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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 vinylenederivatives. 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 densily a general expression 1.98
X 10 %, cn?, which is in good agreement with experimeri80163-1829)06243-9

[. INTRODUCTION tween the absorption and emission, i.e. Stokes shift, exists
for conjugated polymers. Due to this shift, the emitted pho-
Conjugated polymer has been identified as a promisingon has a reduced chance to be reabsorbed and the optical
candidate for future optoelectronic applicatibriSncouraged gain is possible without electronic population inversion. The
by the discovery of their electroluminescerfcan enormous  Stokes shift, common in organic materials, is usually due to
amount of research has been conducted to further explore thie electron-phonon coupling, which causes vibrational re-
possibilities of electro-optical devices based on conjugatethxations after electronic excitations. With the Stokes shift,
polymers. A nature step forward is the search for lasing ackasing can occur without electronic population inversion, in
tions. Preliminary optically pumped polymer lasers havecontrast to the conventional compound semiconductors.
been demonstrated® The effort to develop these prototypes  In this paper, we study theoretically the phonon side-
into realistic coherent light sources with preferably electricalbands in the absorption and emission spectra and the result-
pumping has, however, encountered major difficulties. In oring Stokes shift due to electron-lattice coupling for one ide-
der to solve these difficulties, more works need to be done oalized infinite periodic chain. The significance of extrinsic
not only the technical issues such as device fabrications, bdactors like the inhomogeneity broadened density of states
also the basic physics of lasing mechanisms in conjugatet@OS) will be investigated afterwards. The theory developed
polymers. This paper is motivated by the latter. by Polimann, Buttner, and Matsuffa(PBM) for polar inor-
Lasing takes place when the gain overcomes the loss in aganic semiconductors is adapted for the description of con-
optical resonator. For gas lasers with typical three or fourjugated polymers. Besides dimensionality, one of the major
level operation, gain is achieved by the population inversiordifferences between conjugated polymers and polar semicon-
between the two active levels. Due to the inversion, the ratéluctors is the type of the electron-phonon coupling. While
for the absorption from the lower state is smaller than thehe coupling for polar semiconductors is of the Iflich type,
rate of stimulated emission from the upper state. In the caste coupling for the covalently bonded conjugated polymers
of inorganic semiconductor lasers, gain occurs between twis of deformation nature.
bands of extended states, i.e., the conduction band and the If the oscillator strength of the absorption is not domi-
valence band, instead of two discrete active states. Upon cunated by the zero-phonon band, there will be a subsequent
rent injection, the conduction-band bottom is occupied by theelaxation among the vibrational levels from the higher pho-
electrons and the valence-band top is occupied by holes. Abion states to the zero-phonon state after optical excitation.
sorption near the band edge is then depleted, while stimuSuch a relaxation is sometimes referred to as the genuine
lated emission is enhanced at the same time. In other wordStokes shift. This shift reduces the overlap between the emis-
the current injection causes a spectral shift between the alsion and the absorption spectra, and favors the achievement
sorption and the emission, which grows with the carrier denof gain. We predict that for ideal systems the oscillator
sity and therefore injection current. As a result, net gainstrength of the absorption is evenly shared by the one- and
arises. Though conjugated polymers are also direct band-garo-phonon band, while the emission is dominated by the
semiconductors, which exhibit gain upon pumping, the scezero-phonon band. The mirror symmetry common for small
nario for gain seems to be quite different from above. One obrganic molecules is therefore broken. Moreover, this result
the most important differences is that even before opticaimplies the possibility of a genuine Stokes shift of one opti-
pumping or current injection, a significant spectral shift be-cal phonon energy, contrary to the interpretations of some
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site-selective experiments® We shall come back to this phonon branch index, arklis the crystal momentum. The
point in the Discussion. mr-electron band edge is chosen to b&atO. a;fyk andag
Because our calculation is only for one single chain, theare the phonon creation and annihilation operators, respec-
absorption and emission coefficient for a realistic solid-stateively.
sample can be determined only up to a common proportional In contrast to the Fitalich type coupling in polar semicon-
constant, which includes factors like transition dipole matrixductors, the electron-phonon coupling in conjugated poly-
element and chain packing density. We determine the commers are of deformation nature. Its explicit form can be ob-
stant from fitting with the experimental absorption coeffi- tained as follows. Consider the interaction Hamiltonian
cient, then calculate the gain coefficient for arbitrary excitonHefp between conduction-band electron and phonon first.
density. We found that near the one-phonon emission bandrom the crystal momentum conservation, the matrix ele-
there is a universal relation between the peak gain coefficienhent ofHe_, between conduction-band Bloch stafks and
and the exciton volume density, independent of the chaifk’) must be of the form
packing density and geometry. This result gives a relation
between the resonator loss and the threshold exciton density
required for lasing in practical resonators. The agreement (K'He-plk)=2 £%asqtal o) dkkiq- (4
with the experimental estimates is quite reasonable. sa
This article is organized as follows: In Sec. Il, we presentror deformation type of interaction, the coupling constant
our model Hamiltonian and the Lee-Low Pin@d.P) uni- g4 gpproaches to a finite value gs-0. Since the exciton
tary transformation. In Sec. Ill, the variational approach t0js’ composed of Bloch states near the Brillouin zone center,
derive the wave functions and energy is introduced. In SeGye oniy need to consider electron scattering in that region,

IV, we calculate the optical transition matrix elements andWhere £59 can be replaced by its value g0, denoted

present our results on the absorption and emission spectra s .
with phononside bands. In Sec. V, we study the gain coefﬁ—s’_'msply bz g?r belO\sN'. In_dfacf[:f_frgrr: ths r(ta:]atlorf]k|He_p|If<>th
cient for arbitrary exciton density and compare the theoreti-_ £e(asptasg), & is identified to be the change of the

cal predictions with experiments. Sections VI and VII are theconduction-band edge due to the-0 mode of the lattice

discussion and the conclusion, respectively. displaceTment Wi_th normal coordina@iq, which is equal tq

(asqt asyq)/\/i in the second quantized form. The lattice

displacement vectary(R) for theith carbon atom in thath

unit cell can be expressed in terms of the normal coordinate
Poly(p-phenylenevinylene(PPV) is idealized as an one- xsq by

dimensional lattice. Each unit cell contains eight carbon at-

oms, with onep, orbital at each carbon atom. Theelectron _ 1 h . .

bands are formed by the superposition of thpserbitals. u'(Ry) = \/%2 \V, ZM—w(q)e's(q)e'an \/EXs,q- ®)

The total number ofr electrons is equal to the total number @ e

of carbon atoms. Simple tight-binding calculation shows thaty is the total number of unit cells in the chaiR, is the

PPV is a direct band-gap semiconductor. Because opticghcation of thenth unit cell. M is the mass of the carbon

absorption and emission near the band gap involve transiom_ ¢l(q) are the polarization vectors=1—8 label the

tions between the yalenge and the qonduction bands only, the;rphon atoms in each unit cell. The dependency of the

problem can be simplified fro_m eight bands to only two .gnduction-band edge, on ys is through the modulation

bands. The system then consists of an electron and a holg ihe hopping integral between neighboring carporrbit-

interacting with each other and with the longitudinal-optical ;¢ by the lattice displacement. Assume thas the change

phonons. It is convenient to write an effective Hamiltonian;, e hopping integral per unit length of the bond-length

for the system change. The bond-length change is of the order|uf,

1) which is in turn of the order of/A/2NM.w¢(q), so we have

II. THE EXCITON-PHONON HAMILTONIAN

H=Hex+Hp+Hey p,

with s deg h 5
ge_aXSYO “ N 2NM, oy’ ©)

P P
Hex_z_me + 2m, FV(re=rn) 2 assuming that all the phonon branches are dispersionless and
share the same frequenay. This relation gives only the
and correct order of magnitude for the electron-phonon coupling
n constant&;. The exact expression fof; depends on the
Hp:E 2 ws(k)a;kas,k- 3) poIayization vectorsy(q) pf the phqnon modes. Insteaq of
=1 'k solving the complete lattice dynamic equation to obtain all

the polarization vectors, we introduce a phenomenological
dimensionless parametef,, and assume that the coupling
constanté; is independent of the branch indexby

The three terms irH are for the electron-hole system of
exciton, phonon, and their interaction, respectivefy., |,
will be derived below.pg, is the momentum operator for

electron(hole). m, |, are the effective mass of the conduction 5
and valence bands, respectivel§(r) is the effective Cou- S_ ¢ — 7
. X £e= €= Mo - (7)
lomb attraction between the electron and the helé the 2NM oy
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7e represents the strength of the electron-phonon couplingvith the ratios;=m¢/M ands,=m;,/M. Next, we perform
Similarly, for the valence band we can calculate the moduthe Lee-Low-Pines(LLP) transformatiof" to remove the
lation of the valence-band edge by the lattice displacement gienter-of-mass degree of freedom

the normal phonon modeg; ,, and obtain the correspond-

ing hole-phonon coupling constasf. The lattice structure | _ T T

of PPV is invariant under inversion respect to the center of Hi=U; HUl’Ul_eX+<Q ; Kas sk
the benzene ring. Therefore, the set of eight polarization vec- o

tors e, for each mode ,q) must be either even or odd The transformed Hamiltonian becomes

upon inversion. The energies of the electronic bands at B2Q2  p?

=0 is actually the elgenvalges _of ax@® symmetric matrix _ H,= + p_+v(r)+2 E p(r)a+H.c]
A, with A;; equal to the hopping integral between carbon site 2M - 2u K

i andj. A is invariant upon lattice inversion when the lattice

R} . (12

. e : . i - h 2Kk’
|sI in the equilibrium c_o_nflguratlon._Wher_l the lattice is d|_s +> hQ(k,Q)aIakJrE o0 alal/akaku
placed from the equilibrium configuration, the matrix is K KK
modulatedA— A+ AA. One can show that for even polar- (13)
ization vectors,AA is odd upon lattice inversion. On the
other handAA is even upon lattice inversion for odd polar- with
ization vectors. There is a bandedge modulation to the linear
order in the displacement only whe¥A is even. Moreover, ~ h?kQ h2K?

i i QK Q) =hwyg— ——+ ——. (14)
we found that for suciA A, the modulation of the conduction M 2M

band and the valence band are always exactly the same in

size but opposite in sign. Therefore, we have the generdD is the total momentum of the system, which is conserved

relation — &,= £&.= £. However, because hole is the vacancyand taken as anumber here. Note that we have included the

of the valence band, the matrix elements between the ongéummation over the phonon branch indeixto the summa-

hole states are opposite in sign to the matrix elements of théon over wave numbek implicitly.

corresponding valence-band states. In other words, we have This Hamiltonian is of similar form with the exciton-

n(k’[Hn_plkyn=—(k’|[Hp_p|k), up to a constant. Here, phonon Hamiltonian for conventional three-dimensional po-

|k), is the one-body valence-band Bloch state, whilg, is  lar inorganic semiconductors studied by PB#In addition

the many-body Slater determinant with one hole in the othio dimensionality, there are two major differences between

erwise filled valence band. So we hagie= — £,=¢&. Finally ~ the Hamiltonians for conjugated polymers and polar semi-

in the real-space representation, the exciton-phonon interagonductors. First th& dependency of the coupling constant

tion Hamiltonian becomes is different. The coupling is a constant for the polymers, but
proportional to 1K for the polar semiconductors. Second, the
electron-phonon coupling and hole-phonon coupling,ifr)

Hep-p=He-ptHnhp= E £(e're+ eiqrh)(as,q+ a;r —q) have the same sign for polymers, but different in polar semi-
sk ' conductors.
()
with Ill. VARIATIONAL SCHEME
Following the work of PBM, the trial ground staf@) of
h the whole system is chosen to be of the form
c®o
|W) = pex(T)U[ F(r)1|0)pp- (15

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

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

%ex(r) is the exciton trial wave functior1|0)ph is the phonon
ground stateU, is a displacement operator such that the
d:ghonon trial ground state is a coherent state

uz[Fk(r>]=exp[§ Fr(Nac—Fe(na|. (16

2 2
H=om ™ ﬂJrth;( a1 k Fi(r) is our variational function. We define
+3 e R (r)ag c+h.c]+V(r). (10) Ho=U; [Fi(r)TH1U[Fy(r)], 17
ok and
HereM =m.+my is thg total massg=mym,/M is .the re- Ho= 11(0|H|0) (18
duced massR=r.+r} is the center-of-mass coordinate, and 0~ ph 2l¥/ph>
r=re—ry is the relative coordinate(r) is defined as such that the trial ground-state enexgy|H,|¥) is equal to

(Ped Ho[Fi(r) ]| dey). The variational ground state is deter-
pr(r)=exp(is,kr)+exp(isikr) (1)  mined by the minimum conditions
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For the explicit forms of the integralk;, 1,, andls, the
5F—(r)<¢ex|HO[Fk(r)]| bex)=0 (1), integration variable is changed to a dimensionless variable
K t=kag, such thaf*4(t)=f}2. The functionG(t) is defined

asGy/a,,- The integrals are

54 X(r)<¢ex|Ho[F (D1lge)=0 (). (19 »
Due to the translational symmetry of the system, the phonon l1= fﬁwﬁtz{[szfl(t)]%[Slfz(t)]z
variational function should be of the folf

+2s18,f (1) FA(1) G(1)},

k(r) i(f e'Szkr felslkr) (20) . dt
|z=f S —fAD][1+Gb)], (26)
So the first of the two minimum conditions is replaced by —e 2
* dt ﬁwo g
H 0. 21 = Y
) 2 (dalHol o = (21 o= [ o !

X{LFH )P+ [ F2(0) 12— L) (1) G(1)}.
A. Phonon displacement trial functions {IEOFHIFOF - O OGO}
We proceed with condition | in Eq19) first. For given ~ Here,o is me/my,. Note the integral$, , ; are expressed in
exciton trial wave functionge,(r), condition | gives the terms of the functiorG(t), which depends only on the ex-
phonon trial functions=,(r) as functionals ofp.,. In terms ~ citon trial wave function ¢e,(r). In order to obtain

of i, the minimum condition becomes (bexHiree dex) and the integrals , 3in (pexHol pex), We
need to chose a definite form of the variational exciton wave
OF(r) o function ¢ey(r).
5f| <¢ex| 0|¢EX> <¢ex| |k 5Fk(r)HO|¢eX>:0

22) B. Exciton trial wave function

Assuming the inversion symmetry of the exciton wave func-
tion ¢e(r) = de,(—r), the equations can be solved

Without the electron-phonon coupling, an exciton in the
polymer chain can be modeled as a one-dimensional hydro-
gen atom with Coulomb interaction cut off at small dis-
2.2 tances. In fact, the binding energy of the one-dimensional
(1+ G (1+R3K) — (1+ Gy G hydrogen atom is infinity without a cutoff. Because our

1:
fi (1+ Rsz)(1+ ngZ)Gﬁ ' two-band effective mass approach is valid only for Bloch
states within the first Brillouin zone, the real-space cutoff for
_ 2,2 the Coulomb interaction is the lattice constaptvhose cor-
2 (1+G(1+RK )+(1+G")Gk, (23)  responding momentum-space cutoff is at the Brillouin zone
(1+ Rikz)(1+ R%kz)—GE boundary. The corresponding Schimger equation is

where G = (e €| dey), andRy ;= \h/12m, Ly is the so 52 P
called polaron radius. Not®, is real due to the symmetry of ¢ —— +V(r)p=Edg. (27)
dex(r). The dependency of the phonon trial functitipon 2p dr?

the exciton trial wave functiomb.,(r) is now only through
the quantity G,. We now substitute EQ.(23) into
(PexHo[Fi(r) ]| dey), and express the expectation value in

The cutoff Coulomb potential is

2

terms of G, _ & Ir|>a
elr”
<¢ex|H0|¢ex>:<¢ex|Hfree| ¢ex> V(r)= e? (28)
o = Ir|<a.
+Rp2a?s, '1_%'2“3 (24) €

Here, e is the dielectric constant along the chain. We assume
Here, H¢ree= p2/2u+ V(1). I1,3 are certain dimensionless that the main effect of exciton-phonon interaction is to intro-
integrals defined belowag= hzl,ue € is the exciton Bohr duce a modified electron-hole Coulomb attraction. So we
radius.R is the exciton Rydberg?/2ua3. The lattice con- take the variational trial wave function fape,(r) as the
stanta is written asdoag . In addition, we define the dimen- solution of the Schrmdinger equation forV(r) with e
sionless polaron radiuR; asR;/ag and the dimensionless changed toe,. The subscript V" means variation. The
electron-phonon coupling constamtby modified Bohr radius, denoted la is then

—  « h h?
= — dg= .
“« hwg ¥V 2Mwq’ @9 0 we’e,

(29
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We takea, as our variational parameter to minimize the
system total energy. Following the work on Loudon, we de-

fine three dimensionless variables

2
a - 2pag

2r
a -2 E|, z=—, (30

\ay
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f:CfE |Pm|21
m
(36)
hva(hv)=c,>, |Pml26(Em—Eo—hv),
m

wherec; ,c, are proportional constants ahd is the energy

and express the solutio.n gnd energy eigenvalue in terms @ff the photon. The subscript characterizes the states of the
them. 6 is now our variational parameter. For the groundphonon.E, is the electronic band gap plus the ground-state

state,\ and § are related by the equation

1

25+ B
2\

In)\

0. (31

In terms of the new variablg the cutoff length of the Cou-

lomb potential iszy=26/\, and the dimensionless ground-

state wave function is

1+a0)\2
72" 1a

1
—3Z -
Ce (zlnz )\)’

12
4

z<2zy

’

W(2)= (32

z>7.

The constanC is determined by the continuity condition

o
cog —1+ 5)\2)1/2X

€= 26 25 1\ (33
e N —In—--
NN A
The actual wave functiob.,(r) is related toy(z) by
B 1 2r 34
Pex(r)= \/md/ Nag (34

The dimensionless quantityi(8) is equal tofg|#(z)|%dz,
such thatf” | ¢e(r)|?dr=1. Now we substitute the trial
wave functiong., with variational paramete$ into the ex-

energy of our Hamiltonian in Eql). E,, is the energy of
phonons in the final state of the optical transition. The exci-
ton transition-matrix element for this proceBg, is given by

Pn= E M):v[ <0|eXF{ % (F: (O)ak,s

~F(0)al )

|m>} $ex(0)

—e-MZ, exp—g/2)

X<O|exr{% F’I:(O)ak,s |m>¢ex(o)a (37)
where the factog is
— _ g ? 1 2
g—% |Fk(0)|2—n2k (ﬁ_wo) (fi—f)?
=n 22 az (fl_f2)2 (38)
T\ aMed) K

Here,n is the number of even optical phonon modess the

unit polarization vector of the electric field oy is the di-
pole transition-matrix element between the valence- and
conduction-band states. From the exciton transition-matrix
element, we can calculate the total oscillator strength for the

transition to states with a certain number of phonons. For

pression for the quantit@ (k) in Eq. (23 transitions to the states with one exciton plus zero, one, and

two phonons, the oscillator strengths are respectively given

by

G(t,8)= Wl(g) f :I ¥(2)|%€"™2%dz,  (35)

fO=AL|¢,(0)]%exp(—9),
where §,=alag as defined above. After substitutit, 5)

into Egs. (23), (26), and (24), we obtain the variational f=£0)g,
ground-state energy as the function of a single variational

2)_ §(0)y2
variabled. The ground state is then determined by minimiz- f@=1g%2.

ing the function. The vibarional excited states can be obThe dipole transition-matrix element, the polarization vec-
tained by applyingU, to states containing one or more ors, and the proportional constant are all absorbed in the
phonons. Their energy can be obtained by calculating th@ew constantA. L is the chain length. It is clear that the
expectation values doff, for them. For example, for states rejative strength among these transitions depends on the
with one phonon ak, the energy is,n(0|axH,ak|0)pn. magnitude ofg. To calculateg, we need to know the param-
eter yn», where 7 is the dimensionless electron-phonon
coupling constant. We extract this number from the experi-
mental emission spectra of the conjugated polymers. The
transition rate, as expected, is proportional to the system size
The optical absorption of conjugated polymers occurdl.

through the creation of an exciton. This process is character- Exciton radiative recombination occurs mainly after re-
ized by the oscillator strengthand the optical absorption laxation from higher phonon states to zero-phonon state. It
coefficienta, both of which are related to the correspondingthen emits a photon and transits to the electron-hole ground
exciton transition-matrix element: state(no exciton plus some phonons. We first assume that

(39

IV. OPTICAL ABSORPTION AND EMISSION

A. Oscillator strengths
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the total momentun@ of the exciton in the initial state is L (e
zero. This is true for zero-temperature transition. The tem- > P(Q)= EJ P(Q)dQ=1. (44)
perature dependence can be taken into account later. The Q o

corresponding exciton transition-matrix element for decay i

similar to that of the absorption: Because of the momentum conservation, only excitons with

Q=0 can decay radiatively. Thus the temperature-dependent
zero-phonon emission rat&)(T) is given by

P.=e M:,v{ <m|exr{ k}; (FX(0)ay s

To(T)=h© P(Q)dge=h® f " P(Q)8(Q)dQ
—F(0)a) ) Q -

|0>] bex(0) (40)

=hOP(0)=A| pe,l%e 9

2
2 ,Bﬁ* T 45

=e I\7I§YV[ exp(—g/2)

. Now the zero-phonon emission rate is now finitelLabe-
x<o|ex;{2 Fr(0)ay s |m>] $2(0). (41  comes infinity. The above formula E¢45), however, im-

ks ’ plies strong temperature dependence of the zero-phonon
The total emission rate for the various phonon final states {§MiSsion rate, which is not observed experimentally. The
proportional to the square of the above matrix element intef€as0n is that the sharp Diracfunction 5(Q) above should

grated over the energy of the emitted photon. For an excitoR®: In reality, replaced by a distribution function with finite
with strictly zero total momentum, the emission rate to thewidth AK. The strict momentum selection rule is smeared by

zero, one, and two phonon states are give by defects or environmental inhomogeneity, which break the
discrete translational invariance. So, we replace the Dirac
hO=AL|pe(0)|%exp(—g), function in Eq.(45) by a Lorentzian distributionC(Q;AK)
=(wAK) 1+ (Q/AK)?] ! with width AK. The zero-
hM=AL exp(—g)| ¢ex(0)|2n|Fo?, (42)  phonon emission rate becomes
@ n’
2) 2 2 *
h®= AL exp(—0)| ¢ex(0)[*5 X [FiF I FO(T)Zh«»ﬁ P(Q)L(Q:AK)dO
Because of momentum conservation, only the phonon with
; . 2
zero momentum can be emitted in the one-phonon process, SN ()i r(T;AK)
and the two phonons must be of opposite moméngad L 7AK
—k in the two-phonon process. To be selfconsistent, the 2
emission rate should remain finite as the chain letgtjoes =A|¢ex(0)|ze_gRV(T;AK)- (46)

to infinity. As shown in Egs(9) and (15), the quantityF,

scales as. ~ 2. The emission rates for the one and two pho- , , )

non processes, indeed, do not scale withHowever, the 1 ne dimensionless paramete(T; AK) is equal to
zero-phonon emission rate®) is proportional toL. This

problem can be fixed only when we consider the case of L (= 1
finite temperature. r(T;AK)= ZJ P(Q)ﬁdQ
At finite temperature, the exciton total momentunis o 1+ —)
allowed to thermally fluctuate and become nonzero. How- AK
ever, the final state, electron-hole ground state with no pho- 1 (= 1 1
non, has a total momentum equal to zero. From momentum :_J e f— —— de. (47)
conservation, the rate is nonzero only for initial states with e Je 1+ €
zero total momentum, which, as the lengtlof the polymer AEB

chain becomes large, occupies a phase space scaling with the

inverse ofL. The transition rate is the productof®) and the  Here,AE is the corresponding energy range and we assume
probability that the exciton momentu@=0. Since the two that it equals AK)?/2M. r is basically the fraction of the
factors have inverse scaling with respectliothe physical thermal probability distribution that is within the range of
rate stays finite ag goes to infinity. We assume that the AK. When the temperature goes to zer@pproaches one
probability distribution is determined by a Boltzman distri- accordingly.

bution While such replacement has significant effect on the tem-
perature dependence of the zero-phonon emission rate, it
1 [2Bh%w h2Q? does not affect other phonon bands. For one or more phonon

PQ=r _-— exp( -B 2m*) (43 emission, there is always a continuum of available final

states with arbitrary phonon momentum. In addition, the
By the periodic boundary conditio takes the discrete val- transition rateh*) is not sensitive to the exciton momentum
ues 2rm/L, with m being an integer. The normalization of Q. Thus, the one-phonon emission r&té)(T) at finite tem-
the probability distribution is determined by perature can be written as
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rOM=h®S PQ)sc o= P(Q) a(v) =Tl Fo(v) + 9F1(1) + 367 Fo(v)]. (593
K.Q ’ Q

Now, we consider the absorption coefficiamt For a real
sample made out of a large number of chains, the absorption
coefficienta(v) is proportional to the single-chain absorp-
tion ratea(v) times the volumn density of chains, which is
Here,Q is the momentum of the excitdimitial statg andK  determined by chain packing geometry. We can combine the
is the momentum of the emitted phondinal stat¢. The §  chain density, the factdrA| ¢.,(0)|%e~9 in Eq. (52) and the
function above indicates that the momentum conservation igroportional constant into a common dimensionful constant
strictly enforced. Clearly, it does not matter whether we useB for all the phonon sidebands and write
a ¢ function or a distribution with finite width. The formula
also shows that the one-phonon rate is insensitivé &md a(v)=Ba(v). (54)
AK. The case for two-phonon emission rate is similar, i.e.,
2) 2) B has the same unit of cht as the absorption coefficient
E(T)=h'. (49 Similarly, the recombination rate.(») for an exciton in

Our model thus predicts a mild temperature dependence fét Single chain can be written as
zero-phonon emission rate while the multiple phonon emis-

xfc S(K—Q)dK=h®, (48)

sion rates are temperature independent. Ye(¥)=Yeo(¥) + Yer (V) + o2l v), (55
with
B. Line shapes
Now we turn to the line shapes of the absorption and 0 1 v—f 2
emission spectra. So far, we consider only a single chain, and Yci(»)=T""Gi(v), Gi(v)= \/;Ueex i
i i

the line shape of the spectra is give by E86). However in (56
real sample the inhomogeniety broadening seems to domi-
nate over the theoretical line shapes. We observe that the (,) is the Gaussian distribution centered at the peak of the

experimental linewidth is 70 meV at 20 K, which is much phonon sideband in the emission spectrum. Plugging in the
larger than the theoretical linewidth, i.e. the thermal energyscillator strengti"@), we have

kg T. This difference shows that the experimental broadening

is of disorder origin, instead of intrinsic origins like thermal Ad| b2 9
fluctuation and electronic bandwidth. Consequently, in order Yo(v)= e (v) (57)
to make a reliable prediction on the gain profile, we choose \/;Ui
not to use the theoretical line shapes. Instead, we attach _
Gaussian distributions with adjustable width to the phononThe dimensionless function(v) is
bands with the corresponding oscillator strength. In Sec.
IV C, a fitting of our prediction with the observed emission — 2w L
spectra will be described, which shows almost perfect match ~ ¥(*) = Vo aka' (THAK)Go(v) + g”|Fo|291(V)
and confirms our assumption of Gaussian distributions here.
The absorption ratex,(v) as a function of the photon L n? )
frequency can be written as + az2 ; [FiF—*Ga(v) |- (58)
ac(v)=aco(v) + aci(v)+ac(v), (50 When there aré\,, excitons in the chain, the photon emis-
with sion rate becomes
) 1 v— V}a 2 Ye(¥)Nex= LA| ¢ex|ze_g(nexa) y(v), (59
ag(=tOF (), Fr)=—=—exg - —| |-
\/;01 o whereng, =N, /L is the chain exciton densityg,a is the

number of excitons per unit cell. For the same reason as in
(51 ber of t t cell. For th
The subscript ¢” denotes chainf( is the absorption os- absorption, the photon emission coefficieptr,n,,) for a

cillator strength for théth sideband obtained in E6R9), and €@l sample can be written as

Fi(v) the Gaussian distribution centered at the peak frequen- _

ciesv? of the sidebands in the absorption spectrarhis the Y(V,Ney) = Bng,@ay(v). (60)
line broadening for the absorption spectrum. It is convenien
to factor out the physical dimension and define a dimension

less line-shape functioa(v):

ﬁ'he factorB here is the same as the one in Egg) since the
absorption and emission processes do not differ in chain
packing geometry and dipole matrix element. The optical
LA 0269 spectra are thus determined up to a common fagtavhich
au(v)= | bex(0)[%e a(v), (52) can only be fixed by comparing with the experiment. Com-
\/;0'? bining the absorption spectrum and the stimulated emission
_ spectrum, we can obtain the gain coefficient of the sample.
wherea(v) is given by This will be discussed in Sec. V.
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FIG. 1. The observed emission spectrum of PdOPV film at 300 . -
o . " - FIG. 2. The ratios of the one phongsolid line) and two pho-
K. The solid line indicates the theoretical fitting using three Gauss- . . o
. o . - non emission rate@ashed lingto the zero phonon emission rate as
ian distributions corresponding to zero-, one- and two-phonon emis- . . .
sion a function of the effective coupling parametén 7.

broadening mechanisms. On the other hand, the ratio be-
C. Comparison with experiments and predictions tweenT'® andI'© determines the parametAi. The fit-

We try to fit the recently observétiemission spectra of ting for the 300 and 10 K PdOPV film data givax equal to
the various conjugated polymers by three equally spacef-17& and 0.194, respectively. The fact that they are so
Gaussian distributions, as suggested in ). Figure 1 is  close confirms our explanation of the temparature depen-
the fitting for poly(dioctyloxy phenylene vinylengPdOPV) dence. The results ofns and AK for four kinds of conju-
flm at 300 K. As clearly shown in the figure, the data gated polymers are shown in Table I.
perfectly match the sum of three Gaussian distributions. The effective electron-phonon coupling constanmay
This is also true for PdOPV film at 10 K, PdOPV solution at be different for other conjugated polymers. In Figs. 2 and 3
300 K and poly2-methoxy,5¢2' ethyl)-hexyloxy-phenylene- we plot the strength of the higher phonon sidebands relative
vinylene (MEH-PPV) solution at 300 K. From the fitting, to the zero-phonon band for the absorption and the emission
we can determine?, v andI'"). For simplicity, we assume spectra as functions ofn#. For largeryny, the phonon
that the absorption and emission roughly share the sam@odes are more displaced in the excited state with respect to
broadening, i.e.g?=c?. From the ratio o’ and 'Y, the ground state. The spectra are consequently more domi-
we can deduce the product of, the effective electron- Nated by the higher phonon bands.
phonon coupling constant, anéh. They always appear to-
gether in the calculation. The wave functign, and associ- V. OPTICAL GAIN
ated variables such dg? are evaluated using the variational
method described in Sec. lll. We choosg=0.117m, and
m,=0.0658n,, herem, is the free-electron mas3.The di-
electric constant is set to 3. The wave number of the pho-
non is deduced from the spacing between the emission ph

Excitons are created through either optical excitation or
electron-hole current injection. In addition to the spontane-
ous decay discussed in the previous section, excitons can
also decay radiatively through stimulated emission. There-
fore, in the presence of excitons, an electromangetic wave

r\1/cln S|debands,| WIh'Ch hco;requnds 0 1454rl;brrlnw|th propagating in the polymer sample may experience net gain
n7, we can calculate the factgrin Eq. .(38)’ whic deter-_ and be amplified. Gain is achieved when stimulated emission
mines the oscillator strength of absorption. Thus we obtain a

prediction for the absorption spectra. This prediction will be

used in the next section to discuss the optical gain. Direct
comparison of the predicted absorption spectrum with ex-
periment is so far difficult, because the phonon structures are
washed away by the chain length distribution and other A

g

Absorption Rates Ratio

TABLE I. The ratio among the experimental emission phonon 37
sidebandd’;, the fitted electron-phonon couling constaﬁtn, the
corresponding phonon displacement fagioand the fitted momen- 21

tum smearingAK are shown for various samples and conditions.

Material I[o/Ty TT, Jnyp g aAK

PdOPV film 300 K 0.91 3.33 21 094 0.17 ’ *

PdOPV film 10 K 1.14 3.23 21 094 0.19

PdOPV solution 300 K 1.37 3.33 21 094 0.07 FIG. 3. The ratios of the one-phondsolid line) and two-

MEH-PPV solution 300 K 1.27 3.12 2.2 1.03 0.08 phonon absorption ratédashed lingto the zero-phonon absorption
rate as a function of the effective coupling paramaten;.
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0 100 200 300 400 FIG. 6. Optical gain coefficientg(») of PdOPV film at 300 K

with exciton densities., equal to 0.4(solid line), 0.3, 0.2(dashed
line), and 0.1(crossed ling normalized so that the peak absorption
ate «,, is equal to 1.

FIG. 4. The ratio ofl"y overI'; as a function of temparature

has a higher rate than absorption. It is more likely to occur in
the emission spectral region where overlap with the absorp- _
tion spectrum is minimal. Our calculation on the relative )
strength of the phonon sidebands shows that, due to vibra- Nex@™ ﬂ'
tional relaxation, there is a significant redshift of the emis-
sion spectrum relative to the absorption. Such shift reduced the emission spectral region where overlap with the ab-
the spectral overlap and favors gain. Below, we first studysorption spectrum is small, we have
the gain coefficient for arbitrary frequency and exciton den- _
sity, then compare our prediction with the experiment. y>a, nga<l. (64)

The gain coefficieng(v) is the difference between the
emission coefficient and the absorption coefficient

(63

ne,a is the fraction of the valence-band electrons that are
excited to the conduction-band and form excitons. Therefore,
in this case gain will occur even though only a small fraction

g(v)=y(v,ney) —a(v)=Bg(»), (61)  of electrons in the valence band are excitsee Fig. 4
. The optical gain depends on the constBnfThough we
with cannot calculatd, it can be inferred from the experimental
data. Especially the maximum of the absorption coefficient
9(v)=(Ne,@) Y(v) — a(v). (62)  am can be measured directly. Let us discuss PdOPV film at

room temparature as an example. According to our model, in
It depends only on the intrinsic properties of the polymerthis case the maximum of the absorption occurs at the center
chain, i.e.,y(v) anda(v), as well as the number of exciton of the zero-phonon bang, i.e., a,,= a(v§) =B. Hence the
Nex in the chain. With the dimensionful constaBtpulled  calculable dimensionless functianis equal to the gain co-
out, the functiorg(v) is dimensionless. For a given frequncy efficient g(v;ne,) divided by «,. In Figs. 5, 6, and 7, we
v, net gain is achieved wheg(»)>0. In other words, the plot the dimensionless functiay(»)/ «,, for various exciton
threshold exciton density_, is given by densitiesng,a. As shown in Fig. 5, gain indeed occurs for
the spectral region around the one-phonon emission band

0.041 gla,
g/dm

FIG. 5. Optical gain coefficientg(») of PdOPV film at 300 K FIG. 7. The gain coefficieng(v), emission rate and absortion
with exciton densities,, equal to 0.004solid ling), 0.002, 0.001 rate (dashed linesof PAOPV film at 300 K with exciton densities
(dashed lingand 10 ® (crossed ling normalized so that the peak n., equal to 0.1, all normalized so that the peak absorptionaate
absorption ratey,, is equal to 1. is equal to 1.
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TABLE II. Based on the experimental threshold exciton density
g(em™) Ny, our predicted resonator losg (theg is compared with the ex-
perimental estimate, (exp).

1000

800

Ref. 4 Ref. 17 Ref. 5
sool ng(exp/ecm 3 1.4x 107 7.4x 10" ~10Y
a,(theg/cm™? 2.7x10* 146 ~20
a,(explemt 1.8x10* 10~100 10~100

400

2007 tures. For PPV polymer samples with other packing geom-

etry, the primitive cell volumev and the constanB are
different fromvy andB,. However,B is proportional to the
density of chains. Therefore, the product of B and the primi-

FIG. 8. The gain coefficient as a function of the exciton vol- tive cell volume is a constant, i.eBv =Bgv,, assuming that
umne densityn, at the maximal gain frequency of; . one chain contains roughly identical numbers of primitive
cells. The gain coefficient for a sample with an arbitrarig
then

18
n, (10°)
0 2 4 6 8 10 12

once the exciton density is above TOper unit cell. The _ _ -
maximum absorptiony,,, for PPV film has been estimatéd 9=Bvngy=BoVvonoy=3.1X10"*"yn, cn?,  (66)
to be about 2.310° cm . Since a,,=B, we haveB

—2.3x10° cm- L. We denote this value &, for reference. where ng=ng,al/v is the exciton volume density for this

We concentrate now on the gain profile near the maximal ample. Note that this formula s indgpendentvoflt thus

. e . . pplies to samples with arbitrary packing geometry and den-
gain frequencyil. According to our model calculation, sity, including even polymer blends for which the active
y(v1) =6.4 anda(v7) =0.004. For comparison with experi- polyme(PPV) is dispersed in an inert matrix. The equation
ments, it is convenient to use the volume density of excitonahove gives a relation between the resonator dgsand the

No, instead of the chain density,,. No is related tone, by actual threshold exciton volume density
No=nNe,@/vg, Wherevg is the primitive cell volume. The

density of the unsubstituted PPV unit cell has been a,=3.1x10"yn] cn?. (67)
estimated® to be 7.5<10?* cm3, corresponding to a primi- -

tive cell volumev, of 1.3x10 22 cn?®. In Fig. 8, we plot  For PdOPV at room temperature=6.4 at the peak gain.
the gain coefficient as a function of the exciton volume den-Thus,

sity ng at »;. The onset of gain at the peak of the one-

phonon emission bandf is atn,a=6.3x 10" *. The corre- a;=1.98<10 *ng cn?. (68)

. . . T . .
sponding threshold exciton volume density for gain iS 1y yreatment can be easily generalized to other PPV deriva-

8 -3
therefore 4.8 10" cm 2. , _ tive that are similar. The above relation holds for room-
So far, we considered only the optical gain due to thetemparature PdOPV samples of any form.

active medium of conjugated polymers. In order to make @ 14 check the relation Eq68), we obtain the correspond-
practical estimate on the exciton density required for Iasmqng resonator loss coefficient, (theo) from the threshold

action in a resonator, we also need to know the resonator lo%?ensity ng estimated by the various experimental groups.

coefficient a,(v), which arises from the loss mechanisms a,(theo) is then compared with the experimental values

such as free-carrier absorption, scattering from optical inho- . ;

mogeneities, and imperfeﬂt mirror reflegti (v)pis of a,(exp). The results are shown in Table Il for the experi-
1 Oinf L

course, sensitive to material and mirror quality and is ex_mental data by Tesslet al. (Ref. 4, Frolov et al. (Ref. 17
' quality nd Wegmanret al. (Ref. 5. The difference between the

pe(;ted_ to vary from case fo case. "I.'he actual threshold' Qﬁleoretical predictions and the experiment data on the reso-
lasing is determined by the competition between the aciiv ator loss coefficient are within 50%. No adjustable param-

medium gaing(») considered above and the resonator IOSSeter is introduced in this comparison. This check confirms

l‘);rtgr) Lasing occurs only when the former is larger than they, o iapility of the relation Eq(67). The values ohl(exp)

. . . , for Refs. 4 and 17 are estimated from the excitation laser
If this actual threshold chain density,a is much larger s . X
; — — Y7 pulse energy, focus area, and the ratio between exciton life-
than the ratio betweery and a, the formula can be simpli-  {ime and the pulse duration. For Ref. 5, it is given by the
fied significantly. For frequencies closei, y~10%a. Itis  author. The conditiom,,a=10"3 is satisfied in all cases.
hence a good approximation to ignote in Eq. (61) if  We estimate the values of,(exp) by separating it into two

ne,@>10"3 i.e., parts:a, = as+ a,, Where the former is due to inhomogene-
ity scattering and the latter imperfect mirror reflectiof, is
g(V):BOnexa;( V):BOV0n0? (65) equal to (InRR)/2d, whereR is the mirror reflectance artdlis

the resonator lengthyg is assumed to take the usual magni-
With this approximation, our prediction for the gain coeffi- tute of 10~100 cm .18 In Ref. 4, «, is estimated to be
cient can be easily generalized to polymers of different struc1.8x 10* cm™! with d=100 nm andR=0.7. The scattering
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loss is much smaller and can be neglected in this case. Foelative phonon sidebands of the absorption spectrum. For
the case of Ref. 17y, is estimated to be 0.18 cm with  the absorption spectrum, none of the sidebands depend on
d=4.5 cm andR=0.2. It is much smaller than the scatter- the momentum smearindK. They depend only on one
ing loss and can be ignored. There is no mirror used in Refsingle parameter, through the factog(#), as seen in Fig.
5 and the surface reflectance in unknown; we assume that tle2 As shown in Sec. IV, the one-phonon sideband is as im-
loss is also dominated by the scattering just like Ref. 17.  portant as the zero-phonon band, if the material quality can
be improved to suppress the imhomogeniety broadening. The
large weighting of the one-phonon band reduces the overlap
between the absorption and the emission spectra and gives
VI. DISCUSSION rise to gain in the emission spectral region. In Sec. V we use
o ) ) . the calculated absorption spectrum together with the experi-
We present in this article a model to study the interactionyental emission spectrum to make quantitative predictions
of the excitons and the optical phonons in conjugated polyyp, the gain spectrum of the polymer sample.
mers. In our model, there is only one adjustable paramgter The existence of a genuine Stokes shift has been ad-
the strength of the electron-phonon coupling. The valug of ressed by some site-selective photoluminescéRts ex-
is different for different kinds of polymers since the lattice periments recentl$1° In those experiments, the excitation is
dynamic equation depends on the backbone structure as Welhosen to be deeply inside the low energy tail of the absorp-
as the side groups of the polymergis a combination of the  tjon spectrum to ensure that only long chains are excited, so
phonon polarization vectorgy(k), and is, in principle, cal-  that no subsequent exciton migration to other chains occurs
culable.» should be of order one, because the polarizatiorpefore emission. The work by Heuet al. shows that for
vectors are all properly normalized. However, it is too com-ppV films the zero-phonon band of the PL is quite close to
plicated to calculater this way. For PPV, each unit cell the excitation energ}’ whereas Samuelt al. found that the
contains eight carbon atoms. There are a total of sixteeanergy of the zero-phonon band is unresolvable but the one-
degrees of freedom even if we consider only the motion obhonon band is about one optical phonon energy below the
the atoms within the benzene plane. The normal modes wikkxcitation energy. Those authors, thus, concluded that the
include fourteen optical phonon branches plus two acoustigjte-selective absorption is dominated by the zero-phonon
branches. The lattice dynamic equation is thus quite inband in the absorption spectrum, implying there is no excited
volved. Instead of calculating it microscopically from the state relaxation among the vibrational levels, i.e., a vanishing
lattice structure, we determine the value mfoy fitting the  genuine Stokes shift. However, such interpretation is some-
experimental data of the relative oscillator strength of thewhat over simplified, because in the site-selective experi-
photoluminescence phonon sidebands. However, it turns owents the polymers are most likely to be excited to the zero-
that the strength of the zero-phonon band has an observabiionon states even if the oscillator strength of the higher
temperature dependence. In order to fit the temperature dghonon band is larger than the zero-phonon band. The reason
pendence of the zero phonon emission oscillator strength, we that the excitation is in the lower energy tail of the DOS,
introduce another paramet&iK, which is the smearing of where the population of chains is supposed to increase expo-
the momentum selection rule. The optical transition is al-nentially with their electronic transition energy. Therefore,
lowed as long as the difference between the initial and finafor a given excitation energy, the population of the chains
crystal momenta is withid K. The microscopic origin of the whose zero-phonon band matches the excitation is much
smearing includes, for example, lattice distortion, whichlarger than the population of the chains whose higher phonon
breaks the discrete translational symmetry, and the emissidfands matches the excitation. This is simply because the
of acoustic phonons in the process. As discussed in sectiaglectronic energy of the former is one or more optical pho-
IV, the oscillator strength of the one and two phonon side-non energy above the latter. For PPV film, the DOS is esti-
bands in the luminescence spectrum are both independent afated to be a Gaussian distribution with variance about 46
AK, while the strength for the zero-phonon band depends omeV 1° Since the optical phonon energy is about 0.2 eV, for
AK mildly. The electron-phonon coupling constapts thus  a given excitation energy the population of the chains excited
determined by the ratio between the one phonon and the tw@ the one-phonon states is about only one percent of the
phonon luminescence sidebands, since this ratio is indepepopulation of chains excited to the zero-phonon states.
dent of the extra parametaK. In other words, even though Therefore, unless the oscillator strength of the one-phonon
the value ofAK may vary slightly from sample to sample, band is one hundred times larger than the zero-phonon band,
this uncertainty has no effect on the determination of thehe site-selective absorption is always dominated by the
intrinsic adjustable parametey. In Sec. IV, 5 for two PPV zero-phonon band. Such dramatic contrast in the oscillator
derivatives(MEH-PPV and PdOPY both in film and solu-  strengths is, of course, very unlikely. In other words, the
tion, are determined. Their values differ by at most 7%. Wejnterpretation of such experiments is complicated by the
therefore, consider this value quite reliable. By fitting thesharp DOS decay in the energy tail, and the lack of excited
experimental ratio between the strengths of the one- andtate energy relaxation cannot be used to rule out the possi-
zero-phonon sidebands, we determine the momentum smedsility of dominant higher-phonon oscillator strength for one
ing parameterAK. For our samples, it is about 0.H// single chain.
which is about 6% of the size of the first Brillouin zone. This  Even though conjugated polymers behave like semicon-
is also quite reasonable. One of our main results is that oncguctors in many aspects, the gain mechanism is quite differ-
the electron-phonon coupling constamtis determined by ent from the conventional semiconductor lasers based on
fitting the luminesence spectrum, we can use it to predict thdl-V compounds. In compound semiconductors there is ba-
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sically no Stokes shift due to excited state lattice relaxationis twofold. One is the difficulties of carrier injection. Another
Gain is achieved only when the pumping is so strong that thés related to the fact that, even if current can be easily in-
initial states are depleted and the final states are filled, i.ejected, the electrons and holes form both singlet and triplet
when the quasi-Fermi level for the electrons is pushed ugXxcitons, with a rough ratio of 1:3 based on spin statistics. In
into the conduction band and the quasi-Fermi level for thenost cases, the triplet exciton energy is actually lower than
hole is pulled down into the valence band. Under such pumpthe singlet. The singlet ratio is thus even lower than 25%.
ing level, the absorption and emission spectra are displacédnly singlet excitons will undergo optical transitions. The
with respect each other to allow a net gain. In other wordscorresponding total exciton density required for electric
the intensity of the pumping beam must be in the nonlineaPuMpPINg Jacl)lymer laser  with res@gal loss of 10
regime where the absorption starts to saturate. In conjugated100 cm ~ is therefore around 18 cm-*, comparable to
polymers, no such depletion is required because the viordhe typlcal density for compound serr_nconductor lasers. Stl||,'
tional relaxation in the excited state automatically provides2S discussed above, the corresponding total number of exci-
the redshift of emission respect to absorption, even when thon per PPV monomer is only less than fo_ There is no
pumping intensity is still low in the linear regime, where thefundame'ntal'reasc_)n. preventing the realization of such exci-
absorption remains basically the same as the ground stat®n density, if the injection problem can be solved.
This situation is actually similar to the case of excimer laser, Photoinduced absorption due to interchain excited state,
for which population inversion is automatically realized be-Which spectrally overlaps with the stimulated emission, has
cause excimers form only in the excited state. The only dif2€en reported to be an important factor to diminish the gain
ference is that for excimers the Stokes shift is due to thdor Some polymer samples. It has been argued that interchain
intermolecular distance relaxation, while for conjugatedSPecies, identified as excimers or polaron pairs, have a domi-
polymers it is due to the intrachain lattice relaxation involy- Nating quantum yield*?! Such claims are, however, contra-
ing extended phonon modes. dlc_te_d b);z other works on the_ absolut_e PL quantum
In Sec. V, we check our theoretical prediction on the re-€fficiency; and some controversies remain. Even though
lation between the lasing threshold and the resonator lodgterchains species do seem to appear in high-quantum yield
with experiment data. Our prediction of the resonator mirrorfor Some polymers such as CN-PP¥their polulation can
loss agrees with the experiment within 5G®ef. 4. In the e controlled by the side groups. For example, large and
case of the scattering loss, accurate comparison with the eRuUIKy side groups will presumably isolate the polymer back-
periment is impossible because the optical characteristics dfones from each other and prevent the formation of inter-
the polymer films used in the experiment are not specifiedchain species. In this paper, we do not attempt to include the
Nonetheless the predictions are all in the right order of mageffec'[ of such species. . _ o '
nitude (Refs. 17 and b We also estimate the minimum The Wayelength at Wh|ph the gain coefficient is maximal
threshold exciton density for lasing to be realized in PPvdepends slightly on the side groups of PPV. In general, the
samples. In the experiment of the Cambridge grbape end ~ €mission spectrum of unsub_stltqted PPV is blu_esh|fted W|th
of the 100-nm resonator containing the polymer film is a'®Spect to other soluble c_ierlvatlves. The po$3|ble reason is
distributed Bragg reflector with reflectance of about 70%.that the former is polymerized only after coating on the sub-
The corresponding loss is about ¥.80° cm™!. The total strate, while the Iatter can bg dlre_ctly spin coated in the_ poly-
resonator loss is expected to be dominated by the mirrorgner form. The effective conjugation length of unsubstituted
We found that to overcome a resonator loss of the order of PV film is therefore expected to be smaller than films made
10 cm™!, a volume exciton density of the order of of c_)thgr derivatives. This explains its highe( band gap and
10%° cm~2 is required. This is much larger than the typical @Mission spectrum. Our theoretical calculations do not as-
lasing threshold of about ) cm™2 for conventional com- SUme any particular value of the band gap. Therefore, the
pound semiconductor laser. However, if the DBR is replaced@rédictions on the gain coefficient around the one-phonon
by a high-reflectance mirror, the resonator loss can be re€Mission peak does not depend on where it actually is. For
duced to the residual loss from mechanisms like light scat®x@mple, the peak is at 2.35 €947 nm for PPV, and 1.95
tering by optical inhomogeneity and defect absorption. The?V (631 nm for MEH-PPV.
loss is usually of the order of only 30100 cmi . The vol-
ume exciton density required to overcome this loss is pre-
dicted to be only of the order of 10 cm™2. This threshold
density is then smaller than that of the conventional semi-
conductor lasers. The corresponding exciton number per Starting from a model Hamiltonian for the exciton-
PPV monomem,,a, is as low as 10% This is the range phonon coupling, we study the absorption and luminescnece
shown in Fig. 5. So in principle gain can be realized inspectra including the phonon side bands. The electron-
high-reflectance resonators when there is only one excitophonon coupling constant is the only fitting parameter, de-
per ten thousand PPV monomers. Unfortuantely, when &ermined by fitting the experimental ratio between the one-
polymer sample is sandwiched between two mirrors of highand two-phonon sidebands in the photoluminescence spec-
reflectance, it can no longer be optically excited from outsidegrum. We then calculate the absorption spectrum and predict
easily. The question now is whether it is possible to generatéhat the one phonon band is as important as the zero-phonon
excitons to the density of the order of 70cm™2 through  band. This is contrary to the case of luminescence, which is
electric current injection. This corresponds to the level ofdominated by the zero-phonon band for the samples we con-
excitations required for electrically pumped polymer laser.sidered. The gain coefficient is calculated based on the re-
The obstacle to electric pumping of conjugated polymer lasesults. We derive a general relation between the resonator loss

VIlI. CONCLUSION
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