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The polariton luminescence spectra of CdS and ZnSe crystals with different exciton lifetimes T 

were investigated at T = 2 K. A set of polariton luminescence spectra of different forms was 
observed for the first time for samples of the same type and the dependence of the form of the 
polariton luminescence spectrum on the value of T was determined. An analysis and a simplified 
quantitative calculation were made of the polariton luminescence spectra allowing both for 
"structural" factors governed by the dispersion of the polariton energy bands (density of states, 
group velocity of polaritons, coefficient of polariton transmission by a boundary of a crystal) and 
for the dynamic factors governed by the polariton kinetics (populations of polariton states in the 
energy and coordinate spaces, probability of conversion of a polariton formed in the interior of a 
crystal into external luminescence). It was found that the kinetics of the space-energy relaxation 
had the dominant influence on the form of the photoluminescence spectra. The kinetics deter- 
mined largely the relative role of the interaction between various factors on the form of the 
polariton luminescence spectrum. A quantitative calculation ensured for the first time a good 
agreement between the theoretical and experimental luminescence spectra. 

PACS numbers: 71.36. + c, 78.55.H~ 

1. INTRODUCTION 

It is well known1 that the photon-exciton interaction 
alters considerably the spectrum of elementary excitations 
of a crystal, which are excitons and photons (dashed curve in 
Fig. 1) if an allowance is made for the Coulomb interaction in 
a crystal. New excitations represent a superposition of exci- 
tons and photons and are known as polaritons. In the vicini- 
ty of an exciton resonance with an isotropic effective mass 
the dispersion curve of transverse polaritons consists of two 
branches: a lower polariton branch and an upper one (curves 
1 and 2 in Fig. 1, respectively); the dispersion curve is then 
described by 

Rck ~ L T  

( F )  ='' +E0(k)  -E-ihI'i2 ' 
where E, is the "background" permittivity; c is the velocity 
of light; E and k are the energy and wave vector of a polari- 
ton; ELT =EL - ET is the longitudinal-transverse split- 
ting (EL and E, are the energies at the bottoms of the energy 
bands of the longitudinal and transverse mechanical exci- 
tons, respectively); Eo(k ) = E,  + fi2k '/2Mis the energy of a 
mechanical exciton with a wave vector k; r is the polariton 
damping. The upper polariton branch begins at the energy 
EL (the band of longitudinal excitons is not shown in Fig. 1). 

If the photon-exciton interaction is ignored, it follows 
from the laws of conservation of energy and momentum that 
resonance luminescence is due to conversion of an exciton 
into a photon at the point of intersection of the exciton pa- 
rabola and the photon line (point r in Fig. l). 

According to the polariton model, the observed lumi- 
nescence can be regarded as the result of conversion of a 
polariton and the boundary of a crystal into an external pho- 
ton.24 The dispersion curve of polaritons has no specific 
"luminescence point" so that any occupied state on the 
branch 1 or 2 (Fig. 1) can contribute to the polariton lumines- 
cence. The polariton luminescence spectrum is given by the 
expression5 

where T, (E ) is the transmission coefficient of a polariton of 
branch r by a crystal boundary; v ,  (E ) is the group velocity of 
polaritons [u(E ) = h - 'JE (k )/Jk 1; F, (x, E ) is the distribu- 
tion function of polaritons belonging to the branch r at the 
point x;p, (E ) is the density of states; AO, (E ) is a solid angle 
through which luminescence is emitted. Since, in principle, 
all states can contribute to the luminescence (including 
states with the same values ofE but different wave vectors k ), 
the problem of determination of the polariton luminescence 
spectrum reduces largely to the kinetic problem, i.e., we 
have to determine the energy and coordinate distribution 
functions of polaritons belonging to different branches. 

Among the theoretical treatments of the polariton lu- 
minescence spectra one should mention Refs. 5-7 (see also 
Refs. 8 and 9). However, it is difficult to use the results of 
these papers in comparing the calculations with experi- 
ments. It is assumed in Refs. 5 and 6 that an equilibrium 
energy distribution of polaritons is established, although it is 
known that this is not justified if an allowance is made for the 
characteristic features of the polariton  kinetic^.^.^"^ The in- 

FIG. 1 .  Dispersion curve of polaritons in the vicinity of a specific exciton 
resonance. 
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fluence of the kinetics of the energy distribution function of 
polaritons is considered in Ref. 7, but no allowance is made 
for the coordinate distribution function. 

The need to use the polariton model even in a qualita- 
tive explanation of the experimental features of resonance 
exciton luminescence was first demonstrated in Refs. 11-14. 
A characteristic feature of the manifestation of the polariton 
effects in most crystals is the doublet profile of the resonance 
exciton luminescence lines at low temperatures. Doublet po- 
lariton luminescence lines were observed, for example, in 
crystals of CdS (Refs. 11, 13, 15, and 16), GaAs (Ref. 14), 
HgI, (Ref. 17), CdTe (Refs. 18 and 19), CuCl, CuBr, CuI 
(Ref. 19), LiH, LiD, NaI (Ref. 20), ZnSe (Refs. 21-23), KI 
(Ref. 24), and Xe (Ref. 25). The characteristics of the polari- 
ton luminescence due to resonance excitation of polaritons 
were investigated in Refs. 26 and 27. 

Different forms of the polariton luminescence spectra 
were obtained in different investigations. Moreover, differ- 
ent qualitative explanations were put forward to account for 
the characteristics of the observed spectra. For example, an 
investigation of GaAs crystals14 showed that the short- 
wavelength maximum of the polariton luminescence line 
was located above EL,  so that this maximum was attributed 
to the upper polariton branch, whereas the long-wavelength 
luminescence was attributed to the lower polariton branch. 
A similar explanation was put forward later to describe the 
spectra reported in Refs. 18-2 1. Other i n~es t i~a to r s '~~"  
found both polariton luminescence maxima to be located 
below EL and attributed the luminescence to the lower po- 
lariton branch. The existence of a short-wavelength maxi- 
mum was attributed to a maximum of the transmission coef- 
ficient T,(E ) (see also Refs. 15 and 16). The characteristics of 
the polariton luminescence spectra were explained in Refs. 
22-24 and Refs. 26 and 27 by a minimum of the function 
F (x = 0, E ), which appeared because of a reduction in the 
probability that a polariton with a high value of the absorp- 
tion coefficient will reach the boundary of a crystal. There- 
fore, a qualitative analysis of the experimental spectra re- 
vealed the influence of various factors on these spectra. All 
the factors governing the polariton luminescence have not 
yet been considered simultaneously. 

We shall report investigations of the polariton lumines- 
cence spectra of CdS and ZnSe crystals characterized by dif- 
ferent exciton lifetimes T. A set of different profiles of the 
polariton luminescence lines was observed and some of them 
were reported The polariton luminescence line 
profiles were analyzed allowing for all the factors governing 
the polariton luminescence spectrum [see Eq. (2)]. It was 
established that the general form of the polariton lumines- 
cence spectra was influenced decisively by the kinetics of the 
space-energy relaxation of polaritons. A quantitative calcu- 
lation described well the experimental spectra. Preliminary 
results of the present study were published briefly else- 
where.28 

2. EXPERIMENTAL RESULTS 

We investigated the polariton luminescence spectra of 
then = 1A exciton states in CdS and ZnSe crystals at T = 2 

FIG. 2. Polariton luminescence spectra of CdS samples of the first type 
(T = 2 K): a) sample No. 2; b) sample No. 1.  

K using samples characterized by different exciton lifetimes 
T. Observations were made at right-angles to the plane of the 
samples. 

The spectra of CdS crystals were investigated in the 
Elc, k lc  geometry (E and k are, respectively, the polariza- 
tion vector and the wave vector of the observed lumines- 
cence, c is the optic axis of a crystal) and excitation was 
provided by an argon laser line at 476.5 nm. An investigation 
of a large number of samples (about 30) of different quality 
revealed the multiplicity of the forms of the polariton lumi- 
nescence spectra. Figures 2-4 show the polariton lumines- 
cence spectra of some of the investigated samples. The 
dashed curves represent the reflection spectra. The position 
of the energy EL was deduced from the luminescence spec- 
trum obtained in the Ellc geometry. It was found that EL 
varied within a narrow range (up to 0.2 meV) from one sam- 
ple to another. For convenience of comparison, the spectra 
of all the samples were plotted on the same energy scale es- 

FIG. 3. Polariton luminescence spectra of CdS samples of the second type 
(T= 2 K): a) sample No. 5; b) sample No. 4; c) sample No. 3. 
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FIG. 4. Polariton luminescence spectra of CdS samples of the third type 
( T  = 2 K): a) sample No. 7; b) sample No. 6. 

tablished by reference to the energy EL ,  which was taken to 
be 2.5544 eV (485.32 nm); the energy ET was assumed to be 
2.5524 eV (485.70 nm), as reported in Refs. 13 and 29. 

The form of the polariton luminescence spectra was 
used to divide the samples arbitrarily into three types. In the 
case of samples of the first type (Fig. 2) the spectra had the 
main long-wavelength maximum and a weaker short-wave- 
length maximum which appeared in the form of a shoulder 
and was located below the energy EL. The difference 
between the forms of the polariton luminescence spectra of 
samples of this type reduced mainly to different ratios of the 
intensities of the doublet components. Similar spectra were 
observed earlier not only for CdS ~ r ~ s t a l s , ' ~ . ' ~  but also for 
crystals of HgI, (Ref. 17), CuCl, CuI (Refs. 18 and 19), LiH, 
LiD (Ref. 20), and Xe (Ref. 25). 

The luminescence spectra of samples of the second type 
(Fig. 3) were characterized by a clear doublet structure with 
a highly pronounced short-wavelength maximum located 
below the energy EL.  The luminescence spectra of these 
samples exhibited a great variety. They differed in respect of 
the positions of the maxima in a doublet and in respect of the 
ratios of the intensities of these components. Such polariton 
luminescence spectra were observed earlier at helium tem- 
peratures for crystals of GaAs (Ref. 14), CdTe (Ref. 19), and 
ZnSe (Refs. 21-23). In the case of CdS crystals this form of 
the polariton luminescence spectra was observed for the first 
time. 

In samples of the third type (Fig. 4) the polariton lumi- 
nescence appeared in the form of single maxima at positions 
practically identical with the minima in the reflection spec- 
tra. Such polariton luminescence spectra had never been 
seen before. 

This division of the samples in accordance with the 
form of the polariton luminescence spectra was correlated 
with the quality of the samples and with the value of T, both 
of which increased on going from samples of the third type to 
samples of the first type. Samples of the first type were plate- 

FIG. 5. Comparison of the spectra of different CdS samples (a-sample 
No. 1, b--No. 3, c-No. 5, d-No. 7) with the population functions N ( E )  
(dashed curves) corresponding to the excitations of these samples with the 
476.5 nm line. The inset shows schematically the processes that appear in 
the polariton energy band on excitation with the 476.5 nm line. 

lets with very few defects and they exhibited a bright lumi- 
nescence; samples of the third type were bulk crystals with 
the highest concentration of defects and they emitted a very 
weak luminescence. The quality and the luminescence inten- 
sity in the case of samples of the second type were intermedi- 
ate between the two other groups. They included both bulk 
and platelet samples. 

The lifetime had a considerable influence on the energy 
relaxation kinetics. The inset in Fig. 5 shows schematically 
the processs occurring in CdS crystals on excitation with the 
476.5 nm line.30 As a result of the scattering of the exciting 
light by longitudinal optical (LO ) phonons, polaritons ap- 
peared at the point 0 on the branch 1. The subsequent scat- 
tering on acoustic phonons (AP) populated other points of 
the lower polariton branch. The form of the resultant func- 
tion describing the population of the polariton states on the 
energy scale N (E) depended strongly on T, governed by the 
probability of nonradiative transitions. The form of the func- 
tion N (E ) and the value of T could be found from the 2L0 
luminescence spectra representing the radiation that ap- 
peared after the scattering of polaritons from the resonance 
region by two LO phonon~.~O We used this circumstance to 
find the functions N (E ) shown in Fig. 5 and to estimate T. For 
samples of the third type we found that 754 
(4 = 5 x 10-l2 sec is the lifetime in the case of scattering of 
polaritons by AP from the point 0-Ref. 30) and the major- 
ity of the polaritons did not reach resonance but were lost in 
the direct vicinity of the point 0 (Fig. 5b). For samples of the 
second type the value of r was of the order of (10- 
100)X 10-l2 sec and the polaritons reached the resonance 
region. In spite of the considerable difference between the 
form of N (E) for different samples (Figs. 5b and 5c), a com- 
mon feature was a considerable population of the states both 
below and above the energy EL .  In the case of samples of the 
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first type the lifetime as r-(2-3)X sec (Refs. 10, 30, 
and 3 1) and the polaritons were scattered repeatedly by AP 
and became accumulated near the energy ET (Fig. 5a). In 
this case the majority of the populated states was below the 
energy EL.  

Correlation between the form of the polariton lumines- 
cence spectrum and r was observed in the case of ZnSe crys- 
tals. Figure 6 shows the polariton luminescence spectra ob- 
tained on excitation with a DRSh-250 lamp for two samples 
with different values of r. The dotted curves are the func- 
tions N (E ) obtained on excitation with the 441.6 nm line of a 
cadmium laser. In the case of a sample with a small value of r 
the population function N (E ) wasofstrongly nonequilibrium 
nature (Fig. 6b) and the form of the polariton luminescence 
was, as in the case of CdS, of the third type (the luminescence 
maximum coincided with the minimum in the reflection 
spectrum). Samples with large values of r exhibited polariton 
luminescence spectrum and distributions N (E) of the first 
type (Fig. 6a). 

3. POLARITON DISTRIBUTION FUNCTION F(x E) 

The main difficulty in describing the polariton lumines- 
cence spectrum lies in finding the polariton distribution 
function. It is necessary to solve the Boltzmann equation 
which in the simplest one-dimensional case (with the x axis 
perpendicular to the surface of a sample) can be written as 
follows (see also Ref. 5): 

[ i+F, (x, E )  1 W ,  (x, E )  +g, (3, E )  -I?, (x, E ) F ,  (x, Ej 

where W, (x, E ) is the probability of formation at a point x of 
a polariton from a branch r with an energy E because of 
transitions from other polariton states; gr ( x, E ) is the term 

FIG. 6. Polariton luminescence spectra of ZnSe samples of the first (a) and 
third (b) types. The dotted curves represent the population functions N ( E )  
corresponding to the excitation of these samples with the 441.6 nm laser 
line. 

FIG. 7. Schematic representation of the processes that govern the forma- 
tion and loss of polaritons in a radiation-emitting state r. A polariton in a 
state r appears because of arrival from other points i on the polariton 
branches as a result of elscattering and scattering with the participation of 
acoustic phonons (AP). Loss from a state is due to processes which are the 
inverse of the two just stated and also due to nonradiative capture of 
polaritons by impurities. (The processes involving LO phonons are not 
shown.) 

describing generation of polaritons by the remaining pro- 
cesses (for example, by direct optical generation or because 
of binding of free electrons and holes directly in the observed 
state); T, (x, E )  is the total probability of loss from a given 
state. 

The process of formation and loss of polaritons are rep- 
resented schematically in Fig. 7. The function Wr (x, E )  is 
governed by transitions from the initial states i to a state r 
assisted by optical and acoustic phonons, and also by the 
processes of elastic (el ) scattering of polaritons on impurities, 
which may be important at low  temperature^.^*^'-^^ Conse- 
quently, the probability W, (x, E ) is governed by the expres- 
sion 

wr (x, E )  = WIAp (x, E )  + WrLO (I, E )  +wrel (5, E )  

The probability W:(x, E ) for a transition from a state i 
to a specific state r because of ap-type perturbation (LO, AP, 
el ) is 

where Hf i  is the matrix element of a transition from a state i 
to a state r because of a perturbationp; Fi (x, Ei ) is the distri- 
bution function of initial states in the branch i; pi (Ei) is the 
density of the initial states given by 

The contribution to the probability Tr (x ,  E ) is made not 
only by the processes of loss to other polariton states, but 
also by the nonradiative loss of polaritons: 

rr (x, E )  =rPnr(x, E )  + rr9 (x, E )  , 
P 

where T Y(x, E )  is the probability of nonradiative loss of 
polaritons and T:(x, E)  is the probability of return from a 
state r to a state i because of a perturbationp. This probabil- 
ity is given by the expression 
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It is very difficult to solve Eq. (3) in its general form. We 
shall use the following approximations and simplifications 
in order to find the distribution function. 

1. Under the excitation conditions used in our study the 
polaritons appear in the resonance region because of succes- 
sive relaxation from higher states because of interaction with 
AP (Fig. 5). In this case we can ignore the generation term. 
However, it must be included in an analysis of the polariton 
luminescence with the same energy as the e~citation.'~.~' Al- 
lowing for the excitation conditions we can also ignore the 
processes involving LO phonons. Such processes can make a 
significant contribution at helium temperatures only if the 
energy of the exciting light exceeds the energy of the investi- 
gated states by an amount equal to an integral multiple of the 
LO phonon energy .5912 

2. At low excitation intensities employed in our study 
we have F(x, E)(1 and, therefore, we can assume that 
[l + F (x, E )] = 1 and that the function F, (x, E ) is indepen- 
dent of the coordinate. 

3. In the range above EL becausep,(E)Bp,(E), we can 
calculate W, (x, E ) allowing only for the processes of arrival 
only from the lower polariton branch and in the calculation 
o f r ,  (E ) an allowance is made only for the loss to the states in 
the lower branch.35 

4. Processes involving AP are regarded as elastic,35 i.e., 
it is assumed that Ei = E,. The exciton energy bands are 
assumed to be isotropic. Consequently, the probabilities of 
arrival and loss W, (x, E ) and re(E ) (wherep = AP or el ) are 
related by the simple expression 

wTp (x, E) =F, (x, E) ~ , P ( E ) .  (6) 
5. The main simplification lies in the selection of the 

distribution function of polaritons in the initial states (i = 1). 
By analogy with Refs. 5 and 6, we shall assume that this 
function is a product of the spatial C(x)  and energy f,(E) 
distribution functions: 

Fl (x, E)  =f1 (E)C (x) . (7) 
A qualitative allowance for the inhomogeneity of the 

spatial distribution resulting from the surface excitation 
used in our study can be made if C (x) is given by 

where a, is the absorption coefficient of the exciting light; L 
is the effective diffusion length. The selected form of the 
distribution function represents a special case of the spatial 
distribution function of excitons obtained in the diffusion 
appr~ximat ion~~ subject to the boundary condition'' 
c (0) = 0. 

Under the above approximations, Eq. (3) can be rewrit- 
ten in the form 

a 
d x  

rr(E) F. (z, E) - F, (x, E) 4- - 
v r  (E) 

1 
(9) 

-fl (E) (e-slL-e-a.') rrAp (E) +rVd (E) =o. 
a. L -1 77, ( E )  

The required solution of Eq. (9) for polaritons traveling 
toward the surface (corresponding to negative values of the 
velocity) in a semiinfinite crystal [F(  W ,  E )  = 0] is 

1 
F,  (0, E) = 

(aoL+l) [a, ( E l  +sol [a, (El L+11 

where 

a? ( E )  =rr (El /vT (E) 

is the absorption coefficient of a polariton in a stater (Ref. 6). 
In accordance with the definition (1 l), the absorption of a 
polariton is due to all the processes of loss from a state with a 
given energy and a given wave vector. The function r, (E ) 
governing the probability of loss from a given state is identi- 
cal to the damping occurring in Eq. (1). The use of Eq. (1 1) is 
justified in the case of weak damping. In this connection it 
should be pointed out that according to our estimates the 
maximum damping even in the case of the most defective 
samples [ r  = l/.r = 2 x 10'' sec- ' (0.13 meV)] was consid- 
erably less than the critical value [T, = 8 x 10" sec-' (0.5 
meV)] for which the polariton approximation becomes valid 
( i f r  < r, the dispersion curves are practically identical with 
those in the T = 0 case).38 We calculated all the functions 
associated with the polariton dispersion using Eq. (1) with 
r = o .  

4. POLARITON ABSORPTION 

In calculations it is usual to assume that the damping is 
constant. For r (E ) = const, the frequency dependence 
a, (E  ) is governed entirely by the function v, (E ) (Fig. 8). The 
functions in Fig. 8 and all the calculations reported below 
were carried out using the parameters of CdS (E, = 10; 
M = 0.9mo-Ref. 29), because we had a wide range of sam- 
ples of these crystals so that a detailed comparison could be 
made between the calculations and experiments. On ap- 
proach to the resonance from the low-energy side the veloc- 
ity v,(E ) falls strongly, reaching its minimum in the region of 
the longitudinal-transverse splitting (LT region) and then 
increases, becoming comparable with the velocity of me- 
chanical excitons. The velocity v2(E ) rises steeply from zero 
at EL and reaches values typical of the velocity of propaga- 

FIG. 8. Frequency (wavelength) dependences of the group velocity (con- 
tinuous curves) and of the absorption coefficient (dashed curves) for the 
lower (1 )  and upper (2) polariton branches. The absorption coefficient is 
calculated for r = const. 
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tion of light in matter. Consequently, al(E) has a pro- 
nounced maximum in the L T  region due to a minimum of 
v,(E ), and the coefficient a2(E ) decreases rapidly from infi- 
nitely high values at E = EL to much less than al(E ). In 
reality, the polariton damping is a function of the energy 
which should affect the spectral dependence a, (E  ). 

Investigations of the absorption spectra of CdS crys- 
t a l ~ ~ ~ , ~ ~  have established that the main absorption maximum 
occurs at the wavelength 485.55-485.45 nm, i.e., much less 
than EL .  Since in the E < EL range the exciting light is con- 
verted mainly into polaritons belonging to the lower 
branch,41 we may assume that the experimentally observed 
absorption maxima are due to maxima of a,(E ). This may be 
used as the criterion for the selection of r, (E ). 

If we assume that a crystal is ideal, then at helium tem- 
peratures the loss from a given state can only be due to tran- 
sitions to other states because of the scattering on AP. We 
can determine the function T y(E ) by calculating the ma- 
trix elements of a polariton transition from a state r to a state 
i, which are governed by the products of the matrix elements 
of a transition of a "pure" exciton from a state with a wave 
vector k to a state with a wave vector k, , and the coefficients 
allowing for the proportion of the exciton properties in the 
initial and final polariton ~ t a t e s .~ .~ '  Estimates indicate that 
in the investigated resonance region these coefficients can be 
assumed to be unity.42 

In calculating the matrix elements for the scattering by 
longitudinal acoustic (LA ) phonons we shall use an expres- 
sion which describes the scattering of excitons in the range of 
small wave vectors6: 

H,,LA= (Aq/2g~~uV)"~D15 (Ei-E,)  , (12) 

where pL is the density of the investigated crystal; u is the 
velocity of sound; D = (2/3)(Eu - Ec ); E, - Ec is the differ- 
ence between the deformation potentials of the valence and 
conduction bands; q = (k, - ki / is the wave vector of an 
acoustic phonon participating in a transition; V is the vol- 
ume of the investigated part of a crystal; the function 
S (Ei - E, ) allows for the adopted approximation of "elasti- 
city" of the transition. Since the occupation numbers of AP 
are low at T =  2 K, Eq. (12) allows only for the processes 
involving the transfer of a phonon to a lattice. After substitu- 
tion of Eq. (12) in Eq. (5) and integration over all the states i, 
we obtain 

riLA ( E )  =3DZki3 ( E )  /2nfipLuvi ( E )  . (13) 
In calculating a similar expression for polaritons of the 

upper branch, we shall assume that q = Ik, - k21 = k,, be- 
cause k,(E )%k2(E ). Consequently, we have 

rZLA ( E )  = 3 / l ~ i L A  ( E ) .  

Figure 9a shows the frequency dependences of the par- 
tial absorption coefficients2' ay(E ). In calculating Tf" ' (E)  
the anisotropy of CdS crystals is allowed for by averaging the 
value of the exciton mass M = 1.34m0 and the other param- 
eters are taken from Ref. 6. In the range E < EL the depen- 
dence ay(E) has no maximum and the calculated values of 
the absorption coefficient a fA(E)  are smaller in the LT re- 
gion than in the  experiment^.^^.^^ In addition to the LA 
phonons, contributions to the polariton scattering processes 

FIG. 9. Frequency (wavelength) dependences of the absorption coeffi- 
cients for the lower ( 1 )  and upper (2) branches. The upper part of the figure 
shows the spectrum calculated allowing only for the processes involving 
LA phonons. The lower part shows the spectra calculated allowing not 
only for the participation of LA phonons but also for the contribution of 
extrinsic processes ( b  = 10, Pr = 2 X 10" secC1). 

are made also by TA p h o n o n ~ , ~ ~  but allowance for the latter 
cannot alter significantly the value of the absorption coeffi- 
cient or the nature of its frequency dependence3' afP(E ), so 
that we shall allow only for the LA phonons. Therefore, an 
analysis of the low-temperature absorption spectra demon- 
strates the need to include "extrinsic" damping mecha- 
nisms, i.e., those other than the scattering by phonons. 

The processes of the interaction of polaritons with de- 
fects and impurities have been ignored so far. We shall de- 
scribe them by the following approximation. We shall take 
the quantity P" to be independent of energy and the same 
for branches 1 and 2. We shall describe the function P ' (E ) 
using the approximation from Refs. 32 and 44, where it has 
been assumed that the matrix element for the elastic scatter- 
ing is independent of I k, - ki [ .  The frequency dependence 
P' (E ) is governed entirely by the density of the final states 
p l (E  ). For the sake of convenience in comparison of the con- 
tributions of the elastic scattering processes with the scatter- 
ing by AP, we shall represent P' (E ) in the form 

r ie ' (E)  =I',"(E) =bpi ( E )  TILA ( E L )  /pi (EL),  (14) 
where b is a dimensionless parameter. If b = 1, the probabil- 
ity of elastic scattering of polaritons of energy EL is equal to 
the probability of their scattering by AP. 

Figure 9b shows the frequency dependences of the ab- 
sorption coefficients calculated using the parameters ob- 
tained by fitting the theory to the experimental polariton 
luminescence spectra of sample No. 3 (b = 10, 
Pr = 2 X 10" sec-I). The proposed spectrum agrees much 
better with the experimental spectra39940 both in respect of 
the amplitude and in respect of the nature of the frequency 
dependence in the region E <EL than does the spectrum 
aLA (E ). 

5. ENERGY DISTRIBUTION FUNCTION OF POLARITONS 

In the adopted approximation, the quantity f,(E ) is the 
energy distribution function independent of the coordinates. 
It can be approximated using the experimentally determined 
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population functions N (E ), which can be described by 

wherepl(E ) is the density of the polariton states belonging to 
the lower branch and fl(E ) is the distribution function of the 
polaritons from the lower branch averaged over the coordi- 
nate (the contribution to the 2L0 luminescence is made by 
polaritons everywhere in a crystal). The expression (15) al- 
lows only for the states in the lower polariton branch, be- 
cause it is these states that dominate-because of the high 
density-the 2L0 luminescence. We used the experimental 
functions N (E ) and the expression (1 5) in the selection of the 
form of the function f l (E ). 

The polariton luminescence spectra were calculated in 
Refs. 5 and 6 on the assumption that fl(E ) is the equilibrium 
Boltzmann function. Figure 10 shows the polariton popula- 
tion function calculated from Eq. (15) at T = 2 and 4 K on 
the assumption that a thermal equilibrium is established 
between polaritons and the lattice. Since below ET there is a 
low but finite density of states (curve 3 in Fig. lo), the equi- 
librium distribution function (e - E'kT) gives rise to an expo- 
nential increase in the population on reduction in the energy. 
Therefore, the hypothesis of a thermal equilibrium gives an 
unacceptable result. 

We shall describe the population function by selecting 
f l (E  to be 

f, ( E )  =const.exp [- ( E - E , ) / k T ' ] ,  if E>E, ( region I ), 
f ,  ( E )  =const, if E t E ,  ( region I1 ) , (16) 

where k is the Boltzmann constant; T * is a temperature pa- 
rameter; E, is the energy at which the nature of the distribu- 
tion function changes. The population functions determined 
experimentally for several CdS samples are compared in Fig. 
11 with those calculated from the expression (15) using Eq. 
(1 6). We can see that a suitable selection of T * and Ec ensures 
that the observed population functions are well approximat- 
ed by the calculations. The question now arises what is the 
physical meaning of regions I and I1 and what quantities are 
represented by the energy Ec and by the parameter T *? The 
lifetime in the case of the AP scattering [P (E ) = l / rAP  (E )] 
decreases rapidly on increase in the energy. In fact, for any 

2'. 556 ~-E,~v!z ,  552 

E L  ET 

FIG. 10. Population functions N ( E )  calculated from Eq. (15) on the as- 
sumption that an equilibrium distribution of polaritons has been estah- 
lished: 1) T = 4 K; 2) T = 2 K; 3) density of states in the lower polariton 
branch. 

FIG. 11. Comparison of the experimental population functions N (E  ) 
(dashed curves) with calculations (continuous curves) carried out using 
Eqs. (15) and (16) for several samples: a) sample No. 1 (T* = 5.3 K); b) 
sample No. 3 (T* = 15 K); c) sample No. 5 (T* = 57 K). The inset shows 
schematically the natureof the energy distribution function f (E  ). The val- 
ues of the energy E, are identified by arrows. 

reasonable value of T we can always find a point in an energy 
band (this is the point Ec) for which we have @ (E) = T. 
Above this point we have region I, where @ (E ) < T and po- 
laritons are scattered several times by acoustic phonons dur- 
ing their lifetime. In this region the distribution is governed 
by the parameter T *, which represents the effective tempera- 
ture of "hot" polaritons established as a result of partial 
thermalization during the time T. On increase in T, the point 
Ec shifts downward on the energy scale, the number of the 
events of scattering by acoustic phonons increases, the de- 
gree of thermalization becomes greater, and the effective 
temperature falls. In the region below Ec the probability of 
interaction with acoustic phonons is less than the probability 
of polariton loss and the subsequent energy relaxation in 
region I1 is unlikely. The bulk of the polariton states become 
populated because of single-event processes of transfer from 
region I. A comparison of the calculations with the experi- 
mental results shows that the population is well described in 
thisregionby therelationshipN (E ) ccpl(E ), i.e., theprobabil- 
ity of occupancy of the states is independent of the energy. 
Such a population corresponds to an extreme nonequilibri- 
um ("infinitely hot") distribution (T*  = w).  

Using the proposed nature of the function f,(E ), we can 
employ the energy E, obtained on fitting N (E ) to estimate T ,  

if we assume that T = #A (Ec ) = l / rLA (Ec ). For example, in 
the case of sample No. 2 we find that T = 2~ lop9 sec, 
whereas for sample No. 5, we obtain T = 3.7 x 10- sec. 
The times found in this way are in good agreement with our 
estimates (Table I) and with the results of direct measure- 
ments carried out on high-quality CdS samples. This jus- 
tifies the use of the adopted form of the function fl(E ) and the 
method of estimating T from the energy Ec . 

In crystals of the third type all the polaritons newly 
formed by the incident excitation reached the region below 
E, . In this case up to the resonance region there is a negligi- 
ble proportion of polaritons generated with E,. The function 
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TABLE I. Values of parameters used to calculate spectra in Fig. 13. 

N (E ) describing the population of the bulk of the polariton 
states has a definite long-wavelength edge (Fig. 5d). This 
edge corresponds to the energy which may be attained by 
polaritons from the point E,, as a result of one or two colli- 
sions with acoustic phonon~.~O In order to describe samples 
of the third type throughout the range from E,, to -E,, we 
have to employ f l (E ) in a form more complex than that given 
by Eq. (16). However, a satisfactory agreement between the 
calculations and experiments obtained for the majority of 
samples in the range E < Ec demonstrates that the main fac- 
tor that governs the population in the range below Ec of 
interest to us is the frequency dependence of the density of 
states. Therefore, even in the case of samples of the third type 
an analysis of the form of the polariton luminescence spec- 
trumcan bemade assuming thatN (E ) c p  ,(E ) throughout the 
region near the resonance. 

The temperature T * of the best samples does not drop 
below 5 K. It should be stressed that in this case the value of 
T * is a quantity that represents not the temperature of the 
heated equilibrium subsystem, but is a measure of the devi- 
ation of the steady-state distribution of polaritons from a 
thermal equilibrium. At temperatures above those of liquid 
helium the populations of exciton states in perfect samples 
can be described satisfactorily by an equilibrium distribu- 
t i ~ n . ~ ~  The possibility of establishing an equilibrium by in- 
creasing the temperature of a sample is a consequence firstly 
of an increase in the probability of interaction with acoustic 
phonons and secondly because of an increase in r (in the case 
of high-quality samples the value of r is governed by the 
capture of bound excitons by shallow levels1° and an increase 
in temperature increases the rate of capture because of an 
increase in the probability of thermal dissociation of bound 
excitons). However, even at high temperatures when the ex- 
citon luminescence is considered in the polariton model, it is 
necessary to allow for the characteristics of fl(E ) in the low- 
energy range. 

A more accurate form of f,(E) can be obtained by solv- 
ing the balance equation.' However, in our case when the 
main purpose is to describe the polariton luminescence spec- 
trum, the use of f,(E ) in the form (16) is quite satisfactory for 
the understanding of the main features of this spectrum. 

6. ANALYSIS OF POLARITON LUMINESCENCE SPECTRA 

rnr, sec-' ( rnr ,  set). 

3.10''' (3.3.10-") 
5.10i0 (2.10-") 
2.101' (5.10-'2) 
2.10'' (5.10-'2) 
2.10" (5.10-") 

Sample NO. I T*. e I r, sec I L, cm I a 

Luminescence was observed in a fixed external solid 
angle Af2,, . For normal emergence of luminescence from a 
crystal, we have6 

AQ,,=AS2, (E l  n,Z ( E )  , (17) 

N 1 
N 2 
Ne 3 
d y e  5 
M 7 

wheredo, (E ) is the internal solid angle that governs the set 

of directions of the polariton wave vectors which may contri- 
bute to the luminescence; n, (E) is the refractive index of a 
state in a branch r with an energy E. After substitution of 
Eqs. (17) and (4) in Eq. (2), the expression for the polariton 
luminescence intensity simplifies greatly to 

or, using Eq. (lo), to 

1,5 
2.5 

10 
10 
10 

5.3 
8 

15 
57 
m 

T ,  ( E )  r r L A  ( E )  +rre: ( E )  
I ( E ) = ~ -  v l ( E )  [ar@)  + ao1 [ a r ( E ) L + l l  fi (El  (18) 

I-1,Z 

Figure 12 shows the frequency dependences of the var- 
ious factors and terms in Eq. ( 18) and this is done in order to 
facilitate an analysis of the form of the polariton lumines- 
cence spectra. The transmission coefficients are calculated 
using an expression from Ref. 41 for T = 0 subject to the 
Pekar boundary condition. Figure 12a shows the frequency 
dependence of T,(E )/v1(E). Below EL we have T,(E)/ 
v,(E ) = T2(E )/v2(E ) (Ref. 41). In the range E < EL we find 
that in the adopted approximation we have T2(E) = 0 and 
the contribution to the luminescence can only be made by 
the lower polariton branch. The function Tl(E )/v,(E ) has 

3.10-9 
2.10-9 
4.10-'O 
4.10-" 
5.10-12 

FIG. 12. Frequency (wavelength) dependences of the factors and terms in 
Eq. (18) governing the polariton luminescence spectrum. Parts b and c 
show the luminescence spectra for the lower (curves denoted by 1) and 
upper (curves denoted by 2) polariton branches; curves denoted by 3 repre- 
sent the combined spectrum. The scales are the same for all the curves. 
The intensity in the spectra 1, l', and 2 at the maxima in Fig. 12b are 
equalized for convenience of comparison of the forms of the polariton 
luminescence spectra. 

10 
6 
0.6 
0.25 
0 
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two strong maxima: the short-wavelength maximum is gov- 
erned by the maximum of the function Tl(E ), and the long- 
wavelength maximum is governed by the minimum of v,(E ). 

Figure 12b shows the spectral form of the factors 

T, (E) r,'.A (E) +rre' (El -- 
V, ( E )  a (El  + a ~  

These factors determine the form of the polariton lumines- 
cence spectra typical of the samples with the lowest values of 
7 [when T is very low, there is no diffusion (L = O), and fl(E ) 
is independent of the energy]. The contributions of the lower 
and upper polariton branches in the range E > EL are then 
approximately the same. This is an unusual result since it 
was earlier assumed that the contribution to the lumines- 
cence in the range E > EL is made only by the upper polari- 
ton branch because T,(E))Tl(E). We can gain a better un- 
derstanding of the factors that determine the ratio of the 
contributions of the two branches to the observed lumines- 
cence by employing the approach developed in Ref. 6 
which-bearing in mind the above approximations and no- 
tation- can be formulated as follows. Let N (E, x, k, ) be the 
number of polaritons, with an energy E and with wave vec- 
tors k, lying within a solid angleAf2, (E ), formed at a point x 
per unit time: 

N ( E ,  x, k,) =W,(x, E) p,(E)  AQ,(E) AE, 

where W, (x ,  E ) is the probability of formation per unit time 
of a polariton in a state r a t  a point x; p, (E )do, (E )AE is the 
number of polariton states in a branch r that may contribute 
to the luminescence. The probability that polaritons formed 
at the point x contribute to the luminescence is governed 
firstly by the probability that polaritons reached the surface 
of a crystal without absorption (this is governed by the func- 
tion - a,@ )x ) and, secondly, by the probability that a polari- 

ton reaching the surface is transformed into external lumi- 
nescence [this is determined by the coefficients T, (E )I. The 
polariton luminescence spectrum is found by integration 
over a semiinfinite crystal of contributions of polaritons 
formed at different points in the crystal: 

I (E) = fi (E, x, k.) e-WE)'T. (E) dx 

After integration with respect to x with the aid of Eqs. 
(4)-(8), we find that Eq. (19) can be reduced to the form which 
is fully identical with Eq. (18).~' In addition to the function 
W, (x, E ), the value of which is approximately the same for 
polaritons from the lower and upper polariton branches, the 
contributions to the polariton luminescence are governed- 
according to Eq. (19)-firstly by the value of a, (E ) and sec- 
ondly by the factorp, (E )df2, (E YET, (E ), which can be re- 
duced to the following form if use is made of Eqs. (4) and ( 17): 

Since Tl(E )/v,(E ) = T2(E )/v2(E ),the valueofthefactor 

(20) is the same for both branches. Consequently, the differ- 
ence between the values of T, (E ) should not result in a differ- 
ence between their contributions to the total luminescence 
intensity. According to Eq. (20), the factor by which Tl(E ) is 
less than T2(E) is exactly equal to the factor by which the 
number of the polariton states in the lower branch that can 
contribute to the luminescence is greater than the number of 
similar states in the upper branch. Consequently, the relative 
contributions of the branches is governed mainly by the ratio 
of the quantities a2(E ) and al(E ), and also by the spatial dis- 
tribution function. 

If L = 0, the contribution of a branch to the lumines- 
cenceis governed by the factor [a, + a, (E )I-'. In theimme- 
diate vicinity ofEL (for E > EL ) the contribution of the lower 
branch is greater than that of the upper branch because in 
this region we have al(E ) < a2(E ). On increase in the energy 
the value of a2(E ) decreases strongly and thecontribution of 
the upper branch becomes greater than that of the lower 
branch. When L = 0, the contributions of both branches are 
approximately the same, i.e., in the absence of diffusion the 
usual (photon) and additional (exciton) waves make compar- 
able contributions to the luminescence.' 

The spectrum shown in Fig. 12c differs from the spec- 
trum in Fig. 12b only by allowance for the finite value of 
L = 5 X cm. Allowance for diffusion increases the in- 
fluence of the polariton absorption processes on the polari- 
ton luminescence spectrum. The greater the depth of diffu- 
sion of polaritons into a crystal, the smaller the contribution 
to the luminescence by the states with higher values ofa, (E ). 
Consequently, a change in the general form of the polariton 
luminescence spectrum on increase in L is governed by an 
increase in the contribution made to the luminescence by the 
parts of the upper polariton branch with low values ofa2(E ). 
This increases the relative intensity of the short-wavelength 
wing and shifts the main maximum relative to EL in the 
direction of shorter wavelengths. The shift is proportional to 
L. Therefore, if L is sufficiently large, then beginning from 
al(E )L > 1 in the region E > EL, both the form and the posi- 
tion of the maximum in the short-wavelength part of the 
polariton luminescence spectrum are governed by the partial 
contribution of the upper-branch polaritons. The polaritons 
of the lower branch reach the surface subject to considerable 
losses because of the absorption processes. However, we 
must bear in mind that the energy is stored in a crystal and is 
concentrated in the lower polariton branch, whereas the up- 
per branch is simply the radiative channel for the emission of 
the polariton energy. 

Figure 12d demonstrates the influence of the change in 
the function fl(E ) on the form of the polariton luminescence 
spectrum. This figure shows the spectra calculated by alter- 
ing, compared with the preceding spectra, only part of the 
function fl(E ) [Ec = 2.552 eV(485.77 nm), T * = 6 K (spec- 
trum 1) and T *  = 15 K (spectrum 2)]. A reduction in the 
parameter T * and a shift of Ec toward the range of the ener- 
gy E, corresponds to an increase in the degree of thermali- 
zation of polaritons. This increases the population of the 
low-energy parts in the L T  region. Consequently, we find 
that, for example, at T * = 15 K the polariton luminescence 
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exhibits a strongly pronounced doublet structure (spectrum 
2) and a further reduction in T * shows that the calculated 
spectrum includes an intense long-wavelength maximum 
with a short-wavelength wing (spectrum 1). The difference 
between spectra 1 and 2 is similar to the difference between 
the forms of the polariton luminescence spectra observed 
earlier for GaAs (Ref. 14) and CdS (Ref. 13) crystals. In Refs. 
13 and 14 the characteristics of the form of the spectra are 
explained from different points of view. In our calculations 
the transition from spectrum 1 to spectrum 2 is entirely due 
to a change in the parameter T * (other parameters are kept 
constant). This demonstrates a much stronger influence of 
the energy distribution function on the form of the polariton 
luminescence spectrum than that allowed for in the earlier 
calculations. 

An increase in the degree of thermalization is due to an 
increase in T, which should also increase the value of L. For 
spectrum 1' (Fig. 12d) we have L = 5 X lop4 cm, compared 
with L = 5 x lov5 cm for spectrum 1 (the other parameters 
are the same in both cases). An increase in L by an order of 
magnitude produces only a small shift of the luminescence 
line. The general form of the polariton luminescence spec- 
trum changes only slightly because in this case the absorp- 
tion coefficient depends weakly on the energy within the line 
profile. 

It thus follows from our analysis that the spatial and 
energy distribution function has a decisive influence on the 
form the the polariton luminescence spectrum. The function 
f,(E )determines the general distribution of the intensity over 
the line profile and the influence of C ( x )  reduces to a redis- 
tribution of the contribution to the observed luminescence of 
the regions with different values of a, (E ). The influence of 
the transmission coefficients is greatest at low values of T. As 
r increases, the influence of these coefficients on the general 
form of the polariton luminescence spectrum decreases. The 
role of the transmission coefficient may become greater 
when luminescence is observed at large 

7. COMPARISON OF THE CALCULATED POLARITON 
LUMINESCENCE SPECTRA WITH THE EXPERIMENTAL 
RESULTS 

A comparison of the experimental polariton lumines- 
cence spectra of five samples with the spectra calculated 
from Eq. (1 8) is made in Fig. 13. The "intrinsic" parameters 
governing the dispersion curve and characterizing the inter- 
action with acoustic phonons were the same in all the calcu- 
lations. The absorption coefficient of the exciting light a, 
was assumed to be 7 X  lo4 cm-' (Ref. 46). The spectra of 
each specific sample were calculated using the other param- 
eters listed in Table I. The effective temperature T * and the 
energy Ec were found by fitting to the experimental function 
N(E) .  The value of T for samples with short lifetimes was 
estimated from the 2L0 luminescence spectrum.30 In the 
case of samples with high values of T such an estimate could 
be difficult because for the majority of samples the 2L0 lu- 
minescence spectrum was masked by luminescence of impu- 
rity origin, which made it difficult to isolate the weak 3L0 
line.30 This was exactly the situation in the case of samples 1 

FIG. 13. Comparison of the calculated (dashed curves) with the experi- 
mental (continuous curves) spectra of different samples: a) sample No. 7; 
b) sample No. 5; c) sample No. 3; d) sample No. 2; e) sample No. 1 .  

and 2. The values of r listed in Table I for these samples were 
selected on the basis of direct measurements carried out on 
high-quality CdS  sample^'^.^^ allowing for the different val- 
ues of the parameter T *, which should be less for a crystal 
with a higher value of T. The diffusion length was estimated 
from the formula L = (1/3 7 ~ 7 ~  ) ' I2  (Ref. 36), where 7 is 
the mean square value of the group velocity of polaritons 
from the lower branch; T~ is the momentum relaxation time 
given by the expression 

where re' = l / P i  is the lifetime of polaritons in the case of 
elastic scattering processes. The value of 7 was found by 
averaging over the distribution N ( E  ) in region I. The time T, 

was calculated after a suitable selection of b applicable to a 
polariton for which the square of the group velocity amount- 
ed to 3. The parameters b and rn r  were obtained as follows. 
For each value of b beginning from zero we found successive- 
ly the value of L and then varied r' . Table I gives the mini- 
mum values of b and rnr for which the calculated polariton 
luminescence spectra agreed best with the experimental re- 
sults. It should be pointed out that the effective diffusion 
parameters listed in Table I were clearly overestimated be- 
cause L was obtained using a formula valid under thermody- 
namic equilibrium conditions. 

The parameters obtained were in agreement with the 
qualitative characteristics of the samples. The "extrinsic" 
parameters b and r"' increased on reduction in T. It was 
worth noting the considerable difference between the time 
rnr = l / P r  and the time T. In this connection we shall con- 
sider in somewhat greater detail the factors that govern the 
polariton lifetime. The low value of T for samples of the third 
type was due to a high probability of nonradiative loss of 
polar it on^.^^ An increase in T on improvement in the quality 
of the samples was due to a reduction in the probability of 
nonradiative processes. In principle, suppression of all the 
nonradiative loss channels should ensure that r is governed 
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only by the processes of radiative loss of polaritons from a 
c r y ~ t a l . ~ . ~  However, in the case of real crystals such a situa- 
tion would be difficult to achieve. In the case of perfect CdS 
samples the value of r is determined by the processes of cap- 
ture by shallow traps.'' The values of r determined in Refs. 
10 and 30 represent the lifetime of the bulk polaritons accu- 
mulated in the interior (in a layer of thickness of the order of 
L ). On the other hand, the parameter rnr , appearing in our 
case as a result of an allowance for the influence of the struc- 
ture of a, (E ) on the polariton luminescence formula, repre- 
sents effectively the surface layer because it is this layer that 
dominates the resonance luminescence. In the surface layer 
the lifetime may be considerably less than in the b ~ l k , ~ ' , ~ ~  
which is clearly due to a high concentration of defects on the 
surface. 

8. DISCUSSION OF RESULTS 

Figure 13 shows that there are discrepancies between 
the experimental results and the calculations, which is to be 
expected in view of the approximations and simplifications 
adopted by us. We shall now consider in detail some of these 
approximations. 

The energy relaxation of polaritons, particularly below 
E,, may be accompanied by a considerable change in the 
spatial distribution of polaritons. This imposes restrictions 
on the use of the approximation E (x ,  E ) = f (E )C (x). In the 
case of high values of r the function F(x,  E )  may be in- 
fluenced also by the processes of surface and bulk reabsorp- 
t i ~ n . ~ ~  

In calculations of all the functions that depend on the 
dispersion of polaritons we assumed in Eq. (1) that r = 0. 
This simplifies greatly the calculations and makes it possible 
to introduce such concepts as the group velocity and density 
of states, which become indeterminate in the case of finite 
values o f r  (Ref. 48). In the case of real values of the damping 
(Table I) an allowance for r in Eq. (1) does not-as pointed 
out earlier-alter the dispersion curve of polaritons. There- 
fore, if the damping is neglected in Eq. (I), the frequency 
dependence of the function r (E ) determined mainly by the 
dispersion of polaritons should not be affected. On the other 
hand, the function T (E ) depends strongly on the quantity r 
(Ref. 41). Even in the case of relatively weak damping, char- 
acteristic of perfect samples, the frequency dependence T (E ) 
should differ considerably from the r = 0 case4' and in the 
range below EL the contribution to the luminescence for 
finite values of r should be made also by the upper branch. 
Neglect ofthe damping in the calculation of T (E ) may be one 
of the reasons for the discrepancy between the experiments 
and calculations, particularly in the case of crystals of the 
third type, for which the position of the maximum is gov- 
erned by the function T ( E  ). In the calculations made on the 
assumption that L = 0 the position of the polariton lumines- 
cence maximum in fact coincides with EL and in the case of 
crystals of the third type it varies from sample to sample, and 
in some cases it differs considerably from the energy EL (Fig. 
4). 

Our analysis allows for the contribution of only the bulk 
polaritons to the luminescence, but the influence of damping 

raises the question whether surface polaritons contribute to 
the luminescence spectra because an increase in the spatial 
damping of bulk polaritons may have the effect that the sur- 
face region where these polaritons are deexcited may become 
comparable with the region of existence of surface polari- 
tons.49 It is also important to discuss the role of surface po- 
laritons because in recent reports the observed features of the 
polariton luminescence spectra are attributed to surface po- 
laritons. 

Inclusion of surface polaritons in the interpretation of 
the observed spectra is clearly necessary because the energy 
range of existence of surface polaritons largely overlaps the 
polariton luminescence region. The dispersion curve of sur- 
face polaritons [i.e., the dependence E (k ,I ), where k ,, is the 
component of the wave vector along the crystal boundary] in 
the absence of the spatial dispersion fits completely in the L T 
region between the energy E, and the energy 
E, [E(E, ) = - 11, located below the energy EL (in the case of 
CdS crystals, we have EL - E, ~ 0 . 2  meV). If an allowance 
is made for the spatial dispersion, then E (k ) may extend 
from the energy E, continuously to the region above EL 
(Ref. 50). 

Surface polaritons have been observed in the exciton 
resonance region for several compounds by the attenuated 
total internal reflection (ATIR) rneth~d.~ '  Surface polari- 
tons cannot contribute to the luminescence in the case of an 
ideally flat boundary because of the law of conservation of 
the wave vectors. Conversion into external luminescence is 
possible in the case of surface polaritons only when they are 
scattered by deviations from the ideal flatness of the bound- 
ary. A calculation of the probability of conversion of surface 
polaritons into external luminescence because of scattering 
by acoustic phonons and surface roughness is given in Ref. 
49. It is shown there that the scattering of surface polaritons 
may give rise to two maxima in the luminescence spectrum 
and these maxima should be located between the energies ET  
and EL.  

The results of Ref. 49 were used to interpret the experi- 
mental luminescence spectra of ZnTe (Ref. 5 1) and Xe (Ref. 
25) crystals. In Ref. 51 a qualitative interpretation of the 
reflection and luminescence spectra was used to find the val- 
ues of the energies E, and EL.  Two lines in the spectrum, 
observed between the values ofE, and EL found in this way, 
were attributed-in accordance with Ref. 49-to the surface 
polariton luminescence. The proposed interpretation was 
criticized in Ref. 52, where the values of E, and EL were 
obtained by a theoretical analysis of the specular reflection 
spectra and of ATIR spectra of ZnTe crystals. It was shown 
there that both luminescence maxima attributed in Ref. 51 
to surface polaritons are located on the long-wavelength side 
of the energy E,, so that they must represent impurity lumi- 
nescence. The positions of the maxima attributed to surface 
polaritons in the luminescence spectrum of Xe crystals are 
quite close to those expected on the basis of the results of Ref. 
49. 

Our analysis demonstrates that the characteristic fea- 
tures observed in the LT region may be due to bulk polari- 
tons arising because of the maxima of the functions T (E ) and 
N (E ) or because of the characteristics of the structure of the 
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absorption coefficients. It should also be pointed out that the 
calculations made in Ref. 49 were made ignoring the spatial 
dispersion on condition that the Debye frequency w, satis- 
fies the inequality &I, <EL - E,. An allowance for the 
finite mass of excitons and for the actual form of the disper- 
sion of acoustic phonons may, in principle, alter the calculat- 
ed spectral position of the short-wavelength maximum of 
surface polaritons. Therefore, the question of participation 
of surface polaritons in the luminescence spectra is still un- 
answered. The main contribution to the polariton lumines- 
cence spectra observed under the usual conditions is made 
by bulk polaritons. Surface polaritons may be responsible for 
some features of the spectra; in principle, the absence of an 
allowance for surface polaritons in our study may be one of 
the reasons for the discrepancies between the calculations 
and experiments. However, a reliable proof of the participa- 
tion of surface polaritons in the luminescence spectra would 
require further studies. Special attention should be given to 
an active controlled surface treatment. 

In spite of the approximations and assumptions made 
above, our approach can account for all the main features of 
the observed spectra. The nature of changes in the general 
form of the theoretical spectra is in good agreement with the 
experiments. Therefore, the proposed approach provides a 
correct description of the general physical phenomena un- 
derlying polariton luminescence. 

9. CONCLUSIONS 

We analyzed and calculated the polariton luminescence 
spectra including all the factors that determine the form of 
these spectra. We demonstrated the dominant influence of 
the kinetics of the space-energy relaxation of polaritons, 
governing the relative importance of the effects of various 
factors on the polariton luminescence spectra. The charac- 
teristics of the kinetics account for the observed multiplicity 
of the experimental polariton luminescence spectra. 

The proposed approach provides a unified explanation 
of the main features of all the doublet polariton lumines- 
cence spectra observed so far for semiconductor crys- 
tal,11-18,21-23  insulator^,^^-^^ and ~ r ~ o c r ~ s t a l s . ~ ~  The multi- 

plicity and the difference between the observed spectra are 
clearly due to the fact that samples of different quality were 
investigated. In the case of molecular crystals characterized 
by large oscillator strengths (for example, anthracene) the 
polariton luminescence spectrum may be affected consider- 
ably by the characteristics of the polariton kinetics due to the 
large effective mass of exc i t~ns .~  This results in a departure 
of the general form of the polariton luminescence spectra of 
these crystals from those mentioned above. An analysis of 
the polariton luminescence spectra of molecular crystals 
may be made by the approach employed above if an 
allowance is made for the finite energy of the phonons parti- 
cipating in the formation of the polariton luminescence spec- 
tra. 

The dependences of the form of the polariton lumines- 
cence on the lifetime and diffusion length of excitons demon- 
strate the possibility of investigating the features of the 
space-energy kinetics of excitations appearing in a crystal on 

the basis of the recorded polariton luminescence spectra. 
The authors are grateful to S. A. ~ e r m o ~ o r o v a n d  E. L. 

Ivchenko for valuable discussions and critical comments. 

''when C(x) is described by an expression from Ref. 36 the frequency 
dependence of the final expression for F, (0, E ) depends weakly on the 
selected boundary conditions. The case when C(0) = 0 corresponds to a 
high surface annihilation rate y. If y = 0, the boundary condition re- 
duces to the formdC/dxI, =, = 0. In this case the expression forF, (0, E ) 
differs from Eq. (10) by the factor [l  + a& + a, (E  )L 1, which hasa weak 
frequency dependence within the polariton luminescence profile. Bear- 
ing in mind that on the surface of a crystal the value of T can be consider- 
ably less than in the b ~ l k , ~ ' . ' ~  we find that the condition C(0) = 0 is 
clearly more realistic. 

2'A similar calculation was first carried out in Ref. 35. The authors at- 
tempted to explain the experimental values of the low-temperature ab- 
sorption coefficients by allowing only for the "intrinsic" processes of 
scattering by LA phonons and they used overestimated values of the 
deformation potential constant (D = 30 eV). In our calculations it was 
assumed that D = 5 eV (Ref. 6). 

"In the investigations of resonance Brillouin scattering4' it was shown 
that in the case of CdS the polariton scattering lines along certain direc- 
tions (klc) are of comparable intensity for LA and TA phonons. Since the 
anisotropy of the piezoelectric scattering, responsible for the appearance 
of the TA lines, is considerably stronger than the deformation scattering 
anisotropy (the scattering by TA phonons vanishes along certain direc- 
t i o n ~ ~ ~ ) ,  it follows that the contribution of the TA phonons to the value of 
r ( E )  is at least comparable with the contribution for the LA phonons. 
The frequency dependence a y ( E )  is even steeper within the LT region 
than for the LA phonons [ r  rA(E ] a k :  (E),  as shown in Ref. 43. 

4'In Ref. 6 the final formula differs from Eq. (18) because the authors 
ignored the "extrinsic" processes and used a different expression for the 
function C(x) which [C(x) = e-x'L] gives a nonphysical result in the 
absence of diffusion. 
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