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We present here experimental results concerning the photoluminescence spectrum of CdS under high
excitation intensities. With increasing excitation intensity the single emission band observed at 77 °K
shows a peak displacement towards lower energies, an enhancement of its low-energy side as well as of
its high-energy side. These effects increase with excitation intensity. We develop a complete model that
can account for the above behavior and the emission band shape. The broadening is mainly due to
nonequilibrium distribution of LO phonons, though contributions to the high-energy side from hot
electrons is quite significant. Self-energy corrections account for the band reduction and consequently to
the shift of the luminescence band peak towards lower energies.

I. INTRODUCTION

The study of high-excitation effects in semicon-
ductor behavior, such as metallic droplets, ex-
citonic molecules, nonequilibrium distribution of
electrons, phonons, excitons, etc., has become
in recent years one of the dominant fields of inter-
est both to experimentalists and theoreticians.!
This paper is an attempt to consolidate our results,
experimental and theoretical, by incorporating de-
tails which by necessity were left out of some
earlier short communications reporting on the
photoluminescence spectrum of CdS at tempera-
tures above 77 °K and at high-excitation intensi-
ties. 2~

Our results have evidenced the participation of
nonequilibrium distributions of optical phonons
and conduction-band electrons, as well as the
need for introduction of carriers self-energy to
fully account for the luminescence behavior and
shape dependence with excitation intensity.

The present research was motivated by analogy
with highly doped, closely compensated semicon-
ductors that have been shown to develop a “tail of
states” penetrating into the forbidden energy band.
These states affected the intrinsic radiative emis-
sion band in two ways, namely by a shift towards
lower energies of its peak and by introducing an
enhancement of its low-energy side. This is, both
theoretically and experimentally, an abundantly
studied phenomenon. 3

Since these effects are mainly due to Coulomb
interaction one should expect similar results when
large densities of free charges are injected. In-
deed band-peak shifts towards lower energies with
excitation intensities were attributed to these ef-
fects when observed in GaAs.® However, these
observations were not detailed enough to extract
the related broadening of the low-energy side of
the emission band. Under high-excitation intensi-
ties CdS displayed an emission spectrum very
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much similar to those reported for compensated
heavily doped GaAs. A theoretical calculation
based on carriers self-energy corrections was
able to account for large part of the shift of the
emission-band peak towards lower energies but
could not explain the observed large enhancement
of the low-energy side.® Concomitantly, the broad-
ening of the high-energy side of the emission spec-
trum was attributed to hot electrons.? Results
from Raman spectroscopy under excitation condi-
tions similar to the present case disclosed that in
most semiconductors, nonequilibrium distributions
of LO phonons were induced.”’ Due to the strong
coupling between electrons and LO phonons we
should expect that both low- and high-energy sides
to reflect the LO-phonon population rather than

the crystal temperature, The calculations to be
presented here show that this is indeed the case.
The entire behavior and shape of the photolumines-
cence emission spectrum of CdS under high exci-
tation can only be properly accounted for by taking
into consideration known effects that are unavoid-
able at high excitation, i.e., nonequilibrium popu-
lations of LO phonons and electrons and Coulomb
interaction between carriers.

II. EXPERIMENTAL NOTES

A diagram of the experimental arrangement
used is shown in Fig. 1. The CdS samples were
immersed in liquid N, in a Dewar with quartz
windows. A pulsed nitrogen laser operating at
A=3371 A (kv =3.68 eV) with pulse duration of near-
ly 10 nsec at 100-kW maximum power, was used as
the excitation source. Focusing was obtained by
a quartz lens or by a set of mirrors and maximum
power density attained was nearly 10" Wcm™,

"Variation on power was obtained by a series of

glass plates introduced in the laser path that af-
ter calibration acted as attenuators. An Ebert

0. 5-m monochromator was used together with an
S-20 photomultiplier. A box-car integrator pre-

2213



2214 MENESES, JANNUZZI, RAMOS, LUZZI, AND LEITE 11

DN /\ 5

3- PHOTO-MULTIPLIER
4-BOX-CAR INTEGRATOR
5- RECORDER

6and 7 - LENS

8-DEWAR (COLD FINGER)

ceded the strip chart recorder. The radiative
lifetime was verified to be much shorter than the
laser rise or decay times. For higher tempera-
tures we have used a cold-finger Dewar capable
of reaching temperatures as high as 400 °K by use
of a heating resistor in the sample holder.

III. EXPERIMENTAL RESULTS

At temperatures of liquid-helium typical radi-
ative band-edge emission spectra of CdS are domi-
nated by transitions involving shallow impurities.
At temperatures above that of liquid H, however
the spectrum is often dominated by the so-called
A band attributed to the singlet exciton., This emis-
sion band increasingly involves band to band transi-
tions as the temperature increases. Due to our
specific interest in intrinsic processes, we have
restricted our observations to temperatures above
that of liquid N,.

Figure 2 gives the evolution of the radiative
emission band with increasing excitation intensity
for a CdS sample immersed in liquid N,. Note
that the shift of the emission band towards lower
energies is accompanied by a broadening of the
low-energy side. If we characterize the low-ener-
gy side by an expression of the form I(kv)=Ae™ /%o,
where I(hv) is the observed emission intensity at
the photon energy /v, we may express through the
empirical characteristic energy E; the induced
broadening of the low-energy side of the emission
band.

We ensured ourselves that sample heating was
not significant by using different duty cycles in
the excitation source. Though a temperature in-
crease would not only shift the emission peak but
also increase the bandwidth, effects observed here,
we may be sure that this is not the case by simply
comparing spectra at high excitations intensities,
and low temperatures with spectra at low-excitation

IN
FIG. 1. Diagramatic
H4 description of experimen-
tal setup.
1- N, LASER 9 - CRYSTAL
2- SPECTROMETER 10- OPTICAL WINDOWS

intensities and higher temperatures. This is be-
cause when we match band-gap reduction AE, due
to temperature with that due to high excitation the
slopes of both sides of the spectra for which AE,
was matched never coincided.

Figure 3 shows the dependence of the peak ener-
gy on the excitation intensity for three different
temperatures. It is worth noticing that the slopes
in Fig. 3 are the same for all temperatures.

Figure 4 gives the evolution of the emission
spectrum for a CdS sample at room temperatures,
300 °K, with increasing excitation intensities. The
same effects are noted here also. Due to an initial
larger broadening the effects are not as readily
noticeable as at 77 °K.

It is clear from the experimental results that
E, as well as E; and the high-energy slope are
monotonic functions of the excitation intensity.
The excitation at these intensities introduces in
the crystal not only free carriers but also a large
population of longitudinal~optical phonons. These
phonons must be important because from several
experimental results we know that they participate
in radiative transitions in CdS even when not in
excess population, ®

Therefore, any attempt to account for the radi-
ative emission spectrum of CdS, and, in fact, in
most direct-gap semiconductors, of these high
intensities must take into consideration not only
electron self-energy correction and Coulomb cor-
relation but also electron interaction with an LO-
phonon excess population. Next we consider the
theoretical aspects of the subject.

IV. THEORY

In this section we propose a phenomenological
theory which attempts to describe the luminescence
spectra in conditions of nonequilibrium distribution
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FIG. 2. Emissionspec-
tra of CdS at different ex-
citation intensities. Ther-
mal bath at 77 °K.
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of elementary excitations in direct-gap semicon-
ductors.

In the conditions of the experiment under con-
sideration it is expected that the saturation condi-
tion, when the rate of generation of electron-hole
pairs equals the recombination rate,  is not
achieved, Hence, with the intensity of the electro-
magnetic field not too high so that the probability
of induced transitions are smaller than the proba-
bility for collisions between the elementary exci-
tations we make the simplifying assumptions of
introducing quasichemical potentials (u,) and ef-
fective temperatures (7,) for the subsystems of
electrons, holes, and phonons in quasiequilibrium
condition,!® Figure 5 gives a pictorial descrip-
tion of the physical system we are considering
and the relaxation mechanisms and transitions
involved: (i) electron-hole pairs are created
through intense laser excitation; (ii) these elec-

|
250

trons and holes decrease their energies by emis-
sion of LO phonons in times of the order of 7,,
and 7,,, respectively, leaving a LO-phonon popu-
lation in large excess of equilibrium value; (iii)
quasiequilibrium distribution of all three systems
is assumed to be established through collisions
and multiple emission and absorption of optical
and acoustic phonons, involving relaxation times
TerLs ThLs and ToL (Te’ Th’ T*’ and He and U, are
the temperatures and chemical potentials that
characterized the quasiequilibrium distributions);
and finally (iv) radiative recombination occurs
with the characteristic time 7,. Process (ii) is
the fastest; 7,, and 7,, are much smaller than 7,.
Thermodynamic equilibrium is not achieved in the
interval 7, because all other 7 are of the order or
larger than 7,, and recombination occurs in the
nonequilibrium conditions (iii)., It should be noted
however that we are introducing a unique effective
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temperature 7* for the LO phonons. Recent ex-
periments show that the effective temperature
that characterizes the nonequilibrium population
is dependent on the phonon wavelength: the small-
er the wave number the larger the population ex-
cess.” The temperature T* can be considered as
an average temperature over the phonon (nearly
zero) wave numbers that will be involved and con-
sistent with an approximation to be introduced
later [cf. Eq. (4)].

The Hamiltonian we use is

H=Hg + Hy + Hy + Hyp + Hyp (1)

»

=

2

o]

>

@

<

2 4

=

[a2]

o

<

-~ FIG. 3. Energy corre-
sponding to the peak value

'_>_'_ of the emission band as a

6 function of excitation in-

2 tensity.

wJ

}_

z

Z

=)

= o 300°K

<

= o 273°K

2

w 0 77 °K

1 | | | | // | | |
244 245 248 247 7/ 251 252 253

where H; and Hyp are the energy operator of the
LO phonon and the radiation, respectively, H,p
and H,; are the interaction energies between elec-
trons and radiation and electrons and LO phonons,
and

HE 2; [sa (E)_Ua] c;ot Cl?a"'HCoul, (2)

with @ =c, v (conduction, valence bands) and Hgo,,
is the energy of the Coulomb interaction between
electrons. An additional assumption will be made.
Since we are considering the conduction and va-
lence electrons as two independent systems of par-
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FIG. 4. Emission spectra of CdS at different excita-
tion intensities. Thermal bath at room temperature.

ticles, interband Coulomb correlation and plasma
effects will be neglected, keeping only intraband
interactions. This is a crude approximation,
which, however, introduces many-body effects
that will result in a band-gap shrinkage, !! but fails
to give a structure that appears below the absorp-
tion edge due to electron-hole-plasma excitation,'®'!3
This structure has been observed under appropriate
conditions in GaAs, !* but is smeared out in CdS by
the superposition of the more intense phonon repli-
cas discussed in this paper.

The intraband Coulomb interaction will be incor-
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porated in the one-electron energies ¢, () in the
form of the self-energy correction M, (k) as given
by Hedin.'® Neglecting electron lifetimes we will
replace Hamiltonian (2) by

Hy =2 lea®+Mo®) = pal Cfy Gro . (3)
Observe that u, in Eq. (3) is now the renormalized
chemical potential u, + M, (Kp).

As a consequence of these assumptions the usual
theory of optical transitions remains formally
valid as for the case of free-band electrons in
equilibrium, except that we replace the electron
dispersion for the renormalized ones'! and we in-
troduce the quasiequilibrium distribution of ex-
citations. Furthermore, we will approximate the
Froélich interaction between electrons and LO pho-
nons by the model Hamiltonian'®

Hyp == P wy(a" - @) 2 Chi G @
where A is a coupling constant and w, is the LO-
phonon frequency. The electron-radiation inter-
action is

s 1
Hop = %gw(kk’) Cga Cgep +H.C. , (5)
ka

where
Zas &, K') =(Kal (e/mc)K- 5 |K'p) ,

with A (f) being the semiclassical vector potential
of the radiation field.

Concerning the statistical-mechanics aspects
of the problem our standpoint, as previously dis-
cussed, consists of considering the system to be
composed of four subsystems, conduction and va-
lence-band electrons, LO phonons, and the thermal
bath (acoustic phonons), which could be assigned
different temperatures. These subsystems are
supposed to come into internal equilibrium at
temperatures 7, in times 7, much shorter than

the recombination time 7, and the relaxation times
for contact with the thermal bath. Hence, the
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system may be described by a density matrix of
the form

p(Ta, Ko )=Pc PuP phP int » (6)

where

pa='é—aexp<'—ﬁa¥[€a(ﬁ)+M(E)_ ’J‘a]> 4 (63.)

pph=-Z]'Texp(—B*za:hw0 (aIaq+é)) R (6b)

and p;,¢ involves a small noncommuting part of the
total Hamiltonian which is responsible for the
ultimate establishment of thermal equilibrium, Z,
and Z* are the respective grand-partition functions
of electrons and phonons.

The luminescence spectrum is given by

I(w) = 0¥ gpon (W), ("

where 74, (w) is the rate spontaneous emission
of photons per unit volume into the solid angle

dQ and the frequency interval dw. Using the Born
expansion and the Van Hove method, 17 one finds

Fonon (@)= [ a1t T (0) 0(1)) (®)

where (- ) stands for statistical average using
the unperturbed part of the matrix density of Eq.
(6). Here

0() = 20 (€ 8, K) Chgy (1) Cio (0),
kq

with g given after Eq. (5).
A transformation to new variables Cg, by means
of application of the unitary transformation

U(#) =exp (— th o Cla cﬁa) (9)

is introduced in order to properly refer to a unique
zero of energy, which we choose at the bottom of
the conduction band.

The rate of spontaneous emission of photons be-
comes

¥spon (w) = Zg* (E’, E’ - C_l.)g(l:{-— a’ E)

oy

kk' q
x [ ate™ P, R, G 0, (10)

where

-

F&, K, G #)=(Chee Cprgy Chogy (1) Cae (1))
and
R=w= e+ [y

Neglecting electron-~hole correlation, dropping
the phonon momentum ¢, and taking the matrix
elements g (k, k') = g as k independent, one can
take advantage of Bosacchi and Robinson’s results,!®
after a proper adaptation to the quasiequilibrium
conditions of our model, to obtain
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Iw)=w?|g|? D @n(x)z {exp[- B(E;, - 1) +1}?
== ht

*{exp[B(Q + &, - p,) ] +1}
XO(Q - &, + &, + o= Uy, +Ray) (11)
where
&,(x) =exp[- x + (zrB*wo)]1,(x) ,

with x = Xcoth(3 8*w,), B*=1/KzT*, I,(x) is the
modified Bessel function of index n, and &€, =€z,
+M, ).

Next we specify Eq. (11) using numerical values
appropriate to CdS. Conduction- and valence-
bands energies and chemical potentials are chosen
as €, &) =#*/2m,, €, k&) =- E, - F/2my, u,=K:/2m,
+Mc(kF) - (I%ﬂz)(T/TF C)z’ Moy == Ez - klz"/zmh +Mv(kF)
+(f5 ®)NT/Tpy)?, where 372 k3 =n, with » the con-
centration of photoelectrons. We neglected cor-
relation effects between valence band electrons
(for_which 75 210), and the results of Hedin for
M, (k) are used.® This quantity is almost K inde-
pendent and one finds for CdS, M(k)/E, ~-0.007x,
where k =kp7%5. (Let us observe that we have used
33 A and 20 meV for the exciton Bohr radius and
exciton rydberg, respectively. The presence of
MC(E) in the combination e(k) + () produces an ef-
fective shrinkage of the band gap, and therefore
contributes to the shift of I(w) towards lower en-
ergies. Note that for « of the order of unity one
finds M(0)~15 meV, which is smaller than the
Hartree-Fock result,'! It is also used ¢,=10.5,
m,=0.17, m,=0.71, wy=36 meV, E,=2.56 eV,
and A=0.8.

Four phenomenological parameters are left open
in Eq. (11), namely, the photoelectron density #,
and the effective temperatures T,, T,, and T*
whose direct evaluation is not possible. These
parameters will be chosen as to give a reasonable
fitting of the experimental data. We do not attempt
here a careful fitting, since we believe that would
not be consistent with the different approximations
already done in order to obtain I(w). Our principal
aim is just to show that the shift of the peak posi-
tion towavds low enevgies and the wmodification of
the slope of the edges of the logavithmic spectra
with increasing laser intensity is a vesult of Cou-
lomb corvelation and nonequilibvium distvibution
of electrons and phonons.

The calculated and experimental luminescence
spectra are shown in Fig. 6. As already noted, '
the multiphonon thresholds are evident and the
square-root singularity at them are due to the sim-
plify model used here [Eq. (4)]. It is expected
that inclusion of lifetime effects, a more appro-
priate momentum dependence of the interaction
potential and the inclusion of the deformation po-
tential interaction should smooth the edges of the
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FIG. 6. The calculated and experimental luminescence
spectra of CdS: (a) k=0,96, T*=1790°K, T,=210°K; (b)
k=0,64, T*=680°K, T,=200°K; (c) k=0.38, T*=295°K,
T,=130°K.

calculated I(w). Such smoother shouldered slope
of 1n/(w) has actually been observed in CdS, im-
proving the quantitative agreement between experi-
mental and calculated values, *°

The fitting with the experimental results of Sec.
III was attempted by appropriate choice of the ef-
fective LO-phonon temperature T* and the electron

MANY-BODY AND HOT-PHONON EFFECTS IN THE... 2219

temperature 7,=7T,=T,. The high-energy side of
the spectrum broadening is a result of the enhance-
ment of the phonon replicas with increasing 7%,
i.e., as a result of the increasing excitation. Fig-
ure 7 shows the dependence of the energy parame-
ter E, with the phonon effective temperature, A
tendency to saturation at high-excitation levels can
be observed. It should be noted that a similar be-
havior of E; versus lattice temperature is ob-
served in GaAs.%

The broadening of the high-energy side of the
spectrum is also observed and accounted for our
theory. The slope of lnl(w) in this region can be
characterized by a temperature 7 such that

KT, =(9'—-13—ff—°’—))'1 . (12)

This temperature agrees at low temperatures
and in equilibrium conditions with the temperature
of the electrons, ° being then practically the lattice
temperature. The value of 7, increases with in-
creasing laser intensity, and has been interpreted
as the temperature of the carriers thermalized in
a quasiequilibrium condition.®?! However, for the
strong-excitation levels used in the experiments
of Sec. III, which produce phonon effective tem-
peratures of nearly 2000 °K, the (absorption) pho-
non replicas enlarge the high-energy tail of the
luminescence spectrum. Hence, T, is no longer
the effective electron temperature, except at very
low-excitation energies and low temperatures.
Figure 8 shows T,, T, and T, vs k (let us recall
that « is proportional to the cubic root of the in-
jected photoelectrons density).

Finally, Fig. 9 shows the shift of the peak ener-
gy of the emission band as a function of k. The

FIG. 7. E,, the in-
verse of the low-energy
slope of lnf(w), vs the
LO-phonon effective tem-
perature.

500 1000
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slope |dE g,y /d1nk |y, is found to be nearly 20.8
meV, whereas from the experimental data of Sec.
III is found |dE, ., /d1nk |, ~22.2 meV, once it
is assumed that there exists a linear relationship
between photoelectron concentration and laser in-
tensity. The opposite “Burnstein-Moss shift’’??
is, for the excitation levels considered, not yet
competitive with the combined “energy-band-gap
shrinkage” added to the tail contribution of the
phonon side bands.

V. DISCUSSION AND CONCLUSIONS

We presented an experimental study of the photo-
luminescence spectrum of CdS in conditions of high-
excitations levels. Our results, together with in-
formation collected from other kind of experiments,
show that nonequilibrium distribution of optical
phonon and charge carriers determine the behavior
and shape dependence of the luminescence spectra.

In Sec. IV we devised a theory that describes the
recombination spectrum in direct-gap semicon-
ductors in conditions of strong illumination. Nu-
merical calculations were performed for the case
of CdS in the experimental conditions described in
Sec. III.

According to our results the injected carrier
density produces self-energy corrections that ac-
count for almost all of the shift of the peak position
at not too high levels of injection. At high levels

PEAK POSITION (UNITS OF Eg)

FIG. 9. Calculated peak position of the luminescence
spectra of CdS vs k: (O) including Coulomb correlation
only, and (+) idem plus electron-phonon interaction as
described in the text.

the Burnstein-Moss shift becomes competitive
with the “band-gap shrinkage.” However, at high
intensities a shift towards lower energies continues
to occur as a result of the superposition of the pho-
nonless line with the tails of the phonon replicas.

The low-energy edge of the spectrum, i.e., the
region described through the so-called Urbach
rule,? is essentially governed by the phonon rep-
licas and therefore strongly depends on the popula-
tion of hot phonons, that we described by the ef-
fective temperature 7. This side of the spectrum
shows a very weak dependence on the electron tem-
perature and density. (This is not general, depend-
ing on the material and experimental circumstances
the low energy electron-hole plasma excitation can
introduce additional observable structure.!®''*) On
the other hand the high-energy side depends on both
electron and phonon nonequilibrium distributions.
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