flects ogly the population of excitons with small momentum. To
determine the exciton population at larger momentum, it is necessary to

study the phonon-assisted recombination peaks.
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In Fig. 3(a) is an éxample of a fit to the phonon-assisted exciton
luminescence peéks in Cu,0 with Eq. [5]. ‘From such fits, one can determine
the exciton temperature and phonon energies, but né details of the exciton-
phonon scattering process. o | -
Recently, experimental studies of TRPL have Been reported by Weiner
et 314(14-16) in Cuy0 and by Stolz et al.(17’18) in AgBr. These authors .
have determined directly Te-phvby exciting resonantly in their sample a delta-
'function—like distribution of excitons with picosecond dye laser pulses.
The excitation processes are shown schematiqally by arrows 1 and 2 in Fig. 4.. —

A phonon is'émitted in the excitation process in order that excitons with

non-zero momentum are created. The exciton energy (EX) is determined by

the equation: Ex = ‘ﬁwi-‘ﬁwph where ‘ﬁmi is the incident photon energy,
and "ou is the phonon energy. To determine the decay time of the

ph

exciton population at Ex due to exciton-phonon scattering, the emission

at photon energy {iws = Ex-{iwph is monitored. The emission process is

shown in Fig. 4 by arrows 3 and 4 and again a phonon is involved to conserve
momentum. This is a case in which the exciton population being measured is
generated directly by a delta-function pulse, so the solution to Eq. [2]

should be an exponential function in time. This was found experimentally to

(21)

be indeed the case. In both Cu20 and AgBr, the measured decay times

: Tl are interpreted as determined mainly by exciton-phonon scattering. Based

on this interpretation both the magnitude of . and its dependence on the

(15,16)

exciton energy are well explained by theory. In Fig. 5 the exciton-
phonon scattering rates in AgBr extracted from the experimental results

are decomposed into contributions from intravalley (Fac), intervalley



(FTA(X)

by Weiner and Yu.

~11-

and T exciton-phonon scatterings and trapping by defects

LA(X)’

(Po). From this fit, the exciton-phonon deformation potentials are determined.

It is important to note that in Fig. 4 , although the excitons suffer

no inelastic scattering between absorption and emission, elastic dephasing
scattering can occur. The dephased component of the emission has been
labelled as hot luminescence while the non-dephased component as resonant

Raman scattering. It has been suggested that time-resolved measurements

(19)

can be utilized to separate the two components. Based on the time

dependent results, Weiner and Yu(ls)-concluded that in Cu20 the emission is

dominated by hot luminescence.

It is well-established that the 1ls orthoexciton in Cu20 is electric-

(20)

dipole forbiddén, but electric-quadrupole allowed. So in addition to

the phonon-excitation process sketched in Fig. 4, it is possible to excite
zone-center excitons directly by quadrupole absorption. It has been pointed

(21)

out by Habiger and Compaan that such 'cold' excitons will thermalize by

first absorbing an LA phonon of frequency -~5cm”! (corrésponding to T -7 K).
If the sample temperature is << 7 K, the photoexcited.exciton will first
warh up to -7 K before cooling back to the lattice temperature. Instead
of heating the sample, ﬁhe laser will actuaily cool the sample!

This thermalizat?on of cold excitons in CuZO has been observed by TRPL
(l6) Their experimental TRPL spectra are compared with

theoretically calculated spectra in Fig. 6 . The cold excitons are excited

by tuning the picosecond dye laser frequeﬁcy to the ls orthoexciton frequency

of 16397 cm™!. The exciton distribution is determined from the T _T-phonon

12

assisted exciton recombination peak between 16287 and 16297 em~!. In Fig. 6(c)

one sees that after ~0.5 nsec, a broad peak appears in the exciton distribution
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! above the exciton band minimum due to LA phonon absorption. This

at ~5 cm~
peak reaches its maximum intensity in ~1.6 nsec. It took the exciton about
5 nsec to reach a thermal equilibrium lineshape. The theoretical spectra
shown in Fig. 6(¢) and (d) reproduces all the experiﬁental results wiéﬂ-

no adjustable parameter. This excellent agreement between theory and

experiment is due to the fact that very detailed information is available

on the properties of excitons in CuZO.

b.» Thermalization of Exciton-Polaritons

When excitons are electric-dipole active, the electromagnetic Qave
and the exciton polarization form a coupled propagating mode known as exciton
polaritons. Several reviewé on polariton properties have appeared recently.(ZZ)
Here we will be concerned with the poiariton thermalization process only.
The thermalization procedure for the exciton described earlier is
-not valid anymore because the polariton diépersion curve no longer has a
minimum af the transverse exciton energy as shown in Fig. 1. 1In principle;
the polariton can continug to relax in energy down to the zero energy state.
Experimentally, however, one observes emission at photon energies close
to the transverse exciton energy. Typically this polaritoh emission curve
is much broader than predicted by Equation [5]. The polariton emission

3

lineshape was qualitatively explained by Toyozawa who pointed out that

the polariton lifetime should be determined mainly by two processes.
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First, polaritons relax by emission of acoustic phonons. Since only the
exciton part of the polariton interact with acodstic phonons, the phonon
scattering rate should decrease below the transverse exciton energy when
the polariton becomes essentially photon-like. As the polariton becomes
more photon-like, its group velodity increases and.its probability of
escaping from the crystal also increases. Figure 7 shows the calculated
phonon scattering rate (dotted curve) and radiative decay rate (broken

(23) The total decay rate

curve) as a function of polariton enérgy in CdS.
(solid curve) shows a minimum (or a maximum in lifetime which Toyozawa
labelled the poiariton bottleneck) slightly below the transverse exciton
frequency (20589.5 cm~!). Based on this theory, if one measures the decay
time of the polariton emission as a function of polariton energy, one should
see a maximum in the decay time at the polariton boﬁtleneck.

(24)

In 1975, Wiesner and Heim reported for the first time the polariton
decay time as a function of energy in CdS for several temperatures. Two
aspects of their results are quite interesting. Firstly, they found that’

the polaritons were not in thermal equilibrium at low temperatures (T < lOoK)

~in agreement with Toyozawa's theory, but the decay time shows only a plateau

instead of a maximum. Secondly, at higher temperatures (T 3'25°K) the
polariton distribution was in thermal equilibrium. Wiesner and Heim could
interpret their result only qualitatively and sﬁill left open the question
as to whether the polariton lifetime in CdS had a bottleneck.

.Recently, Agkary aﬁd Yu(zs) repeated the experiment of Wiesner and

Heim and also compared the experimental results with the results of a model

calculation. They found good qualitative agreement between theory and



experiment. At low temperatures, polaritons above the bottleneck

accumulate in:the Lower branch where they ' relax = ‘e 58K s oo -

via emission of'ac0ustic phonons. As a result, the polaritomn decéy time
increases with.decrease in the polariton energies as predicted by Toyozawa.
However, when the polariton energy is below the bottleneck, their deéay time
becomes shorter than the time it takes to generate them. According to
Equation (4], in this region the polariton lifetime measured by Wiesner-and
Heim represents the generation time rather than the decaybtime.v As a result
a plateau rather than a peak is observed. Askary aqd Yu calculated tﬁe
time-dependence of the polariton emission at different energies and extracted
the polariton decay time versus polariton energy. In Figure 8, this decay
time is compared with the inverse of the decay rate shown invFigure 7. From
the two curves it is quite cleér that the two quantitie§ are i&entical only
for polaritons with energy above the bottleneck. Polaritons with energy
lower than the bottleneck have decay times equal to the lifetime of the
bﬁﬁtleneck because they are populated by relaxation of polaritons from the
bottleneck. At finite temperatures, the polariton-phonon scattering rate
increases, while the radiative recombination rate is almost constant. At
ﬁemperatures T 2 109K, the scattering rate becomes fast enough for the
polaritons at the bottleneck to-;each a quasi-thermal equilibrium. This is
shown clearly in Figure 9 where the polariton distribution functions are
plotted at various time delays after impulse excitation.(26) At T = 10°K,
it takes the polariton about 5 nsec to attain quasi-thermal. This
equilibration time decreases with temperature rapidly. At T > 259K, the

equilibration time becomes shorter than the time resolution in the



experimént of Wiesner and Heim. This explains why they found tﬁe
polariton.distribution to be in thermal equilibrium at 25°K. Thus the
presence of the bottleneck in the polariton lifetime is crucial in
understanding how the polariton distribution (and hence the polariton
emission curve) varies from a nonthermal equilibrium distribution to a
thermal equilibrium distribution as temperature increases.

In summary, TRPL measurement is a powerful technique for studying

the dynamic . behavior of excitons in condensed .
matter; In systems where the exciton lifetimes are long enough to reach
thermal equilibrium before recombination, TRPL is.complementary to steady-
state PL and enables important parameters, such as exciton lifetime and
electron-phonon scattering time, to be determined directly. In systems
where the excitons:.do not reach thermal equilibrium before recombinatioﬁ,

steady-state PL spectra often do not carry much information and TRPL

results are very useful in understanding the steady-state PL spectra.
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Appendix: Experimental Techniques

In most semiconductors, photoexcited carriers relax via scattering
with phonons. The scattering rates vary typically from ~1010 sec”! for
acoustic phonons to ~1013 sec™! for longitudianl optical (LO) phonons.(27)
Typical radiative decay rateé of carriers are ~109 sec”! while non-radiative
decay rates (due to defects) can vary from <102 sec™! to >10!2 sec”!

(28) Thus to study time-resolved photo-

depending on the sample quality.
‘luminescence (TRPL) in semiconductors, a setup capable of generating and
detecting picosécond duration light pulses is needed.

The recent availability of such.light sources and detectors comﬁercially
makes measurement of TRPL avroutine experiment. It is not the.purpose of
this article to review all the available light sources and deteétors
suitable for TRPL, so only some commonly available systems, including their
advantages as well as limitations, will be summarized here.(zg)
A. Picosecond Light Sources

Although it is possible to study TRPL with incoherent light sources.
producing pulses of duration > 100 psec, most TRPL experiments in solids use
modelocked lasers as the excitation source. Several such modelocked laser
systems and their properties are summarized in -Table I. These laéers have
been selected because their high repetition rate makes them pa;ticulérly
suitable for TRPL studies. When higher peak powers are %esirable, the Nd:YAG
laser can be Q-switched, and the dye laser cavity-dumped to generate pulses
with megawatts of peak pbwer.
B. Detection Systems

Several detection schemes are available which offer subnanosecond
time-resolution with sufficiently high sensitivity for measuring emission

in samples of relatively low quantum efficiency. Some of these are summarized

below:



-
29)

(i) Streak Cameras

In principle, the streak camera offers the best combination of

© versatility, time-resolution and sensitivity for TRPL experiments. The

best commerically available units have time-resolution of -1 psec and sensitivity

for detecting single photons. Their only drawback is their high price.
(ii) Optical Gating
In these techniques, the laser pulseé are typically split into two
beams. One beam is used to excite the sample, while the other is used to "gate"
the detector. With high power lasers, the laser can be used to open a Kerr
shutter before the detector. In the technique pioneered by Mahr and coworkers(IB)
the lasér is mixed with the photoluminescence in a nonlinear crystal to génerate
the sum frequency. By varying the_delay between the laser and the photo-
luminescence, the temporal profile of the latter can be determined. The
disadvantage of this scheme is its low sensitivity; consequently, only solids
with high quantum efficiency can be studied. Furthermore, because this
optical gate can sample only one emission ffequency at one delay at a time,
its efficiency of data accumulation is low.
(1ii) Delayed.Coincidence Photon Counting‘zs)
A schematic diagram of this detection system is shown in Figure 1Q.-
The.heart.of this system is thé fast constant fraétion discriminators (CFD)

and time-to-amplitude converter (TAC). The time resolution of the electronic

system is estimated to be ¢ 30 psec. In practice, the time resolutiom of

these systems 1is limited by the photomultiplier tube. With more conventional

photomultiplier tubes and deconvolution of spectra, decay times as short as

100 psec have been determined. With the new microchannel based photomultiplier
tubes, it should be possible to measure decay times as short as ~ 30 psec.

The advantages of the detection scheme are its relatively low cost, ease of
oberacion and single-photon sensitivity. Also, with @icrochannel plate

based photomultipliers equipped with a resistive anode,(BO) it should be

possible to obtain entire emission spectra as a function of time.
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for time-resolved photoluminescence studies

Laser

Modelocked cw
Nd:YAG

Modelocked cw
Arf

Dye Laser .
Pumped by modelocked
cw Nd:YAG

Dye Laser
Pumped by modelocked

| cW Ar

Dye Laser
Passively modelocked

-and pumped by cw Art

Pulse Photon
Duration Energy
_ 1.17 eV or
< 100psec 2.34 eV
2.4-2.7 eV
~200psec in discrete
steps
1 -4 ev
by frequency
>1lpsec doubling
21lpsec 1-2.3 eV
20.1lpsec 2 eV

TABLE 1 A comparison between a few common sources of picosecond laser pulses

Repetition Energy/
Rate Pulse
-108Hz <100nJ
~108Hz ~-10nJ
~10%H2 ~10nJ
~10 Hz ~1nJ
~10%Hz <lnJ
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Figure Captions

"FIG 1

FIG 2

FIG 3

FIG &4

FIG 5

The polariton dispersion curves (solid curves) of CdS as compared
with the uncoupled dispersion curves of the photon (dot-slashed
curve), transverse exciton (broken curve) -and longitudinal
exciton (solid circles).

Schematic diagram showing the thermalization procedures for an
optically excited exciton pdpulatiqn.

(2) An example of how the temperature of a thermalized exciton

population can be determined by fitting the lineshape of the phonon-

assisted exciton recombination peak using Eq. (5). The solid line
is the experimental luminescence spectrum of CuZO while the dots
are calculated from Eq. (5) with T = 7°k.

(b) An example of a nonthermalized emissién spectra. The dots
have been calculated from Eq. (5) with T = 20°K although the sample
temperature was identical to (a). The crosses are theoretical
results based on a nonthermal equilibrium exciton distribution.
This figure is reproduced from Ref. 9.

A schematic diagram of the processes producing nonthermalized

luminescence of excitons via phonon-assisted absorption and emission.

Exciton-phonon scattering rates in AgBr as determined from the time
decay of the nonthermalized luminescence. This figure is reproduced

from Ref. 22.



FIG 6

FIG 7

FIG 8

FIG 9

FIG 10

~23-

The theoreticai and experimental TRPL spectra of the ls exciton

in CuZQ. (a) and (¢) are the theoretically compﬁted exciton
distributions as a function of time. (b) and (d) are the
corresponding experimental distribution as determined from the

F:Z -phonon assisted recombination peak.

Theoretical decay rates of polaritons in CdS plotted as a functionm
of polariton energies. The broken éurve'shows the radiative decay
rates; the dotted curve is the phonon scattering raﬁe,zand the
solid curve is the total decay rate.

A comparison between the calculatedvpolariton decay time as obtained
from the inverse of the polariton decay rate (solid curves) and the
decay time determined by fitting the time-dependent polariton |
popul#cion with Eq. (4). (a) and (b) correspond to lattice
temﬁeratures of 0 and 25°K, respectively.

Theoretical polariton distribution function in CdS plotted at

various time delays after excitation by a short optical pulse.

The lattice temperature is assumed to be 10°K.

Schematic diagram of an experimental setup for performing time-
resolved photoluminescence measurements using a delayed coincidence

photon counting system.
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