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Defect Auger exciton dissociation and impact ionization in conjugated polymers
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We study theoretically the exciton dissociation and carrier generation in conjugated polymers via defect
Auger process, in which the electr@mole) of the exciton drops into the deep defect level while the energy is
released to the hol&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 (ebéesrons on electrongholeg in the
defect level. Excitons are found to be produced predominantly for driving electric field in a window around
10° V/cm along the chain. Light emission under unipolar carrier injection is predicted.
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[. INTRODUCTION quite efficient because the effective carrier distance, the ex-
citon Bohr radius, is very small compared with the mean
The past ten years has witnessed tremendous progressdistance among the excited free carriers. If we use the mate-
both the science and technologies of light-emitting devicesial parameters suitable for polpara-phenylene vinylene
based on conjugated polymérset many fundamental ques-
tions regarding the two single important properties, elec- :
troluminescenceEL) and photoconductivityPC), remain v, -ky,s d,s
unanswered. The defects in the polymer chain, either struc-
tural or chemical, are believed to play an important role in
both EL and PC. The deep electronic levels associated with
the defects provide a convenient way to facilitate the disso-
ciation of the exciton, and limit the luminescence quantum
yield in EL. On the other hand, excitons must be dissociated
in order to produce charge carriers for PC for excitation be-
low the continuum thresholiEven though the enhancement

of PC and reduction of EL by oxidation, presumably due to v, 'kjh , S c,k,,s
exciton dissociation at the carbonyl defects, has been re-
ported experimentall,the microscopic mechanism which @
controls the dissociation rate is not well understood. '
An exciton dissociation mechanism, the defect Auger pro- v, 'kh ,§ d »

cess, is studied in this work. In this process the electron

(hole) in the exciton drops into the emptpccupied deep

level while the hole(electron is released by Coulomb scat-

tering and becomes a free charge carrier with high kinetic

energy as required by energy conservation. The correspond-

ing Coulomb matrix element is shown in Figgafand 1b).

The defect Auger process for exciton is in sharp contrast with

the usual free carrier Auger process, which occurs only at )
high carrier concentrations because the relaxation energy of c, ke , S v, 'kfh , S
one free carrier is carried away by the kinetic energy of

another nearby free carrier. Therefore the Auger rate usually (b)

depends strongly on the free carrier density and consequently g5 1. (a) Diagram for the direct Coulomb scattering term in

the excitation level. On thg other _hand, in conjugated pqu—which one conduction electrore k, ,s) is captured by defectd),
mers the electron-hole pair remains bound to form excitofyhile one free valence electronu (—kg,,s') is scattered to

even at room temperature. So when one of the carrier relaxqufkhls/)_ k is the wave number, ang is the spin index.
there is always another oppositely charged carrier nearby t@) Diagram for the exchange Coulomb scattering term in which
carry away the relaxation energy. In other words, each exicene valence electrorv(—Kkg,,s) is captured by defect, while one
ton can act alone and the dissociation rate is independent @bnduction electrongk. ,s’) is scattered to the valence band state
the exciton density. This unigue mechanism is expected to b@,—kj,,s’).
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(PPV) and assume, as in the case of inorganic semicondugroles are driven by the electric field around® 19/cm. Exi-

tor, that each exciton samples the average defect density lton production by impact ionization opens the possibility of
interacting with many defects within its lifetinf¢he volume  light emission under unipolar charge injection.

dissociation regime our calculation shows that the rate is of  In Sec. Il, the defect Auger dissociation rate for exciton as
the order of 16f s~ ! times the number of defect per repeat a function of the incident exciton momentum is calculated.
unit, which is expected to be no less than $0Such a high  The matrix element is derived in the Appendix. In Sec. Il
rate is three orders of magnitude faster than the more conihe rate for defect impact ionization as a function of the
mon multiphonon emission proces$loreover, it can hap-  incident hot hole momentum is calculated. Two possible final
pen even at zero temperature because no energy barrier States, the excito(Sec. Il A) and the free electron-hole pair
present, consistent with the sweep-out regime experiﬂ’]ent(sec. 11 B), with different impact thresholds are considered.
The defect Auger process is therefore identified as the priAveraged impact ionization coefficient for holes under high
mary microscopic origin for the photocarrier generation ancelectric field is calculated in Sec. Il C. We discuss and con-
luminescence quenching in conjugated polymers. The calciglude in Secs. IV and V, respectively.

lated dissociation rate can not, however, be used naively to
obtain the PL and PC yield quantitatively. For example, the
dissociation rate is of the order of ¥0s™ ! with defect den-
sity equal to one per 400 repeat unit. The corresponding We start with the total Hamiltoniatd =Hy+V for the
nonradiative lifetime would be around 0.1 ps. This value isw— electrons of a conjugated polymer chain with one deep
four order of magnitude shorter than the radiative lifetime oflevel, where the one-particle part is

the excitons, and implies that the light emission would be

completely quenched if the decay were in the volume disso-

ciation regime. This is, however, inconsistent with the ex- Ho=> EM(k)aL K@kt Eqalag, 1)
periment that the PL vyield is reduced to only half at such 1k ’

defect density. The reason is that the exciton dissociation . o

process is not in the volume capture regime, in which eac@nd the two-body Coulomb interaction is

exciton encounters many defects before decay and a uniform

Il. DEFECT AUGER DISSOCIATION OF EXCITON

exciton density is maintained throughout the system volume. 1( o -~ by e? . .
Instead, the decay is in the diffusion regifi which the V= EJ dorad°ro’(r) ¢ (rz)mlﬁ(fl)d/(rz)-
excitons do not have the chance to sample the average defect oL T2 )

density but are immediately quenched by the first defect they

hit along the path of their diffusive motion in the chain. In ) N -
this case, the deep levels act as a black hole and no excito-LEe field operitor v CaE. ?ﬁ ?lxpan(;ded as«//(rfa
can pass through it. Unlike the volume dissociation regime, thﬂ'kgﬂ'ir(r)'a#'k ‘pd(r)a[ IS teha SWZ _w:vefnum er
in the diffusion regime the steady state exciton density is nokn € Brillouin zone, and=c,v is the band index for con-

uniform along the chain but vanishes at the defect positionsc.leCtiorI and valence bands, respectivéy(k) is the band

The decay dynamics of the total number of excitons, condiSPErsonEy is the deep level energys, (r) is the Bloch

trolled not only by the the transition matrix element but alsoV&V€ fgrnctlon, andﬂdg) is the deep level wave function.
the diffusion coefficient of the excitons, is therefore not a@u.k» 8uk> @ndag, &y are the corresponding annihilation
simple exponential. We confirm this picture by calculating"j‘“d creation operators. After substituting the expansion of
the dissociation probability of one single passage of the ex#(r) into V, the Coulomb interactiov can be divided into
citon through the defect with arbitrary incident velocity. The two parts :V=V¢+Vy, whereV; contains only the terms
result is indeed close to one for excitons with thermal velocwith Bloch state operators, whilé; contains the terms that
ity. involve at least one defect operators. It is well known Mat

In addition to the Auger process, we also study the rate ofs strong in conjugated polymers and causes the large exciton
its reverse process, the defect impact ionization, by slightlypinding energy of the excitons. On the other hand, the re-
modifying the calculations. Interestingly, in defect impactsidual Coulomb interactioNy involving scattering of Bloch
ionization the incident hot hole can kick out the electron instates into and out of the deep level is expected to be weak.
the deep level and form a neutral exicton with itself when theConsequently we consider the free part of the Hamiltonian as
incident kinetic energy reaches the threshold. The number dfi,+V;, and treatVy as the perturbation which cause tran-
charge carriers is reduced from one to zero, in sharp contrasttions between degenerate eigenstateld of V;.
with the usual impact ionization for which the number of
carriers multiplies and causes avalanche breakdown eventu-
ally. If the kinetic energy of the incident hot hole is increased
further, it becomes possible to create a free electron-hole pair Neglecting the free carrier Coulomb interactidh and
and the number of carriers multiplies as usual. In this cirtherefore the exciton effect first. The defect Auger process is
cumstance the channel for carrier decre@seacton produc- a two-body electron-hole Coulomb scatteriegk,) +h(k;)
tion) and increasgfree pair production compete. Impact —e(d)+h(ks,), in which one free electroifie) with wave
ionization coefficient to neutral exciton is found to be aroundnumberk, drops into the deep defect levig) while a hole
10%/cm times the number of defect per repeat unit when(h) with wave numbelk;, is scattered tdg, to compensate

A. Free carrier matrix element
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the energy lost by the electron. “fh” denotes free hole. It canit is more relevent for the PC and EL processes. Addihg
be expressed by the equivalent electron-electron scatterirgnd Mg together we get the matrix elemeM,,, for a
ec(ke) +e,(—kq)—e(d) +e,(—k,), wherec,v denote con-  electron-hole pair

duction and valence band, respectively. The transition matrix
element of this process M. ,=(d,—ki|Vylke, —Kn),
where|k’,k>zazyk,avyk|g> for the initial state, andd,k)
=ala, |g) for the final state|g) is the ground state with
filled valence band and empty conduction band. The spin
indices are omitted first, and considered afterwards. After
substituting the expansion af into Vg4 in Mgy, only two
combinations, the direct term and the exchange term, sur-
vive. For a spin singlet initial electron-hole pair, the direct

Men(K,Kp, Kim) =Mp(K, Ky, Kin) + Me(K,Kg,)

2¢e?

_ e~ i(kip—K+mla)Ry
4eepa

N3/2

X{acmp (K, Kp) +2a,mg(K)}. (9)

term is[Fig. 1(@)]

2

1
Mp(Ke,Kn ,Ken) = Ef lﬂg(rl)lﬁfﬁkh(fz)m

X thy, i (T2 Yo s (r)drdr,,  (3)
and the exchange term [iEig. 1(b)]
1 2
MEe(Ke ,Kn ki) = Ef Py (ry) 'ﬁ:,fkh(fz)m
X e (), i, (r)drydrp.  (4)

Ther, andr, integrals are performed in the Appendix. After
some approximations, the final results are

Mp (K, Kn Kn)

2

— & e —i(kjp,—K+m/a)Ry
B \/N 47TeeoaNe Mo (K Kn).
5
4776608. . (kfh_kh)a
Mp (Kn , Kn) = U—In|2 sin———— (6)
and
2a, e? i
_ v 7 Ak~ K+wla)Ry
%
4meepa . [Ka
mg(K)=1vy ne? U—In| 2|sin - . (8)

K=kg+ky, is the total momentum of the electron-hole pair in

the initial state divided byi. Ry is the position of the defect.

U is the on-site Coulomb repulsion energy for the direct

B. Exciton matrix element

Due to the Coulomb attractioW; between the electron
and the hole, the elementary excitation of the free part of the
HamiltonianHy+ V; is no longer a free electron-hole pair
but a superposition of them, i.e., the exciton state, labeled by
lex;K). K=kg+k;, is the new exciton center of mass wave
number.|ex;K) is the initial state of the dissociation process,
while the final state is stilld, —kg,) as in Sec. lllA. The
exciton statgex;K) can be expanded & ¢ (K ke)[Ke, ke
—K). The envelope functiog is approximated by a normal-
ized Lorenzian factdr

1
Qo

(K, ke)=

2
apVNaga

(10

W, and W,, are the bandwidth of the valence and exciton
bands, respectively, is the exciton Bohr radius. In order to
get the exciton matrix element, we need to multiply the ma-
trix element for each electron-hole pair by the corresponding
envelope function, and sum over all pairs with a given exci-
ton wave numbeK. Matrix elementM%, for defect Auger
dissociation of exciton through Coulomb scattering is

MK Ken) =(d, — K| Vg €X:K)

=2 ¢(Kke)(d, —kn|Valke ke=K) (1D
_Zi/a 2 1 2
ke=0 agyNapal ! o
aT Wv 21-1
+(ke_g_w K) } Men(K.kn.Kn). (12)
ex

term. For the exchange term, the matrix element is reduced

by an overall factory, as defined in EqA9). € is the effec-
tive dielectric constant along the chamis the lattice con-

stant.N is the total number of repeat unit of the chain. The

expression for the overlapa., between the defect and
Bloch states can be found in Eq85) and (A8) within
the “zero-radius potential” approximationr/a is the wave

M, is given in Eq.(9).

C. Exciton dissociation rate

The ratesW?(K) of defect Auger dissociation for initial
exciton wave numbeK in a chain withN repeat units and

number at the direct band gap. For a triplet pair, the result obne defect can be obtained by summing over all possible
Mg is zero. We consider only the singlet pair below becausdinal free hole momenta
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+W/2+ (W /2)coska), and Eg(K)=eg—eg+We2
+(Wey/2)cosKa). The corresponding kinetic energy for the

2
WAK) = 7= 2 IMG(K k)2
g bands are defined as,(k)=—E,(k), ec(K)=E(k)—eq,

X HEelK)—[3 eg+Ae—E, (ki) ]} (13) gir;(l scffX(K)Esl,Et?axt(e?_S%JEE)B:'[ﬂSfIBT;[l dear;:
G,(8)={ma(W,/2)*—[E, (k) + W, /2]°} *, Ge(e)

The 6 function imposes the energy conservation condition.={7a\(W./2)*—[E.(k) —s,— W /2]°} "1, and G.(e)

Set the origin of energy at the valence band tp, is the  ={7a\(We/2)*—[Ee(Ka) —&¢+ep—Wed2]7} 1. Wey is
deviation of deep level enerdy, from the mid-gap ae,. equal to (IW,+ 1W,) ! within the effective mass approxi-
E,(k), Ec(k) andEg(K) are the dispersions for the valence, mation. With these expressions, we can change variable from
conduction, and exciton bands, respectively. They are apk, to e¢,, the final hole kinetic energy, with twofold degen-
proximated asE, (k)= —W,/2—(W,/2)coska), Ec(k)=e4  eracy at+ kg and —kg,. The rateW*(K) becomes

4aye’ 1

WAKK) = 2 2
(2m)*h(4meer)®N ma /(W /2)2—[L &g+ Ae— Eel(K) +W,/2]?

2mla 2
X f dke¢’(K.ke)[acmD+(K,ke)+2ava(K)])
0
2mla 2
+f dke¢’(K,ke)[acmD—(K,ke)+2aumE(K)]) ] (14
0
where ¢’ (K ko) ={1+[ke— m/a— (W, /W) K]%a3} %, and
W, +2[ —EeK)+ 384+ A
mot(K,ke)=47;ZOaU—ln[2 sin (giécos‘l ot 2l X(WU) fg* Ae] +ke—K)g J (15

Note that when the argument of the sin function in Ecp)  to characterize the dissociation efficiency of the defect
is zero, i.e.,ky=k;, in Eq. (6), mp. meets logarithmic because it is inversely proportional on the chain die
singularity, which is integrable in the expression Yf(K). In practice, the dissociation raterd/is equal tow” times
The rateW” is, however, not the most convenient quantity the number of defect in the chain, which is also proportional

1018 T T T T T T T T T

FIG. 2. Volume exciton dissociation rate
c”A(K) (see textfor defect Auger process is plot-
ted as a function of the exciton center-of-mass
wave numberK for various defect level energy
Ae measured from the midgap. The curves for
Ae=—0.7 and—1.0 eV stop atk~=*0.57/a
and = 0.37/a, beyond which the energy released
4 to the free hole exceeds the valence band width.

Auger dissociation volume rates C*(1/s
g

+1.0eV : —-0-0-0—

1 1 1 1 1
-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 038 1
Exciton center—of-mass wave number K (r/a)
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to N for a fixed defect density. For convenience, we define TABLE I. All parameters, suitable for PPV, used in the calcula-
a chain size independent quantit§(K), the volume disso- tions are listed with references given after the values.

ciation rate, a8W*(K)N. The actual dissociation raterfYis
thereforec”(K) multiplied by the defect density, defined Parameter Value Description
as the average number of defect per repeat wfi(K)

¢ . 4 o ) 3 ag 50 A8 Bohr-radius of exciton
is shown_m Fig. _2. The singularity of &(=0 is due to a 6.5 A Lattice constant
the logarithmic divergence of the exchange temm(K). c 2.75(Ref. 7) Single chain dielectric constant
Tgmperature(T) 'dependence for the thermal averaggd rate W, 2.3 eV(Ref. 7 Band width for valance band
c”(T) can obtained by averaging*(K) over the exciton . .
. S W, 2.0 eV(Ref. 7 Band width for conduction band

wave numberK, with the Boltzman weighting factor . :

2,2 . Wey 1.07 eV Band width for exciton band
exp(—BhrK2M), where M is the sum over electron and 28 eV(Ref. 8 Ener
hole masse<”(T) is shown in Fig. 3. The values of all the & -© EVIRel. eray gap

parameters used in this paper are listed in Table I. They are ZB 0.34 eV(Ref. § Binding energy of exciton

designated for PPV. 5.1 eV(Ref. 7 On-site energy
y 0.25(Ref. 7 Correction ofU for exchange term
Toh 40 fs (Ref. 10 Phonon emission time

D. Capture probability for one passage

So far we suppose the center-of-mass wave function of
the exciton is a plane wave extended all over the chain. IrPA(K)=1—exp[—cA(K)a/|vg(K)|]. PA(K) is shown in Fig.
reality, it is more reasonable to describe the exciton as 4. It is close to one when the incident velocity is equal to
wave packet with finite size in the real space. The wavehe thermal velocity of 10 cm/s at room temperature. The
packet diffuses randomly on the polymer chain due to therdeep levels therefore act as efficient quenching centers,
mal fluctuations. Whether they will be captur@tissociatefl  which are crucial for the one-dimensionélD) diffusion
by the defect they encounter depends on both the transitiomodel of PL decay dynamiésPA(K) drops for higherk

rate 1f, and the interaction timé during which the wave because of the decrease of interaction tirfier fast exciton
packet covers the defedtis in turn determined by the inci- passage.

dent group velocityv 4(K) = dE./ndK. The capture prob-

ability PA(t) is given byPA(t)=1—e V7. Note thatP”(t) 1. IMPACT IONIZATION
=0 for t=0 when the exciton wave packet just starts to hit ) ) N )
the defect, andP”(t)=1 whent> r. The interaction time is The above calculations can be slightly modified to obtain

equal toé/|vy|, where ¢ is the exciton wave packet size the rate for defect impact ionization, which is the reverse
alone the chain. On the other hand, the transition ratesl/ Process of defect Auger dissociation. Now the initial state
equal tocA(K)a/é, wherec”(K) is the volume dissociation |d,—kg,) has a free hole with large wave numbgr and a
rate, anda/¢ is the effective defect density for the wave electron in the defect level. There are two possible final
packet.t/7 can be then replaced by*(K)a/|vy(K)|, in  states, an excitofex;K) with lower threshold and a single
which the unspecified exciton sizeis cancelled. The pas- electron-hole paitke,kq,) with higher threshold. They are
sage capture probability is finally given by the simple resultconsidered in order below.

x 107

[

o
T~
1

+1.0eV : —0—0—0-
+0.7eV : —————
00eV:-----

0

g
&)

FIG. 3. Thermal averaged volume transition
rates c® of defect Auger exciton dissociation,
shown as a function of temperature.

-
)

-

Thermal averaged Auger dissociation volume rates C A(1/s)
N

et
C)

0 50 100 150 200 250 300 350
Temperature T (K)
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A. Exciton production

The matrix elemeni LX for the creation of an exciton by a hot hole(isx,K|Vy|d, —kz,). Summing over all possible final
states and use the proper density of statg¢e.,) for the exciton, we get the expression for the rate of impact ionization

| 2w | , 1L
Weslkin) = 2= 2 [Me(K ki) |0} | 5 eq+ Ao~ E, (ki) |~ Eed(K)

4aye’ 1

- (2m)*h(4meeg)®N Wa\/(WeX/Z)Z—[% gqt AS_Ev(kfh)_89+8B_We)J2]2

2

2mla
[ ke (K acM b (ko) + 200, Mg (]

+

2mla 2
fo dke(ls,(Kake)[acMIexD—(ke!kfh)+2ayMlexE—(kfh)]> }

where

dreepa gqt2Ae—2E, (k) —2e4+2e5—W, a

I _ 0 . —1| €9 v Kth g B ex
+ L - _ 5 - + - t_ A 1
M oo+ (Ke ,Kin) e? U In[z sin ket Ke 7008 We, )2 ]

and
direepa 1 eqt2Ae—2E (ki) —2e4+2e5—W,
e)@(kfh)— 0 vyU— yln[ r{izcosl g ol \f;/) g 5 ex)m
ex

Similar to Sec. 1l C, with the above result we get volume ionization catee WL N, which is shown in Fig. 5. The corre-
sponding passage probability for impact ionizatlélg( is shown in Fig. 6.

10°

f
(=1

FIG. 4. Dissociation probabilitP*(K) of an
exciton passing through the defect is plotted as a
function of center-of-mass wave numb¢of ex-
citon. Rise at larg&K near the zone boundary is
due to the smaller group velocity and longer in-
teraction time.

Auger dissociation probability P A
=

+1.0eV . —0-0-0-

1 0-3 L 1 1 L 1 I 1 1 1
-1 -0.8 -0.6 -0.4 0.2 0 02 0.4 0.6 0.8 1
Exciton center—of-mass wave number K (r/a)
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[ FIG. 5. Volume transition rate, of defect

. impact ionization to exciton is shown as a func-
\ S tion of incident hot hole momentunfiky,. All

\ ~ curves have threshold momentum required by the
energy difference between the defect energy and
the exciton energy. The curves ef1.0, +0.7,
and 0.0 eV stop at certain momenta, beyond
which no final exciton state satisfies the energy
conservation. This is because the exciton band
\ width 1.1 eV is smaller than valence band width
1 2.3 eV for the incident free hole.

pact ionization to exciton (1/s)

ox

+1.0eV : —0—0-0—

Volume rates C._forim

0 0.2 04 0.6 0.8 1 12 14 16 1.8 2
Incident free hole wave number kfh (n/a)
B. Electron-hole pair production

Matrix elementM 'e_h for the creation of a free electron-hole pair is equa{kg,k,|V4|d, k). We sum ovek, andky, to

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

2mla

k)= 2T S ML (Ko k) 28] Eu(ke) — E. (k) — | S oot As—E, (K
Wen(kim) = — ’ k70|Mefh( e Kin)|“8) Ec(ke) —E, (Kp) 5> &gt Ae—E,(Km)
e "h™—
et 2m ; | | 2
= 271'27L(47Tee a)ZN fo dkegv(kekah)(acMehD+(kekah)+2avMehE+(ke,kfh))
0

+

2
fo dkeg;<ke,kfh>(acM'ehD+(ke,kfh>+2aUMLhE_<ke,km>)ZH,

10° G
-5
s
T i
o
o
2
ig FIG. 6. Probability for the defect impact ion-
E ization to exciton state by a hole which passes
2 through the defect with momentufiky, .
N
8 jo2L .
5 10
E
10-3 I L 1 I L 1 1 I L
0 02 04 06 0.8 1 1.2 1.4 1.6 1.8 2

Incident free hole wave number th (n/a)
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Volume rates C;h for impact ionization to e-h pair (1/s)

10

FIG. 7. Volume transition rate,, of defect
impact ionization to free electron-hole pair by an
incident hole with momenturfiky, .

+1.0eV : —0-0—0—
+0.76V | ——————

where

and

| 4reepa
Menp=(Ke,Km) = 2e? U—In) 2

Mine- (Ke,Kin) =

04 0.6 0.8 1 1.2 14 1.6 1.8 2
Incident free hole wave number km(n/a)

Gy (Ke k)=

V(W20 2= [Eq(ke)+ E, (k) — & £g— Ao+ W, /212

Ec(Ke) + 2, (Kg) — 24— 28 + W,
W,

v

sin

(7T 1 (2
— £ —C0S
a " a

a
- kfh)z

|
i

47Tééoa

1 2E.(ke) + 2E, (ki) — 24— 2Ae+W a
YU — 7|n| (Wi—COSl< c(Ke) o(Ki) —2e4 & v)+ e)

Sin [— WU E

We then perform thek, integration numerically to get the self-consistentlyk* is the wave number shift due to the
final result forW,_, . Again, we define the volume ioniza- electric field, and is related to the drift velocity, by k*

tion rate cL_h(kfh)EWL_h(kfh)N, which is shown in Fig. 7.

=myvq/f. My is the hole mass dt= =/a, the band maxi-

The passage probability is not shown, because it is practinum. The drift velocity q is related to the electric field by

cally one for all wave number above the threshold.

C. Impact ionization coefficient under high electric field

vq=nE, where the mobilityw is assumed to obey the Drude
form u=er,,/my. 7,y is the optical phonon emission life-
time. The effective temperatur€, which is much larger
than the surrounding lattice temperature at high field, is de-

Impact ionization coefficien&(E), defined as the ioniza- termined by the energy balanced equatioaEv

tion probability per unit drift length of the hot hole, is equal =kgT*/ 7.

1 eEpq is the Joule heating per unit time per

to W'(E)/vq, whereW!(E) is the avearged impact ioniza- unit volume provided by applied field, whilgT*/ 7y, is the

tion rate andvy is the drift velocity for a given electric thermal power transferred from the electron system to the
field E. W'(E) is obtained from the ensemble average oflattice environment per unit volume. These two quantities
W!(k) over thek-distribution functionfg(k) under electric  must be balanced in steady state. We assume that the all heat

field. Instead of solving the Boltzmann equation fiu(k)

comes from optical phonons emitted by the hot holes accel-

directly, we use the balanced-energy relation to approximaterated by the applied electric field. A¥' discussed above,
it. The distribution function is assumed to be in the form of athe impact ionization coefficient is inversely proportional

shifted Boltzmann distribution fg(k) =exd —e,(k—K*)/

to the chain sizeéN because there is only one defect on the

(kgT*)], with two parameter&* and T* to be determined chain. For convenience, we define the volume ionization co-
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FIG. 8. Impact ionization volume coefficient
ay ex by a hot hole to exciton under electric field
E. The rate grows rapidly as the deep level en-
ergy deviationAe goes from—1.0 to+1.0 eV.

In order to distinguish them, we magnify curves
for —1.0, —0.7, and 0.0 eV by 5 times.
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efficientay, asaN, such that the actual ionization coefficient IV. DISCUSSION
on the chain with many defects is equal 4g times the
defect densityay, o« anday, o, for the production of excitons
and free electron-hole pairs are shown in Figs. 8 and 9, r
spectively. The free carrier number decreases by one in t
former process, and increases by one in the latter. Their di
ference ay e, the net carrier production coefficient, is
shown in Fig. 10. It is negative wheéB<2x 10° V/cm, for

Defect Auger process is well known in inorganic
semiconductor$? but important only at high carrier densities
Sue to the requirement of the proximity of the second carrier
hen the first carrier is trapped by the defect. What is special
about the similar process in conjugated polymer is that the
large binding exciton energy guarantees that each carrier al-
ways has an oppositely charged second carrier bound to it
which the excitons are the predominant products of the deand ready to take away relaxation energy, implying an effec-
fect impact ionization process, and the net carrier densityive high carrier density to facilitate the Auger process. Even
decreases along the direction of the carrier drift . Light emisthough the idea is simple, such a mechanism for exciton
sion is expected from the radiative decay of the excitons. dissociation without the need of the third carrier has never

x 107
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FIG. 9. Impact ionization volume coefficient
ay o t0 free electron-hole pair by a hot hole un-
der electric fieldE.
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been discussed in the literature to our knowledge. Similarlymainly because holes have been shown to the the dominant
our prediction of the creation of a neutral bound state insteadarriers for charge transport due to severe electron trapping
of more free carriers by impact ionization is also different.in most conjugated polymet$:}*The opposite case of elec-
These are both good examples that there exist many intereston release and hole trapping can be obtained in almost the
ing phenomena in organic semiconductors which are nosame way with similar rate. Only singlet excitons are con-
common in their inorganic counterparts. Novel device operasidered in this work, because the triplet excitons can neither
tions taking advantage of these phenomena can be envisagd@ photoexcited nor emit light. The only difference for the
For instance, exciton production via impact ionization leadscorresponding rates for the triplet excitons is that the contri-
to the possibility of light emission under unipoléingle  bution from the exchange part of the Coulomb interaction is
carriep injection with high field along the chain, i.e., a uni- cancelled.
polar LED. When the carrier is accelerated by the field and There are many possible kinds of defects, either structural
gains enough kinetic energy to match the difference betweear chemical, with different binding energy and wave func-
the binding energy of the deep level and exciton, the threshtion. For example, the deep level associated with the chain
old for exciton creation is reached. Our calculation showswist varies from the midgap to the bandedge with the twist
that the ionization coefficient for the generation of excitonsangle, while the level for oxygeftarbonyl group is about
can be as high as 10cm™* times the number of defect per 0.4 eV below the conduction band in the one-particle
repeat unit when the electric field is arouncP 19/cm (Fig. picture? The deep level energy will depend on the occu-
8). When the electric field is further increased the carrierpancy if the Coulomb interaction is included. For the case of
becomes so energetic that the creation of another free carriexciton dissociation by electron trapping, the initial occupa-
out of the defect dominates the creation of excitons. Thoséion number of the deep level must be either zero or(@ne
carriers are expected to be driven away from each other urleast one vacancy for the electron to fall int®n the other
der such high field and do not recombine to form excitonshand, for the case of hole trapping the initial occupation
and emit light anymore. The unipolar light emission is there-number must be either 1 or (&t least one electron to drop
fore efficient only within a window of electric field. This into the holg. The impact inonization is just the reverse pro-
peculiar behavior can be used as a direct way to verify oucess of exciton dissociation. The energy of the deep level can
prediction experimentally. Such a high field along the chainbe determined, in principle, by the Hartree-Fock self-
can not be achieved in the conventional polymer LED withconsistent field. So when the deep level is occupied by one
sandwich structure, in which the field is basically perpen-electron, the energy is higher than when the level is empty.
dicular to the chains. In order to realize this situation, elec-Our calculations include all the cases by adjusting the deep
trodes parallel to the substrate and chain directions must devel binding energy and the corresponding wave function.
fabricated. In fact, if the field is high enough, excittend  Results for deep levels from1 eV to 1 eV measured from
unipolar light emission can be created directly from the the midgap are shown in the figures. This range covers most
ground state via impact ionization even without defects. Thiof the deep levels revealed by the deep level transient
will be the subject of further study. spectroscopy’ As for the deep level at the midgap associ-
In this work we calculate only the rate by which the elec-ated with the chain end, the discussion of impact ionization
tron is captured while the hole is released as the free carriecannot be properly applied. This is because the carrier, and
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the resulting exciton, can not travel beyond the chain endwhere :,bﬂ,k(r)ze“"uuyk(r) is the Bloch state. Set,=R
However, the deep level associated with the chain end cas r. R is the Bravais lattice vector andruns over only one
still facilitate exciton dissociaton, because the exciton waveunit cell. Remember that, (r) has the period oR. The
function is extended in the conjugated segment and overlagategration region ofr, is divided into discrete lattice unit
with the chain end deep level. The center-of-mass waveells. Arranging the summation ov&into two groups, one
function of the exciton near the chain end should be moreontainsr; and another one does not, the integral in &d.)
appropriately described by a standing wéseperposition of becomes

K and —K state$ instead of just &« state. However, accord-

ing to our calculation the dissociation rate is symmetric un- ik RAE)
der K« —K inversion, so the result can still apply. 2 R iy, (D) ty, g, (T)
In calculating the impact ionization coefficient we assume
that the wave function of the hot carrier interacts with many e? P
ionizati ; i X r
defects before the ionization, and each carrier experiences dmeegr,—(R+1)]

the same ionization rate irrespective of its position. The situ-

ation is similar to the case of the volume dissociation for _
exciton quenching. This can be justified because the high :rlzﬂ Leum'” +r1251e LeHmR”:Iﬁlb-
kinetic energy of the hot carriers makes them less likely to be

localized by the disorder, so they can be described by the @ ®)

extended Bloch states. The excitons at thermal velocity, on
the other hand, are much slower and more likely to be Iocalfr‘a0
ized by disorders.

andl, are approximated separately. In gro@pr,, is far
mr,, so we take,=R, (r=0) to get

V. CONCLUSION |a:e—i(kfh—kh)f1r12éR e i(kn—kn)(R—ry)

We obtain the defect Auger dissociation rate for excitons
in conjugated polymers by calculating the matrix element of :]_kh(r)uv,_kfh(r)d3r.
the Coulomb scattering among three band states and one
defect state. Our results show that the defect Auger process is (A2)
the dominant mechanism for exciton dissociation in EL and
photocarrier generation for PC with excitation below theAssuming that the wave number-k, and —Kki,
band gap. The capture probability for an exciton passagi the last integral can be replaced hy/a, the band
through the defect is found to be close to one, consistent witgdge ~wave number, we have the approximation
the 1D diffusion model for luminescence quenching with [ cen atrUy, —k, (") Uy, -k, () d°r=1/N, where N is the total
non-exponential PL decay. Impact ionization is studied as th@umber of unit cells. This is because that the integration
reverse process. Exciton creation and the resulting lighivould give unity by normalization if it were integrated over
emission under unipolar carrier injection is predicted forthe whole space. But as the integration is over only one
electric field around 10 V/cm. repeat unit cell, so it should be equal tdN1/ is simplified

as

eZ

X——— u
477'650|r1_ R| cellatR
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Takingr, as the origin and performing the discréResum-

APPENDIX mation, we get
In this appendix we calculate the matrix element for direct (k) 2¢? 1 (k= kna
and exchange Coulomb scattering involving one defect state la=€ ™ 1—477660a N —In2 SI———111"

and three band states.
(1) Direct term Mp . We start from integration over, in As for I, sincer, is close tor; we can set,=r, in the

Eq. (3): exponential term, and take it out of the integration:
e? 2
* 3 — _i(kfh_kh)rl * - 3
f wvv*kh(r2)4weeo|r1—rz| Yo,k (T12)0°T2 lh=e jceuu”'kh(r)u”'kf“(r)4ﬂ'f€o|r|d r
. . ]
_ —i(kep—k (ke
_J e i(kn h)rzut,fkh(rz)uv,fkfh(rz) =g~ ilkn kh)rlﬁ_
e? &°r (A1) U is the on-site Coulomb energy. Adding andl, together,
2

X—
4eeg|ri—1y we get
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2> 1
ot li=—— — e k= K)'im (ke K
aTlp 47TEEOaNe o(Kin,Kn),

where

(kin—kp)a
2

4meega

mp (Ke, , Kp) = ————— . (A3
ok k)= (A3)

U- In[Z Si
Now we integrate over, to get the matrix elemen¥l .

M D(ke 1kfh 1kh)

:[ f ”lpg(rl)lﬁc,ke(rl)e_i(kfh—kh)rldsrl}

2
X—
4reesaN Mo (KenKn)

fce”uc,ke(f)lﬂ; (r)dsr]

2
X e—i(kfh—kh—ke+77/a)Rd

dmeegaN Mo (ke kn)

a, €

B \/_N 4mreegaN

where
azf u k(r)zﬂ*(r)d3r=\/—2 .
¢ all space Ge d aKc

Ry is the position of defecta is the overlap between, y_
and 4. Using the “zero-radius-potential” modelto ap-

e 1 (kin—kn=ke* MARIM (ke k), (Ad)

(A5)
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=\2m[E(ko) — teg—Aellh. Eq(ko)—ieg—As is the
defect level binding energ¥, is the wave number at the
band edgem, is the effective mass of the conduction elec-
tron at the band minimum. The overlap can be written as
a.= \/Z/aKCZ[WC/(%sg—Aa)]M.

(2) Exchange term M. Exchanging the subscripts,
—ks,, andc,ke in My [see Egs(3) and(4)], and following
the similar steps fomp (K, ,kp), we obtain

Mok k= 2 2
e(Ke . Kp, fh)_\/_ﬁm
Xe—i(kfh—kh—ke+77/a)Rde(ke,kh)'
(AB)
dmeega C(ketkp)a
Me(ke kn) =y —— —U—In| 2|sit———
2e 2
(A7)
and
avzf Uy, 1, (M) 15 (1) dr. (A8)
all space

«, is the overlap betweeuv,,kfh and ¢4, which can be
approximated asa,=[W,/(3e4+Ae)]". The exchange
factor vy is defined by

Y
u* _ (NUey (N d3r=—.
fcell atR kh( ) c,ke( ) N

v characterizes the overlap between the valence and conduc-
tion band states, and is always smaller than 1. The value for

(A9)

proximate the envelop function of the deep level by they used in practice is obtained by fitting with the splitting
bound state of a 1[I function potential well, the exponential between the singlet and triplet excitons iab initio

decay of ¢y is characterized by the decay coefficient

calculations.
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