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Phonon sidebands and optical gain of light-emitting conjugated polymers
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We study the interaction of excitons and optical phonons in light-emitting conjugated polymers with the
variational approach. The optical transition matrix elements for the phonon sidebands in the absorption and
emission spectra are calculated. The electron-phonon coupling constant is determined by fitting the theoretical
oscillator strengths of the emission sidebands with the experimental photoluminescence spectra for the various
poly(p-phenylene vinylene! derivatives. Using this coupling constant, we predict that the absorption one-
phonon sideband is as important as the zero-phonon sideband for the ideal systems. Taking the experimental
data of the peak absorption coefficient as input, we obtain the optical gain coefficient for a wide range of
exciton densities. The gain is found to be determined by the exciton densityn0 by a general expression 1.98
310216n0 cm2, which is in good agreement with experiments.@S0163-1829~99!06243-8#
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I. INTRODUCTION

Conjugated polymer has been identified as a promis
candidate for future optoelectronic applications1. Encouraged
by the discovery of their electroluminescence,2 an enormous
amount of research has been conducted to further explore
possibilities of electro-optical devices based on conjuga
polymers. A nature step forward is the search for lasing
tions. Preliminary optically pumped polymer lasers ha
been demonstrated.3–6 The effort to develop these prototype
into realistic coherent light sources with preferably electri
pumping has, however, encountered major difficulties. In
der to solve these difficulties, more works need to be done
not only the technical issues such as device fabrications,
also the basic physics of lasing mechanisms in conjuga
polymers. This paper is motivated by the latter.

Lasing takes place when the gain overcomes the loss i
optical resonator. For gas lasers with typical three or fo
level operation, gain is achieved by the population invers
between the two active levels. Due to the inversion, the
for the absorption from the lower state is smaller than
rate of stimulated emission from the upper state. In the c
of inorganic semiconductor lasers, gain occurs between
bands of extended states, i.e., the conduction band and
valence band, instead of two discrete active states. Upon
rent injection, the conduction-band bottom is occupied by
electrons and the valence-band top is occupied by holes.
sorption near the band edge is then depleted, while sti
lated emission is enhanced at the same time. In other wo
the current injection causes a spectral shift between the
sorption and the emission, which grows with the carrier d
sity and therefore injection current. As a result, net g
arises. Though conjugated polymers are also direct band
semiconductors, which exhibit gain upon pumping, the s
nario for gain seems to be quite different from above. One
the most important differences is that even before opt
pumping or current injection, a significant spectral shift b
PRB 600163-1829/99/60~20!/14242~13!/$15.00
g

he
d

c-
e

l
r-
n
ut
d

an
r-
n
te
e
se
o

the
r-

e
b-
u-
s,
b-
-

n
ap
-
f
l

-

tween the absorption and emission, i.e. Stokes shift, ex
for conjugated polymers. Due to this shift, the emitted ph
ton has a reduced chance to be reabsorbed and the op
gain is possible without electronic population inversion. T
Stokes shift, common in organic materials, is usually due
the electron-phonon coupling, which causes vibrational
laxations after electronic excitations. With the Stokes sh
lasing can occur without electronic population inversion,
contrast to the conventional compound semiconductors.

In this paper, we study theoretically the phonon sid
bands in the absorption and emission spectra and the re
ing Stokes shift due to electron-lattice coupling for one id
alized infinite periodic chain. The significance of extrins
factors like the inhomogeneity broadened density of sta
~DOS! will be investigated afterwards. The theory develop
by Pollmann, Buttner, and Matsurra7,8 ~PBM! for polar inor-
ganic semiconductors is adapted for the description of c
jugated polymers. Besides dimensionality, one of the ma
differences between conjugated polymers and polar semi
ductors is the type of the electron-phonon coupling. Wh
the coupling for polar semiconductors is of the Fro¨hlich type,
the coupling for the covalently bonded conjugated polym
is of deformation nature.

If the oscillator strength of the absorption is not dom
nated by the zero-phonon band, there will be a subseq
relaxation among the vibrational levels from the higher ph
non states to the zero-phonon state after optical excitat
Such a relaxation is sometimes referred to as the gen
Stokes shift. This shift reduces the overlap between the em
sion and the absorption spectra, and favors the achievem
of gain. We predict that for ideal systems the oscilla
strength of the absorption is evenly shared by the one-
zero-phonon band, while the emission is dominated by
zero-phonon band. The mirror symmetry common for sm
organic molecules is therefore broken. Moreover, this re
implies the possibility of a genuine Stokes shift of one op
cal phonon energy, contrary to the interpretations of so
14 242 ©1999 The American Physical Society
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site-selective experiments.9,10 We shall come back to this
point in the Discussion.

Because our calculation is only for one single chain,
absorption and emission coefficient for a realistic solid-st
sample can be determined only up to a common proportio
constant, which includes factors like transition dipole mat
element and chain packing density. We determine the c
stant from fitting with the experimental absorption coef
cient, then calculate the gain coefficient for arbitrary excit
density. We found that near the one-phonon emission b
there is a universal relation between the peak gain coeffic
and the exciton volume density, independent of the ch
packing density and geometry. This result gives a relat
between the resonator loss and the threshold exciton de
required for lasing in practical resonators. The agreem
with the experimental estimates is quite reasonable.

This article is organized as follows: In Sec. II, we prese
our model Hamiltonian and the Lee-Low Pines~LLP! uni-
tary transformation. In Sec. III, the variational approach
derive the wave functions and energy is introduced. In S
IV, we calculate the optical transition matrix elements a
present our results on the absorption and emission spe
with phononside bands. In Sec. V, we study the gain coe
cient for arbitrary exciton density and compare the theor
cal predictions with experiments. Sections VI and VII are t
discussion and the conclusion, respectively.

II. THE EXCITON-PHONON HAMILTONIAN

Poly(p-phenylenevinylene! ~PPV! is idealized as an one
dimensional lattice. Each unit cell contains eight carbon
oms, with onepz orbital at each carbon atom. Thep-electron
bands are formed by the superposition of thesepz orbitals.
The total number ofp electrons is equal to the total numb
of carbon atoms. Simple tight-binding calculation shows t
PPV is a direct band-gap semiconductor. Because op
absorption and emission near the band gap involve tra
tions between the valence and the conduction bands only
problem can be simplified from eight bands to only tw
bands. The system then consists of an electron and a
interacting with each other and with the longitudinal-optic
phonons. It is convenient to write an effective Hamiltoni
for the system

H5Hex1Hp1Hex2p , ~1!

with

Hex5
pe

2

2me
1

ph
2

2mh
1V~r e2r h! ~2!

and

Hp5(
s51

n

(
k

vs~k!as,k
† as,k . ~3!

The three terms inH are for the electron-hole system o
exciton, phonon, and their interaction, respectively.Hex2p
will be derived below.pe(h) is the momentum operator fo
electron~hole!. me,h are the effective mass of the conductio
and valence bands, respectively.V(r ) is the effective Cou-
lomb attraction between the electron and the hole.s is the
e
e
al

n-

n
nd
nt
in
n
ity
nt

t

c.
d
tra
-
i-
e

t-

t
al
i-

he

ole
l

phonon branch index, andk is the crystal momentum. The
p-electron band edge is chosen to be atk50. as,k

† andas,k

are the phonon creation and annihilation operators, res
tively.

In contrast to the Fro¨hlich type coupling in polar semicon
ductors, the electron-phonon coupling in conjugated po
mers are of deformation nature. Its explicit form can be o
tained as follows. Consider the interaction Hamiltoni
He2p between conduction-band electron and phonon fi
From the crystal momentum conservation, the matrix e
ment ofHe2p between conduction-band Bloch statesuk& and
uk8& must be of the form

^k8uHe2puk&5(
sq

je
s,q~as,q1as,2q

† !dk8,k1q . ~4!

For deformation type of interaction, the coupling consta
je

s,q approaches to a finite value asq→0. Since the exciton
is composed of Bloch states near the Brillouin zone cen
we only need to consider electron scattering in that regi
where je

s,q can be replaced by its value atq50, denoted
simply by je

s below. In fact, from the relation̂kuHe2puk&
5je

s(as,01as,0
† ), je

s is identified to be the change of th
conduction-band edge due to theq50 mode of the lattice
displacement with normal coordinatexs,q , which is equal to
(as,q1as,q

† )/A2 in the second quantized form. The lattic
displacement vectorus

i (R) for the i th carbon atom in thenth
unit cell can be expressed in terms of the normal coordin
xs,q by

ui~Rn!5A1

N(
q,s
A \

2Mcvs~q!
es

i ~q!eiqRnA2xs,q . ~5!

N is the total number of unit cells in the chain.Rn is the
location of thenth unit cell. Mc is the mass of the carbo
atom.es

i (q) are the polarization vectors.i 51→8 label the
carbon atoms in each unit cell. The dependency of
conduction-band edge«c on xs,0 is through the modulation
of the hopping integral between neighboring carbonpz orbit-
als by the lattice displacement. Assume thata is the change
in the hopping integral per unit length of the bond-leng
change. The bond-length change is of the order ofuui u,
which is in turn of the order ofA\/2NMcvs(q), so we have

je
s5

]«c

]xs,0
;aA \

2NMcv0
, ~6!

assuming that all the phonon branches are dispersionless
share the same frequencyv0. This relation gives only the
correct order of magnitude for the electron-phonon coupl
constantje

s . The exact expression forje
s depends on the

polarization vectorses
i (q) of the phonon modes. Instead o

solving the complete lattice dynamic equation to obtain
the polarization vectors, we introduce a phenomenolog
dimensionless parameterhe , and assume that the couplin
constantje

s is independent of the branch indexs, by

je
s5je5heaA \

2NMcv0
. ~7!
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he represents the strength of the electron-phonon coupl
Similarly, for the valence band we can calculate the mo
lation of the valence-band edge by the lattice displacemen
the normal phonon modesxs,q , and obtain the correspond
ing hole-phonon coupling constantjh . The lattice structure
of PPV is invariant under inversion respect to the center
the benzene ring. Therefore, the set of eight polarization v
tors es,q

i for each mode (s,q) must be either even or od
upon inversion. The energies of the electronic bands aq
50 is actually the eigenvalues of a 838 symmetric matrix
A, with Ai j equal to the hopping integral between carbon s
i and j. A is invariant upon lattice inversion when the lattic
is in the equilibrium configuration. When the lattice is di
placed from the equilibrium configuration, the matrix
modulatedA→A1DA. One can show that for even pola
ization vectors,DA is odd upon lattice inversion. On th
other hand,DA is even upon lattice inversion for odd pola
ization vectors. There is a bandedge modulation to the lin
order in the displacement only whenDA is even. Moreover,
we found that for suchDA, the modulation of the conductio
band and the valence band are always exactly the sam
size but opposite in sign. Therefore, we have the gen
relation2jv5je[j. However, because hole is the vacan
of the valence band, the matrix elements between the o
hole states are opposite in sign to the matrix elements of
corresponding valence-band states. In other words, we h
h^k8uHh2puk&h52v^k8uHh2puk&v up to a constant. Here
uk&v is the one-body valence-band Bloch state, whileuk&h is
the many-body Slater determinant with one hole in the o
erwise filled valence band. So we havejh52jv5j. Finally
in the real-space representation, the exciton-phonon inte
tion Hamiltonian becomes

Hep2p5He2p1Hh2p5(
sk

j~eiqr e1eiqr h!~as,q1as,2q
† !,

~8!

with

j5haA \

2NMcv0
. ~9!

r e,h are the one-dimensional coordinates of the electron
hole, respectively. In this interaction Hamiltonian,h is the
only fitting parameter.

Expressed in terms of the center-of-mass and relative
ordinates of the exciton, the total Hamiltonian becomes

H5
P2

2M
1

p2

2m
1\v0(

s,k
as,k

† as,k

1(
s,k

j@eikRrk~r !as,k1h.c.#1V~r !. ~10!

HereM5me1mh is the total mass,m5memh /M is the re-
duced mass.R5r e1r h is the center-of-mass coordinate, a
r 5r e2r h is the relative coordinate.rk(r ) is defined as

rk~r ![exp~ is2kr !1exp~ is1kr ! ~11!
g.
-
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with the ratios15me /M ands25mh /M . Next, we perform
the Lee-Low-Pines~LLP! transformation11 to remove the
center-of-mass degree of freedom

H1[U1
21HU1 ,U15expF i S Q2(

s,k
kas,k

† as,kDRG . ~12!

The transformed Hamiltonian becomes

H15
\2Q2

2M
1

p2

2m
1V~r !1(

k
j@rk~r !ak1H.c.#

1(
k

\Ṽ~k,Q!ak
†ak1(

k,k8

\2kk8

2M
ak

†ak8
† akak8 ,

~13!

with

\Ṽ~k,Q![\v02
\2kQ

M
1

\2k2

2M
. ~14!

Q is the total momentum of the system, which is conserv
and taken as ac number here. Note that we have included t
summation over the phonon branch indexs into the summa-
tion over wave numberk implicitly.

This Hamiltonian is of similar form with the exciton
phonon Hamiltonian for conventional three-dimensional p
lar inorganic semiconductors studied by PBM.7,8 In addition
to dimensionality, there are two major differences betwe
the Hamiltonians for conjugated polymers and polar se
conductors. First thek dependency of the coupling consta
is different. The coupling is a constant for the polymers, b
proportional to 1/k for the polar semiconductors. Second, t
electron-phonon coupling and hole-phonon coupling inrk(r )
have the same sign for polymers, but different in polar se
conductors.

III. VARIATIONAL SCHEME

Following the work of PBM, the trial ground stateuC& of
the whole system is chosen to be of the form

uC&5fex~r !U2@Fk~r !#u0&ph . ~15!

fex(r ) is the exciton trial wave function.u0&ph is the phonon
ground state.U2 is a displacement operator such that t
phonon trial ground state is a coherent state

U2@Fk~r !#5expF(
k

Fk* ~r !ak2Fk~r !ak
†G . ~16!

Fk(r ) is our variational function. We define

H2[U2
21@Fk~r !#H1U2@Fk~r !#, ~17!

and

H0[ph^0uH2u0&ph , ~18!

such that the trial ground-state energy^CuH1uC& is equal to
^fexuH0@Fk(r )#ufex&. The variational ground state is dete
mined by the minimum conditions
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d

dFk~r !
^fexuH0@Fk~r !#ufex&50 ~ I!,

d

dfex~r !
^fexuH0@Fk~r !#ufex&50 ~ II !. ~19!

Due to the translational symmetry of the system, the pho
variational function should be of the form12

Fk~r !5
j

\v0
~ f k

1eis2kr2 f k
2eis1kr!. ~20!

So the first of the two minimum conditions is replaced by

d

d f k
i ^fexuH0ufex&50. ~21!

A. Phonon displacement trial functions

We proceed with condition I in Eq.~19! first. For given
exciton trial wave functionfex(r ), condition I gives the
phonon trial functionsFk(r ) as functionals offex . In terms
of f k

i , the minimum condition becomes

d

d f k
i ^fexuH0ufex&5^fexu

dFk~r !

d f k
i

d

dFk~r !
H0ufex&50.

~22!

Assuming the inversion symmetry of the exciton wave fun
tion fex(r )5fex(2r ), the equations can be solved

f k
15

~11Gk!~11R2
2k2!2~11Gk!Gk

~11R1
2k2!~11R2

2k2!Gk
2

,

f k
25

2~11Gk!~11R1
2k2!1~11Gk!Gk

~11R1
2k2!~11R2

2k2!2Gk
2

, ~23!

whereGk[^fexueikr ufex&, andR1,2[A\/2me,hv0 is the so
called polaron radius. NoteGk is real due to the symmetry o
fex(r ). The dependency of the phonon trial functionf k

i on
the exciton trial wave functionfex(r ) is now only through
the quantity Gk . We now substitute Eq.~23! into
^fexuH0@Fk(r )#ufex&, and express the expectation value
terms ofGk

^fexuH0ufex&5^fexuH f reeufex&

1Rh2ā2d0F I 12
\v0

R I 21I 3G . ~24!

Here, H f ree5p2/2m1V(r ). I 1,2,3 are certain dimensionles
integrals defined below.aB5\2/me2e is the exciton Bohr
radius.R is the exciton Rydberg\2/2maB

2 . The lattice con-
stanta is written asd0aB . In addition, we define the dimen
sionless polaron radiusR̄i as Ri /aB and the dimensionles
electron-phonon coupling constantā by

ā5
a

\v0
A \

2Mv0
. ~25!
n

-

For the explicit forms of the integralsI 1 , I 2 , and I 3, the
integration variablek is changed to a dimensionless variab
t[kaB , such thatf 1,2(t)5 f k

1,2. The functionG(t) is defined
asGt/aB

. The integrals are

I 15E
2`

` dt

2p
t2$@s2f 1~ t !#21@s1f 2~ t !#2

12s1s2f 1~ t ! f 2~ t !G~ t !%,

I 25E
2`

` dt

2p
@ f 1~ t !2 f 2~ t !#@11G~ t !#, ~26!

I 35E
2`

` dt

2p F\v0

R 1
s

~11s!2
t2G

3$@ f 1~ t !#21@ f 2~ t !#22 f 1~ t ! f 2~ t !G~ t !%.

Here,s is me /mh . Note the integralsI 1,2,3 are expressed in
terms of the functionG(t), which depends only on the ex
citon trial wave function fex(r ). In order to obtain
^fexuH f reeufex& and the integralsI 1,2,3 in ^fexuH0ufex&, we
need to chose a definite form of the variational exciton wa
function fex(r ).

B. Exciton trial wave function

Without the electron-phonon coupling, an exciton in t
polymer chain can be modeled as a one-dimensional hy
gen atom with Coulomb interaction cut off at small di
tances. In fact, the binding energy of the one-dimensio
hydrogen atom is infinity without a cutoff.13 Because our
two-band effective mass approach is valid only for Blo
states within the first Brillouin zone, the real-space cutoff
the Coulomb interaction is the lattice constanta, whose cor-
responding momentum-space cutoff is at the Brillouin zo
boundary. The corresponding Schro¨dinger equation is

2
\2

2m

d2f

dr2
1V~r !f5Ef. ~27!

The cutoff Coulomb potential is

V~r !5H 2
e2

eur u
, ur u.a

2
e2

ea
, ur u,a.

~28!

Here,e is the dielectric constant along the chain. We assu
that the main effect of exciton-phonon interaction is to intr
duce a modified electron-hole Coulomb attraction. So
take the variational trial wave function forfex(r ) as the
solution of the Schro¨dinger equation forV(r ) with e
changed toev . The subscript ‘‘v ’’ means variation. The
modified Bohr radius, denoted bya0 is then

a05
\2

me2ev

. ~29!
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We take a0 as our variational parameter to minimize th
system total energy. Following the work on Loudon, we d
fine three dimensionless variables

d5
a

a0
, l5A2ma0

2

\2
uEu, z5

2r

la0
, ~30!

and express the solution and energy eigenvalue in term
them. d is now our variational parameter. For the grou
state,l andd are related by the equation

lnS 2d

l D1
1

2l
50. ~31!

In terms of the new variablez, the cutoff length of the Cou-
lomb potential isz052d/l, and the dimensionless ground
state wave function is

c~z!5H cosF S 2
1

4
1

a0l2

4a D 1/2

zG , z,z0

Ce2
1
2 zS z ln z2

1

l D , z.z0 .

~32!

The constantC is determined by the continuity condition

C5

cos~211dl2!1/2
d

l

e2d/lS 2d

l
ln

2d

l
2

1

l D . ~33!

The actual wave functionfex(r ) is related toc(z) by

fex~r !5A 1

la0N~d!
cS 2r

la0
D . ~34!

The dimensionless quantityN(d) is equal to*0
`uc(z)u2dz,

such that*2`
` ufex(r )u2dr51. Now we substitute the tria

wave functionfex with variational parameterd into the ex-
pression for the quantityG(k) in Eq. ~23!

G~ t,d!5
1

2N~d!
E

2`

`

uc~z!u2eitldz/2d0dz, ~35!

whered05a/aB as defined above. After substitutingG(t,d)
into Eqs. ~23!, ~26!, and ~24!, we obtain the variationa
ground-state energy as the function of a single variatio
variabled. The ground state is then determined by minim
ing the function. The vibarional excited states can be
tained by applyingU2 to states containing one or mor
phonons. Their energy can be obtained by calculating
expectation values ofH2 for them. For example, for state
with one phonon atk, the energy isph^0uakH2ak

†u0&ph .

IV. OPTICAL ABSORPTION AND EMISSION

A. Oscillator strengths

The optical absorption of conjugated polymers occ
through the creation of an exciton. This process is charac
ized by the oscillator strengthf and the optical absorption
coefficienta, both of which are related to the correspondi
exciton transition-matrix element:
-

of

al
-
-

e

s
r-

f 5cf(
m

uPmu2,

~36!

hna~hn!5ca(
m

uPmu2d~Em2E02hn!,

wherecf ,ca are proportional constants andhn is the energy
of the photon. The subscriptm characterizes the states of th
phonon.E0 is the electronic band gap plus the ground-st
energy of our Hamiltonian in Eq.~1!. Em is the energy of
phonons in the final state of the optical transition. The ex
ton transition-matrix element for this processPm is given by

Pm5eW•MW c,v* H ^0uexpF(
k,s

„Fk* ~0!ak,s

2Fk~0!ak,s
†
…G um&J fex~0!

5eW•MW c,v* exp~2g/2!

3^0uexpF(
k,s

Fk* ~0!ak,sG um&fex~0!, ~37!

where the factorg is

g5(
k,s

uFk~0!u25n(
k

S j

\v0
D 2

~ f k
12 f k

2!2

5nh2(
k

S a2

2\Mv0
3D ~ f k

12 f k
2!2. ~38!

Here,n is the number of even optical phonon modes.eW is the
unit polarization vector of the electric field,MW c,v* is the di-
pole transition-matrix element between the valence- a
conduction-band states. From the exciton transition-ma
element, we can calculate the total oscillator strength for
transition to states with a certain number of phonons.
transitions to the states with one exciton plus zero, one,
two phonons, the oscillator strengths are respectively gi
by

f (0)5ALufex~0!u2exp~2g!,

f (1)5 f (0)g, ~39!

f (2)5 f (0)g2/2.

The dipole transition-matrix element, the polarization ve
tors, and the proportional constant are all absorbed in
new constantA. L is the chain length. It is clear that th
relative strength among these transitions depends on
magnitude ofg. To calculateg, we need to know the param
eter Anh, where h is the dimensionless electron-phono
coupling constant. We extract this number from the expe
mental emission spectra of the conjugated polymers.
transition rate, as expected, is proportional to the system
L.

Exciton radiative recombination occurs mainly after r
laxation from higher phonon states to zero-phonon state
then emits a photon and transits to the electron-hole gro
state~no exciton! plus some phonons. We first assume th
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the total momentumQ of the exciton in the initial state is
zero. This is true for zero-temperature transition. The te
perature dependence can be taken into account later.
corresponding exciton transition-matrix element for decay
similar to that of the absorption:

P̄m5eW•MW c,v* H ^muexpF(
k,s

„Fk* ~0!ak,s

2Fk~0!ak,s
†
…G u0&J fex* ~0! ~40!

5eW•MW c,v* H exp~2g/2!

3^0uexpF(
k,s

Fk* ~0!ak,sG um&J *
fex* ~0!. ~41!

The total emission rate for the various phonon final state
proportional to the square of the above matrix element in
grated over the energy of the emitted photon. For an exc
with strictly zero total momentum, the emission rate to t
zero, one, and two phonon states are give by

h(0)5ALufex~0!u2exp~2g!,

h(1)5AL exp~2g!ufex~0!u2nuF0u2, ~42!

h(2)5AL exp~2g!ufex~0!u2
n2

2 (
k

uFkF2ku2.

Because of momentum conservation, only the phonon w
zero momentum can be emitted in the one-phonon proc
and the two phonons must be of opposite momentak and
2k in the two-phonon process. To be selfconsistent,
emission rate should remain finite as the chain lengthL goes
to infinity. As shown in Eqs.~9! and ~15!, the quantityFk
scales asL21/2. The emission rates for the one and two ph
non processes, indeed, do not scale withL. However, the
zero-phonon emission rateh(0) is proportional toL. This
problem can be fixed only when we consider the case
finite temperature.

At finite temperature, the exciton total momentumQ is
allowed to thermally fluctuate and become nonzero. Ho
ever, the final state, electron-hole ground state with no p
non, has a total momentum equal to zero. From momen
conservation, the rate is nonzero only for initial states w
zero total momentum, which, as the lengthL of the polymer
chain becomes large, occupies a phase space scaling wit
inverse ofL. The transition rate is the product ofh(0) and the
probability that the exciton momentumQ50. Since the two
factors have inverse scaling with respect toL, the physical
rate stays finite asL goes to infinity. We assume that th
probability distribution is determined by a Boltzman dist
bution

P~Q!5
1

L
A2b\2p

m*
expS 2b

\2Q2

2m*
D . ~43!

By the periodic boundary condition,Q takes the discrete val
ues 2pm/L, with m being an integer. The normalization o
the probability distribution is determined by
-
he
s
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e

th
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e

-

f

-
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(
Q

P~Q!5
L

2pE2`

`

P~Q!dQ51. ~44!

Because of the momentum conservation, only excitons w
Q50 can decay radiatively. Thus the temperature-depend
zero-phonon emission rateG0(T) is given by

G0~T!.h(0)(
Q

P~Q!dQ,05h(0)E
2`

`

P~Q!d~Q!dQ

5h(0)P~0!5Aufexu2e2gA2b\2p

m*
. ~45!

Now the zero-phonon emission rate is now finite asL be-
comes infinity. The above formula Eq.~45!, however, im-
plies strong temperature dependence of the zero-pho
emission rate, which is not observed experimentally. T
reason is that the sharp Diracd functiond(Q) above should
be, in reality, replaced by a distribution function with fini
width DK. The strict momentum selection rule is smeared
defects or environmental inhomogeneity, which break
discrete translational invariance. So, we replace the Dirad
function in Eq.~45! by a Lorentzian distributionL(Q;DK)
5(pDK)21@11(Q/DK)2#21 with width DK. The zero-
phonon emission rate becomes

G0~T!.h(0)E
2`

`

P~Q!L~Q;DK !dQ

5h(0)
2p

L

1

pDK
r ~T;DK !

5Aufex~0!u2e2g
2

DK
r ~T;DK !. ~46!

The dimensionless parameterr (T;DK) is equal to

r ~T;DK !5
L

2pE2`

`

P~Q!
1

11S Q

DK D 2 dQ

5
1

Ap
E

0

`

e2e
1

Ae

1

11
e

DEb

de. ~47!

Here,DE is the corresponding energy range and we assu
that it equals (DK)2/2M . r is basically the fraction of the
thermal probability distribution that is within the range
DK. When the temperature goes to zero,r approaches one
accordingly.

While such replacement has significant effect on the te
perature dependence of the zero-phonon emission rat
does not affect other phonon bands. For one or more pho
emission, there is always a continuum of available fin
states with arbitrary phonon momentum. In addition, t
transition rateh(1) is not sensitive to the exciton momentu
Q. Thus, the one-phonon emission rateG (1)(T) at finite tem-
perature can be written as
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G (1)~T!.h(1)(
K,Q

P~Q!dK,Q5h(1)(
Q

P~Q!

3E
2`

`

d~K2Q!dK5h(1). ~48!

Here,Q is the momentum of the exciton~initial state! andK
is the momentum of the emitted phonon~final state!. The d
function above indicates that the momentum conservatio
strictly enforced. Clearly, it does not matter whether we u
a d function or a distribution with finite width. The formula
also shows that the one-phonon rate is insensitive toT and
DK. The case for two-phonon emission rate is similar, i.

G (2)~T!.h(2). ~49!

Our model thus predicts a mild temperature dependence
zero-phonon emission rate while the multiple phonon em
sion rates are temperature independent.

B. Line shapes

Now we turn to the line shapes of the absorption a
emission spectra. So far, we consider only a single chain,
the line shape of the spectra is give by Eq.~36!. However in
real sample the inhomogeniety broadening seems to do
nate over the theoretical line shapes. We observe that
experimental linewidth is 70 meV at 20 K, which is muc
larger than the theoretical linewidth, i.e. the thermal ene
kBT. This difference shows that the experimental broaden
is of disorder origin, instead of intrinsic origins like therm
fluctuation and electronic bandwidth. Consequently, in or
to make a reliable prediction on the gain profile, we choo
not to use the theoretical line shapes. Instead, we at
Gaussian distributions with adjustable width to the phon
bands with the corresponding oscillator strength. In S
IV C, a fitting of our prediction with the observed emissio
spectra will be described, which shows almost perfect ma
and confirms our assumption of Gaussian distributions h

The absorption rateac(n) as a function of the photon
frequency can be written as

ac~n!5ac0~n!1ac1~n!1ac2~n!, ~50!

with

aci~n!5 f ( i )Fi~n!, Fi~n!5
1

Aps i
a
expF2S n2n i

a

s i
a D 2G .

~51!

The subscript ‘‘c’’ denotes chain.f ( i ) is the absorption os
cillator strength for thei th sideband obtained in Eq.~39!, and
Fi(n) the Gaussian distribution centered at the peak frequ
ciesn i

a of the sidebands in the absorption spectrum.sa is the
line broadening for the absorption spectrum. It is conveni
to factor out the physical dimension and define a dimens
less line-shape functionā(n):

ac~n!5
LAufex~0!u2e2g

Aps1
a

ā~n!, ~52!

whereā(n) is given by
is
e
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ā~n!5Aps1
a@F0~n!1gF1~n!1 1

2 g2F2~n!#. ~53!

Now, we consider the absorption coefficienta. For a real
sample made out of a large number of chains, the absorp
coefficienta(n) is proportional to the single-chain absor
tion rateac(n) times the volumn density of chains, which
determined by chain packing geometry. We can combine
chain density, the factorLAufex(0)u2e2g in Eq. ~52! and the
proportional constant into a common dimensionful const
B for all the phonon sidebands and write

a~n!5Bā~n!. ~54!

B has the same unit of cm21 as the absorption coefficienta.
Similarly, the recombination rategc(n) for an exciton in

a single chain can be written as

gc~n!5gc0~n!1gc1~n!1gc2~n!, ~55!

with

gci~n!5G ( i )Gi~n!, Gi~n!5
1

Aps i
e
expF2S n2n i

e

s i
e D 2G .

~56!

Gi(n) is the Gaussian distribution centered at the peak of
phonon sideband in the emission spectrum. Plugging in
oscillator strengthG ( i ), we have

gc~n!5
Aaufexu2e2g

Aps1
e

ḡ~n!. ~57!

The dimensionless functionḡ(n) is

ḡ~n!5Aps1
eF 2p

DKa
r ~T;DK !G0~n!1

L

a
nuF0u2G1~n!

1
L

a

n2

2 (
k

uFkF2ku2G2~n!G . ~58!

When there areNex excitons in the chain, the photon emi
sion rate becomes

gc~n!Nex5LAufexu2e2g~nexa!ḡ~n!, ~59!

wherenex[Nex /L is the chain exciton density.nexa is the
number of excitons per unit cell. For the same reason a
absorption, the photon emission coefficientg(n,nex) for a
real sample can be written as

g~n,nex!5Bnexaḡ~n!. ~60!

The factorB here is the same as the one in Eq.~54! since the
absorption and emission processes do not differ in ch
packing geometry and dipole matrix element. The opti
spectra are thus determined up to a common factorB, which
can only be fixed by comparing with the experiment. Co
bining the absorption spectrum and the stimulated emiss
spectrum, we can obtain the gain coefficient of the sam
This will be discussed in Sec. V.
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C. Comparison with experiments and predictions

We try to fit the recently observed14 emission spectra o
the various conjugated polymers by three equally spa
Gaussian distributions, as suggested in Eq.~55!. Figure 1 is
the fitting for poly~dioctyloxy phenylene vinylene! ~Pd0PV!
film at 300 K. As clearly shown in the figure, the da
perfectly match the sum of three Gaussian distributio
This is also true for Pd0PV film at 10 K, Pd0PV solution
300 K and poly~2-methoxy,5-~28ethyl!-hexyloxy-phenylene-
vinylene! ~MEH-PPV! solution at 300 K. From the fitting
we can determines i

e , n i
e andG ( i ). For simplicity, we assume

that the absorption and emission roughly share the s
broadening, i.e.,s i

a5s i
e . From the ratio ofG (2) and G (1),

we can deduce the product ofh, the effective electron-
phonon coupling constant, andAn. They always appear to
gether in the calculation. The wave functionfex and associ-
ated variables such asf k

1,2 are evaluated using the variation
method described in Sec. III. We chooseme50.117m0 and
mh50.0658m0, herem0 is the free-electron mass.15 The di-
electric constante is set to 3. The wave number of the ph
non is deduced from the spacing between the emission
non sidebands, which corresponds to 1454 cm21. With
Anh, we can calculate the factorg in Eq. ~38!, which deter-
mines the oscillator strength of absorption. Thus we obta
prediction for the absorption spectra. This prediction will
used in the next section to discuss the optical gain. Dir
comparison of the predicted absorption spectrum with
periment is so far difficult, because the phonon structures
washed away by the chain length distribution and ot

FIG. 1. The observed emission spectrum of Pd0PV film at 3
K. The solid line indicates the theoretical fitting using three Gau
ian distributions corresponding to zero-, one- and two-phonon em
sion.

TABLE I. The ratio among the experimental emission phon
sidebandsG i , the fitted electron-phonon couling constantAnh, the
corresponding phonon displacement factorg, and the fitted momen-
tum smearingDK are shown for various samples and conditions

Material G0 /G1 G1 /G2 Anh g aDK

Pd0PV film 300 K 0.91 3.33 2.1 0.94 0.17
Pd0PV film 10 K 1.14 3.23 2.1 0.94 0.19
Pd0PV solution 300 K 1.37 3.33 2.1 0.94 0.0
MEH-PPV solution 300 K 1.27 3.12 2.2 1.03 0.08
d

s.
t

e

o-

a

ct
-
re
r

broadening mechanisms. On the other hand, the ratio
tweenG (1) andG (0) determines the parameterDK. The fit-
ting for the 300 and 10 K Pd0PV film data givesDK equal to
0.17/a and 0.19/a, respectively. The fact that they are s
close confirms our explanation of the temparature dep
dence. The results ofAnh andDK for four kinds of conju-
gated polymers are shown in Table I.

The effective electron-phonon coupling constanth may
be different for other conjugated polymers. In Figs. 2 and
we plot the strength of the higher phonon sidebands rela
to the zero-phonon band for the absorption and the emis
spectra as functions ofAnh. For largerAnh, the phonon
modes are more displaced in the excited state with respe
the ground state. The spectra are consequently more d
nated by the higher phonon bands.

V. OPTICAL GAIN

Excitons are created through either optical excitation
electron-hole current injection. In addition to the spontan
ous decay discussed in the previous section, excitons
also decay radiatively through stimulated emission. The
fore, in the presence of excitons, an electromangetic w
propagating in the polymer sample may experience net g
and be amplified. Gain is achieved when stimulated emiss

0
-
s-

FIG. 2. The ratios of the one phonon~solid line! and two pho-
non emission rates~dashed line! to the zero phonon emission rate a
a function of the effective coupling parameterAnh.

FIG. 3. The ratios of the one-phonon~solid line! and two-
phonon absorption rates~dashed line! to the zero-phonon absorptio
rate as a function of the effective coupling parameterAnh.
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has a higher rate than absorption. It is more likely to occu
the emission spectral region where overlap with the abs
tion spectrum is minimal. Our calculation on the relati
strength of the phonon sidebands shows that, due to vi
tional relaxation, there is a significant redshift of the em
sion spectrum relative to the absorption. Such shift redu
the spectral overlap and favors gain. Below, we first stu
the gain coefficient for arbitrary frequency and exciton de
sity, then compare our prediction with the experiment.

The gain coefficientg(n) is the difference between th
emission coefficient and the absorption coefficient

g~n!5g~n,nex!2a~n!5Bḡ~n!, ~61!

with

ḡ~n!5~nexa!ḡ~n!2ā~n!. ~62!

It depends only on the intrinsic properties of the polym
chain, i.e.,g(n) anda(n), as well as the number of excito
Nex in the chain. With the dimensionful constantB pulled
out, the functionḡ(n) is dimensionless. For a given frequnc
n, net gain is achieved wheng(n).0. In other words, the
threshold exciton densitynex

T is given by

FIG. 4. The ratio ofG0 over G1 as a function of temparatureT.

FIG. 5. Optical gain coefficientsg(n) of Pd0PV film at 300 K
with exciton densitiesnex equal to 0.004~solid line!, 0.002, 0.001
~dashed line! and 1025 ~crossed line!, normalized so that the pea
absorption rateam is equal to 1.
n
p-

a-
-
es
y
-

r

nex
T a5

ḡ~n!

ā~n!
. ~63!

In the emission spectral region where overlap with the
sorption spectrum is small, we have

ḡ@ā, nex
T a!1. ~64!

nexa is the fraction of the valence-band electrons that
excited to the conduction-band and form excitons. Therefo
in this case gain will occur even though only a small fracti
of electrons in the valence band are excited~see Fig. 4!.

The optical gain depends on the constantB. Though we
cannot calculateB, it can be inferred from the experimenta
data. Especially the maximum of the absorption coeffici
am can be measured directly. Let us discuss Pd0PV film
room temparature as an example. According to our mode
this case the maximum of the absorption occurs at the ce
of the zero-phonon bandn0

e , i.e.,am5a(n0
a)5B. Hence the

calculable dimensionless functionḡ is equal to the gain co-
efficient g(n;nex) divided by am . In Figs. 5, 6, and 7, we
plot the dimensionless functiong(n)/am for various exciton
densitiesnexa. As shown in Fig. 5, gain indeed occurs fo
the spectral region around the one-phonon emission b

FIG. 6. Optical gain coefficientsg(n) of Pd0PV film at 300 K
with exciton densitiesnex equal to 0.4~solid line!, 0.3, 0.2~dashed
line!, and 0.1~crossed line!, normalized so that the peak absorptio
rateam is equal to 1.

FIG. 7. The gain coefficientg(n), emission rate and absortio
rate ~dashed lines! of Pd0PV film at 300 K with exciton densitie
nex equal to 0.1, all normalized so that the peak absorption rateam

is equal to 1.
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once the exciton density is above 1024 per unit cell. The
maximum absorptionam for PPV film has been estimated14

to be about 2.33105 cm21. Since am5B, we have B
52.33105 cm21. We denote this value asB0 for reference.

We concentrate now on the gain profile near the maxim
gain frequencyn1

e . According to our model calculation

ḡ(n1
e)56.4 andā(n1

e)50.004. For comparison with exper
ments, it is convenient to use the volume density of excit
n0, instead of the chain densitynex . n0 is related tonex by
n05nexa/v0, where v0 is the primitive cell volume. The
density of the unsubstituted PPV unit cell has be
estimated16 to be 7.531021 cm23, corresponding to a primi-
tive cell volumev0 of 1.3310222 cm3. In Fig. 8, we plot
the gain coefficient as a function of the exciton volume d
sity n0 at n1

e . The onset of gain at the peak of the on
phonon emission bandn1

e is atnexa56.331024. The corre-
sponding threshold exciton volume densityn0

T for gain is
therefore 4.831018 cm23.

So far, we considered only the optical gain due to
active medium of conjugated polymers. In order to mak
practical estimate on the exciton density required for las
action in a resonator, we also need to know the resonator
coefficient a r(n), which arises from the loss mechanism
such as free-carrier absorption, scattering from optical in
mogeneities, and imperfect mirror reflection.a r(n) is, of
course, sensitive to material and mirror quality and is
pected to vary from case to case. The actual threshold
lasing is determined by the competition between the ac
medium gaing(n) considered above and the resonator lo
a r(n). Lasing occurs only when the former is larger than t
latter.

If this actual threshold chain densitynexa is much larger
than the ratio betweenḡ and ā, the formula can be simpli-
fied significantly. For frequencies close ton1

e , ḡ;103ā. It is
hence a good approximation to ignorea in Eq. ~61! if
nexa@1023, i.e.,

g~n!.B0nexaḡ~n!5B0v0n0ḡ. ~65!

With this approximation, our prediction for the gain coef
cient can be easily generalized to polymers of different str

FIG. 8. The gain coefficient as a function of the exciton v
umne densityn0 at the maximal gain frequency ofn1

e .
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tures. For PPV polymer samples with other packing geo
etry, the primitive cell volumev and the constantB are
different fromv0 andB0. However,B is proportional to the
density of chains. Therefore, the product of B and the prim
tive cell volume is a constant, i.e.,Bv5B0v0, assuming that
one chain contains roughly identical numbers of primiti
cells. The gain coefficient for a sample with an arbitraryv is
then

g5Bvn0ḡ5B0v0n0ḡ53.1310217ḡn0 cm2, ~66!

where n05nexa/v is the exciton volume density for thi
sample. Note that this formula is independent ofv. It thus
applies to samples with arbitrary packing geometry and d
sity, including even polymer blends for which the activ
polymer~PPV! is dispersed in an inert matrix. The equatio
above gives a relation between the resonator lossa r and the
actual threshold exciton volume densityn0

T

a r53.1310217ḡn0
T cm2. ~67!

For Pd0PV at room temperature,ḡ56.4 at the peak gain
Thus,

a r51.98310216n0
T cm2. ~68!

This treatment can be easily generalized to other PPV der
tive that are similar. The above relation holds for room
temparature Pd0PV samples of any form.

To check the relation Eq.~68!, we obtain the correspond
ing resonator loss coefficienta r(theo) from the threshold
density n0

T estimated by the various experimental group
a r(theo) is then compared with the experimental valu
a r(exp). The results are shown in Table II for the expe
mental data by Tessleret al. ~Ref. 4!, Frolov et al. ~Ref. 17!
and Wegmannet al. ~Ref. 5!. The difference between th
theoretical predictions and the experiment data on the re
nator loss coefficient are within 50%. No adjustable para
eter is introduced in this comparison. This check confir
the reliability of the relation Eq.~67!. The values ofn0

T(exp)
for Refs. 4 and 17 are estimated from the excitation la
pulse energy, focus area, and the ratio between exciton
time and the pulse duration. For Ref. 5, it is given by t
author. The conditionnexa>1023 is satisfied in all cases
We estimate the values ofa r(exp) by separating it into two
parts:a r5as1am , where the former is due to inhomogen
ity scattering and the latter imperfect mirror reflection.am is
equal to (lnR)/2d, whereR is the mirror reflectance andd is
the resonator length.as is assumed to take the usual magn
tute of 10;100 cm21.18 In Ref. 4, am is estimated to be
1.83104 cm21 with d5100 nm andR50.7. The scattering

TABLE II. Based on the experimental threshold exciton dens
n0, our predicted resonator lossa r~theo! is compared with the ex-
perimental estimatea r~exp!.

Ref. 4 Ref. 17 Ref. 5

n0
T~exp!/cm23 1.431020 7.431017 ;1017

a r~theo!/cm21 2.73104 146 ;20
a r~exp!/cm21 1.83104 10;100 10;100
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loss is much smaller and can be neglected in this case.
the case of Ref. 17,am is estimated to be 0.18 cm21 with
d54.5 cm andR50.2. It is much smaller than the scatte
ing loss and can be ignored. There is no mirror used in R
5 and the surface reflectance in unknown; we assume tha
loss is also dominated by the scattering just like Ref. 17

VI. DISCUSSION

We present in this article a model to study the interact
of the excitons and the optical phonons in conjugated po
mers. In our model, there is only one adjustable parameteh,
the strength of the electron-phonon coupling. The value oh
is different for different kinds of polymers since the lattic
dynamic equation depends on the backbone structure as
as the side groups of the polymers.h is a combination of the
phonon polarization vectorses

i (k), and is, in principle, cal-
culable.h should be of order one, because the polarizat
vectors are all properly normalized. However, it is too co
plicated to calculateh this way. For PPV, each unit ce
contains eight carbon atoms. There are a total of sixt
degrees of freedom even if we consider only the motion
the atoms within the benzene plane. The normal modes
include fourteen optical phonon branches plus two acou
branches. The lattice dynamic equation is thus quite
volved. Instead of calculating it microscopically from th
lattice structure, we determine the value ofh by fitting the
experimental data of the relative oscillator strength of
photoluminescence phonon sidebands. However, it turns
that the strength of the zero-phonon band has an observ
temperature dependence. In order to fit the temperature
pendence of the zero phonon emission oscillator strength
introduce another parameterDK, which is the smearing o
the momentum selection rule. The optical transition is
lowed as long as the difference between the initial and fi
crystal momenta is withinDK. The microscopic origin of the
smearing includes, for example, lattice distortion, whi
breaks the discrete translational symmetry, and the emis
of acoustic phonons in the process. As discussed in sec
IV, the oscillator strength of the one and two phonon sid
bands in the luminescence spectrum are both independe
DK, while the strength for the zero-phonon band depends
DK mildly. The electron-phonon coupling constanth is thus
determined by the ratio between the one phonon and the
phonon luminescence sidebands, since this ratio is inde
dent of the extra parameterDK. In other words, even thoug
the value ofDK may vary slightly from sample to sample
this uncertainty has no effect on the determination of
intrinsic adjustable parameterh. In Sec. IV,h for two PPV
derivatives~MEH-PPV and PdOPV!, both in film and solu-
tion, are determined. Their values differ by at most 7%. W
therefore, consider this value quite reliable. By fitting t
experimental ratio between the strengths of the one-
zero-phonon sidebands, we determine the momentum sm
ing parameterDK. For our samples, it is about 0.17/a,
which is about 6% of the size of the first Brillouin zone. Th
is also quite reasonable. One of our main results is that o
the electron-phonon coupling constanth is determined by
fitting the luminesence spectrum, we can use it to predict
or
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relative phonon sidebands of the absorption spectrum.
the absorption spectrum, none of the sidebands depen
the momentum smearingDK. They depend only on one
single parameterh through the factorg(h), as seen in Fig.
3. As shown in Sec. IV, the one-phonon sideband is as
portant as the zero-phonon band, if the material quality
be improved to suppress the imhomogeniety broadening.
large weighting of the one-phonon band reduces the ove
between the absorption and the emission spectra and g
rise to gain in the emission spectral region. In Sec. V we
the calculated absorption spectrum together with the exp
mental emission spectrum to make quantitative predicti
on the gain spectrum of the polymer sample.

The existence of a genuine Stokes shift has been
dressed by some site-selective photoluminescence~PL! ex-
periments recently.9,10 In those experiments, the excitation
chosen to be deeply inside the low energy tail of the abso
tion spectrum to ensure that only long chains are excited
that no subsequent exciton migration to other chains occ
before emission. The work by Heunet al. shows that for
PPV films the zero-phonon band of the PL is quite close
the excitation energy,10 whereas Samuelet al. found that the
energy of the zero-phonon band is unresolvable but the o
phonon band is about one optical phonon energy below
excitation energy. Those authors, thus, concluded that
site-selective absorption is dominated by the zero-pho
band in the absorption spectrum, implying there is no exci
state relaxation among the vibrational levels, i.e., a vanish
genuine Stokes shift. However, such interpretation is so
what over simplified, because in the site-selective exp
ments the polymers are most likely to be excited to the ze
phonon states even if the oscillator strength of the hig
phonon band is larger than the zero-phonon band. The re
is that the excitation is in the lower energy tail of the DO
where the population of chains is supposed to increase e
nentially with their electronic transition energy. Therefor
for a given excitation energy, the population of the cha
whose zero-phonon band matches the excitation is m
larger than the population of the chains whose higher pho
bands matches the excitation. This is simply because
electronic energy of the former is one or more optical ph
non energy above the latter. For PPV film, the DOS is e
mated to be a Gaussian distribution with variance about
meV.19 Since the optical phonon energy is about 0.2 eV,
a given excitation energy the population of the chains exc
to the one-phonon states is about only one percent of
population of chains excited to the zero-phonon sta
Therefore, unless the oscillator strength of the one-pho
band is one hundred times larger than the zero-phonon b
the site-selective absorption is always dominated by
zero-phonon band. Such dramatic contrast in the oscilla
strengths is, of course, very unlikely. In other words, t
interpretation of such experiments is complicated by
sharp DOS decay in the energy tail, and the lack of exci
state energy relaxation cannot be used to rule out the po
bility of dominant higher-phonon oscillator strength for on
single chain.

Even though conjugated polymers behave like semic
ductors in many aspects, the gain mechanism is quite dif
ent from the conventional semiconductor lasers based
III-V compounds. In compound semiconductors there is
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sically no Stokes shift due to excited state lattice relaxati
Gain is achieved only when the pumping is so strong that
initial states are depleted and the final states are filled,
when the quasi-Fermi level for the electrons is pushed
into the conduction band and the quasi-Fermi level for
hole is pulled down into the valence band. Under such pum
ing level, the absorption and emission spectra are displa
with respect each other to allow a net gain. In other wor
the intensity of the pumping beam must be in the nonlin
regime where the absorption starts to saturate. In conjug
polymers, no such depletion is required because the vi
tional relaxation in the excited state automatically provid
the redshift of emission respect to absorption, even when
pumping intensity is still low in the linear regime, where th
absorption remains basically the same as the ground s
This situation is actually similar to the case of excimer las
for which population inversion is automatically realized b
cause excimers form only in the excited state. The only
ference is that for excimers the Stokes shift is due to
intermolecular distance relaxation, while for conjugat
polymers it is due to the intrachain lattice relaxation invo
ing extended phonon modes.

In Sec. V, we check our theoretical prediction on the
lation between the lasing threshold and the resonator
with experiment data. Our prediction of the resonator mir
loss agrees with the experiment within 50%~Ref. 4!. In the
case of the scattering loss, accurate comparison with the
periment is impossible because the optical characteristic
the polymer films used in the experiment are not specifi
Nonetheless the predictions are all in the right order of m
nitude ~Refs. 17 and 5!. We also estimate the minimum
threshold exciton density for lasing to be realized in P
samples. In the experiment of the Cambridge group,4 one end
of the 100-nm resonator containing the polymer film is
distributed Bragg reflector with reflectance of about 70
The corresponding loss is about 1.83105 cm21. The total
resonator loss is expected to be dominated by the mirr
We found that to overcome a resonator loss of the orde
104 cm21, a volume exciton density of the order o
1020 cm23 is required. This is much larger than the typic
lasing threshold of about 1018 cm23 for conventional com-
pound semiconductor laser. However, if the DBR is repla
by a high-reflectance mirror, the resonator loss can be
duced to the residual loss from mechanisms like light sc
tering by optical inhomogeneity and defect absorption. T
loss is usually of the order of only 102100 cm21. The vol-
ume exciton density required to overcome this loss is p
dicted to be only of the order of 1017 cm23. This threshold
density is then smaller than that of the conventional se
conductor lasers. The corresponding exciton number
PPV monomernexa, is as low as 1024. This is the range
shown in Fig. 5. So in principle gain can be realized
high-reflectance resonators when there is only one exc
per ten thousand PPV monomers. Unfortuantely, whe
polymer sample is sandwiched between two mirrors of h
reflectance, it can no longer be optically excited from outs
easily. The question now is whether it is possible to gene
excitons to the density of the order of 1017 cm23 through
electric current injection. This corresponds to the level
excitations required for electrically pumped polymer las
The obstacle to electric pumping of conjugated polymer la
.
e
.,
p
e
p-
ed
,
r
ed
a-
s
he

te.
r,
-
f-
e

-
ss
r

x-
of
d.
-

.

s.
of

l

d
e-
t-
e

-

i-
er

n
a
h
e
te

f
.
r

is twofold. One is the difficulties of carrier injection. Anothe
is related to the fact that, even if current can be easily
jected, the electrons and holes form both singlet and trip
excitons, with a rough ratio of 1:3 based on spin statistics
most cases, the triplet exciton energy is actually lower th
the singlet. The singlet ratio is thus even lower than 25
Only singlet excitons will undergo optical transitions. Th
corresponding total exciton density required for elect
pumping polymer laser with residual loss of 1
2100 cm21 is therefore around 1018 cm23, comparable to
the typical density for compound semiconductor lasers. S
as discussed above, the corresponding total number of e
ton per PPV monomer is only less than 1023. There is no
fundamental reason preventing the realization of such e
ton density, if the injection problem can be solved.

Photoinduced absorption due to interchain excited st
which spectrally overlaps with the stimulated emission, h
been reported to be an important factor to diminish the g
for some polymer samples. It has been argued that interc
species, identified as excimers or polaron pairs, have a do
nating quantum yield.20,21 Such claims are, however, contra
dicted by other works on the absolute PL quantu
efficiency,22 and some controversies remain. Even thou
interchains species do seem to appear in high-quantum y
for some polymers such as CN-PPV,23 their polulation can
be controlled by the side groups. For example, large
bulky side groups will presumably isolate the polymer bac
bones from each other and prevent the formation of in
chain species. In this paper, we do not attempt to include
effect of such species.

The wavelength at which the gain coefficient is maxim
depends slightly on the side groups of PPV. In general,
emission spectrum of unsubstituted PPV is blueshifted w
respect to other soluble derivatives. The possible reaso
that the former is polymerized only after coating on the su
strate, while the latter can be directly spin coated in the po
mer form. The effective conjugation length of unsubstitut
PPV film is therefore expected to be smaller than films ma
of other derivatives. This explains its higher band gap a
emission spectrum. Our theoretical calculations do not
sume any particular value of the band gap. Therefore,
predictions on the gain coefficient around the one-phon
emission peak does not depend on where it actually is.
example, the peak is at 2.35 eV~547 nm! for PPV, and 1.95
eV ~631 nm! for MEH-PPV.

VII. CONCLUSION

Starting from a model Hamiltonian for the exciton
phonon coupling, we study the absorption and luminescn
spectra including the phonon side bands. The electr
phonon coupling constant is the only fitting parameter,
termined by fitting the experimental ratio between the o
and two-phonon sidebands in the photoluminescence s
trum. We then calculate the absorption spectrum and pre
that the one phonon band is as important as the zero-pho
band. This is contrary to the case of luminescence, whic
dominated by the zero-phonon band for the samples we c
sidered. The gain coefficient is calculated based on the
sults. We derive a general relation between the resonator
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and the volume exciton density required for lasing thresho
applicable to PPV samples with arbitrary packing geome
and density. Our result is in good agreement with the exp
ments for both high- and low-loss resonators. For low-lo
resonator with loss of 102100 cm21, the threshold singlet
exciton density required for lasing action is of the order
1017 cm23. This is, to our knowledge, the first theoretic
work that makes quantitative predictions on the gain sp
trum of such systems. The implication on the feasibility
polymer laser based on PPV is discussed.
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