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Polariton luminescence spectra in semiconductors have been calculated as 
a function of temperature and impurity trapping rates using a two branch 
polariton model. Typically, the theoretical spectra show two structures: 
a peak near the transverse exciton energy and a shoulder near the longi- 
tudinal exciton energy. While the lower energy peak is relatively 
insensitive to the choice of additional boundary conditions (ABC), the 
higher energy shoulder strongly depends on ABC. The theoretical curves 
obtained with Pekar’s ABC are in quantitative agreement with experimental 
spectra reported in CdS, CdSe and CuCl. However, significant discrepan- 
cies between theory and experiment are found in GaAs and ZnTe. 

1. Introduction 

Luminescence’, reflectivity, nhsorptlvity 
and resonant light scattering mensurcments. )vJ in 
the vicinity of exciton-polaritons in semicon- 
ductors have been investigated extensively I” the 
past decade. As a result, polarLton Luminescence 
and reflectance spectra are now nvnil;tble for 
many materials with the zlncblcnde and wurtzite 
crystal structures. One “rea of recent interest 
in poloriton physics is the quest ion of the nddl- 
tlonni boundary condition (AK)“-‘. So far. most 
invest ign~ions of ABC have involved comp;lrison 
between experimental ref lectnncc spectra and 
theoretical spectra cnlculnted with different 
ABC’s. There is no theoretical calculation of 
polariton luminescence spectra including ARC L”- 
spite of the existence of mnny experimental sprc- 
tra. In this communication we present the first 
theoretical polaricon luminescence spectra 
obtained with a simple two branch model including 
the ABC. We demonstrate that the polnriton lum- 

inescence spectra are sensitive to the ABC adop- 
ted and that our simple model with Peker’s ABC 
can explain quantitative> the experimental spec- 
tra in several semiconductors such as CdS, CdSe, 

and CuCl. Our results indicate that two-branch 
polaricon effects alone are not adequate in ex- 
plaining the emission spectra in GaAs and ZnTe. 

Before presenting our results, we briefly 
review the present status of experimental and 
theoretical understanding of polaricon lumines- 

cence. It is possible to divide the low temper- 

ature PL spectra in high quality samples into two 

types. I” semiconductors such as CdS”‘, CdSe 

and CuCll’, the PI. spectra are dominated by two 
features: a main peak near the transverse exciton 

energy ET. and a shoulder around the longitudinal 

exciton energy EL. By contrast, experimental PL 

spectra in some zincblende type semiconductors 
such as CaAs” and ZnTe” show two distinct peaks 

of comparable strength. Although the lower 

energy peak in these compounds occurs around ET 
the higher energy peak usually appears at ener- 

gies higher than EL. 

It is generally accepted that the lower 
energy peak near ET in both cases is due to a 
maximum in the polnriton population. Th is peak 
in population is created by a bottleneck effect 
and was first predicted by Toyoznwa13. Recently. 
Sumi14 h;ls performed n calculation of the 1’1. 
spectra using n ““e-branch polnrlton model and 
confirmed that the Lower energy peak can be 

accounted for by the polnriton bottleneck. How- 
ever, Sumi’s calculation did not show the exts- 
tence of n hlj:hcr energy peak or shoulder due to 
his ncp,tcct nf the upper polnriton branch nnd the 
ARC. 

0~11 itntive cxplnnntions of the hLKhcr 
enerp,y structure in PL spectra have been pro- 
posed. Cr0ss et. al.” nttributl*d the hIghcar 
energy shoulder in CdS PL spectrn to an incrc;l.rc 
in the tr:~“smtssion coefficient of the lowcar 
branch polariton near EL, while Sell et al.” 
explained the higher energy peak in CaAs PL spcc- 
tra as due to emission from the upper poiarlton 
branch. Neither hypothesis has yet been tested 
by quantitative calculations. 

2. Model 

It is well known that in the vicinity of an 
exciton resonance in a dielectric the propngnting 
modes of the medium should be coupled transverse 
exciton and photon modes know” as polaritons. In 
an isotropic medium with a single exciton band 
the polariton dispersion is given by the follow- 
ing implicit equntion15: 

h2k2c2 
E(k,E) = n2(k,E) = __ = E + 

4H3ET(k)2 

b (1) 
E: ET(k) ‘-E2 

where k and E are respectively the polariton 
wavevector and energy. E and E 

e 
are respective- 

ly the dielectric function and he background 
dielectric constant without the polsriton con- 
tribution. n is the index of refraction of 
polaritons. 4~6 and ET(k) are respectively the 
oscillator strength and energy of the transverse 
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exciton. For simplicity we will assume the exci- 
ton band to be parabolic with ET(k) = ET(0) + 
h2k2/2m *, where m* is the effective mass of the 
exciton. The solutions of Eq. i lead to two 
polariton branches as shown in the inset of Fig.l. 
The two branches will be referred to as the upper 
and the lower polar[ton branches. The longitu- 
dinal exciton energy E L is determined by the con- 
dition E(O,E=EL)=0. 
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(b) Luminescence spectra calculated with 
ABCI (broken curves) and ABC2 (solid 
curves). The parameters used are those 
of CdS as given in Table I and are iden- 
t ical  for both ABC's. inset shows a 
typical polariton dispersion curve. 
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In the polar[ton framework, luminescence can 
be described by the following picture. Incident 
radiation with energy h,,~i>E L is partially trans- 
mitted at the sample surface as polaritons. The 
transmitted polar[tons relax via emission of 
phonons. At the same time some of the polarltons 
propagate towards the sample surface where they 

partially escape from the sample and are detected 
as luminescence photons. As pointed out by Toyo- 
zawa 13 the lower polariton branch has no minimum 
in energy so, at low temperatures, polar[tons do 
not attain thermal equilibrium among themselves. 
Under continuous illumination the polariton pop- 
ulation will reach a steady state distribution 
determined by the balance between their rate of 

generation and their rate of decay. Sum[ I~ per- 
formed a numerical calculation based on the 
above picture by assuming that the polar[ton has 
only the lower branch and demonstrated that the 
population distribution indeed has a peak at an 
energy close to E T. However, the PL spectra also 
depend on the probability that a polar[ton with 
a given energy can escape from the sample at the 
surface i.e., the transmission coefficient of the 
polar[ton. In general the calculation of the 
polariton transmission coefficient requires in- 
troduction of additional boundary conditions. 
Sum[ avoided this difficulty by assuming that the 
polar[ton has only the lower branch. As a result 
his calculation does not include any possible 
contribution of the upper polar[ton branch to the 
PL spectra. 

The upper polar[ton branch has, in princi- 
ple, a twofold effect on the shape of the lumin- 
escence spectra. Polar[ton population in the 
upper branch can directly contribute to the lum- 
inescence via escape from the sample at the sur- 
face. Even if this contribution is negligible, 
the mere presence of the upper branch modifies 
the transmission coefficient of the lower branch 
polar[ton at the sample surface because of the 
ABC. The latter effect persists at energies 
below E L where the upper branch is no longer a 
propagating mode of the medium 7. 

To explore the effects of the upper polar[- 
ton branch in PL we have extended Sumi's calcu- 
lation to include both the upper and the lower 
polar[ton branches. The polar[ton distributions 
are now given by two coupled Boltzmann equations 
fur ~Z and 0u: 

dpl(E) (dPl(E) ~ (do[ (E)  ~ 
dt " \ --dt--'lln - \--dT--I out i=Z,u (2) 

where p% and Pu are respectively the lower and 

upper branch polariton distribution functions, 

- -d t - - - ' / ln  and \ - - -d-~ ' - ]  out represen t  r e spec -  
t i v e l y  the ra te  of genera t ion  and the ra te  of 
decay of p o l a r l t o n s .  To s imp l i fy  the c a l c u l a t i o n  
we assume that the distribution of polaritons Is 
spatially homogeneous in a slab of thickness L, 
is Isotropic in momentum space and is independent 
of polarization. The latter two assumptions can 
be justified on the basis that the initial pop- 
ulatlon distribution will be randomized by scat- 
tering with phonons. 

in the region where the polar[ton energy E 
is smaller than E L the upper branch is not pro- 
pogating so that the solution of Eq. 2 is essen- 
tially the same as that obtained by Sumi; namely, 

o£(E) = iz(E)/[P~(E) + Qz(E) + R£(E)] (3) 

where P is the loss rate due to transmission at 
the surface and involves the ABC. I, Q, R are 
respectively the rate of generation due to scat- 
tering of polar[tons from other states into the 
state under consideration, loss rate due to scat- 
tering with phonons and loss rate due to trapping 
by impurities. Our expressions for I, Q and R in 
this energy range are essentially identical to 
Sumi's. For example, we include only scattering 
with longitudinal acoustic phonons via the defor- 
mation potential interaction. 
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When E > EL, Eq. 2 involve two coupled equa- 
tions in p£ and P u. The calculation of I and Q 
can be easily extended to include interbranch 
scattering. Again, computation of P involves the 
ABC. 

Additional boundary conditions of various 
forms have been proposed and discussed extensive- 
ly in the llterature #-7. We have considered 
two such ABC's: 

ABCI (Pekar 4) £ Pi=O at the surface (4) 
i 

dP i 
ABC2 (Ting et.al. 5) £ -dz-z =O at the surface (5) 

i 

We note that these two ABC's are special 
cases of the generalized ABC proposed by Hop- 
fieldl6: 

d~. 
e(ZPi)i + B(E ---!z) = 0 (6) • dz 

1 

where ~ and S are complex quantities in general. 
Care should be taken in the choice of a and 8 
because some of these choices (such as the so- 
called scft ABC G,7) may result in ABC's that 
violate energy conservation 17 and hence will not 
be considered in this paper. 

Finally, we mention some of the limitations 
of this calcu|atlon. In this work, we neglect 
the possible effects of an exciton-free 'dead 
layer' on the sample surface. Also, the plezo- 
electrlc electron-phonon interaction is not in- 
cluded. Our model is not capable of reproduclnK 
the resonant Brll[ouin spectra larEely bey;[use 
we assume that the polariton d[str[bution ls 
[sotroplc [n momentum space. 

3. Theoretical Results 

As an illustration we present the results 
obtained by numerical computations under steady 
state condltlons using as input the parameters 
appropriate for CdS (see Table l). [n Fig. l(b) 
we show the PL spectra obtained with both ABCI 
and ABC2. The correspondlng lower branch polari- 
ton distribution functions, 0£(E), are shown In 
Fig. l(a). The important conclusions we draw 
from our results for CdS are: 

(i) At low temperatures, the contribution 
of the population of the upper branch to the 
luminescence is insignificant compared to the 
luminescence from the population in the lower 

branch. 
(2) The lower branch polariton population 

shows no structure at E ~ E L for either ABCI or 
ABC2. The higher energy shoulder in the PL spec- 
tra depends entirely on the ABC. This shoulder 
is present for ABCI but is absent for ABC2. 

(3) The lower energy peak in the PL spectra 
is associated with the peak in the polarlton pop- 
ulation at the bottleneck and is relatively 
insensatlve to the choice of ABC. 

Next, we consider the effects of exciton 
impurity trapping rate, R, on the shape of the 
PL spectra calculated with Pekar's ABC. As noted 
by Sumi, an increase in R tends to quench the 
population at the bottleneck. In our model, 
however, this causes the height of the shoulder 
to increase relative to the main peak. 

The effects of temperature on the calcula- 
ted PL spectra are rather similar. At nonzero 
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temperatures there is a finite up scattering of 
polaritons in the bottleneck to the higher energy 
states. Our calculations show that as tempera- 
ture increases, the shoulder grows and gradually 
turns into a small peak. In Fig. 2 we show the 
effects of relatively large impurity trapping 
rate and temperature. The apparent shift of the 
main peak has its origin in the It(E) term. The 
sharp dip in the high temperature spectra is a 
consequence of neglecting the exciton damping in 
the polariton dispersion (Eq. I). Inclusion of 
a finite exciton damping in the dispersion rela- 
tion should smooth out this dip. 

The combined effects of temperature and 
impurity trapping rate presumably account for the 
variation in experimental PL spectra published by 
different groups on the same material. 
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Fig. 2 Luminescence spectra of CdS calculated with 

Pekar's ABC, solid curve: T=25 K, R=O; 
dashed curve: T=O K, R=8xlO 8 sec -I. Other 
parameters were the same as in Fig. I. 

4. Comparison Between Theory and Experiment 

Experimental PL spectra of many semiconduc- 
tors such as CdS, CuCI and GaAs have been repor- 
ted by several groups. In addition, we have 
obtained :.xtensive low temperature luminescence 
and reflectivity spectra of CdS, CdSe and GaAs 
in our laboratory. Our best spectra resemble 
those published in the literature. We believe 
that the experimental PL spectra of these four 
materials: CdS (Ref.8), CdSe, CuCI (Ref.lO), 
and GaAs as shown in Fig• 3 (a)-(d) represent 
reliable and reproducible PL spectra• A few 
words about CdSe spectrum are, however, in order• 
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Table 1 

Parameters used in the calculation of PL spectra of Fig. 3 

VOLo 47, No. 4 

Parameter Definition Units CdS CdSe CuCI GaAs 

E T Transverse exciton (eV) 2.5524 a ' b  1 .8227 a ' c  3.2019 a ' d  
e n e r g y  

E L Longitudinal Exciton (eV) 1.5151 e 
energy 

&ELT Longitudinal-trans- (meV) 1.92 f 1.86 g 5.5 h 0.08 i 

verse splitting 

E b Background dielectric 9 .1  j 8 .4  k 4 .66  ~ 12.56 l 
constant 

m* Exciton effective mass (m e) 0 .94 j 0 .58  TM 2 .3  ~ 0 .6  i 

u Velocity of sound (105cm/sec) 4.4 n 3.57 ° 3.8P 4.8 i 
longitudinal 

0 Density (g/cm 3) 4.82 n 5.66 4.155 p 5.307 q 

D Exciton deformation (eV) 2.5 n 2 r 1.2 s 7.8 q 
potential 

R Exciton impurity (109sec -I) 0.4 p 0.I p 3.6 p 0 
trapping rate 

T Temperature (K) 0 0 0 5 

L Thickness of the Slab (~) i 1 i i 

0 Angle of  o b s e r v a t i o n  
(degrees) 35 35 35 35 

o u t s i d e  the  c r y s t a l  

a) A d j u s t e d  s l i g h t l y  f u r  optimum f i t  to  the  e × p e r l m e n t a [  s p e c t r a .  
b) Value quo ted  by C r o s s  e t .  a l .  8 i s  2.5525 eV. 
c) 0 .3  m~V Less than  the  peak In E[[c s p e c t r a .  
d) 0 .3  mcV l e s s  than  tile va lue  quo ted  in ~.. 
e) A c c u r a t e l y  d e t e r m i n e d  from r e f [ e c t [ v l t y  s p e c t r a .  (See t e × t  and a l s o  Ref .  I t ,  and [). 
f)  Ref.  3, p. l O l .  
g) Chosen for best fit. See text. 
h) Y. Masumoto, Y. Uuuma and S. Shlonoya, Prec. 15th [nternat. Conf. Phys. Sen[tend. Kyoto, 19gO. 

J .  Phys.  S o c . . l a p a n  49 (1980) Supp l .  A, p. 393. 
i )  R. C. U i b r l c h  and C. We[sbuch,  Phys.  Rev. L e t t .  38, 865 (1977) and Ref .  2, p. 233. 
j) P.Y.Yu and F. Evange l ist [, Phys. Rev. Let[. 42, 1642 ([979). 
k) Ref. 18 
9) Y. Segawa, Y. Aoyagi and S. Namba, Solid State Commun. 39, 535 (4981) 
m) R.G. Wheeler and J.O. Dimmock, Phys. Rev. 125, 1805 (1962) and Ref. 19 
n) Ref. 14 
o) V.A. K[selev, B.S. Razbirin and I.N. Uraltsev, Phys. Stat. Sol. (6) 72, 161 (1975). 
p) T.H.K. Barron, J.A. Birch and G.K. White, J. Phys. C10, 1617 (1977). 
q) N. Neuberger, III-V Semiconductlng Compounds, Handbook of Electronic Materials v.2, (Plenum 

1971) p. 45 & 53. 
r) M. Grynberg, Phys. Star. Sol. 27, 255 (1968), Averaged over [[c and Ic. 
s) T. Koda, T. Murahashl, T. Mitani, S. Sokoda and Y. Onodera, Phys. Rev. B 5, 705 (1972). 
t) Adjustable parameter of the calculation. See text. The large value for CuCI is indicative 

of a relatively impure sample. 

Although the PL and reflectlvity spectra of var- 
ious CdSe samples we have measured are qualita- 
tively similar, the energy of the longitudinal 
exciton, as determined from reflectlvlty measure- 
ments, varies by as much as 5 meV. The varia- 
tions in the longitudinal-transverse energy 
splitting AELT are even more drastic. Values 
ranging from 0.5 to 1.3 meV have been reported by 
different authors 18-21 Similar large variations 
have been observed by us. At the moment we do 
not understand this large sample to sample varia- 
tion in ~ELT which seems to be particular to 

CdSe. As a result, we have treated AELT of CdSe 
as an adjustable parameter. Otherwise the theo- 
retical spectra in Fig. 3 (broken curves) have 
all been obtained with polar[ton parameters 
(listed in Table I) measured independently by 
other techniques. The only exception is the 
impurity scattering rate R which cannot be yet 
determined by an independent technique. In Figs. 
3(a) and (b) the bound exclton backgrounds have 
been approximated by Lorentzians shown as dotted- 
dashed curves. 
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Fig. 3 Comparison between theoretical and experi- 
mental PL spectra for (a)CdS (b)CdSe (c)CuCl 
and (d)GaAs (solid curves: experimental 
s p e c t r a ;  d a s h e d  c u r v e s ;  t h e o r e t i c a l  s p e c t r a ,  
d a s h e d - d o t t e d  c u r v e s :  b o u n d  e x c [ . t o n  b a c k -  
g r o u n d ) .  The  p a r a m e t e r s  f o r  t h e  t h e o r e t i c a l  
s p e c t r a  a r e  g i v e n  i n  T a b l e  l .  The  t h e o r e t i c a l  
c u r v e  i n  ( a )  i s  t h e  s a m e  c u r v e  i n  F i g .  l ( b )  
b u t  now s u p e r i m p o s e d  o n  a L o r e n t z i a n  b a c k -  
g r o u n d  d u e  t o  b o u n d  e x c l t o n s .  

Overall, we flnd that ABCI produces theore- 
tical PL spectra in much better agreement with 
experimental spectra than ABC2. Since we have 
not investigated other ABC's, we cannot conclude 
that ABCI is the correct ABC to use. Among the 
four semiconductors we show in Fig. 3 our model 

produces quantitative agreement with experiment 
for CdS, CdSe and CuCI. Although we have not 
performed detailed calculations for other mater- 
ials, we believe that our model with Pekar's ABC 
can also explain the PL spectra of CdTe 22, Cul I , 
and CuBr I. However, qualitative discrepancies 
exist between experimental PL spectra and the 
predictions of our model for GaAs. The two ex- 
perimentally observed peaks at 1.5148 and 1.5155 
eV in Fig. 3(d) have been attributed (by Sell et. 
al. II) respectively to luminescence from the 
lower and the upper polarlton branches. With our 
model we found two closely spaced structures near 
1.5151 eV where the experimental spectrum showed 
a dip. One may be tempted to adjust E L in order 
to line up these structures with one of the peaks 
in the experimental spectrum. However, this will 
make the interpretation of the PL spectrum incon- 
sistent with the reflectivity spectrum on the 
same sample since E L can be determined very pre- 
cisely from the sharp spike in the reflectivity 
spectrum II. A more detailed discussion of the 
discrepancies between experiment and theory in 
GaAs will be deferred to a future publication. 
For now it suffices to state that we have not 
been able to explain even qualitatively the 
polarlton emission spectra in CaAs by modifying 
our model to include additional effects such as 
an exe[ton-free 'dead' layer. We also note that 
similar discrepancies between theory and exper- 
iment seem to exist for ZnTe 17. Finally, we 
should polnt out that alternative explanations 
f o r  t he  l u m i n e s c e n c e  s p e c t r a  In  GaAs have been 
p roposed  23.  In  v i e w o f o u r  c a l c u l a t i o n  such a l t e r -  
n a t i v e  mode ls  have to  be s e r i o u s l y  c o n s i d e r e d .  

In  c o n c l u s i o n  we have p r e s e n t e d  a n u m e r i c a l  
c a l c u l a t i o n  o f  p o l a r l t n n  l u m i n e s c e n c e  l i n e s h a p e  
based on a s i m p l e  two b r a n c h  p o l a r i t o n  mode[ 
including the ABC. We demonstrate that the PL 
lineshnpe, especially the magnitude of the higher 
energy shoulder around EL, is sensitive to the 
ABC. We found that our model with the Pekar's ABC 
explains satisfactorily the general behavior of 
PL spectra in CdS, CdSe, and CuCl. However, in 
GaAs and ZnTe our model cannot account for the 
peak which appears above E L in these materials. 
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