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The intensity ratio of the LO-phonon sideband to the zero-phonon line and the
width of the zero-phonon line in the free-exciton luminescence spectrum can never
be understood, especially at low temperatures, by the usual theory with the
assumption of the thermal equilibrium for excitons. The theory assuming exciton
thermal-equilibrium gives too small values for these quantities compared with the
observed ones. These large discrepancies are removed by considering the exciton
luminescence from the polariton viewpoint. In this viewpoint, polaritons accumu-
late around the bottleneck in polariton decay lower a little than the lowest exciton
energy E,. Polaritons at the bottleneck determine the zero-phonon line, while
polaritons maintaining approximately the thermal-equilibrium distribution in the
energy region above E, determine the LO-phonon sideband. The temperature and
crystal-thickness dependences of the luminescence spectrum and the quenching
of the luminescence by impurities are also discussed in terms of the polariton

bottleneck.

Introduction

§1.

The free-exciton luminescence composed of
the zero-phonon line and the LO-phonon side-
band has been observed in many semiconduc-
tors and insulators.' =% It was pointed out by
Gross et al. that the line shape of the LO-
phonon sideband can well be fitted by the
Boltzmann factor (E*/? exp (— E/kyT) for the
one-LO-phonon sideband and E'? exp (—E/
kgT) for the two-LO-phonon sideband).* This
seems to indicate that the thermal equilibrium
of excitons is maintained during the lumines-
cence process. In fact, Segall and Mahan could
theoretically reproduce the intensity ratio be-
tween the one- and two-LO-phonon sidebands
as well as their line shapes with the use of the
assumption of the thermal equilibrium for
excitons.>

However, it was pointed out by Segall and
Mahan themselves that their exciton thermal-
equilibrium theory could never explain the
observed large width of the zero-phonon line.>
Moreover, it was pointed out by the present
author that the observed intensity ratio of the
LO-phonon sideband to the zero-phonon line,
which is usually of order unity, can never be
explained by the assumption of the thermal
equilibrium for excitons especially at low tem-
peratures.® When the perturbation theory with
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respect to the exciton-photon interaction and
the exciton-LO-phonon interaction is applied
to excitons in thermal equilibrium, the intensity
ratio mentioned above at temperature 7 much
lower than the LO-phonon energy Aw is given

by

V. (k)|? .
% exp [—(E— Eo)/ksT], (1.1)

)

k

where V (k) is the matrix element of the ex-
citon-LO-phonon scattering with momentum
transfer k, and E, and E, are respectively the
exciton energies for momentum k and for zero
momentum. With the use of the standard
expression for ¥, (k),” it is easily shown that
(1.1) is roughly estimated to be (4/hw)
(kgT/4)°"* with the binding energy of exciton 4.
This theoretical value is very small compared
with the observed one: For example, for the A
exciton of CdS (Aw~38 meV and 4~ 30 meV),
it is of order 107> at 4.2 K while the intensity
ratio observed by Gross et al. is about two at
4.2 K.* The width of the zero-phonon line in
the exciton thermal-equilibrium theory is
determined by the exciton-acoustic-phonon
interaction, and is about 1072 k,T for the A
exciton of CdS.” This theoretical value is also
very small compared with the observed half-
width which is about 1 meV for 7<10 K.*%?
The observed width can never be attributed to
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the imhomogenious broadening by impurities
since it is even larger than kg T for T<10 K.

In a previous brief communication,'® the
present author pointed out that these large
discrepancies mentioned above are removed in
the polariton framework for the exciton lumi-
nescence. The polariton is the mixed mode of
an exciton and a photon in a crystal.'? High-
energy polaritons excited initially fall down
rapidly, interacting with phonons, almost along
the exciton-like polariton branch with large
density of states. This phonon-assisted decay,
however, becomes less efficient towards the
lowest exciton energy E, since the density of
polariton states is very small below E,. Instead,
the radiative decay of polaritons in which
polaritons escape the crystal through crystal
boundaries as photons becomes efficient below
E, with the use of the increasing photon com-
ponent in the polariton state. Therefore, we see
that the polariton decay has a bottleneck near
E,, as pointed out by Toyozawa.'* In the polar-
iton framework for the exciton luminescence,
polaritons accumulating around the bottleneck
determine the luminescence. The present polar-
iton framework gives luminescence spectra
different very much from those given by the
previous exciton thermal-equilibrium theory
especially at temperatures lower than the longi-

tonian,
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tudinal-transverse splitting energy of exciton
Ay 1. The luminescence spectra depend on the
crystal thickness in the polariton framework
since the radiative decay of polaritons takes
place only through crystal boundaries.

In the present work, the luminescence from
the crystal excited steadily is calculated. The
balance equation to determine the steady
distribution of polaritons is derived in §2.
Actual calculation is performed for the A
exciton of CdS at temperatures lower than A4y .
The temperature dependence of the lumines-
cence spectrum is shown in §3, and the crystal-
thickness dependence in §4. Lattice defects such
as impurities to trap excitons also deform the
spectrum of the free-exciton luminescence as
well as quench its intensity very much, at low
temperatures, as shown in §5. Section 6 is
devoted to discussions of further details.

§2. Balance Equation to Determine the Polari-
ton Distribution

In this section, the phonon-assisted decay rate
and the radiative decay rate of the lower-
branch polariton are derived first, and then the

‘balance equation to determine the steady dis-

tribution of polaritons in the lower polariton
branch is constructed with them.
The polariton is the eigen mode of the Hamil-

1/2
> (bk).a}:z - b;rd.ak;. +aa i — bbaT_ k1)

+ hc1k|¢é(“w~“‘ia +al8+ Gud -k +ab.a*_k,~.)},

which describes the interacting photon and
transverse-exciton fields. Here, a,; (b,;) is the
annihilation operator of the photon (exciton)
with momentum k, polarization A and energy
helk|/</& (Ep). € is the dielectric constant in the
exciton-energy region and § is the polarizability
of exciton. E, (= E,=o) is the lowest energy of
the exciton band. The energy (E) and mo-
mentum (k) relation of the polariton which
diagonalizes the Hamiltonian is determined by

h2ck? 4nPE}
=&+ =
E? Ei—FE?

n(E)R, (2.1

where n(E) represents the refractive index of
polariton. This equation gives two polariton

energies E,; and E, (E, < E,) for one momentum
k: the lower and upper polariton branches. The
annihilation operator of the polariton with
momentum k, polarization 4 and energy E;
(j=1 or 2) is written as

(xk;.j: leakl"l‘ Cijkﬂ.+ Cj3atk/1+ Cj4bT—k}.' (2.2)

The coefficients C;; ~C;, are given in eq. (16)
of ref. 11 in which hw,, |k| and f should res-
pectively be replaced by E,, |k|/v/& and BE3/
¢E2. The polariton dispersion curve for the A
exciton of CdS is shown in Fig. 1, where uses
are made of the material constants ( the iso-

tropic effective mass for the exciton=1.55 m,
¢=7, 4nf=0.011 and E,=2.55 eV) which are
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Fig. 1. Polariton dispersion relation appropriate for
the A exciton of CdS. Dashed curves represent the
unperturbed exciton and photon branches with the
lowest exciton energy E,. The solid curve starting
from about E,+2 meV represents the upper polari-
ton branch and the other solid curve represents the
lower polariton branch.

the same as adopted in ref. 13.

The polariton interacts with phonons through
its exciton component and is scattered into
other polaritons. The phonon-assisted decay of
a lower-branch polariton takes place almost
within the lower branch since the density of
states is much larger in the lower branch than in
the upper one. Now, we consider that the polar-
iton with momentum k, polarization 1 and
energy E decays, when scattered by acoustic or
optical phonons, into a polariton with mo-
mentum k', polarization A’ and energy E’ within
the lower polariton branch. In this case, the
polarization A’ can be taken as being in the plane
made by the momentum A’ and the polariza-
tion A. Therefore, the rate of the decay men-
tioned above- at sufficiently low polariton den-
sities is written as

Wik )= 3 [Vile—k)0(K, K)

i=ac,op
xsin 04, &)|*{(n(hw; ;_)+1)
XHE—E' —hoy ) +n(ho; 1)
XSE—E'+ho; ,_ i)}, 2.3)
with
Pk, k) =K'V bl ybyy+ Bl by lk2Y. (2.4)

Here, V. (9) (V,, (¢)) is the matrix element of
the exciton scattering with the acoustic (optical)
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phonon with momentum ¢ and energy hwmq
(hwyp,q; =hw). In the present case, we can
confine ourselves to a small momentum transfer
g such that |g| is small compared with the
inverse of the exciton Bohr radius since the
polariton-phonon  scattering in the energy
region near the lowest exciton energy is im-
portant in the luminescence phenomena at low
temperatures. Then, V,. (¢) and V,, (¢) are
written as”’

hlq| D?
2__ A7
lVac(q)I - 2Vpu H]

2,3 2,2
2_ (& me—my\“ag, h'q
(2.5

with the use of the crystal volume V, the density
of the crystal p, the velocity of the LA phonon
u, the deformation potential for the exciton D,
the static (high-frequency) dielectric constant
& (g,), the effective mass of the electron (hole)
m; (my), the exciton Bohr radius ap, the LO-
phonon energy A and the reduced mass of the
exciton p. Here, ag is defined by

&? #2

T 2eay 2ual’

A4

(2.6)

with the use of the exciton binding energy 4. In
(2.3), 0 (4, k') represents the angle between the
polarization 4 and the momentum k', and n(hw)
respresents the Bose-Einstein distribution func-
tion at temperature 7. In (2.4), |k1)> represents
the state in which the lower-branch polariton
with momentum k and polarization A is excited
in the crystal. @ (k, k') in (2.4) can be rewritten,
with the use of the inverse transformation of
2.2

—C* * t T
by =C 0, + C320 — Cra0 g1 — Cagtl 55,
as

Bk, k') =C12(EY*C12(E)+ Co(E)*Cya(EY),
2.7)

where the energy dependence of the coefficients
C;; is explicitly shown. & (k, k') depends only
on energies E and E’.

When the lower-branch polaritons are scat-
tered by phonons into the energy region below
or near the lowest exciton energy, the radiative
decay of the polaritons takes place through their
photon components. In the present work,
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polaritons are assumed to be distributed uni-
formly in space and in momentum and polari-
zation directions within the thin infinite slab
with thickness L. Then, when a polariton with
energy E is scattered by the crystal boundary
with incident angle , the outgoing angle 8" of
the photon emitted into the vacuum is de-
termined by the classical electromagnetic theory
as

sin 8'=n(E) sin 6, (2.8)

with the use of the refractive index of polariton
n(E) in (2.1). In this case, the transmissivity of
the incident polariton into the vacuum is given
by

1 [sinz(é) -0

tan?(0—6")
TE O=1-3G2058) " ]

tan2(0+0")
(2.9)

Therefore, the radiative decay rate of a polar-
iton with energy E is written as
rB,

P(E)= KLE—) j sin 0 cos 0 T(E, 6)d6, (2.10)
0
where 0, is the angle of total reflection deter-
mined by n(E)sin 6,=1 and v(E) is the group
velocity of the polariton. For the exciton-like
polariton with energy above the lowest exciton
energy, the refractive index n(E) is much larger
than unity and so the angle of total reflection is
very small. Therefore, the exciton-like polariton
can hardly escape the crystal.

Polaritons are trapped by lattice defects such
as impurities and are changed into bound
excitons, besides that they are scattered by
phonons or escape the crystal as photons.
Polaritons are trapped through their exciton
components C;, shown in (2.2), and the
impurity-trapping rate of a lower-branch
polariton with energy E can be written as

R(E)=RICy,(E)|%, @.11)

with R representing the impurity-trapping rate
of an exciton.

With the use of (2.3), (2.10) and (2.11), the
distribution function p(E) for a polariton state
with energy E in the lower polariton branch is
determined by the balance equation as

S(E)+ [ W(E', E)g(E")p(E")E"
P(E)+Q(E)+R(E) ’
(2.12)

p(E)=
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where S(E) represents the excitation rate and
Q(E) represents the phonon-assisted decay rate
of a polariton with energy E defined by

[ce]

O(E) = jo W(E, E\g(E") dE’. (2.13)

Here, g(E') is the density of polariton states per
unit volume at energy E’, and W(E, E’) is the
phonon-assisted decay rate of a polariton with
energy E into a polariton with energy E’, given
by

W(E, E"g(E")dE' = )

k
(E'<E"<E'+dE")

Wik, k"),

(2.14)

with W, (k, k") in (2.3). Momenta k and k" in
(2.14) are respectively related with polariton
energies E and E”’ of the lower branch by (2.1).
g(FE) is written as
E?* n(E)?

g(E)=WU—((E))—, (215)
with the use of the polariton refractive index
n(E) in (2.1) and the polariton group velocity
v(E). The explicit form of W(E, E') can easily
be calculated with (2.14), but it is omitted here,
except that we point out the relation

W(E, E') exp (— ElkgT)

=W(E', E)exp (—E'[kgT), (2.16)

which can also easily be proved.

The luminescence to be observed outside the
crystal is determined by the polariton distribu-
tion function p(E). The luminescence with
energy E per unit time in a small solid angle dQ’
around the outward normal of the crystal
surface is given by

E)—1\? dQ
ME)® = [1 - (ZE E§ . i) ]p(E)gw)v(E)E,

where dQ is the solid angle around the inward
normal of the crystal surface determined by dQ'
with (2.8). Therefore, with the use of (2.8) and
(2.15), M(E) is given by

E? E)—1\?
M(E)=¢ m{l — (ZE E§+ 1) ]p(E). 2.17)
The excitation rate S(E) in (2,12) is put as
S(E)cd(E— E,), (2.18)

where the excitation energy E, is larger than
the lowest exciton energy Ej.
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Actual calculation is performed for the A
exciton of CdS with the use of the electron
effective mass m,=0.2 m, the density-of-states
mass for the hole m, =1.35 m, the static dielec-
tric constant e =8.87, the high-frequency
dielectric constant &,=5.10, the velocity of
sound u=4.4x10° cm/sec, the density of the
crystal p=4.82 g/cm® and the LO-phonon
energy iw=38 meV which are the same as
adopted in ref. 13. The deformation potential
for the exciton is put at 2.5 eV, according to
experiments.’*!*) In this case, it will be shown
later that the polariton bottleneck is located at
about 1~0.5 meV below the lowest exciton
energy Eo, with width about 1 meV, and that
the polariton distribution with a peak at the
bottleneck has a high-energy tail ranging up to
about k37 above E,. Then, it can be shown that
the polariton distribution near E, does not
change with changing the excitation energy E,
of (2.18) if [E,— Eq—nhw| is large enough
compared with both of k37 and 1 meV for any
integer n. In this meaning, the luminescence
spectrum dose not depend on the excitation
energy.

§3. Temperature Dependence

The longitudinal-transverse splitting energy
4,1 of the A exciton of CdS is about 2 meV as
shown in Fig. 1. At low temperatures of kyT<
4y 1, only the lower-branch polaritons contribute
to the free-exciton luminescence. The present

(a)
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work is devoted to this low temperature case
since discrepancies between the observed
luminescence spectra and the usual exciton
thermal-equilibrium theory are especially very
large here. The crystal thickness L and the
impurity-trapping rate R are fixed at L=1 pm
and R=0 sec™! in this section.

Figure 2(a) shows the polariton distribution
function at energies around the lowest exciton
energy E, for temperatures 0,4 and 8 K, and
Fig. 2(b) shows the zero-phonon line and the
LO-phonon sideband in the Iluminescence
spectrum which are calculated with the use of
the distribution function. In Fig. 2(a), the
thermal-equilibrium distribution function pro-
portional to exp (— E/kgT) is also shown for
comparison. The polariton distribution func-
tions shown in Fig. 2(a) have peaks at energies a
little lower than E,. This means that the polar-
iton bottleneck is located a little lower than E,.
We note further in Fig. 2(a) that the distribution
functions on the high-energy side of the distri-
bution peaks are almost the same as the
thermal-equilibrium distribution function at
temperatures above about 4 K. The zero-phonon
lines shown in Fig. 2(b) have widths about
I meV and the intensity ratio between the zero-
phonon line and the LO-phonon sideband is of
order unity at the three temperatures. There-
fore, the large discrepancies between the
experiments and the usual exciton thermal-
equilibrium theory mentioned in §l are all

(b)

L=1pm

R=0sec™"

8 K
1 L

T=4 K
107

. 7=0 K
107

1
, . A . . .
Eg2 Eo Eota Eo-hw Eghw+d  Ey4-2 £, Eot2
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Fig. 2. (a) Distribution function for a lower-branch polariton state with energy around the lowest exciton
energy Eo, and (b) The zero-phonon line (right) and the LO-phonon sideband (left) in the exciton
luminescence spectrum. The crystal thickness and the impurity-trapping rate are respectively fixed at

L=1 pym and R=0sec~! for the temperature 7=

0, 4 and 8 K. In (a), the thermal-equilibrium distribu-

tion function proportional to exp (— E/kgT) is also shown.
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removed in the present polariton framework.

The zero-phonon line shown in Fig. 2(b) is
located at energies a little lower than £, and its
width is almost determined by the width of the
distribution peak at energies lower than Ej. The
line shape of the LO-phonon sideband deter-
mined by (2.17) is almost determined by the
energy dependence of the polariton distribution
function p(E) at.energies around E,—LO-
phonon energy fiw since the polariton refractive
index n(E) determined by (2.1) is almost equal
to the energy-independent quantity /e in this
energy region. Moreover, in this energy region,
the radiative decay rate of polariton P(E), which
is much larger than the phonon-assisted decay
rate Q(E) here, is also almost energy independ-
ent because of the energy independence of the
polariton refractive index. Therefore, the LO-
phonon sideband spectrum is approximately
proportional to

g: W(E', E)g(E")p(E")AE’,

for E~ E,— hw with the use of (2.17) and (2.12).
The integrand of this integral is large in the
energy region of E'> E, where the polariton is
almost exciton-like, since the polariton-phonon
scattering rate W(E’, E) and the density of
polariton states g(E’) are both much larger for
E'>E, than for E’<E,. The polariton distri-
bution at energies larger than E, is almost the
same as the thermal-equilibrium distribution at

T=4K

e &k
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temperatures higher than about 4 K. Therefore,
the line shape of the LO-phonon sideband in the
present polariton framework is almost the same
as that in the usual exciton thermal-equilibrium
theory at temperatures higher than about 4 K,
and is almost proportional to (E— Eq+hw)*'?
x exp [—(E—Eq+hw)/kgT].

§4. Crystal-Thickness Dependence

The radiative decay rate of polariton P(E) in
(2.10) is inversely proportional to the crystal
thickness L, and so the luminescence spectrum
depends on L. The polariton distribution func-

“tions and the luminescence spectra for L=1,

5 and 25 um are shown in Fig. 3 where the tem-
perature and the impurity-trapping rate are
respectively fixed at T7=4 K and R=0 sec™!.
With increasing L, the radiative decay rate
decreases. Therefore, the polariton bottleneck
becomes lower in energy with increasing L, and
so do the peak of the polariton distribution
function and the zero-phonon line as shown in
Fig.3. We note in Fig. 3(a) that the high-energy
tail of the distribution function is almost the
same as the thermal-equilibrium distribution
function, independently on L. Therefore, the line
shape of the LO-phonon sideband does not
change with the change of L, as understood
from the discussion in §3. The intensity ratio of
the LO-phonon sideband to the zero-phonon
line, however, increases with increasing L. This
originates mainly from the increase of the

(b)

L=1pm

E (meV)

Eo-fw

Etutd Egf2 Eo Eg2

£ {(meV)

Fig. 3. (a) Distribution function for a lower-branch polariton state with energy around the lowest exciton
energy Eo, and (b) The zero-phonon line (right) and the LO-phonon sideband (left) in the exciton
luminescence spectrum. The temperature and the impurity-trapping rate are respectively fixed at T=4 K
and R=0sec! for the crystal thickness L=1, 5 and 25 ym. In (a), the thermal-equilibrium distribution
function proportional to exp (—E/kgT) is also shown.
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distribution function p(F) for E~ Ey—how due
to the decrease of the radiative decay rate P(E)
with increasing L in the denominator of (2.12).

§5. Effect of Impurities

It has been known experimentalily that the
free-exciton luminescence is quenched very
much by the presence of lattice defects such as
impurities especially at low temperatures. In
the present polariton framework for the exciton
luminescence, impurities play a role of trapping
polaritons as bound excitons, as represented by
(2.11). Figure 4 shows the effect of impurity
trapping on the luminescence spectrum when
the temperature 7 and the crystal thickness L
are respectively fixed at 4 K and 1 ym. It should
be noted that the excitation intensity of (2.18) is
fixed in Fig. 4. Therefore, Fig. 4(a) shows that
the polariton distribution peak near the lowest
exciton energy E, is depressed with a small high-
energy shift and the high-energy tail of this peak
deviates from the thermal-equilibrium distribu-
tion, when the impurity-trapping rate R be-
comes larger than about 10% sec™! at 4 K and
L=1 pm. In parallel with these changes in the
distribution function, the zero-phonon line and
the LO-phonon sideband shift slightly to the high
energy side as well as the intensity ratio of the
latter to the former increases with increasing R.
Moreover, it should be pointed out in Fig. 4(b)
that intensities of these luminescence bands are
depressed very much on the whole for Rz=108

(a)
T=4K
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sec™! compared with those for R=0. This
describes the quenching of the free-exciton
luminescence by impurities.

§6. Discussion

First we discuss the polariton bottleneck.
Energy dependence of the radiative decay rate
of a polariton P(E) and the phonon-assisted
decay rate Q(E) around the lowest exciton
energy E, is shown in Fig. 5. The total decay
rate of a polariton with energy E is P(E)+ Q(E)
when the impurity-trapping rate vanishes.
P(E)+ Q(E) makes a deep valley near E =FE,, as
shown in Fig. 5, which is nothing but the
polariton bottleneck. The total decay rate at the
bottleneck is of order 10% sec™! for T<8 K and
L=1~25 pum. Polaritons accumulating at the
bottleneck gives rise to a peak of the polariton
distribution near E, which is responsible for the
zero-phonon line in the luminescence spectrum.
This magnitude of the decay rate at the bottle-
neck agrees with the observed decay time® of
the zero-phonon line which is several nano
seconds at low temperatures.

For energies above the energy of the bottle-
neck, the phonon-assisted decay rate Q(F) is
large compared with the radiative decay rate
P(E) in (2.12). The Boltzmann factor of the
polariton distribution function in this energy
region mentioned before originates from the
relation of the detailed balance (2.16) between
polariton-phonon scattering rates.

(b)

L=1pm /P=10°sec"_
N ] ‘
E/ kgT
| i 4 . . m .

R=2x10"
10% 1 sec”’
X4
L ] . : o .
R=0 sec™’
10°% :
]\_ .
e . . : o . .
Er2  E, Eqa E,- Extwtd  E52 B, Eg2
£ (meV) £ (meV)

Fig. 4.

(a) Distribution function for a lower-branch polariton state with energy around the lowest exciton

energy Eo, and (b) The zero-phonon line (right) and the LO-phonon sideband (left) in the exciton
luminescence spectrum. The temperature and the crystal thickness are respectively fixed at 7=4 K
and L=1'um for the impurity-trapping rate R=0, 2 x 10® and 10° sec- 1. In (a), the thermal-equilibrium
distribution function proportional to exp (—EfkgT) is also shown.
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10°

Eot4
£ (meV)

Fig. 5. (a) The radiative decay rate for the crystal
thickness L=1, 5 and 25 yum and (b) the phonon-
assisted decay rate for the temperature 7=0, 4 and
8 K, of a lower-branch polariton with energy around
the lowest exciton energy Eo.

When lattice defects such as impurities to
trap polaritons are present, the total decay rate
of a polariton is P(E)+Q(E)+ R(E) with the
impurity-trapping rate R(E) given by (2.11).
R(E) is proportional to |Cy,(E)|?, the square of
the exciton amplitude in the polariton state,
which is about

Ay rEo/2

Ci(E)|*~ ,
l 12( )| (E—Ek)2+ALTE0/2

(6.1)

for |E— Eo| < E,, where A4, ¢ is the longitudinal-
transverse splitting energy of exciton and
E, is the exciton energy with mementum k
which is determined by the polariton energy
E with the dispersion relation (2.1). The quan-
tity /A.1Eo/2 is about 50 meV for the A
exciton of CdS. Therefore, R(E) is almost equal
to R, the impurity-trapping rate of an exciton,
for E around the polariton bottleneck which is
located at energies about 1 ~0.5 meV lower than
E, as shown in Fig. 5. When R is larger than the
intrinsic decay rate P(E)+ Q(E) at the bottle-
neck which is about of order 10% sec™! at low
temperatures, impurities efficiently trap polar-
itons which gather to the bottleneck, and
quench the free-exciton luminescence very
much, as shown in §5. In this case, the impurity
trapping takes place only in a narrow energy
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region around the bottleneck. This explains the
experimental fact!>**® that the excitation
spectrum of the bound-exciton luminescence
has a series of peaks at Ey,+nho for n=0,1,2, -

with hw representing the LO-phonon
energy. With increasing the crystal thickness L
the intrinsic decay rate at the bottleneck de-
creases, as shown in Fig. 5, and the quenching
of the free-exciton luminescence by impurities
becomes more efficient. With increasing tem-
perature, on the other hand, the intrinsic decay
rate at the bottleneck increases, and the quench-
ing becomes less efficient.

It was shown that the calculated intensity
ratio of the LO-phonon sideband to the zero-
phonon line is much larger in the present
polariton framework than in the usual exciton
thermal-equilibrium one. This cannot be inter-
preted as resulting from that the zero-phonon
line is depressed very much because of the large
refractive index of bottleneck polaritons with a
strong exciton charactor at energies near Ej.
The refractive index of polariton was given by
(2.1) and can be rewritten as

[ A\
n(E)z\/a<1+Ek_E> ,

for |[E— Ey| « E, where Ay and E, represent the
same as those in (6.1). For the A exciton of CdS,
the zero-phonon line is about 0.5 meV lower
than E, and 4, 1 is about 2 meV. Therefore, the
enhancement of the refractive index at the zero-
phonon line is not so large as to resolve the large
discrepancies between the experiments and the
usual exciton thermal-equilibrium theory. It
should be noted here that polaritons responsible
for the zero-phonon line are, in fact, almost
exciton-like as understood from (6.1) but the
enhancement of the refractive index is not very
large at the zero-phonon line. In the present
polariton framework for the exciton lumines-
cence, the bottleneck polaritons responsible for
the zero-phonon line come, by means of succes-
sive acoustic phonon scatterings, from the
energy region of EX E, with large density of
states, while the polaritons with energies near
E,—ho responsible for the LO-phonon side-
band come from the same energy region by
means of the LO-phonon scattering. These
acoustic phonon scatterings are very weak
compared with the LO-phonon scattering, while
the polariton lifetime is much longer at the

(6.2)
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bottleneck than in the LO-phonon sideband
region. Mutal compensation of these two effects
results in that the intensity ratio of the zero-
phonon line to the LO-phonon sideband is of
order unity.

In the present work, the radiative decay rate
P(E) is calculated with the assumption that
polaritons are distributed uniformly in the
crystal with thickness L. Now, let E,, represent
the energy below which P(E) exceeds the
phonon-assisted decay rate Q(F) in Fig. 5, and
let v,, and ™! represent respectively the polar-
iton group velocity and the decay rate P(E,,)+
O(E,) (=2P(E,)) at E,,. If v,1,, is larger than
L,the assumption mentioned above is sufficiently
justified. At 4 K, the value of v,1,/L is about
64 for L=1 um (E,,~E,~0.5 meV), about 42
for L=5 um (E,,~ E,—0.7 meV), and about 32
for L=25 ym (E,~E,—1.1 meV). When
impurities to scatter polaritons are present, the
value mentioned above decreases more steaply
with increasing L since the polariton bottleneck
is more sensitive to impurities for larger L.

As shown in §5, the present work in the
polariton framework can correctly explain that
the free-exciton luminescence is quenched very
much by impurities. If we assume the thermal
equilibrium between the free excitons and the
bound excitons, we could easily explain the
quenching mentioned above without introduc-
ing the polariton bottleneck. However, we can
show that the thermal equilibrium is not
maintained between them at low temperatures:
In order that the thermal equilibrium mentioned
above is maintained, the condition that the cur-
rent from free to bound excitons (or the reverse
one) in the thermal equilibrium is much larger
than decay currents of bound excitons into
other modes than excitons must be satisfied,
that is, ‘

o n2k?
"N'R exp<k]TT> «R ; exp<—mg,>,

where N', R"and A’ are respectively the number
of the impurities to trap excitons, the decay
rate of the bound exciton mentioned above
and the binding energy of the bound exciton.
The effective mass of the free exciton is de-
noted by m*. For CdS with a unit cell volume
~100 (A)® and m*~1.55 m, A’ is estimated at
the binding energy (~7 meV)!” of the I,

exciton bound by a neutral donnor with the .
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decay rate R’ of order 10° sec™1.1® Then, the
condition at 4 K is written as

N/
R>»—10%%sec™!,

~ (6.3)

with the number N of the unit cells in the crystal.
Here, the impurity-trapping rate R should
definitly be determined by the impurity concent-
ration N'/N, and so we can examine in principle
whether (6.3) is satisfied or not. In the real
crystal, however, R is about the same in order as
the decay rate of the free-exciton luminescence
which is about 108 ~10° sec™!,” and N’/N is
much larger than 107 1%, Therefore, (6:3) is not
satisfied. Then, we must consider such that the
number of the bound excitons is much smaller
than that determined by the thermal equilibrium
between the free excitons and the bound ex-
citons, and that the exciton (or polariton) cur-
rent from the free excitons to the bound ex-
citons is much larger than the reverse current,
as assumed in §5.

Besides the polariton distribution peak at the
bottleneck near the lowest exciton energy E,,
other distribution peaks in the lower-polariton
branch exist at energies lower than the excita-
tion energy E, by any integral times the LO-
phonon energy #w, although they are not shown
in Figs. 2 ~4 since their energies are much apart
from E, except for the case E,— E,~nhw for
some integer n. These distribution peaks.give
rise to a series of luminescence peaks at E,—
nha for any integer n, which correspond to the
hot luminescence lines,*®'*® when polaritons in
these distribution peaks (with energy E,) escape
the crystal as photons directly for E,<E, or
after scattered by phonons into the upper
polariton branch for E,> E,. When E,— E,~
nhw for some integer n, one of the hot lumines-
cence lines has an energy close to E,, and the
luminescence spectrum around E, and also
those around E,—mfw for any integer m are
drastically changed. In fact, changes of the
luminescence spectrum for E,— E,~nhw have
been observed by experiments.?%-2>19

When kgT is larger than the longitudinal-
transverse splitting energy 4,, scatterings of
the lower-branch polaritons in thermal equilib-
rium above Ej into the upper branch give rise to
the polariton population in the upper branch,
and this population contributes to the lumines-
cence with energy larger than E, + A, 1. In fact,



1976)

the luminescence spectrum of CdS with Ay~
2 meV has two adjacent peaks around E, at
about 20 ~30 K%+ and the higher-energy peak
seems to be attributed to the luminescence from
the upper polariton branch.

Now, let us discuss previous works which
treated the exciton luminescence in terms of
polaritons. The theory by Tait and Weiher'® is
essentially almost the same as the theory with
the assumption of the thermal equilibrium for
excitons, although the reabsorption of the once
emitted photon is taken into account. The point
of their theory is essentially to consider that the
photon with energy E emitted by excitons with a
steady spacial distribution D~' exp (—x/D) dx
at x ~x+dx from the crystal surface reaches the
crystal surface with probability exp [—a(E)x],
where D and «a(E) represent respectively the
effective diffusion length and the absorption
coefficient of exciton. Then the luminescence
spectrum M(E) is given by

K(E)

ME)= DaEy+1°

(6.4)
where K(F) which is proportional to a(£)
x exp (—EfkgT) represents the luminescence
spectrum without the reabsorption taken into
account. Therefore, if Dx(E) is much larger than
unity in the zero-phonon-line region and is
much smaller than unity in the LO-phonon-
sideband region, the zero-phonon line is
depressed strongly compared with that in K(E).
When the absorption spectrum around E, has a
Lorentzian line shape, the intensity of the zero-
phonon line in (6.4) is depressed by a factor
(Da,,+1)"Y? with «, representing the maxi-
mum value of the absorption peak. For D~
10 ym and «,<10° cm™1,2Y this factor can
never compensate the large intensity ratio of the
zero-phonon line to the LO-phonon sideband
in K(E) which is of order 10° at 4 K for CdS as
pointed out in §1, and so this theory is inade-
quate at least at low temperatures. Bonnot and
Benoit 4 la Guillaume?? calculated the spacial
distribution of polaritons as a function of the
polariton energy F with the energy dependence
of the polariton group velocity taken into
account. In their theory, however, neither the
radiative decay of polaritons through crystal
boundaries nor the energy dependence of the
phonon-assisted decay rate around E, is taken
into account in determining the distribution
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function. Therefore, the polariton bottleneck as
described in the present work is not taken into
account there, and so their theory is inadequate
to describe the polariton luminescence.
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