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Electron-hole capture suppression and ultraviolet emission in conjugated polymers
under high electric fields

En-Shi Chen, Sheng-Hsuan Yeh, and Hsin-Fei Meng*
Institute of Physics, National Chiao Tung University, Hsinchu 300, Taiwan, Republic of China
~Received 2 July 2001; revised manuscript received 9 October 2001; published 5 June 2002!

The probability for the Coulomb capture of an electron-hole pair to form an exciton in conjugated polymers
is found to be significantly suppressed under high electric field, which is usually required for electrolumines-
cence due to the low mobility. The Coulomb capture is a continuous descent of electronic energy through
cascade emission of phonons, and the high field prevents this descent by heating up the carriers. On the other
hand, ultraviolet emission through direct interband transition is found to be much less affected by the field, and
becomes the dominant radiative decay channel for field beyond 108 V/m. Combined with impact ionization,
our model provides a complete quantitative explanation of the peculiar high-field behaviors of the visible
emission, ultraviolet emission, and current observed in conjugated polymer both before and after the avalanche
breakdown.
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I. INTRODUCTION

The electroluminescence~EL! due to radiative recombi
nation of injected electron-hole pairs through singlet exci
state in semiconducting conjugated polymers, especi
poly~para-phenylene vinylene! ~PPV! and derivatives, is now
an active research topic.1 Excitons result from the electron
hole Coulomb capture, which can be divided into two stag
In the first interchain stage, the electron and hole are
different conjugated segments and are attracted to each
through interchain hoppings in the real space by their C
lomb interactions.2 Eventually, they hop into the same co
jugation segment and their wave functions start to over
At this moment their relative kinetic energy is high and
tightly bound exciton does not form yet. In the second int
chain stage, the free electron-hole pair successively rela
its energy to the lattice and ultimately form an exciton. Ho
ever, the possibility that one of the carriers hop to oth
segment before exciton formation cannot be ruled out
principle. It has been assumed that such probability is sm
and an exciton, either singlet or triplet, is the only destinat
of the second stage of Coulomb capture. This assumptio
plausible when there is no external electric field, because
electron is expected to be confined in the segment by
attraction of the hole and vice versa. However, due to the
mobility, a strong electric field~more than 107 V/m) is usu-
ally present in the active region of the conjugated polym
light-emitting-diode ~LED! in order to provide sufficient
electric current. This is remarkably different from the ino
ganic p-n junction LED, in which light emission mainly
comes from the diffusion region with no field, instead of t
depletion region with high field. The strong field is expect
to keep the electron-hole pair in conjugated polymers at h
relative kinetic energy and reduce their rate to capture e
other to form an exciton. The possibility that the carrie
escape from each other is no longer negligible and the ab
assumption of definite Coulomb capture breaks down.
fact, it has been observed that the ratio between the l
output and the injected current decreases as the
0163-1829/2002/65~23!/235206~11!/$20.00 65 2352
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increases,1,3,4 suggesting suppressed exciton formation
high field. The first stage is found to be independent of
external field.2 So it cannot account for the field suppressi
of EL.

In this work, we concentrate on the second stage
study the effect of the external electric field on the process
electron-hole pair Coulomb capture in an infinite conjuga
polymer chain microscopically. The effect of the finite leng
of the conjugation segment is ignored, because the conju
tion length ~10–20 repeat units5,6! is much larger than the
exciton size~about three units7,8!. Agreement between exci
ton energy fromab inito calculation7 based on infinite per-
fect polymer chain and experiments provides further e
dence. It is therefore plausible to ignore the boundary eff
in the intrachain capture process as a good approximat
For a free electron-hole pair in the chain, the electronic
ergy can be decomposed as the sum of the center-of-m
and relative energy. Both of the two are initially positiv
referring to the bandgap. Since the relative energy of an
citon is negative~zero minus the binding energy!, the relative
electronic energy must be released through phonon emis
~and complicated by reabsorption! in the capture process
This two-body capture process is very similar to the we
studied one-body cascade capture of an electron by a p
tively charged defect center,9 because the center-of-mass d
gree of freedom of the electron-hole pair can be taken as
and separated in the field due to the overall charge neutra
It has been established for inorganic semiconductors that
capture of an electron by a positively charged defect cente
not an one-step transition from the free particle state t
bound state in the potential well. Instead, the capture i
cascade process in which the energy of the electron is
successively by the emission of many phonons.9 The capture
rate, therefore, can not be obtained simply from the transi
matrix element between the initial~free! and final ~bound!
states. The appropriate description is a random walk in
phase space with uneven rates for going up in energy~pho-
non absorption! and going down~phonon emission!. The
random walk can be simplified to be in an one-dimensio
energy space after averaging over all degrees of freed
©2002 The American Physical Society06-1
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except for the total energy. The capture rate is determined
the downward flux in an ensemble of pairs in the ene
space. This theory can be easily adopted to describe the
mation of excitons through the electron-hole capture due
the Coulomb attraction, if we concentrate on the relative
gree of freedom between the electron-hole pair. While
cascade emission of phonons causes a continuous desc
the relative energy space of the pair, the existence of exte
electric field drives the relative motion upward in the ener
space and counter-balance the downward flux. In ot
words, under the high field the carrier constantly gains
ergy from the field and becomes so hot that it becomes
ficult for them to emit enough number of phonons and re
the exciton level before being heated back to the high
energy region. One simple picture for this ensemble
electron-hole pairs is provided by its analogy with the gas
a balloon. The capture process is like the gas flux leaked
of the balloon through a pinhole corresponding to the z
level of the energy space@see Fig.~1!#. The electric field is
like an external wind that not only blows the gas inside
balloon away from the pinhole, but also pushes some of
leaked gas back into the balloon. Leakage can be turned
when the leaked gas is completely compensated by
pushed back flux. The corresponding situation is that all
loosely bound pairs are dissociated by the field before
stable low-lying discrete bound state can be formed. We
form detailed calculation to confirm this picture. It is foun
as expected, that the exciton formation rate is suppresse
more than one order of magnitude when the field increa
from zero to about 53107 V/m. In fact, the capture can b
completely stopped when the field is beyond some crit
value. The suppression of the exciton formation implies t
the radiative decay channel for the injected carriers is
duced. Such behavior has been reported experimentally1,3,4

An alternative possibility for the reduced EL yield is th
enhanced non-radiative channel at high field. This is, ho
ever, not likely because the electron and hole injections
come more balanced as the field increases. Moreover, it
been shown that the exciton quenching by the metal cath
is reduced at larger bias.2 The field suppression of excito

FIG. 1. The Coulomb capture flux in the energy space can
pictured as the leakage flux out of a pinhole in a balloon. The da
region has higher gas density.
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formation in EL is thus identified as the principal mechanis
to limit the quantum efficiency of polymer LED under hig
field. This mechanism is of intrinsic nature and is pres
even if there are no traps and the electron-hole injection
balanced. In addition to LED, our model also be applied
the quenching of photoluminescence~PL! by the electric
field, because an electron-hole pair excited by a photon
one chain with large excess kinetic energy gives a situa
similar to the second~intrachain! stage of EL suppression
PL quenching in conjugated polymers is indeed obser
experimentally10,11 and has been modele
phenomenologically.12,13

Another more direct evidence for the exciton capture s
pression is the ultraviolet~UV! emission observed at hig
field.4 Even though the field reduces the visible light emss
as discussed above, it opens a new possibility of direct in
band electron-hole recombination, which would be impo
sible without the field due to the fast Coulomb capture
form excitons. The free electron-hole pair continuum li
above the exciton level~2.4 eV! by the binding energy, and
the corresponding photon around 3 eV is in the near-
spectral region. The direct recombination does not requ
phonon and can take place at any relative energy of the p
It is therefore much less affected by the external field,
confirmed by our calculation. In fact, it is found that the U
emission through direct interband recombination starts
dominate the visible emission through exciton decay wh
the field is beyond 108 V/m. In order to describe the pecu
liar voltage-current and voltage-light characteristics obser
experimentally, two additional factors must be taken into
count in the model. One is the impact ionization and t
resulting avalanche breakdown, the other is the nonunifo
effective field due to the chain orientation distribution. A
the electric and optical behaviors of PPV LED under hi
field in our model turn out to be close to the peculiar expe
mental results. The overall UV emission ratio strongly d
pends on the chain orientation probability distribution w
respect to the applied field. In order to enhance the UV, po
mer chains have to be aligned mostly parallel to the fi
direction, instead of the perpendicular direction as in
sandwich structure.

The paper is organized as follows. In Sec. II, the Ham
tonian and phonon scattering rates are discussed. In Sec
we present the model for cascade capture and calculate
capture rate. In Sec. IV, the effect of the external elec
field on the capture rate is studied. In Sec. V, the ratio
tween the visible and UV emission is calculated, impact io
ization and chain distribution are included, and comparis
with the experiments are made. We discuss and conclud
Sec. VI.

II. HAMILTONIAN AND MATRIX ELEMENT

The carbon 2pz atomic orbitals in PPV and other conju
gated polymers formp energy bands, with direct bandga
semiconductor band structures.14,7 The total HamiltonianH
in the effective-mass approximation for an electron-hole p
in a perfect polymer chain coupled with the lattice can
written as

e
er
6-2
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H5Hex1Hp1Hex2p , ~1!

with

Hex5
pe

2

2me
1

ph
2

2mh
1V~xe2xh!, Hp5(

l,q
\vq

lal,q
† al,q ,

~2!

and

Hex2p5(
l,q

jq
l~eiqxe1eiqxh!~al,q1al,2q

† !. ~3!

Hex is the kinetic plus the Coulomb potential energy of t
electron-hole pair, whose bound states are the exciton le
Hp is the phonon Hamiltonian.Hex2p is the interaction be-
tween the electron-hole pair with the phonons.xe,h are the
one-dimensional position operators, andpe,h are the momen-
tum operators of the electron and the hole, respectively.me,h
are their effective masses.V(x)52e2/ex is the effective
Coulomb attraction between the two carriers.e is the elec-
tron charge. Correction onV(x) for smallx is usually needed
in the effective-mass approximation for strongly localiz
bound states. However, the behavior ofV(x) for x→0 turns
out not to be important for the capture problem, so we c
leave it as the original Coulomb form. For covalent materi
such as conjugated polyerms, the electron-phonon coup
constantjq

l is of the deformation type, and can be express
as jq

l5haaqA\/(2NMvq
l). h is a dimensionless function

of the phonon-mode polarization vectors, and is taken a
fitting parameter of order one.15 a is the carbon bond length
a is the change of electronic hopping integral betwe
neighboring carbon 2pz orbitals per unit bond length,q is the
phonon wave number, andl is the phonon branch index
al,q

† and al,q are the phonon creation and annihilation o
erators, respectively.N is the number of unit cells in the
chain,M is the carbon atom mass.

The Coulomb capture is a process only in the relat
degrees of freedom of the electron-hole pair. When the e
tron and the hole are attracted to each other by their C
lomb interaction, the relative kinetic energy increases wh
the potential decreases to more negative values. Howe
the kinetic energy cannot stay high for long because it ha
be in equilibrium with the surrounding lattice degrees
freedom. So the electron-hole pair keeps emitting phono
and the total relative energy is successively lost. The cen
of-mass momentum is not affected in this capture proc
and is assumed to be zero initially. Its mean value will
main so for the entire process. In order to remove the cen
of-mass degree of freedom, we take the well-known L
Low-Pines ~LLP! unitary transformation.16 The resulting
relative Hamiltonian is

Hr5
p2

2m
1V~x!1Hex2p

r 1Hp , ~4!

with
23520
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r 5(

q
jq@rq~x!aq1H.c.#, rq~x!5eis1qx1eis2qx.

~5!

Here s1,25me,h /(me1mh), m5memh /(me1mh) is the re-
duced mass,x5xe2xh is the relative position, andp is the
corresponding momentum operator. The phonon branch
dex l is dropped because only acoustic phonons are con
ered below. Higher-order terms inHp after LLP transforma-
tion is dropped, because they have no effect on the first-o
perturbation. The relative motion of an electron-hole pair,
described byHr , is equivalent to a single particle moving i
a fixed frame with an attractive center at the origin. F
simplicity, we refer to the effective single particle in the rel
tive Hamiltonian as ‘‘particle’’ below. What is special to th
particle is that there are now two kinds of particle-phon
scattering process, corresponding to the two terms inrq(x).
The first one is derived from the original electron-phon
scattering, while the second one is from the hole-phon
scattering. When an electron~hole! emits a phonon of mo-
mentum\q, the change in the relative momentum of the p
is not \q, but \s1(s2)q. This modified momentum conse
vation law is the reason for the appearance of the factors1

ands2 in rq(x). Hex2p
r will be considered as a perturbatio

below. The polaron effect is neglected, because we are
cerned with the hot carriers. Indeed, it has been shown
polarons do not form for fields larger than 63106 V/m.17

Let us consider the matrix element for phonon emissi
The initial state isu i &5uki ,Nq&, and the final state isu f &
5ukf ,Nq11&, where k’s are the particle wave number,«
5\2k2/2m is the particle kinetic energy.Nq are the occupa-
tion number for phonon with wave numberq. The matrix
element ^ f uHex2ph

r u i & is equal to (q8^Nq11uaq8
† uNq&

3^kf urq8
* (x)uki&jq85ANq11^kf urq* (x)uki&jq , with

u^kf urq* (x)uki&u25(2p/L)@d(p1q)1d(p2q)#[M2(ki ,kf ,q).
L5Nac is the chain length,ac is the repeat unit cell length
The momentum conservation laws arep1q5ki2kf2s1q and
p2q5ki2kf2s2q. The transition rate is

G5
2p

\ E ~Nq11!jq
2M2~ki ,kf ,q!d~« i2« f2\vq!

L

2p
dq

5
L

\2s
~Nq11!jq

2@M2~ki ,kf ,q!1M2~ki ,kf ,2q!#

[~Nq11!w~ki ,kf ,q!,

where q5(« i2« f)/\s. vq5sq is acoustic phonon disper
sion relation,s is the sound velocity. Optical phonons do n
participate the cascade capture process in the semiclas
regime because their energy is too large. For the absorp
process, the transition rate isGabs5Nqw(ki ,kf ,q). Note that
w(k,k8,q)5w(k8,k,q). The transition ratesGem,abs will be
used to obtain the distribution function and the flux in t
energy space, from which one can derive the capture r
These are the subjects of the next section.
6-3
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III. CASCADE CAPTURE WITHOUT ELECTRIC FIELD

Consider an ensemble ofn chains. Each of them contain
one electron-hole pair. In the semiclassical regime, the t
energyE of the pair is the sum of the relative kinetic an
potential energy, i.e.,E5p2/(2m)1V(x). Due to phonon
emission and absorption, the energy of each pair perfo
random walk in the one-dimensional energy space, with
even probability for upward step and downward step depe
ing on the lattice temperature. If the energy of all the pairs
the ensemble are placed on the same energy space, we
a distribution functionf (E) defined as the occupation prob
ability for states of energyE. Following the procedure o
Abakumov, Perel, and Yassievich,9 we first derive the differ-
ential equation forf (E), then identify the downward particle
flux in the energy flux as the capture flux.

The change of the pair number in an energy inter
aroundE with time t is equal to the scattering rate into th
energy interval minus the scattering outside of the interv
So we have

R~E!
] f ~E,t !

]t
52R~E! f ~E,t !E

2`

`

W~E,E8!dE8

1E
2`

`

f ~E8,t !R~E8!W~E8,E!dE8, ~6!

where W(E,E8)dE8 is the transition probability per uni
time for a particle having a total energyE into an interval
from E8 to E81dE8. R(E) is the density of states in th
total energy space.f (E,t) is the distribution function includ-
ing explicit time dependence. This equation can be written
the form of a conservation law R(E)] f (E,t)/]t
52]I (E,t)/]E, with

I ~E,t !52E
E

`

dE1E
2`

E

f ~E1 ,t !R~E1!W~E1 ,E2!dE2

1E
2`

E

dE1E
E

`

f ~E1 ,t !R~E1!W~E1 ,E2!dE2 .

I (E,t) is the flux in the total energy space. Defining a ne
variablenE5E22E1, we get

I ~E,t !5E
2`

`

dnE

3E
E2nE

E

f ~E1 ,t !R~E1!W~E1 ,nE!dE1 . ~7!

In the quasielastic electron-acoustic phonon scatter
W(E1 ,DE) is appreciable only for smallDE. The distribu-
tion function changes little in such scale ofDE. The inte-
grand of Eq.~7! can be expand in terms of powers of (E1
2E). Keeping the first two terms we obtain an express
for the flux in a differential form,

I ~E,t !52B~E! f ~E,t !2D~E!
] f ~E,t !

]E
, ~8!

with
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D~E![
1

2
R~E!E

2`

`

W~E,nE!~nE!2dnE,

B~E![2R~E!E
2`

`

W~E,nE!~nE!dnE1
d

dE
D~E!.

~9!

If the system is in thermodynamic equilibrium, i.e., iff (E) is
the Boltzmann distribution, then the fluxI (E) should be
zero. So one immediately gets the relationD(E)
5kBTB(E). T is the lattice temperature andkB is the Bolt-
zmann constant.I (E) can be written as

I ~E!52B~E!F f ~E!1kBT
] f ~E!

]E G . ~10!

The quantityB(E) is called dynamic friction.9 It should be
understood that bothI (E) and f (E) have implicit time de-
pendences so far. In the stationary condition, the distribu
is time-independent, and the pair fluxI (E)52 j is energy-
independent to avoid infinite accumulation. Sof (E) satisfies
the ordinary differential equation

j 5B~E!F f ~E!1kBT
] f ~E!

]E G . ~11!

A suitable boundary condition must be provided to have
definite solution for Eq.~11!. Once the pairs performing ran
dom walks in the energy space reach an energy so low s
that they can never return, we identify the pairs as captu
and remove them from the energy space permanently.
corresponding ‘‘black-wall’’ boundary condition isf (2E1)
50, with E1@kBT. The solution of Eq.~11! is then

f ~E!5
j

kBT
e2bEE

2E1

E ebE8

B~E8!
dE8. ~12!

In practice, the magnitude ofE1 is unimportant as long as i
is large enough, and can be replaced by infinity.

The above considerations are for the negative energy h
space only. For the positive energy half-space, electron-h
pairs are constantly supplied by the current injection, with
fixed distribution function independent of the capture p
cess.f (0) in Eq. ~12! needs to be matched atE50 with the
distribution function in the positive energy half-space. A
suming that the applied electric field is weak first, so t
injected pairs follow the Maxwell distribution, andf (E)
5n(\/L)A2pb/mexp(2bE) for E.0. It is related to mo-
mentum distribution functiong(k) by f @«(k)#5g(k), with
the corresponding normalization (L/2p)*2`

` g(k)dk5n.
«(k)5\2k2/2m is the relative kinetic energy. The captu
rateRc for one pair in a chain with lengthL is then

Rc5
j

n
5

\

L
A2p

mbF E
2`

0 ebE

B~E!
dEG21

. ~13!

The capture lifetimetc can be defined asRc51/tc . The total
number of pairsn in the ensemble is canceled as it should b
The L21 scaling is physically desirable because of the f
6-4
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extension of the electron and hole wave functions along
chain. The capture flux can be pictured as the leakage
through a pinhole at the bottom of a balloon maintained a
fixed pressure and energy distribution as shown in Fig
The calculations for the energy transition ratesW(E,DE)
and the dynamic frictionB(E), defined in Eq.~9!, are te-
dious and can be found in the appendixes.

IV. CASCADE CAPTURE UNDER ELECTRIC FIELD

The electron-hole pairs in the ensemble experience no
ternal electric field so far. In practice there is a strong ex
nal electric fieldE in the recombination layer of the polyme
LED. For E,0 the relative motion of the electron-hole pa
is constantly accelerated by the external electric fieldE and
the relative kinetic energy is increased due to joule hea
by the external field. In other words, there is a drift fluxI d
upward in the energy space in addition to the collision~ran-
dom walk! flux I c discussed in the previous section. The n
capture flux results from the competition between these
opposite tendencies. As for the injected distribution functi
f (E) with E.0 is driven out of equilibrium byE, as deter-
mined by using the Boltzmann equation in principle. Inste
of solving the complicated Boltzmann equation, we assu
that the nonequilibrium distribution function is a shifte
Maxwellian one in the momentum space, with mean mom
tum \Dk and electronic temperatureTe determined self-
consistently by the balanced-energy condition.18

A. Drift and collision in energy space

For E,0 the differential equation for the distributio
function f (E), modified by the external fieldE, becomes

R~E!
] f ~E!

]t
52

]

]E
@ I d~E!1I c~E!#, ~14!

with

I d5evdER~E! f ~E!, I c5B~E!F f ~E!1kBT
] f

]EG .
~15!

vd is the averaged drift velocity of the relative coordina
evdE is the power a pair gains from the external fieldE. As
before, we are interested in steady state, in which] f /]t50,
and I d(E)1I c(E)52 j is independent ofE. Defining

P~E![2
evdER~E!2B~E!

kBTB~E!
, Q~E![

j

kBTB~E!
,

~16!

the equation forf (E) becomes

] f ~E!

]E
1P~E! f ~E!5Q~E!, ~17!

with solution

f ~E!5F E expS E PdEDQdE1const.GexpS 2E PdED .

~18!
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Taking the black wall boundary conditionf (2E1)50 and
settingE15` again, the solution becomes

f ~E!5expF2E
0

E

P~E8!dE8G
3E

2`

E

expF E
0

E8
P~E9!dE9GQ~E8!dE8 . ~19!

The capture rate is now given by

Rc5
j

n
5

1

n
f ~0!kBTF E

2`

0

expF E
0

E

P~E8!dE8G 1

B~E!
dEG21

.

~20!

The electric fieldE enters this expression not only throug
P(E8) defined in Eq.~16!, but alsof (0) as discussed below

B. Injected distribution function

The relative wave numbers of the electron-hole pair
accelerated by the external fieldE during the collision mean
free time tcoll . The mean value\Dk for the relative mo-
mentum is therefore\Dk52eEtcoll . The corresponding
drift velocity vd is given by the group velocityvd5\Dk/m.
The electronic temperatureTe is also raised by the electri
field. In the steady state, the power of joule heating must
equal to the phonon energy emitted per unit time. T
balanced-energy condition requires18 Te5T
1(2/kB)eEvdtcoll , whereT is the lattice temperature. Th
normalized shifted Maxwellian distribution for the relativ
momentum becomes

g~k!5n
\

L
A 2p

mkBTe
expF2

\2

2m

~k2Dk!2

kBTe
G . ~21!

Becausef (0)5g(0), capture rate in Eq.~20! becomes

Rc5 j 5H \

L
A 2p

mkBTe
expF2

\2

2m

~Dk!2

kBTe
G J

3kBTF E
2`

0

expF E
0

E

P~E8!dE8G 1

B~E!
dEG21

.

~22!

So far the capture rateRc is inversely proportional to the
chain sizeN. For convenience, we define a size-independ
volume capture rateRc

v asRc
v[NRc . For an arbitrary chain

with N0 units, the capture rate for a pair in it can be e
pressed asRc

v/N0. The volume capture rateRc
v is shown as a

function of the external fieldE in Fig. 2 for various electron-
phonon coupling parameterh. Rc

v stays at the zero-field
value forE smaller than 107 V/m, but it is dramatically sup-
pressed when the field further increases. The main reaso
that at such fieldvdER(E) in P(E) @see Eq.~16!# cancels
B(E) significantly and makesP(E) small. Note thatRc has
an exponential dependence onP(E) @Eq. ~20!#. The capture
rate increases with the electron-phonon coupling, beca
the phonon emission and energy release process bec
more efficient.Rc

v is shown in Fig. 3 for various dielectric
6-5
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constantse. The capture rate is larger for smallere, because
the Coulomb attraction between the electron and hole
stronger. In the calculation we use the following values
the parameters:me50.117m0,19 mh50.0658m0 (m0 is free-
electron mass!,19 a51.22 Å, a54.2 eV/Å,20 tcoll54 fs,21

andac56.5 Å.14 h is fixed at 6 except in Fig. 2.e is fixed19

at 8 except in Fig. 3.T5300 K is used. The drift velocity is
corrected at high field by the group velocity considering
band structure, with the bandwidth 2.4 eV.s5aAK/M is
used for the sound velocity, with20 K521 eV/Å2.

V. EXPERIMENTAL IMPLICATIONS

So far the consideration is for the capture of one electr
hole pair in a perfect chain. In order to compare with expe
ments and make realistic predictions, we include the
emission, impact ionization, and orientation distribution
polymer chains in the model.

A. Direct interband UV emission

As the capture rate to form excitons is suppressed,
radiative decay of the electron-hole pair via direct interba

FIG. 2. The volume capture rate is shown for various dim
sionless electron-phonon coupling parameterh.

FIG. 3. The volume capture rate is shown for various streng
of electron-hole Coulomb interaction, characterized by the die
tric constante.
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transition becomes possible. For conjugated polymers,
direct bandgap is above 3 eV, with the corresponding pho
energy\v in the ultraviolet region. The radiative transitio
rate 1/t0 for an electron in the conduction band to decay in
the vacant valence state with the same momentum is e
to22 e2nr\vupcvu2/(3pe0mo

2c3\2), wherenr is the refractive
index andpcv is the momentum matrix element. For on
electron-hole pair in the chain, this formula applies on
when the center-of-mass momentumP of the pair is zero. In
general,P is not fixed at zero, but has a distributionf CM(P)
depending on the electronic temperatureTe . The distribution
of P is assumed to be Maxwellian independent of the fieldE,
so we have

f CM~P!5A expF2
P2

2~me1mh!kBTe
G , ~23!

with normalization (L/2p\)*2`
` f CM(P)dP51 and A

5(\/L)A2p/(me1mh)kBTe. The probability of findingP
50 is f (0)5A. The UV emission rate is now

RUV5 f CM~0!
1

t0
5

\

L
A 2p

~me1mh!kBTe

1

t0
. ~24!

The UV emission lifetimetUV can be defined asRUV

51/tUV . The L-independent volume transition rateRUV
v is

defined asRUV
v 5NRUV . The electric fieldE entersRUV only

throughTe . Unlike the exponential dependence onE of Rc ,
RUV has only a weaker power-law dependence onE. RUV

v is
shown in Fig. 4 as a function ofE. The ratio betweenRc and
RUV is also shown in the inset. It is predicted that UV em
sion dominates visible emission from exciton decay for fie
above 108 V/m. We adopt the formula
1/t05\v(eV)/0.67~1/ns!, commonly used for inorganic
semiconductors.22

B. Impact ionization and chain distribution

As discussed above, UV emission due to direct interba
transition happens only at high field. In order to have a co

-

s
c-

FIG. 4. The volume rate for direct interband transitionRUV
v is

shown as a function of the external field. Its ratio to the electr
hole capture rate is also shown in the inset.
6-6
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plete description of the emission behaviors, another imp
tant effect at high field needs to be included. That is
impact ionization and the resulting avalanche breakdown
the electric current. UV emission in PPV LED has been o
served experimentally under high field.4 One of the peculiar
features of the reported results is that at the breakdown v
age around 300 V the UV emission jumps up by almost fi
orders of magnitude, while the visible emission jumps le
than one order of magnitude. Such behavior can neve
accounted for if only one chain is considered, because
ratio betweenRUV and Rc is a continuous function of the
electric field, no matter whether there is a current breakdo
or not. With a single chain, the large breakdown curr
would be distributed between these two radiative de
channels with about the same ratio as immediately before
breakdown, implying that the visible and UV emissio
should jump by the same orders of magnitude. The disc
ancy between the breakdown behaviors of the visible
UV emission suggests that the effective field for the chain
not uniform in the polymer film but divided into high-fiel
and low-field components. The breakdown current pas
through only the high-field chains where interband transit
dominates, while the regular current passes through low-fi
chains where exciton dominates. In this case the large br
down current contributes basically the UV emission on
and the observed discrepancy between visible and UV at
breakdown can be explained. We believe that the nonunif
effective field is due to the chain orientation distribution
the spin-cast polymer films. For a fixed applied external vo
age, the effective electric field projected onto a chain
pends on the angle between the chain and the applied fi
In order to compare our results with the experiments,
have to consider a distribution of chain orientations and
erage the exciton~visible! and interband~UV! emission in-
tensities over the distribution.

Consider the single chain currentJs first. The relation
betweenJs andE can be modeled by a singular function as23

Js(E)5sE/@12c1E exp(2c2 /E)# for E,Ebd . The break-
down field Ebd is chosen to be close to the zero of the d
nominator. ForE.Ebd , the breakdown current is taken as
adjustable parameterJbd . c1 andc2 are parameters related t
the band structure and scattering rates.s is an unimportant
proportional constant. We model the LED as a combinat
of a bulk of amorphous polymer chains and a small amo
of breakdown filaments. The charge transport in the bulk
assumed to be limited by the interchain hopping, and ob
the common space-charge-limited-current~SCLC! current-
voltage relations. On the other hand, the charge transpo
the filaments is more like the single chain situation. T
SCLC current for the bulk is

JSCLC~E!5
9

8
ee0me f f

V2

d3
, ~25!

wheree is the dielectric constant of the polymer film.d is the
active layer thickness.V is the applied voltage. Even thoug
the total SCLC current is fixed, microscopically the curre
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in each chain depends on the local chain orientation w
respect to the field. Therefore, we can decompose the
current as

JSCLC~E!5A~E!E Js~E sinu!Pc~u!du. ~26!

u is the angle between chains and substrate. The exte
field is assumed to be applied vertically to the substra
Pc(u) is the probability distribution foru, which is assumed
to peak atu50 for the spin-cast polymer film because th
chains are aligned parallel to the substrate.A(E) is an overall
normalization factor that limits the current injected to ea
chain, and makes sure that the total integrated current in
~26! is the same as the SCLC current.A(E)Js(E sinu) is
therefore the current that passed through a chain with or
tation angleu. Combined with the the filament currentJf ,
the total currentJt can be expressed as

Jt~E!5JSCLC1Jf5@A~E!1r #E Js~E sinu!Pc~u!du,

~27!

where r is a small parameter that adjusts the ratio of t
filaments to bulk. The total exciton light intensity from th
whole distribution can be expressed as

I t
ex~E!5I bulk

ex 1I f
ex

5@A~E!1r #E Js~E sinu!Rc~E sinu!Pc~u!du. ~28!

Rc51/tc is the exciton capture rate. The total UV emissi
intensityI t

UV(E) can be obtained by replacingRc in Eq. ~28!
by the UV emission rateRUV51/tUV . The calculated resul
is shown in Fig. 5, in which the current, visible light emi
sion, and UV emission are plotted as a function of the b
electric field. Theu distribution for the bulk is a Gaussia
peaked at zero with width equal to 0.07 rad, the distribut
for the filaments is uniform in the interval
6@0.07–0.13# rad. The theoretical predictions, in particul

FIG. 5. The emission and current characteristics are shown f
polymer film with a Gaussian chain orientation distribution wid
0.13 rad for the bulk, and uniform in6 @0.07–0.13# radian for the
filaments.
6-7
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the features of the breakdown and UV emission, agree w
with the experimental results observed by Chayetet al.,4 in
which an LED of 50 nm active layer is driven up to 300
As expected, the ratio between the light and current
creases with the field. For the lower-field regime, the conv
sion efficiency~light/current! decreases by a factor of 3 a
the field increases from 108 V/m to 109 V/m. Such behav-
ior is typical of LED with active region thickness aroun
100 nm and driven by tens of volts. In our calculatio
the effective mobility me f f in Eq. ~25! is approximated
by me f f.mh for mh@me . The formula mh5mh,0exp
(2D/kT)exp(gAE) is used for the field-dependen
mobility,24 with mh,053/531023 m2 V21 s21, D50.48 eV,
and g51024 m1/2V21/2. Other parameters used arec155
31028 m/V, c251.43108 V/m, j bd51017 A/m2, d5500
Å, and rs510211 A m/V.

There are three characteristic electric fieldsE1 , E2, and
E3 in this model.E1 is the field at which the capture starts
be suppressed.E2 is the field at which the UV rate is equal t
the visible rate. AndE3 is the breakdown field. It is crucia
that they are ordered asE1,E2,E3 to explain the experi-
mental curves. Such order is fully consistent with our cal
lation. The behaviors of the LED depend sensitively on
chain distribution functionPc(u). In general, a largeru im-
plies smaller breakdown voltage. In order to describe
case where the external field is applied parallel to the s
strate, we rotate the distribution of Fig. 5 byp/2. The results
are shown in Fig. 6. For the parallel device, UV domina
visible emission for a much wider range of the electric fie
implying a potential-efficient UV source.

As discussed in Introduction, the high field is expected
reduce not only EL but PL as well. The experiments of
under high field show that PL is almost completely quench
for bulk field above 33108 V/m.11 The corresponding mi-
croscopic field projected along the chain direction is e
mated to be about 107 V/m because the polymer chain
mainly lie on the substrate and perpendicular to the b
field. These results agree well with our calculation that p
dicts significant suppression of electron-hole capture
fields beyond 107 V/m ~Figs. 2,3!. Theoretical models12,13

have been proposed that describe the interchain exciton

FIG. 6. The characteristics are shown for a polymer film w
the orientation distribution of Fig. 5 rotated byp/2.
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gration and field quenching. In these works exciton dissoc
tion is allowed only in a fractiona of the chains.a is then
treated as a field-dependent fitting parameter, whose fi
value increases significantly for bulk field beyond
3108 V/m. Our study focuses on the microscopic origin
the field quenching in one chain, and is complementary
these phenomenological works.

VI. DISCUSSION AND CONCLUSION

One interesting feature of the cascade capture proce
that the capture rate is completely determined by the flux
the semiclassical region of the energy space, in which
energy levels form a quasicontinuum. The distribution fun
tion and therefore the flux in this region do not depend on
details of the boundary condition at the lower end of t
energy space, as long as the boundary is far away from
zero-energy level. The simplest way is to take a black-w
condition at a negative energy2E1, such that all the pairs
that walk below2E1 are removed from the energy spa
and can never walk upward back from the wall. Physica
this is reasonable because lying at the bottom of the se
classical continuum are the discrete exciton levels. T
electron-hole pair can never freely absorb phonon and g
energy once they form tightly bound excitons. The final
sults on the capture rate is independent on the choice
2E1 provided it is large enough. When an electric field
applied, the distribution function and the flux are changed
the drift of the pairs upward in energy. Almost no pairs c
reach the black wall under high field and the rate is dram
cally reduced. The field suppression of the exciton format
discussed here is different from the field dissociation of
citons, in which the carrier tunnel through the Coulomb b
rier to the degenerate free state under the field. Becaus
the large binding energy of the excitons in conjugated po
mers, the field dissociation is expected to be weak and
considered in this work.

The suppression of the electron-hole capture to form
citons for electric fields above 107 V/m has a significant
consequence for potential applications that require a h
exciton density, e.g., the injection laser. A large exciton d
sity translates into a large injection current, which in tu
requires a large applied field due to the low mobility. O
study shows that the exciton density cannot be raised pro
tionally to the field and the current, and the only way
reach high exciton density is to improve the mobility a
reduce the required field. The improvement of the mate
quality and device structure for better mobility is therefo
identified as one of the critical issues for further research
electroluminescent conjugated polymers.

The possibility for UV emission by direct interband tra
sition is opened for conjugated polymers when the electr
hole capture is suppressed. The direct interband transitio
not a cascade process and survives under the electric fi
Even though the UV emission happens only at high field,
possibility that a conjugated polymer can emit not only v
ible but also UV light is interesting. It implies that polyme
have the potential application as a semiconductor UV sou
considering the ease in fabricating them compared with
6-8
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conventional III-nitride compounds. Sandwich structure
not ideal for this purpose, because the field is mostly perp
dicular to the polymer chain direction. It will be much eas
to achieve the high field along the chain and generate the
output if the field is applied parallel to the chain direction
Another interesting prediction is that the UV emission can
achieved under unipolar injection, because free electron-
pairs can be created through the injected hot carriers w
impact ionization. There are therefore both types of carr
in the polymer even when only one type is directly inject
through the electrodes. These carriers cannot recombin
form excitons due to the high field. So the only radiati
channel for them to recombine is the UV emission throu
direct interband transition.

In conclusion, our theoretical study on the cascade c
ture process in conjugated polymers shows that the exc
formation due to electron-hole Coulomb capture is s
pressed by several orders of magnitude for field in the ra
of 107–108 V/m. As the visible emission from the excito
decay is reduced, the UV emission due to direct interb
transition becomes the dominat radiative channel. Combi
with impact ionization, the experiments on the UV emissi
under high field can be explained quantitatively. Mobili
improvement is identified as the critical issue for applic
tions requiring high exciton density. A unipolar UV ligh
source based on conjugated polymers is proposed.
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APPENDIX A: TRANSITION RATE W„E,DE… IN ENERGY
SPACE

If there is no phonon present initially, the transition ra
w(«1 ,«2)d«2 for a free pair from kinetic energy«1 to energy
interval («2 ,«21d«2) via one-phonon emission process
given by @Eq. ~6!#

w~«1 ,«2!5(
kikf

d@«12«~ki !#

r~«1!
w~ki ,kf ,q!d@«22«~k2!#,

~A1!

wherer(«)5(L/p\)Am/2« is the kinetic energy density o
states. Changing the summation(k into an integral
(L/2p)*dk and after some algebra, we obtain

w~«1 ,«2!5
1

2
A m

2«2

L

2p\ FwSA2m«1

\
,
A2m«2

\
,qD

1wS 2
A2m«1

\
,
A2m«2

\
,qD 1wSA2m«1

\
,

2
A2m«2

\
,qD 1wS 2

A2m«1

\
,2

A2m«2

\
,qD G .

~A2!

w(k,k8,q) is defined in Sec. II. Below we replace«1 by «
and«2 by «2d«, then writew(«1 ,«2) asw(«,d«). d«.0
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is the energy of the emitted acoustic phonon. Since the
tential energy of the electron-hole pair does not change d
ing phonon emission or absorption processes, the chang
the total energydE is equal tod«. The transition rate for a
pair from total energy~kinetic plus potential! E to E2dE is
related tow(«,d«) by

w~E,dE!5R21~E!E d@E2«2V~x!#w~«,d«!r~«!d«dx,

~A3!

whereR(E)5*0
`r(«)d«dxd@«(k)1V(x)2E# is the density

of states in total energy space. The phonon occupation n
ber N(dE)5@exp(dE/kbT)21#21 has to be considered at fi
nite temperatures. The phonon energydE is always positive.
So forDE,0, the energy transition rate for phonon emissi
can be written as9

W~E,nE!5w~E,2DE!@11N~2DE!#. ~A4!

For E.0, the rate for phonon absorption is

W~E,nE!5
R~E1DE!

R~E!
w~E1DE,DE!N~DE!.

~A5!

APPENDIX B: DYNAMIC FRICTION B„E…

Using Eqs.~A4!, ~A5!, and~9!, and expandingw(E,dE)
andR(E1dE) in dE to the first order, we get

B~E!5R~E!E
0

`

w~E,dE!dEddE. ~B1!

Note thatN(dE) is canceled. Inserting Eqs.~A2! and ~A3!
into Eq. ~B1!, we get

B~E!5E
0

`

d@E2«2V~x!#w~«,d«!r~«!dEd~dE!d«dx

5
1

2
A m

2«2

L

2p\E0

`

d@E2«2V~x!#

3FwSA2m«1

\
,
A2m«2

\
,qD

1wS 2
A2m«1

\
,
A2m«2

\
,qD

1wSA2m«1

\
,2

A2m«2

\
,qD

1wS 2
A2m«1

\
,2

A2m«2

\
,qD G

3r~«!dEd~dE!d«dx. ~B2!

The calculation is tedious and can be separated for four te
in the square bracket as follows. According to Eq.~6!, the
first term in Eq.~B2! is
6-9
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B1~E!5
1

2
A m

2«2

L

2p\E0

`

d@E2«2V~x!#wSA2m«1

\
,
A2m«2

\
,qD r~«!dEd~dE!d«dx

5
1

2
A m

2«2

L

2p\E0

`

d@E2«2V~x!#
L

\2s
jq

2F2p

L
@d~p1q!1d~p2q!#1

2p

L
@d~p12q!1d~p22q!#Gr~«!dEd~dE!d«dx

5
1

2
A m

2«2

L

2p\E0

`

d@E2«2V~x!#
L

\2s
jq

2F2p

L
@d~ki2kf2s1q!1d~ki2kf2s2q!#

1
2p

L
@d~ki2kf1s1q!1d~ki2kf1s2q!#Gr~«!dEd~dE!d«dx. ~B3!
ay
m

-
-

for

the
All other terms can be expanded in the same w
Their integrands contain integral of the for
*0

«g(d«)d«d@p(d«)#dd«, where g(d«) is a certain func-
tion, and p(d«) having the formp(d«)56ki6kf6s1,2q.
q5d«/\s and we restrictk andq to be positive. Note that«
is the initial particle kinetic energy andd« is the emitted
phonon energy.p(d«) implies energy and momentum con
servation laws. There are fourd functions in the last expres
sion forB1(E) in Eq. ~B3!. Only the first two conditions can
be satisfied. For example

E
0

«

d«g~d«!d~ki2kf2s1,2q!dd«

5E
0

«

d«g~d«!

3 dFA2m«

\
2SA2m~«2d«!

\
1

s1,2

\s
d« D Gdd«. ~B4!
23520
.Defining

f [
A2m~«2d«!

\
1

s1,2

\s
d«,

f 85
d f

dd«
52

A2m

2\

1

A«2d«
1

s1,2

\s
, ~B5!

then Eq.~B4! becomes

E d«~ f !g~ f !dSA2m«

\
2 f D 1

f 8
d f . ~B6!

The result is nonzero only when (sA2m/2s1,2)
2,«

<(sA2m/s1,2)
2. The same procedure can be repeated

p(d«)52ki1kf1s1,2q. Collecting all contributions derived
from the same conservation law from the four terms in
square bracket of Eq.~9! in Ba(E), we have
Ba~E!52E
(sA2m/2s1)2

(sA2m/s1)2

d@E2V~x!2«#h~d«1!
2p

L
r~«!d«1S A2m

2\A«2d«1

2
s1

\sD 21

d«dx

12E
(sA2m/2s2)2

(sA2m/s2)2

d@E2V~x!2«#h~d«2!
2p

L
r~«!d«2S A2m

2\A«2d«2

2
s2

\sD 21

d«dx, ~B7!

where

h~d«!5
1

2
A m

2~«2d«!

L3

2p\3s
h2a2a2

\

2NMs

d«

\s
,

d«1,25
2sA2m«

s1,2
2

2ms2

s1,2
2

.

The other set of the conservation conditions that can be satisfied isd(ki1kf2s1,2q). All such terms are collected inBb(E) as
6-10
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Bb~E!52E
(sA2m/s1)2

`

d~E2V~x!2«!h~d«1!
2p

L
r~«!d«1S A2m

2\A«2d«1

1
s1

\sD 21

d«dx

12E
(sA2m/s2)2

`

d~E2V~x!2«!h~d«2!
2p

L
r~«!d«2S A2m

2\A«2d«2

1
s2

\sD 21

d«dx. ~B8!

Finally we haveB(E)5Ba(E)1Bb(E).
u.
e
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