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Defect Auger exciton dissociation and impact ionization in conjugated polymers

Chia-Hsin Chen* and Hsin-Fei Meng†

Institute of Physics, National Chiao Tung University, Hsinchu 300, Taiwan, Republic of China
~Received 6 November 2000; revised manuscript received 7 March 2001; published 6 September 2001!

We study theoretically the exciton dissociation and carrier generation in conjugated polymers via defect
Auger process, in which the electron~hole! of the exciton drops into the deep defect level while the energy is
released to the hole~electron! through Coulomb scattering. Contrary to the usual Auger process among free
carriers at high densities, defect Auger process for excitons takes place independent of the exciton density, and
is identified as the dominant mechanism of photocarrier generation for excitation below the band gap. The
dissociation probability for each passage through the defect is found to be close to one for excitons with
thermal velocity, consistent with the picture that exciton decay in oxidized polymers is controlled by diffusion
on a chain with quenching centers . We also study the reverse process, i.e., defect impact ionization, in which
excitons or free electron hole pairs are created via the impact of hot holes~electrons! on electrons~holes! in the
defect level. Excitons are found to be produced predominantly for driving electric field in a window around
105 V/cm along the chain. Light emission under unipolar carrier injection is predicted.

DOI: 10.1103/PhysRevB.64.125202 PACS number~s!: 72.80.Le, 73.50.Pz
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I. INTRODUCTION

The past ten years has witnessed tremendous progre
both the science and technologies of light-emitting devi
based on conjugated polymers.1 Yet many fundamental ques
tions regarding the two single important properties, el
troluminescence~EL! and photoconductivity~PC!, remain
unanswered. The defects in the polymer chain, either st
tural or chemical, are believed to play an important role
both EL and PC. The deep electronic levels associated
the defects provide a convenient way to facilitate the dis
ciation of the exciton, and limit the luminescence quant
yield in EL. On the other hand, excitons must be dissocia
in order to produce charge carriers for PC for excitation
low the continuum threshold.2 Even though the enhanceme
of PC and reduction of EL by oxidation, presumably due
exciton dissociation at the carbonyl defects, has been
ported experimentally,3 the microscopic mechanism whic
controls the dissociation rate is not well understood.

An exciton dissociation mechanism, the defect Auger p
cess, is studied in this work. In this process the elect
~hole! in the exciton drops into the empty~occupied! deep
level while the hole~electron! is released by Coulomb sca
tering and becomes a free charge carrier with high kin
energy as required by energy conservation. The corresp
ing Coulomb matrix element is shown in Figs. 1~a!and 1~b!.
The defect Auger process for exciton is in sharp contrast w
the usual free carrier Auger process, which occurs only
high carrier concentrations because the relaxation energ
one free carrier is carried away by the kinetic energy
another nearby free carrier. Therefore the Auger rate usu
depends strongly on the free carrier density and conseque
the excitation level. On the other hand, in conjugated po
mers the electron-hole pair remains bound to form exci
even at room temperature. So when one of the carrier rela
there is always another oppositely charged carrier nearb
carry away the relaxation energy. In other words, each e
ton can act alone and the dissociation rate is independe
the exciton density. This unique mechanism is expected t
0163-1829/2001/64~12!/125202~12!/$20.00 64 1252
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quite efficient because the effective carrier distance, the
citon Bohr radius, is very small compared with the me
distance among the excited free carriers. If we use the m
rial parameters suitable for poly~para-phenylene vinylene!

FIG. 1. ~a! Diagram for the direct Coulomb scattering term
which one conduction electron (c,ke ,s) is captured by defect (d),
while one free valence electron (v,2kfh ,s8) is scattered to
(v,2kh ,s8). k is the wave number, ands is the spin index.
~b! Diagram for the exchange Coulomb scattering term in wh
one valence electron (v,2kfh ,s) is captured by defect, while one
conduction electron (c,ke ,s8) is scattered to the valence band sta
(v,2kh ,s8).
©2001 The American Physical Society02-1
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~PPV! and assume, as in the case of inorganic semicond
tor, that each exciton samples the average defect densit
interacting with many defects within its lifetime~the volume
dissociation regime!, our calculation shows that the rate is
the order of 1016 s21 times the number of defect per repe
unit, which is expected to be no less than 1023. Such a high
rate is three orders of magnitude faster than the more c
mon multiphonon emission process.2 Moreover, it can hap-
pen even at zero temperature because no energy barr
present, consistent with the sweep-out regime experime4

The defect Auger process is therefore identified as the
mary microscopic origin for the photocarrier generation a
luminescence quenching in conjugated polymers. The ca
lated dissociation rate can not, however, be used naivel
obtain the PL and PC yield quantitatively. For example,
dissociation rate is of the order of 1013 s21 with defect den-
sity equal to one per 400 repeat unit. The correspond
nonradiative lifetime would be around 0.1 ps. This value
four order of magnitude shorter than the radiative lifetime
the excitons, and implies that the light emission would
completely quenched if the decay were in the volume dis
ciation regime. This is, however, inconsistent with the e
periment that the PL yield is reduced to only half at su
defect density.5 The reason is that the exciton dissociati
process is not in the volume capture regime, in which e
exciton encounters many defects before decay and a uni
exciton density is maintained throughout the system volu
Instead, the decay is in the diffusion regime,5 in which the
excitons do not have the chance to sample the average d
density but are immediately quenched by the first defect t
hit along the path of their diffusive motion in the chain.
this case, the deep levels act as a black hole and no ex
can pass through it. Unlike the volume dissociation regim
in the diffusion regime the steady state exciton density is
uniform along the chain but vanishes at the defect positio
The decay dynamics of the total number of excitons, c
trolled not only by the the transition matrix element but a
the diffusion coefficient of the excitons, is therefore no
simple exponential. We confirm this picture by calculati
the dissociation probability of one single passage of the
citon through the defect with arbitrary incident velocity. Th
result is indeed close to one for excitons with thermal vel
ity.

In addition to the Auger process, we also study the rate
its reverse process, the defect impact ionization, by slig
modifying the calculations. Interestingly, in defect impa
ionization the incident hot hole can kick out the electron
the deep level and form a neutral exicton with itself when
incident kinetic energy reaches the threshold. The numbe
charge carriers is reduced from one to zero, in sharp con
with the usual impact ionization for which the number
carriers multiplies and causes avalanche breakdown eve
ally. If the kinetic energy of the incident hot hole is increas
further, it becomes possible to create a free electron-hole
and the number of carriers multiplies as usual. In this
cumstance the channel for carrier decrease~exicton produc-
tion! and increase~free pair production! compete. Impact
ionization coefficient to neutral exciton is found to be arou
108/cm times the number of defect per repeat unit wh
12520
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holes are driven by the electric field around 105 V/cm. Exi-
cton production by impact ionization opens the possibility
light emission under unipolar charge injection.

In Sec. II, the defect Auger dissociation rate for exciton
a function of the incident exciton momentum is calculate
The matrix element is derived in the Appendix. In Sec. I
the rate for defect impact ionization as a function of t
incident hot hole momentum is calculated. Two possible fi
states, the exciton~Sec. III A! and the free electron-hole pa
~Sec. III B!, with different impact thresholds are considere
Averaged impact ionization coefficient for holes under hi
electric field is calculated in Sec. III C. We discuss and co
clude in Secs. IV and V, respectively.

II. DEFECT AUGER DISSOCIATION OF EXCITON

We start with the total HamiltonianH5H01V for the
p2electrons of a conjugated polymer chain with one de
level, where the one-particle part is

H05(
m,k

Em~k!am,k
† am,k1Edad

†ad , ~1!

and the two-body Coulomb interaction is

V5
1

2E d3r1d3r2ĉ†~r1!ĉ†~r2!
e2

4pee0ur12r2u
ĉ~r1!ĉ~r2!.

~2!

The field operator ĉ can be expanded asĉ(r )
[(m,kcm,k(r )am,k1cd(r )ad . k is the allowed wave numbe
in the Brillouin zone, andm5c,v is the band index for con-
duction and valence bands, respectively.Em(k) is the band
disperson.Ed is the deep level energy.cm,k(r ) is the Bloch
wave function, andcd(r ) is the deep level wave function
am,k , am,k

† , and ad , ad
† are the corresponding annihilatio

and creation operators. After substituting the expansion
ĉ(r ) into V, the Coulomb interactionV can be divided into
two parts :V5Vf1Vd , whereVf contains only the terms
with Bloch state operators, whileVd contains the terms tha
involve at least one defect operators. It is well known thatVf
is strong in conjugated polymers and causes the large exc
binding energy of the excitons. On the other hand, the
sidual Coulomb interactionVd involving scattering of Bloch
states into and out of the deep level is expected to be w
Consequently we consider the free part of the Hamiltonian
H01Vf , and treatVd as the perturbation which cause tra
sitions between degenerate eigenstates ofH01Vf .

A. Free carrier matrix element

Neglecting the free carrier Coulomb interactionVf and
therefore the exciton effect first. The defect Auger proces
a two-body electron-hole Coulomb scatteringe(ke)1h(kh)
→e(d)1h(kfh), in which one free electron~e! with wave
numberke drops into the deep defect level~d! while a hole
~h! with wave numberkh is scattered tokfh to compensate
2-2



an
ri

tr

p
fte

su
c

r

in
.
c
ce

he
d

lt o
us

the
ir
by
e
s,

-

on
o
a-
ing
ci-

l

ible

DEFECT AUGER EXCITON DISSOCIATION AND . . . PHYSICAL REVIEW B64 125202
the energy lost by the electron. ‘‘fh’’ denotes free hole. It c
be expressed by the equivalent electron-electron scatte
ec(ke)1ev(2kfh)→e(d)1ev(2kh), wherec,v denote con-
duction and valence band, respectively. The transition ma
element of this process isMe2h5^d,2kfhuVduke ,2kh&,
where uk8,k&[ac,k8

† av,kug& for the initial state, andud,k&
[ad

†av,kug& for the final state.ug& is the ground state with
filled valence band and empty conduction band. The s
indices are omitted first, and considered afterwards. A
substituting the expansion ofĉ into Vd in Me-h , only two
combinations, the direct term and the exchange term,
vive. For a spin singlet initial electron-hole pair, the dire
term is @Fig. 1~a!#

MD~ke ,kh ,kfh!5
1

2E cd* ~r1!cv,2kh
* ~r2!

e2

4pee0ur12r2u

3cv,2kfh
~r2!cc,ke

~r1!d3r1d3r2 , ~3!

and the exchange term is@Fig. 1~b!#

ME~ke ,kh ,kfh!5
1

2E cd* ~r1!cv,2kh
* ~r2!

e2

4pee0ur12r2u

3cc,ke
~r2!cv,2kfh

~r1!d3r1d3r2 . ~4!

The r1 andr2 integrals are performed in the Appendix. Afte
some approximations, the final results are

MD~K,kh ,kfh!

5
ac

AN

e2

4pee0aN
e2 i (kfh2K1p/a)RdmD~kfh ,kh!,

~5!

mD~kfh ,kh!5
4pee0a

2e2
U2 lnF2Usin

~kfh2kh!a

2 UG ~6!

and

ME~K,kfh!5
2av

AN

e2

4pee0aN
e2 i (kfh2K1p/a)RdmE~K !,

~7!

mE~K !5gH 4pee0a

2e2
U2 lnF2UsinS Ka

2 D UG J . ~8!

K[ke1kh is the total momentum of the electron-hole pair
the initial state divided by\. Rd is the position of the defect
U is the on-site Coulomb repulsion energy for the dire
term. For the exchange term, the matrix element is redu
by an overall factorg, as defined in Eq.~A9!. e is the effec-
tive dielectric constant along the chain.a is the lattice con-
stant.N is the total number of repeat unit of the chain. T
expression for the overlapsac,v between the defect an
Bloch states can be found in Eqs.~A5! and ~A8! within
the ‘‘zero-radius potential’’ approximation.p/a is the wave
number at the direct band gap. For a triplet pair, the resu
ME is zero. We consider only the singlet pair below beca
12520
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it is more relevent for the PC and EL processes. AddingMD
and ME together we get the matrix elementMe-h for a
electron-hole pair

Me-h~K,kh ,kfh!5MD~K,kh ,kfh!1ME~K,kfh!

5
2e2

4pee0aN3/2
e2 i (kfh2K1p/a)Rd

3$acmD~kfh ,kh!12avmE~K !%. ~9!

B. Exciton matrix element

Due to the Coulomb attractionVf between the electron
and the hole, the elementary excitation of the free part of
Hamiltonian H01Vf is no longer a free electron-hole pa
but a superposition of them, i.e., the exciton state, labeled
uex;K&. K5ke1kh is the new exciton center of mass wav
number.uex;K& is the initial state of the dissociation proces
while the final state is stillud,2kfh& as in Sec. III A. The
exciton stateuex;K& can be expanded as(ke

f(K,ke)uke ,ke

2K&. The envelope functionf is approximated by a normal
ized Lorenzian factor9

f~K,ke![
2

a0ANa0a
F S 1

a0
D 2

1S ke2
p

a
2

Wv

Wex
K D 2G21

.

~10!

Wv and Wex are the bandwidth of the valence and excit
bands, respectively.a0 is the exciton Bohr radius. In order t
get the exciton matrix element, we need to multiply the m
trix element for each electron-hole pair by the correspond
envelope function, and sum over all pairs with a given ex
ton wave numberK. Matrix elementMex

A for defect Auger
dissociation of exciton through Coulomb scattering is

Mex
A ~K,kfh![^d,2kfhuVduex;K&

5(
ke

f~K,ke!^d,2kfhuVduke ,ke2K& ~11!

5 (
ke50

2p/a
2

a0ANa0a
F S 1

a0
D 2

1S ke2
p

a
2

Wv

Wex
K D 2G21

Me-h~K,kh ,kfh!. ~12!

Me-h is given in Eq.~9!.

C. Exciton dissociation rate

The ratesWA(K) of defect Auger dissociation for initia
exciton wave numberK in a chain withN repeat units and
one defect can be obtained by summing over all poss
final free hole momenta
2-3
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WA~K !5
2p

\ (
kfh

uMex
A ~K,kfh!u2

3d$Eex~K !2@ 1
2 «g1D«2Ev~kfh!#%. ~13!

The d function imposes the energy conservation conditi
Set the origin of energy at the valence band top,D« is the
deviation of deep level energyEd from the mid-gap at12 «g .
Ev(k), Ec(k) andEex(K) are the dispersions for the valenc
conduction, and exciton bands, respectively. They are
proximated asEv(k)52Wv/22(Wv/2)cos(ka), Ec(k)5«g
ity

12520
.

p-

1Wc/21(Wc/2)cos(ka), and Eex(K)5«g2«B1Wex/2
1(Wex/2)cos(Ka). The corresponding kinetic energy for th
bands are defined as«v(k)[2Ev(k), «c(k)[Ec(k)2«g ,
and «ex(K)[Eex(K)2«g1«B . Their dens-
ities of states G(«)5@pu«8(k)u#21 are
Gv(«)5$paA(Wv/2)22@Ev(k)1Wv/2#2%21, Gc(«)
5$paA(Wc/2)22@Ec(k)2«g2Wc/2#2%21, and Gex(«)
5$paA(Wex/2)22@Eex(Ka)2«g1«B2Wex/2#2%21. Wex is
equal to (1/Wc11/Wv)21 within the effective mass approxi
mation. With these expressions, we can change variable f
kfh to « fh , the final hole kinetic energy, with twofold degen
eracy at1kfh and2kfh . The rateWA(K) becomes
WA~K !5
4a0e4

~2p!2\~4pee0!2N

1

paA~Wv/2!22@ 1
2

«g1D«2Eex~K !1Wv/2#2

3H S E
0

2p/a

dkef8~K,ke!@acmD1~K,ke!12avmE~K !# D 2

1S E
0

2p/a

dkef8~K,ke!@acmD2~K,ke!12avmE~K !# D 2J , ~14!

wheref8(K,ke)5$11@ke2p/a2(Wv /Wex)K#2a0
2%21, and

mD6~K,ke!5
4pee0a

2e2
U2 lnH 2UsinF Xpa 6

1

a
cos21S Wv12@2Eex~K !1 1

2 «g1D«#

Wv
D 1ke2K C a

2
GUJ . ~15!
ect

nal
Note that when the argument of the sin function in Eq.~15!
is zero, i.e.,kfh5kh in Eq. ~6!, mD6 meets logarithmic
singularity, which is integrable in the expression forWA(K).
The rateWA is, however, not the most convenient quant
to characterize the dissociation efficiency of the def
because it is inversely proportional on the chain sizeN.
In practice, the dissociation rate 1/tA is equal toWA times
the number of defect in the chain, which is also proportio
e
-
ss

or

d
th.
FIG. 2. Volume exciton dissociation rat
cA(K) ~see text! for defect Auger process is plot
ted as a function of the exciton center-of-ma
wave numberK for various defect level energy
D« measured from the midgap. The curves f
D«520.7 and21.0 eV stop atK'60.5p/a
and60.3p/a, beyond which the energy release
to the free hole exceeds the valence band wid
2-4
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DEFECT AUGER EXCITON DISSOCIATION AND . . . PHYSICAL REVIEW B64 125202
to N for a fixed defect density. For convenience, we defi
a chain size independent quantitycA(K), the volume disso-
ciation rate, asWA(K)N. The actual dissociation rate 1/tA is
thereforecA(K) multiplied by the defect density, define
as the average number of defect per repeat unit.cA(K)
is shown in Fig. 2. The singularity of atK50 is due to
the logarithmic divergence of the exchange termmE(K).
Temperature~T! dependence for the thermal averaged r
cA(T) can obtained by averagingcA(K) over the exciton
wave number K, with the Boltzman weighting facto
exp(2b\2K2/2M), where M is the sum over electron an
hole masses.cA(T) is shown in Fig. 3. The values of all th
parameters used in this paper are listed in Table I. They
designated for PPV.

D. Capture probability for one passage

So far we suppose the center-of-mass wave function
the exciton is a plane wave extended all over the chain
reality, it is more reasonable to describe the exciton a
wave packet with finite size in the real space. The wa
packet diffuses randomly on the polymer chain due to th
mal fluctuations. Whether they will be captured~dissociated!
by the defect they encounter depends on both the trans
rate 1/t, and the interaction timet during which the wave
packet covers the defect.t is in turn determined by the inci
dent group velocityvg(K)5]Eex/\]K. The capture prob-
ability PA(t) is given byPA(t)512e2t/t. Note thatPA(t)
50 for t50 when the exciton wave packet just starts to
the defect, andPA(t).1 whent@t. The interaction timet is
equal to j/uvgu, where j is the exciton wave packet siz
alone the chain. On the other hand, the transition rate 1/t is
equal tocA(K)a/j, wherecA(K) is the volume dissociation
rate, anda/j is the effective defect density for the wav
packet. t/t can be then replaced bycA(K)a/uvg(K)u, in
which the unspecified exciton sizej is cancelled. The pas
sage capture probability is finally given by the simple res
12520
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PA(K)512exp@2cA(K)a/uvg(K)u#. PA(K) is shown in Fig.
4. It is close to one when the incident velocityvg is equal to
the thermal velocity of 105 cm/s at room temperature. Th
deep levels therefore act as efficient quenching cent
which are crucial for the one-dimensional~1D! diffusion
model of PL decay dynamics.5 PA(K) drops for higherK
because of the decrease of interaction timet for fast exciton
passage.

III. IMPACT IONIZATION

The above calculations can be slightly modified to obt
the rate for defect impact ionization, which is the rever
process of defect Auger dissociation. Now the initial sta
ud,2kfh& has a free hole with large wave numberkfh and a
electron in the defect level. There are two possible fi
states, an excitonuex;K& with lower threshold and a single
electron-hole pairuke ,kfh& with higher threshold. They are
considered in order below.

TABLE I. All parameters, suitable for PPV, used in the calcu
tions are listed with references given after the values.

Parameter Value Description

a0 50 Å8 Bohr-radius of exciton
a 6.5 Å Lattice constant
e 2.75 ~Ref. 7! Single chain dielectric constant
Wv 2.3 eV ~Ref. 7! Band width for valance band
Wc 2.0 eV ~Ref. 7! Band width for conduction band
Wex 1.07 eV Band width for exciton band
«g 2.8 eV ~Ref. 8! Energy gap
«B 0.34 eV~Ref. 8! Binding energy of exciton
U 5.1 eV ~Ref. 7! On-site energy
g 0.25 ~Ref. 7! Correction ofU for exchange term
tph 40 fs ~Ref. 10! Phonon emission time
n
,

FIG. 3. Thermal averaged volume transitio
rates cA of defect Auger exciton dissociation
shown as a function of temperature.
2-5
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A. Exciton production

The matrix elementMex
I for the creation of an exciton by a hot hole is^ex,KuVdud,2kfh&. Summing over all possible fina

states and use the proper density of stateGex(«ex) for the exciton, we get the expression for the rate of impact ionization

Wex
I ~kfh!5

2p

\
(
K

uMex
I ~K,kfh!u2dH F1

2
«g1D«2Ev~kfh!G2Eex~K !J

5
4a0e4

~2p!2\~4pee0!2N

1

paA~Wex/2!22@ 1
2

«g1D«2Ev~kfh!2«g1«B2Wex/2#2

3H S E
0

2p/a

dkef8~K,ke!@acMexD1
I ~ke ,kfh!12avMexE1

I ~kfh!# D 2

1S E
0

2p/a

dkef8~K,ke!@acMexD2
I ~ke ,kfh!12avMexE2

I ~kfh!# D 2J ,

where

MexD6
I ~ke ,kfh!5

4pee0a

2e2
U2 lnH 2UsinF Xkfh1ke2F6

1

a
cos21S «g12D«22Ev~kfh!22«g12«B2Wex

Wex
D G C a

2GUJ ,

and

MexE6
I ~kfh!5

4pee0a

2e2
gU2g lnH 2UsinF6

1

2
cos21S «g12D«22Ev~kfh!22«g12«B2Wex

Wex
D GUJ .

Similar to Sec. II C, with the above result we get volume ionization ratecex
I [Wex

I N, which is shown in Fig. 5. The corre
sponding passage probability for impact ionizationPex

I is shown in Fig. 6.

FIG. 4. Dissociation probabilityPA(K) of an
exciton passing through the defect is plotted a
function of center-of-mass wave numberK of ex-
citon. Rise at largeK near the zone boundary i
due to the smaller group velocity and longer i
teraction time.
125202-6



-
es

c-

the
nd

nd
gy
nd
th
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B. Electron-hole pair production

Matrix elementMe-h
I for the creation of a free electron-hole pair is equal to^ke ,khuVdud,kfh&. We sum overke andkh to

include all combinations of electron hole pair, and impose the proper energy conservation condition. Integrating overkh first,
we obtain

We-h
I ~kfh!5

2p

\ (
ke ,kh50

2p/a

uMe2h
I ~ke ,kfh!u2dH Ec~ke!2Ev~kh!2F1

2
«g1D«2Ev~kfh!G J

5
e4

2p2\~4pee0a!2N
H F E

0

2p

dkeGv8~ke ,kfh!„acMehD1
I ~ke ,kfh!12avMehE1

I ~ke ,kfh!…2G
1F E

0

2p

dkeGv8~ke ,kfh!„acMehD1
I ~ke ,kfh!12avMehE2

I ~ke ,kfh!…2G J ,

FIG. 6. Probability for the defect impact ion
ization to exciton state by a hole which pass
through the defect with momentum\kfh .

FIG. 5. Volume transition ratecex
I of defect

impact ionization to exciton is shown as a fun
tion of incident hot hole momentum\kfh . All
curves have threshold momentum required by
energy difference between the defect energy a
the exciton energy. The curves of11.0, 10.7,
and 0.0 eV stop at certain momenta, beyo
which no final exciton state satisfies the ener
conservation. This is because the exciton ba
width 1.1 eV is smaller than valence band wid
2.3 eV for the incident free hole.
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where

Gv8~ke ,kfh!5
1

A~Wh/2!22@Ec~ke!1Ev~kfh!2 1
2

«g2D«1Wv/2#2
,

MehD6
I ~ke ,kfh!5

4pee0a

2e2
U2 lnH 2UsinF Xpa 6

1

a
cos21S 2Ec~ke!12Ev~kfh!22«g22D«1Wv

Wv
D2kfhC a

2GUJ
and

MehE6
I ~ke ,kfh!5

4pee0a

2e2
gU2g lnH 2UsinF Xpa 6

1

a
cos21S 2Ec~ke!12Ev~kfh!22«g22D«1Wv

Wv
D1keCa2GUJ .

FIG. 7. Volume transition ratece-h
I of defect

impact ionization to free electron-hole pair by a
incident hole with momentum\kfh .
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We then perform theke integration numerically to get the
final result forWe2h

I . Again, we define the volume ioniza
tion rate ce-h

I (kfh)[We-h
I (kfh)N, which is shown in Fig. 7.

The passage probability is not shown, because it is pra
cally one for all wave number above the threshold.

C. Impact ionization coefficient under high electric field

Impact ionization coefficienta(E), defined as the ioniza
tion probability per unit drift length of the hot hole, is equ
to WI(E)/vd , whereWI(E) is the avearged impact ioniza
tion rate andvd is the drift velocity for a given electric
field E. WI(E) is obtained from the ensemble average
WI(k) over thek-distribution functionf E(k) under electric
field. Instead of solving the Boltzmann equation forf E(k)
directly, we use the balanced-energy relation to approxim
it. The distribution function is assumed to be in the form o
shifted Boltzmann distribution f E(k)5exp@2«v(k2k* )/
(kBT* )#, with two parametersk* and T* to be determined
12520
ti-

f

te

self-consistently.k* is the wave number shift due to th
electric field, and is related to the drift velocityvd by k*
5mhvd /\. mh is the hole mass atk5p/a, the band maxi-
mum. The drift velocityvd is related to the electric fieldE by
vd5mE, where the mobilitym is assumed to obey the Drud
form m5etph /mh . tph is the optical phonon emission life
time. The effective temperatureT* , which is much larger
than the surrounding lattice temperature at high field, is
termined by the energy balanced equationeEvd
5kBT* /tph.11 eEvd is the Joule heating per unit time pe
unit volume provided by applied field, whilekBT* /tph is the
thermal power transferred from the electron system to
lattice environment per unit volume. These two quantit
must be balanced in steady state. We assume that the all
comes from optical phonons emitted by the hot holes ac
erated by the applied electric field. AsWI discussed above
the impact ionization coefficienta is inversely proportional
to the chain sizeN because there is only one defect on t
chain. For convenience, we define the volume ionization
2-8
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FIG. 8. Impact ionization volume coefficien
aV,ex by a hot hole to exciton under electric fiel
E. The rate grows rapidly as the deep level e
ergy deviationD« goes from21.0 to 11.0 eV.
In order to distinguish them, we magnify curve
for 21.0, 20.7, and 0.0 eV by 5 times.
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efficientaV asaN, such that the actual ionization coefficie
on the chain with many defects is equal toaV times the
defect density.aV,ex andaV,e-h for the production of excitons
and free electron-hole pairs are shown in Figs. 8 and 9,
spectively. The free carrier number decreases by one in
former process, and increases by one in the latter. Their
ference aV,net, the net carrier production coefficient,
shown in Fig. 10. It is negative whenE;a23105 V/cm, for

which the excitons are the predominant products of the
fect impact ionization process, and the net carrier den
decreases along the direction of the carrier drift . Light em
sion is expected from the radiative decay of the excitons
12520
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e-
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IV. DISCUSSION

Defect Auger process is well known in inorgan
semiconductors,12 but important only at high carrier densitie
due to the requirement of the proximity of the second car
when the first carrier is trapped by the defect. What is spe
about the similar process in conjugated polymer is that
large binding exciton energy guarantees that each carrie
ways has an oppositely charged second carrier bound
and ready to take away relaxation energy, implying an eff
tive high carrier density to facilitate the Auger process. Ev
though the idea is simple, such a mechanism for exci
dissociation without the need of the third carrier has ne
t
-

FIG. 9. Impact ionization volume coefficien
aV,e-h to free electron-hole pair by a hot hole un
der electric fieldE.
2-9
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FIG. 10. Volume coefficientaV,net for the net
carrier generation due to impact ionization.aV,net

is equal toaV,e-h2aV,ex because the former pro
duces one more carrier and the latter neutraliz
the incident hole itself.
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been discussed in the literature to our knowledge. Simila
our prediction of the creation of a neutral bound state inst
of more free carriers by impact ionization is also differe
These are both good examples that there exist many inte
ing phenomena in organic semiconductors which are
common in their inorganic counterparts. Novel device ope
tions taking advantage of these phenomena can be envisa
For instance, exciton production via impact ionization lea
to the possibility of light emission under unipolar~single
carrier! injection with high field along the chain, i.e., a un
polar LED. When the carrier is accelerated by the field a
gains enough kinetic energy to match the difference betw
the binding energy of the deep level and exciton, the thre
old for exciton creation is reached. Our calculation sho
that the ionization coefficient for the generation of excito
can be as high as 107 cm21 times the number of defect pe
repeat unit when the electric field is around 105 V/cm ~Fig.
8!. When the electric field is further increased the carr
becomes so energetic that the creation of another free ca
out of the defect dominates the creation of excitons. Th
carriers are expected to be driven away from each other
der such high field and do not recombine to form excito
and emit light anymore. The unipolar light emission is the
fore efficient only within a window of electric field. This
peculiar behavior can be used as a direct way to verify
prediction experimentally. Such a high field along the ch
can not be achieved in the conventional polymer LED w
sandwich structure, in which the field is basically perpe
dicular to the chains. In order to realize this situation, el
trodes parallel to the substrate and chain directions mus
fabricated. In fact, if the field is high enough, exciton~and
unipolar light emission! can be created directly from th
ground state via impact ionization even without defects. T
will be the subject of further study.

In this work we calculate only the rate by which the ele
tron is captured while the hole is released as the free car
12520
y,
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mainly because holes have been shown to the the domi
carriers for charge transport due to severe electron trap
in most conjugated polymers.13,14 The opposite case of elec
tron release and hole trapping can be obtained in almost
same way with similar rate. Only singlet excitons are co
sidered in this work, because the triplet excitons can neit
be photoexcited nor emit light. The only difference for th
corresponding rates for the triplet excitons is that the con
bution from the exchange part of the Coulomb interaction
cancelled.

There are many possible kinds of defects, either struct
or chemical, with different binding energy and wave fun
tion. For example, the deep level associated with the ch
twist varies from the midgap to the bandedge with the tw
angle, while the level for oxygen~carbonyl group! is about
0.4 eV below the conduction band in the one-partic
picture.2 The deep level energy will depend on the occ
pancy if the Coulomb interaction is included. For the case
exciton dissociation by electron trapping, the initial occup
tion number of the deep level must be either zero or one~at
least one vacancy for the electron to fall into!. On the other
hand, for the case of hole trapping the initial occupati
number must be either 1 or 2~at least one electron to dro
into the hole!. The impact inonization is just the reverse pr
cess of exciton dissociation. The energy of the deep level
be determined, in principle, by the Hartree-Fock se
consistent field. So when the deep level is occupied by
electron, the energy is higher than when the level is em
Our calculations include all the cases by adjusting the d
level binding energy and the corresponding wave functi
Results for deep levels from21 eV to 1 eV measured from
the midgap are shown in the figures. This range covers m
of the deep levels revealed by the deep level trans
spectroscopy.15 As for the deep level at the midgap asso
ated with the chain end, the discussion of impact ionizat
cannot be properly applied. This is because the carrier,
2-10
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the resulting exciton, can not travel beyond the chain e
However, the deep level associated with the chain end
still facilitate exciton dissociaton, because the exciton wa
function is extended in the conjugated segment and over
with the chain end deep level. The center-of-mass w
function of the exciton near the chain end should be m
appropriately described by a standing wave~superposition of
K and2K states! instead of just aK state. However, accord
ing to our calculation the dissociation rate is symmetric u
der K↔2K inversion, so the result can still apply.

In calculating the impact ionization coefficient we assu
that the wave function of the hot carrier interacts with ma
defects before the ionization, and each carrier experien
the same ionization rate irrespective of its position. The s
ation is similar to the case of the volume dissociation
exciton quenching. This can be justified because the h
kinetic energy of the hot carriers makes them less likely to
localized by the disorder, so they can be described by
extended Bloch states. The excitons at thermal velocity,
the other hand, are much slower and more likely to be loc
ized by disorders.

V. CONCLUSION

We obtain the defect Auger dissociation rate for excito
in conjugated polymers by calculating the matrix element
the Coulomb scattering among three band states and
defect state. Our results show that the defect Auger proce
the dominant mechanism for exciton dissociation in EL a
photocarrier generation for PC with excitation below t
band gap. The capture probability for an exciton pass
through the defect is found to be close to one, consistent w
the 1D diffusion model for luminescence quenching w
non-exponential PL decay. Impact ionization is studied as
reverse process. Exciton creation and the resulting l
emission under unipolar carrier injection is predicted
electric field around 105 V/cm.
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APPENDIX

In this appendix we calculate the matrix element for dir
and exchange Coulomb scattering involving one defect s
and three band states.

~1! Direct term MD . We start from integration overr2 in
Eq. ~3!:

E cv,2kh
* ~r2!

e2

4pee0ur12r2u
cv,2kfh

~r2!d3r2

5E e2 i (kfh2kh)r2uv,2kh
* ~r2!uv,2kfh

~r2!

3
e2

4pee0ur12r2u
d3r2 , ~A1!
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where cm,k(r )5eikrum,k(r ) is the Bloch state. Setr25R
1r . R is the Bravais lattice vector andr runs over only one
unit cell. Remember thatum,k(r ) has the period ofR. The
integration region ofr2 is divided into discrete lattice uni
cells. Arranging the summation overR into two groups, one
containsr1 and another one does not, the integral in Eq.~A1!
becomes

I a and I b are approximated separately. In group~a! r2 is far
from r1, so we taker2.R, (r.0) to get

I a5e2 i (kfh2kh)r1 (
r1P” R

e2 i (kfh2kh)(R2r1)

3
e2

4pee0ur12Ru Ecell at R
uv,2kh
* ~r !uv,2kfh

~r !d3r .

~A2!

Assuming that the wave number2kh and 2kfh
in the last integral can be replaced byp/a, the band
edge wave number, we have the approximat
*cell at Ruv,2kh

* (r )uv,2kfh
(r )d3r.1/N, where N is the total

number of unit cells. This is because that the integrat
would give unity by normalization if it were integrated ove
the whole space. But as the integration is over only o
repeat unit cell, so it should be equal to 1/N. I a is simplified
as

I a5e2 i (kfh2kh)r1 (
r1P” R

e2 i (kfh2kh)(R2r1)
e2

4pee0ur12Ru
1

N
.

Taking r1 as the origin and performing the discreteR sum-
mation, we get

I a5e2 i (kfh2kh)r1
2e2

4pee0a

1

N H 2 lnF2Usin
~kfh2kh!a

2 UG J .

As for I b , sincer2 is close tor1 we can setr25r1 in the
exponential term, and take it out of the integration:

I b5e2 i (kfh2kh)r1E
cell

uv,2kh
* ~r !uv,2kfh

~r !
e2

4pee0ur u
d3r

5e2 i (kfh2kh)r1
U

N
.

U is the on-site Coulomb energy. AddingI a and I b together,
we get
2-11
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I a1I b5
2e2

4pee0a

1

N
e2 i (kfh2kh)r1mD~kfh ,kh!,

where

mD~kfh ,kh!5
4pee0a

2e2
U2 lnF2Usin

~kfh2kh!a

2 UG . ~A3!

Now we integrate overr1 to get the matrix elementMD .

MD~ke ,kfh ,kh!

5H E
cell

cd* ~r1!cc,ke
~r1!e2 i (kfh2kh)r1d3r1J

3
e2

4pee0aN
mD~kfh ,kh!

5H E
cell

uc,ke
~r !cd* ~r !d3r J

3e2 i (kfh2kh2ke1p/a)Rd
e2

4pee0aN
mD~kfh ,kh!

5
ac

AN

e2

4pee0aN
e2 i (kfh2kh2ke1p/a)RdmD~kfh ,kh!, ~A4!

where

ac[E
all space

uc,ke
~r !cd* ~r !d3r5A 2

akc
. ~A5!

Rd is the position of defect.ac is the overlap betweenuc,ke

and cd . Using the ‘‘zero-radius-potential’’ model6 to ap-
proximate the envelop function of the deep level by t
bound state of a 1Dd function potential well, the exponentia
decay of cd is characterized by the decay coefficientkc
es

M.

T.

er-

12520
[A2mc@Ec(k0)2 1
2 «g2D«#/\. Ec(k0)2 1

2 «g2D« is the
defect level binding energy.k0 is the wave number at the
band edge.mc is the effective mass of the conduction ele
tron at the band minimum. The overlapac can be written as

ac5A2/akc5@Wc /( 1
2 «g2D«)#1/4.

~2! Exchange term ME. Exchanging the subscriptsv,
2kfh , andc,ke in MD @see Eqs.~3! and~4!#, and following
the similar steps formD(kfh ,kh), we obtain

ME~ke ,kh ,kfh!5
av

AN

2e2

4pee0aN

3e2 i (kfh2kh2ke1p/a)RdmE~ke ,kh!,

~A6!

mE~ke ,kh!5gH 4pee0a

2e2
U2 lnF2Usin

~ke1kh!a

2 UG J
~A7!

and

av[E
all space

uv,2kfh
~r !cd* ~r !d3r . ~A8!

av is the overlap betweenuv,2kfh
and cd , which can be

approximated asav5@Wv /( 1
2 «g1D«)#1/4. The exchange

factor g is defined by

E
cell at R

uv,2kh
* ~r !uc,ke

~r !d3r5
g

N
. ~A9!

g characterizes the overlap between the valence and con
tion band states, and is always smaller than 1. The value
g used in practice is obtained by fitting with the splittin
between the singlet and triplet excitons inab initio
calculations.7
-
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