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Electron-hole capture suppression and ultraviolet emission in conjugated polymers
under high electric fields
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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 beyohadvié. 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.
DOI: 10.1103/PhysRevB.65.235206 PACS nuniger72.80.Le, 78.60.Fi
. INTRODUCTION increases;>* suggesting suppressed exciton formation at

high field. The first stage is found to be independent of the
The electroluminescencd&L) due to radiative recombi- external field So it cannot account for the field suppression
nation of injected electron-hole pairs through singlet excitorof EL.
state in semiconducting conjugated polymers, especially In this work, we concentrate on the second stage and
poly(para-phenylene vinylenéPPV) and derivatives, is now study the effect (_)f the external electr!c f|elq on _the process of
an active research toptcExcitons result from the electron- €lectron-hole pair Coulomb capture in an infinite conjugated
hole Coulomb capture, which can be divided into two stagesP0lymer chain microscopically. The effect of the finite length
In the first interchain stage, the electron and hole are offf the conjugation segment is ignored, because the conjuga-

different conjugated segments and are attracted to each othi" Iengt_h (10-20 repeat ‘!?'?56) is much larger than th?
through interchain hoppings in the real space by their Cougxciton size(about t_hr_ee unifs’). _Agreement be_tw_e_en exci-
lomb interactiong. Eventually, they hop into the same con- ton energy fromal? Inito calculapoﬁ based on infinite per- .
Yy, they hop
: . ) : fect polymer chain and experiments provides further evi-
Jugat!on segment apd the|.r wave fgnchons sFart .to 0Verl"’mdence. It is therefore plausible to ignore the boundary effect
At this moment t.helr relative kinetic energy is high apd in the intrachain capture process as a good approximation.
tlghFIy bound exciton does not form yeF. In the se.cond INra£,1- 5 free electron-hole pair in the chain, the electronic en-
phaln stage, the frge electron'—hole pair successwely relax%'}gy can be decomposed as the sum of the center-of-mass
its energy to thg I_qttlce and ultimately form_an exciton. HOW- 514 relative energy. Both of the two are initially positive
ever, the possibility that one of the carriers hop to othefeferring to the bandgap. Since the relative energy of an ex-
segment before exciton formation cannot be ruled out injton is negativézero minus the binding energythe relative
principle. It has been assumed that such probability is smaklectronic energy must be released through phonon emission
and an exciton, either singlet or triplet, is the only destinationand complicated by reabsorptiom the capture process.
of the second stage of Coulomb capture. This assumption fBhis two-body capture process is very similar to the well-
plausible when there is no external electric field, because thstudied one-body cascade capture of an electron by a posi-
electron is expected to be confined in the segment by thévely charged defect centdihecause the center-of-mass de-
attraction of the hole and vice versa. However, due to the lovgree of freedom of the electron-hole pair can be taken as free
mobility, a strong electric fieldmore than 16 V/m) is usu-  and separated in the field due to the overall charge neutrality.
ally present in the active region of the conjugated polymeit has been established for inorganic semiconductors that the
light-emitting-diode (LED) in order to provide sufficient capture of an electron by a positively charged defect center is
electric current. This is remarkably different from the inor- not an one-step transition from the free particle state to a
ganic p-n junction LED, in which light emission mainly bound state in the potential well. Instead, the capture is a
comes from the diffusion region with no field, instead of thecascade process in which the energy of the electron is lost
depletion region with high field. The strong field is expectedsuccessively by the emission of many phondfisie capture
to keep the electron-hole pair in conjugated polymers at highate, therefore, can not be obtained simply from the transition
relative kinetic energy and reduce their rate to capture eachatrix element between the initigfree) and final (bound
other to form an exciton. The possibility that the carriersstates. The appropriate description is a random walk in the
escape from each other is no longer negligible and the abovghase space with uneven rates for going up in engugp-
assumption of definite Coulomb capture breaks down. Imon absorption and going down(phonon emission The
fact, it has been observed that the ratio between the lightandom walk can be simplified to be in an one-dimensional
output and the injected current decreases as the fieldnergy space after averaging over all degrees of freedom

0163-1829/2002/623)/23520611)/$20.00 65 235206-1 ©2002 The American Physical Society



EN-SHI CHEN, SHENG-HSUAN YEH, AND HSIN-FEI MENG PHYSICAL REVIEW B5 235206

formation in EL is thus identified as the principal mechanism
to limit the quantum efficiency of polymer LED under high
field. This mechanism is of intrinsic nature and is present
even if there are no traps and the electron-hole injection is
balanced. In addition to LED, our model also be applied to
the quenching of photoluminescen¢elL) by the electric
field, because an electron-hole pair excited by a photon in
one chain with large excess kinetic energy gives a situation
similar to the secondintrachair) stage of EL suppression.
PL quenching in conjugated polymers is indeed observed
experimentally®!*  and has been modeled
phenomenologically?*

Another more direct evidence for the exciton capture sup-
pression is the ultravioletUV) emission observed at high
field.* Even though the field reduces the visible light emssion
) as discussed above, it opens a new possibility of direct inter-

_FIG. 1. The Coulomb capture flux in the energy space can bg,,,q ejectron-hole recombination, which would be impos-
plct.ured as the leakage flux put of a pinhole in a balloon. The darkegible without the field due to the fast Coulomb capture to
region has higher gas density. form excitons. The free electron-hole pair continuum lies

except for the total energy. The capture rate is determined b§PoVe the exciton leve.4 eV) by the binding energy, and
the downward flux in an ensemble of pairs in the energy!® corresponding photon around 3 eV is in the near-UV
space. This theory can be easily adopted to describe the foppectral region. The direct recombination does not require

mation of excitons through the electron-hole capture due t&10non and can take place at any relative energy of the pair.

the Coulomb attraction, if we concentrate on the relative delt 1S therefore much less affected by the external field, as

gree of freedom between the electron-hole pair. While theonfirmed by our calculation. In fact, it is found that the UV
cascade emission of phonons causes a continuous descenEffiSSion through direct interband recombination starts to

the relative energy space of the pair, the existence of externgPminate the visible%emission through exciton decay when
electric field drives the relative motion upward in the energytN€ field is beyond 10 V/m. In order to describe the pecu-

space and counter-balance the downward flux. In othef

capture
flux —2

liar voltage-current and voltage-light characteristics observed
words, under the high field the carrier constantly gains en&Xxperimentally, two additional factors must be taken into ac-

ergy from the field and becomes so hot that it becomes dif¢Unt in the model. One is the impact ionization and the
ficult for them to emit enough number of phonons and reacffesulting avalanche breakdown, the other is the nonuniform
the exciton level before being heated back to the highergﬁectlve field due to the chain orientation distribution. All

energy region. One simple picture for this ensemble oit,he e]ectnc and optical behaviors of PPV LED u.nder hlgh
electron-hole pairs is provided by its analogy with the gas infi€!d in our model turn out to be close to the peculiar experi-
a balloon. The capture process is like the gas flux leaked oJfental results. The overall UV emission ratio strongly de-

of the balloon through a pinhole corresponding to the zerd€nds on the chai.n or}entation probability distribution with
level of the energy spadsee Fig.(1)]. The electric field is respect to the applied field. In order to enhance the UV, poly-

like an external wind that not only blows the gas inside theMer chains have to be aligned mostly parallel to the field
instead of the perpendicular direction as in the

balloon away from the pinhole, but also pushes some of thdirection,
leaked gas back into the balloon. Leakage can be turned off@ndwich structure. _
when the leaked gas is completely compensated by the '!'he paper is orgamzed.as follows. In Sec. I, the Hamil-
pushed back flux. The corresponding situation is that all thdonian and phonon scattering rates are discussed. In Sec. Il
loosely bound pairs are dissociated by the field before any*® present the model for cascade capture and calculate .the
stable low-lying discrete bound state can be formed. We pe|x_:_apture rate. In Sec. IV, _the eff_ect of the external el_ectrlc
form detailed calculation to confirm this picture. It is found, f1€ld on the capture rate is studied. In Sec. V, the ratio be-
as expected, that the exciton formation rate is suppressed fo€€n the visible and UV emission is calculated, impact ion-

more than one order of magnitude when the field increaseiation and chain distribution are included, and comparisons
from zero to about %107 V/m. In fact, the capture can be with the experiments are made. We discuss and conclude in

completely stopped when the field is beyond some criticaPeC- VI-

value. The suppression of the exciton formation implies that

the radiative decay. channel for the injected carriers is re- Il. HAMILTONIAN AND MATRIX ELEMENT

duced. Such behavior has been reported experimenhtily.

An alternative possibility for the reduced EL yield is the  The carbon P, atomic orbitals in PPV and other conju-
enhanced non-radiative channel at high field. This is, howgated polymers formr energy bands, with direct bandgap
ever, not likely because the electron and hole injections besemiconductor band structuré's. The total HamiltoniarH
come more balanced as the field increases. Moreover, it has the effective-mass approximation for an electron-hole pair
been shown that the exciton quenching by the metal cathode a perfect polymer chain coupled with the lattice can be
is reduced at larger bidsThe field suppression of exciton written as
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H=Ho+H,+Hey o, 1 . :
ext b e @ Hix p= 2 &lpg(X)ag+H.cl,  pg(x)=e's10%+gis20x,
with K (5)
Pe  Ph -
HEX:ZI’Te] +ﬁ+v(xe_xh), szz ﬁwaai,qa%,q’ Heres; ,=mg /(Mg + mh), m=memh/(me-+. my) is the re-
e h \.q duced massx=X.— Xy, is the relative position, angd is the

2 corresponding momentum operator. The phonon branch in-
dex A\ is dropped because only acoustic phonons are consid-
and ered below. Higher-order terms H, after LLP transforma-
tion is dropped, because they have no effect on the first-order
H _E NPt e (a +al ) 3 pertur.bation. Thg relat@ve motion of.an electrpn-hole pair,_ as
ex—p— Wk g O g/ described byH', is equivalent to a single particle moving in
a fixed frame with an attractive center at the origin. For
simplicity, we refer to the effective single particle in the rela-
tive Hamiltonian as “particle” below. What is special to the
particle is that there are now two kinds of particle-phonon
scattering process, corresponding to the two terms,(x).
The first one is derived from the original electron-phonon
scattering, while the second one is from the hole-phonon
scattering. When an electrdgmle) emits a phonon of mo-
mentum#d, the change in the relative momentum of the pair
is not#q, but7s;(s,)g. This modified momentum conser-

tron charge. Correction ovi(x) for smallx is usually needed ion law is th for th fthe f
in the effective-mass approximation for strongly localizedValon 1aw is the reason for the appearance of the factprs

bound states. However, the behavioni) for x -0 turns ~ @NdSz IN pq(X). Hex, Will be considered as a perturbation
out not to be important for the capture problem, so we car?€low. The polaron effect is neglected, because we are con-
leave it as the original Coulomb form. For covalent material@ned with the hot carriers. Indeed, it has been Sh?;"’n that
such as conjugated polyerms, the electron-phonon couplingelarons do not form for fields larger thankd(® v/m. o
constantgg is of the deformation type, and can be expressed Let us consider the matrix element for phonon emission.

as§3:77aaq il(2NMawyg). 7 is a dimensionless function The initial state is|i)=|ki.Ng), and the final state isf)

of the phonon-mode polarization vectors, and is taken as E'kf Nq+1), wherek's are the particle wave number,

2 2 . . . .
fitting parameter of order oné.a is the carbon bond length, . k*/2m is the particle kinetic energi, are the occupa-

a is the change of electronic hopping integral betweentIon number for phonon with wave number The matrix

neighboring carbon @, orbitals per unit bond lengtinis the ~ ©lement (f[He, pili) s equal to Eq,(Nq+1|a;,|Nq>
phonon wave number, andl is the phonon branch index. X{(kilpg (X)[ki)éq=Ng+1(k|pg (X)[ki) &g, with
al , anda, 4 are the phonon creation and annihilation op-|(Ki|pg (X)|ki)|*=(27/L)[ 8(P1q) + 8(P2g) I=M?(k; ks ).
erators, respectivelyN is the number of unit cells in the L=Na, is the chain lengtha, is the repeat unit cell length.
chain,M is the carbon atom mass. The momentum conservation laws qrg=k; —k;—s;q and
The Coulomb capture is a process only in the relativep,q=k; —K;—s,q. The transition rate is

degrees of freedom of the electron-hole pair. When the elec-
tron and the hole are attracted to each other by their Cou-
lomb interaction, the relative kinetic energy increases while r
the potential decreases to more negative values. However,
the kinetic energy cannot stay high for long because it has to
be in equilibrium with the surrounding lattice degrees of
freedom. So the electron-hole pair keeps emitting phonons,
and the total relative energy is successively lost. The center-
of-mass momentum is not affected in this capture process, =(Ng+1)w(k;,ks,q),
and is assumed to be zero initially. Its mean value will re-
main so for the entire process. In order to remove the center-

of-mass degree of freedom, we take the well-known LeeWhereq=(e;—&q)/is. wg=sq is acoustic phonon disper-

Low-Pines (LLP) unitary transformation® The resulting sion relationss is the sound velocity. Optical phonons do not
relative Hamiltonian is participate the cascade capture process in the semiclassical

regime because their energy is too large. For the absorption
process, the transition ratei§°s= Nqw(Kki,Ks,q). Note that
4) w(k,k’,q)=w(k’,k,q). The transition rate§ ™2 will be
used to obtain the distribution function and the flux in the
energy space, from which one can derive the capture rate.
with These are the subjects of the next section.

Hey is the kinetic plus the Coulomb potential energy of the
electron-hole pair, whose bound states are the exciton level
H, is the phonon Hamiltoniart,_, is the interaction be-
tween the electron-hole pair with the phonorg,, are the
one-dimensional position operators, gng, are the momen-
tum operators of the electron and the hole, respectively,
are their effective masse¥/(x)=—e?/ex is the effective
Coulomb attraction between the two carrieess the elec-

2 2nn2 L
:Tf (Ng+1)&M (kiykfaQ)ﬁ(ai_Sf_ﬁwq)Edq

L S ,
= ﬁ_ZS(Nq+ 1)& M (Ki K¢, @) +M2(K; K¢, — )]

2

Hr=;—m+V(x)+HgX_p+Hp,
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Ill. CASCADE CAPTURE WITHOUT ELECTRIC FIELD

1 ©
) ) ) D(E)E—R(E)f W(E,AE)(AE)2dAE,
Consider an ensemble afchains. Each of them contains 2 —o

one electron-hole pair. In the semiclassical regime, the total

energyE of the pair is the sum of the relative kinetic and o d

potential energy, i.e.E=p2/(2m)+V(x). Due to phonon B(E)E_R(E)f_mW(EvAE)(AE)dAE+d_ED(E)-

emission and absorption, the energy of each pair performs 9)

random walk in the one-dimensional energy space, with un-

even probability for upward step and downward step dependf the system is in thermodynamic equilibrium, i.e.f{E) is

ing on the lattice temperature. If the energy of all the pairs inthe Boltzmann distribution, then the fluXE) should be

the ensemble are placed on the same energy space, we hago. So one immediately gets the relatioD(E)

a distribution functionf(E) defined as the occupation prob- =kgTB(E). T is the lattice temperature arg is the Bolt-

ability for states of energye. Following the procedure of zmann constant.(E) can be written as

Abakumov, Perel, and YassieviClwe first derive the differ-

ential equation foff (E), then identify the downward particle af(E)

flux in the energy flux as the capture flux. JE
The change of the pair number in an energy interval ) _ o

aroundE with time t is equal to the scattering rate into the "€ quantityB(E) is called dynamic f”Ct'_O’?' It should be

energy interval minus the scattering outside of the intervalUnderstood that both(E) and f(E) have implicit time de-

pendences so far. In the stationary condition, the distribution

I(E)=—B(E)| f(E)+kgT

(10

So we have Pt ; : v
is time-independent, and the pair flukE) = —j is energy-
If(E,t) % independent to avoid infinite accumulation. 8&) satisfies
RE)—r—= —R(E)f(E,t)f _W(E,E)dE’ the ordinary differential equation
oo . Jf(E)
+f f(E',t)R(E")W(E’,E)dE’, (6) j=B(B)|f(E) +keT—|. (11

where W(E,E’)dE’ is the transition probability per unit A suitable boundary condition must be provided to have a
time for a particle having a total enerdyinto an interval definite solqtlon for Eq(11). Once the pairs performing ran-
from E' to E'+dE’. R(E) is the density of states in the dom walks in the energy space reaqh an energy so low such
total energy spacé(E.t) is the distribution function includ- that they can never return, we identify the pairs as captured

ing explicit time dependence. This equation can be written if"d remove them from the energy space permanently. The
the form of a conservation lawR(E)df(E,t)/at corresponding “black-wall” boundary condition i5(—E;)

= — 91 (E,t)/E, with =0, with E;>kgT. The solution of Eq(11) is then
I(E,t) fde fE f(E{,t)R(E))W(E,,E5)dE f(E) j ‘BEJE S dE (12
)= ’ ’ =, =€ I'
e 1 1, B2 2 keT _E,B(E')

E o In practice, the magnitude & is unimportant as long as it
+ J_wdEle F(E1, OR(E)W(EL,E2)dE,;. is large enough, and can be replaced by infinity.
The above considerations are for the negative energy half-
I(E,t) is the flux in the total energy space. Defining a newspace only. For the positive energy half-space, electron-hole

variable AE=E,—E;, we get pairs are constantly supplied by the current injection, with a
. fixed distribution function independent of the capture pro-

I(E,t)=f dAE cess.f(0) in Eq.(12) needs to be matched Bt=0 with the
—o distribution function in the positive energy half-space. As-

. suming that the applied electric field is weak first, so the
% f ) injected pairs follow the Maxwell distribution, ant(E)
fE—AE (E HREEJWE, AB)IE,. () =n(#/L) 27 Bimexp(~ BE) for E>0. It is related to mo-
E{nentum distribution functiory(k) by f[e(k)]=g(k), with
he corresponding normalizationL2) [~ .g(k)dk=n.
e(k)=%2k?/2m is the relative kinetic energy. The capture
rate R. for one pair in a chain with length is then

In the quasielastic electron-acoustic phonon scatterin
W(E,,AE) is appreciable only for smalAE. The distribu-
tion function changes little in such scale AE. The inte-
grand of Eq.(7) can be expand in terms of powers d(
—E). Keeping the first two terms we obtain an expression

i E 1
for the flux in a differential form, R i A2 fo e’ dE} _ (13
“n L Vmg|J)_~B(E)
If(E,b)
I(E,0)=—B(E)(EH-D(E) —c=—, (8)  The capture lifetime, can be defined aR.=1/7.. The total
number of pairs in the ensemble is canceled as it should be.
with The L~ ? scaling is physically desirable because of the full
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extension of the electron and hole wave functions along th&aking the black wall boundary conditiof{ —E;)=0 and
chain. The capture flux can be pictured as the leakage flugettingE,;=c0 again, the solution becomes

through a pinhole at the bottom of a balloon maintained at a

fixed pressure and energy distribution as shown in Fig. 1. f(E)=ex;{—fEP(E')dE,}

The calculations for the energy transition rat8§E,AE) 0

and the dynamic frictiorB(E), defined in Eq.(9), are te-

dious and can be found in the appendixes. % JE exr{ JE,P(E”)dE”}Q(E’)dE’ (19)
—x 0

IV. CASCADE CAPTURE UNDER ELECTRIC FIELD . .
The capture rate is now given by

The electron-hole pairs in the ensemble experience no ex- 1 0 . 1 1
ternal ele'ctn'c flelq so far. In prgcuge there is a strong exter- Rc=J—= Z£(0)kgT j ex j P(E")dE' |——dE| .

nal electric field€ in the recombination layer of the polymer n n — 0 B(E)

LED. For E<O the relative motion of the electron-hole pair (20

is constantly accelerated by the external electric fiélghd 11,5 gjectric fielde enters this expression not only through
the relative klnet-lc energy is increased due_ to Jou_le heatlngb(E,) defined in Eq(16), but alsof (0) as discussed below.
by the external field. In other words, there is a drift fliyx
upward in the energy space in addition to the collisjan-
dom walk flux | discussed in the previous section. The net
capture flux results from the competition between these two The relative wave numbers of the electron-hole pair is
opposite tendencies. As for the injected distribution functionaccelerated by the external fiefdduring the collision mean
f(E) with E>0 is driven out of equilibrium by, as deter- free time r.o;. The mean valuéiAk for the relative mo-
mined by using the Boltzmann equation in principle. Insteadnentum is therefordiAk=—e&r.,. The corresponding
of solving the complicated Boltzmann equation, we assum@lrift velocity v4 is given by the group velocity y=#Ak/m.
that the nonequilibrium distribution function is a shifted The electronic temperaturE, is also raised by the electric

Maxwellian one in the momentum space, with mean momenfield. In the steady state, the power of joule heating must be
tum AAk and electronic temperatur€, determined self- equal to the phonon energy emitted per unit time. This

B. Injected distribution function

consistently by the balanced-energy condititn. balanced-energy condition requites  T,=T
+(2/kg)elvyteon, WhereT is the lattice temperature. The
A. Drift and collision in energy space normalized shifted Maxwellian distribution for the relative

) . ) o momentum becomes
For E<O0 the differential equation for the distribution

function f(E), modified by the external field, becomes # 27 7?2 (k—Ak)?
gk)=n—\/——=exg —z————— (21)
af(E) P L VmkgTe 2m  kgTe
R(E) . E[Id(E)HC(E)]’ (14 Becausef (0)=g(0), capture rate in Eq20) becomes

with ([ 2n h? (Ak)?
Re=I=\T\\ o =€XA — 5=+
L VmksT 2m kgTg

| 4=evgER(E)F(E), Ic=B<E>[f(E>+"BTjTg' e

J

0 E 1 -1
(15 XkgT f exp{f P(E,)dE'}@dE .
— 0
vq is the averaged drift velocity of the relative coordinate.
ev & is the power a pair gains from the external fi¢ldAs (22
before, we are interested in steady state, in wiithit=0, So far the capture ratR. is inversely proportional to the
e S .
andlq(E)+1(E) J is independent oF. Defining chain sizeN. For convenience, we define a size-independent
ev 4ER(E) —B(E) j volume capture rat®; asR{=NR;. For an arbitrary chain
P(E)=— kaTB(E) Q(E)Em, with Ny units, the capture rate for a pair in it can be ex-

(16) pressed aR}/Ng. The volume capture rafe? is shown as a
function of the external field in Fig. 2 for various electron-

the equation forf (E) becomes phonon coupling parametep. RY stays at the zero-field

of(E) value for€ smaller than 10 V/m, but it is dramatically sup-
+P(E)f(E)=Q(E), (17)  pressed when the field further increases. The main reason is

JE that at such fieldy¢R(E) in P(E) [see Eq.(16)] cancels

with solution B(E) significantly and make®(E) small. Note thaR, has

an exponential dependence BQE) [Eq. (20)]. The capture

f(E)=

_ [ paE rate increases with the electron-phonon coupling, because
ex ' the phonon emission and energy release process becomes
(18) more efficient.RY is shown in Fig. 3 for various dielectric

fex;{f PdE)QdE+const

235206-5



EN-SHI CHEN, SHENG-HSUAN YEH, AND HSIN-FEI MENG PHYSICAL REVIEW B5 235206

0.8

0.6

0.4

0.2

dot:m=3

05 10 15 20
electric field (V/m)  x10° |

volume capture rate (1/sec)
volume transition rate (1/sec) X

R dash :n=4

10 2]
dash dot:n=6
10*
0 T T T

102 . . ‘ . . . . . 0.0 0.5 1.0 1.5 2.0

0 05 1 15 2 25 83 35 4 45 8

electric field & (V/m) ) 107 electric field (V/m) x10
FIG. 2. The volume capture rate is shown for various dimen-  F|G. 4. The volume rate for direct interband transitigf), is
sionless electron-phonon coupling paramejer shown as a function of the external field. Its ratio to the electron-

. hole capture rate is also shown in the inset.
constants. The capture rate is larger for smallerbecause P

the Coulomb attraction between the electron and hole i
stronger. In the calculation we use the following values fo
the parametersn,=0.117m,,*® m,=0.0658n, (m is free-
electron mass®a=1.22 A a=4.2 eVIA® 7,,,=4 fs?

Yransition becomes possible. For conjugated polymers, the
"direct bandgap is above 3 eV, with the corresponding photon
energyf w in the ultraviolet region. The radiative transition
rate 1/ry for an electron in the conduction band to decay into

atngac—G.F: AF n;flxggoatlf_excerg '_rl‘_r']:'ga "_:ft's f||xe_(tjl . the vacant valence state with the same momentum is equal
at c exceptin rig. 31 = IS Used. The Arift VEIOCIY IS 1,22 62 4 w|pe, |2/ (3meomic3#2), wheren, is the refractive

corrected at high field by the group velocity considering the.

. . . index andp., is the momentum matrix element. For one
ban(cji fstrLtlr::ture, Wéth tlhe _tbandﬁ\%\?gtﬁ 221'4 %Za KIM'is  electron-hole pair in the chain, this formula applies only
used for the sound velocity, w - € ' when the center-of-mass momentiéhof the pair is zero. In

general P is not fixed at zero, but has a distributibgy(P)

depending on the electronic temperattige The distribution
So far the consideration is for the capture of one electronof P is assumed to be Maxwellian independent of the f&&ld

hole pair in a perfect chain. In order to compare with experi-so we have

ments and make realistic predictions, we include the UV

V. EXPERIMENTAL IMPLICATIONS

2

emission, impact ionization, and orientation distribution of _ _ P
polymer chains in the model. fem(P)=Aex 2(Me+ MK Te|’ @3
A. Direct interband UV emission with normalization (/27wh)f”_ fcu(P)dP=1 and A

_ ) = (h/L) 27/ (mg+my)kgTe. The probability of findingP
As the capture rate to form excitons is suppressed, the ; g f(0)=A. The UV emission rate is now

radiative decay of the electron-hole pair via direct interband

1018 . . . . . R .= f 0 1_ﬁ 2 1 o
e @7 T TN g myk Ty 2

The UV emission lifetimery, can be defined afRyy
=1/7yy. The L-independent volume transition rai{), is
defined afR{},,=NRyy . The electric field€ entersRy,, only
throughT,. Unlike the exponential dependence &of R.,
Ryyv has only a weaker power-law dependencefoRr))y, is
shown in Fig. 4 as a function &. The ratio betweeR. and
Ryv is also shown in the inset. It is predicted that UV emis-
sion dominates visible emission from exciton decay for field
above 186 Vim. We  adopt the  formula
l/rg=hw(eV)/0.671/ng, commonly used for inorganic
h o5 : s P 25 s semiconductor$?

electric field € (V/m) x 10

volume capture rate (1/sec)

dash dot: =16

. . B. Impact ionization and chain distribution
FIG. 3. The volume capture rate is shown for various strengths P

of electron-hole Coulomb interaction, characterized by the dielec- As discussed above, UV emission due to direct interband
tric constante. transition happens only at high field. In order to have a com-
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plete description of the emission behaviors, another impor-19™ T T T T T T T 10"
tant effect at high field needs to be included. That is the
impact ionization and the resulting avalanche breakdown of1 s |
the electric current. UV emission in PPV LED has been ob-
served experimentally under high fiél®ne of the peculiar .
features of the reported results is that at the breakdown volt- 1077
age around 300 V the UV emission jumps up by almost five
orders of magnitude, while the visible emission jumps less 10*-
than one order of magnitude. Such behavior can never be . -
accounted for if only one chain is considered, because the {424; "@ ' 1402
ratio betweenRyy and R; is a continuous function of the j e U UV gt

electric field, no matter whether there is a current breakdown 10° . . . . . . 10°
or not. With a single chain, the large breakdown current 0 1 2 3 4 5 6 7 8
would be distributed between these two radiative decay electric field (V/m) x10°
channels with about the same ratio as immediately before the

breakdown, implying that the visible and UV emission FIG. 5. The emission and current characteristics are shown for a
should jump by the same orders of magnitude. The discregeolymer film with a Gaussian chain orientation distribution width
ancy between the breakdown behaviors of the visible an@.13 rad for the bulk, and uniform it [0.07-0.13 radian for the

UV emission suggests that the effective field for the chains idilaments.

not uniform in the polymer film but divided into high-field _ ) ) ) )
and low-field components. The breakdown current passe§ €ach chain depends on the local chain orientation with
through only the high-field chains where interband transitionf€spect to the field. Therefore, we can decompose the bulk
dominates, while the regular current passes through low-fiel§urrent as

chains where exciton dominates. In this case the large break-

down current contributes basically the UV emission only, JSCLC(‘S):A(‘S)I J(EsinG)P()de. (26)
and the observed discrepancy between visible and UV at the s ¢

breakdown can be explained. We believe that the nonuniform i the angle between chains and substrate. The external
effective field is due to the chain orientation distribution iNfield is assumed to be applied vertically to the substrate.

the spin-cast polymer films. For a fixed applied external volt-p gy s the probability distribution fos, which is assumed
age, the effective electric field prole_cted onto a ch_aun (_1e7[0 peak atd=0 for the spin-cast polymer film because the
pends on the angle between the chain and the applied fieldy, 5ihq 41 aligned parallel to the substrat) is an overall

In order to compare our results with the experiments, W&, majization factor that limits the current injected to each

have to consider a distribution of chain orientations and aV'chain, and makes sure that the total integrated current in Eq.

erage the excitor(\visibl'e) gnd interbandUV) emission in- (26) is the same as the SCLC curredt(€)J(Esin6) is
tensities over the distribution. therefore the current that passed through a chain with orien-

b Consrilgjer tg; singl;e cha(l]ilnl c;rgedg f'irst.IThfe relgtrigsan tation angled. Combined with the the filament curredi,
etweenl and& can be modeled Dy a singular functionas g 145 currentl; can be expressed as

Js(E)=0c&l[1-cEexp(=c,/E)] for E<&,y. The break-
down field &4 is chosen to be close to the zero of the de-
nominator. FOE>&,4, the breakdown current is taken as an Jt(g)ZJSCLc+Jf=[A(5)+f]f Js(Esinf)P(6)do,
adjustable parametdyy. ¢, andc, are parameters related to (27)

the band structure and scattering rateds an unimportant ) ) _
proportional constant. We model the LED as a combinatiofvherer is a small parameter that adjusts the ratio of the
Of a bu'k Of amorphous p0|ymer Chains and a sma” amounﬁlamentls tO bulk The total exciton I|ght intensity from the
of breakdown filaments. The charge transport in the bulk igvhole distribution can be expressed as

assumed to be limited by the interchain hopping, and obeys ., ex  iex
the common space-charge-limited-curréSICLC) current- IO =lounct 17

voltage relations. On the other hand, the charge transport in

the filaments is more like the single chain situation. The =[A(5)+r]f Js(EsinO)R(EsinG)P (6)db. (28
SCLC current for the bulk is

current density (A/m°)

R.=1/7; is the exciton capture rate. The total UV emission

intensity|{’V(&) can be obtained by replaciri, in Eq. (28)

by the UV emission rat® = 1/7yy . The calculated result

Iscdé)= g CO0Mtett 3 (29 s shown in Fig. 5, in which the current, visible light emis-

sion, and UV emission are plotted as a function of the bulk
electric field. Thed distribution for the bulk is a Gaussian

wheree is the dielectric constant of the polymer filohis the ~ peaked at zero with width equal to 0.07 rad, the distribution

active layer thicknesd/ is the applied voltage. Even though for the filaments is wuniform in the intervals

the total SCLC current is fixed, microscopically the current+[0.07-0.13 rad. The theoretical predictions, in particular

2
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10" . 10 gration and field quenching. In these works exciton dissocia-
tion is allowed only in a fractionr of the chains« is then
10°- 1105 treated as a field-dependent fitting parameter, whose fitted
£ value increases significantly for bulk field beyond 3
. L x 10 V/m. Our study focuses on the microscopic origin of
107 110 > the field quenching in one chain, and is complementary to
] these phenomenological works.
10 110° 8
] ~Aiisivie ignt e = V1. DISCUSSION AND CONCLUSION
~fuvignt E One interesting feature of the cascade capture process is
10° : , 10° that the capture rate is completely determined by the flux in
0.0 0.5 1.0 1.5 2.0 the semiclassical region of the energy space, in which the
electric field (V/m) x10° energy levels form a quasicontinuum. The distribution func-

o ] _ tion and therefore the flux in this region do not depend on the
FIG. 6. The characteristics are shown for a polymer film with getajls of the boundary condition at the lower end of the
the orientation distribution of Fig. 5 rotated biy/2. energy space, as long as the boundary is far away from the

o zero-energy level. The simplest way is to take a black-wall
the features of the breakdown and UV emission, agree welkgndition at a negative energy E,, such that all the pairs

with the experimental results observed by Chagieal.”in  that walk below—E, are removed from the energy space
which an LED of 50 nm active layer is driven up to 300 V. and can never walk upward back from the wall. Physically

As expected, the ratio between the light and current degs js reasonable because lying at the bottom of the semi-
creases with the field. For the lower-field regime, the converg|assical continuum are the discrete exciton levels. The
sion efficiency(light/curreny decreases by a factor of 3 as glectron-hole pair can never freely absorb phonon and gain
the field increases from $0v/m to 1¢° V/m. Such behav- energy once they form tightly bound excitons. The final re-
ior is typical of LED with active region thickness around gyits on the capture rate is independent on the choice of
100 nm and driven by tens of volts. In our calculation _ g provided it is large enough. When an electric field is
the effective mobility uess in Eq. (25 is approximated  gppied, the distribution function and the flux are changed by
by wers=mn for wmn>pe. The formula wpn=wun€XP  the drift of the pairs upward in energy. Almost no pairs can
(—A/kT)exp(&) is used for the field-dependent reach the black wall under high field and the rate is dramati-
mobility,”* with u, ¢=3/5x10"% m*V~1s™*, A=0.48 eV, cally reduced. The field suppression of the exciton formation
and y=10"% mY2V~Y2 Other parameters used atg=5 discussed here is different from the field dissociation of ex-
X108 m/V, c;=1.4x10° Vim, jpq=10" A/m? d=500 citons, in which the carrier tunnel through the Coulomb bar-
A andre=10"'" A m/V. rier to the degenerate free state under the field. Because of
There are three characteristic electric fielfls, E,, and  the large binding energy of the excitons in conjugated poly-
E; in this model E; is the field at which the capture starts to mers, the field dissociation is expected to be weak and not
be suppressedt, is the field at which the UV rate is equal to considered in this work.
the visible rate. Ande; is the breakdown field. It is crucial The suppression of the electron-hole capture to form ex-
that they are ordered &, <E,<Ej; to explain the experi- citons for electric fields above 10v/m has a significant
mental curves. Such order is fully consistent with our calcuconsequence for potential applications that require a high
lation. The behaviors of the LED depend sensitively on theexciton density, e.g., the injection laser. A large exciton den-
chain distribution functiorP.(6). In general, a largef im-  sity translates into a large injection current, which in turn
plies smaller breakdown voltage. In order to describe theequires a large applied field due to the low mobility. Our
case where the external field is applied parallel to the substudy shows that the exciton density cannot be raised propor-
strate, we rotate the distribution of Fig. 5 2. The results tionally to the field and the current, and the only way to
are shown in Fig. 6. For the parallel device, UV dominatesreach high exciton density is to improve the mobility and
visible emission for a much wider range of the electric field,reduce the required field. The improvement of the material
implying a potential-efficient UV source. quality and device structure for better mobility is therefore
As discussed in Introduction, the high field is expected tadentified as one of the critical issues for further research on
reduce not only EL but PL as well. The experiments of PLelectroluminescent conjugated polymers.
under high field show that PL is alImost completely quenched The possibility for UV emission by direct interband tran-
for bulk field above 3 10° V/m.!! The corresponding mi- sition is opened for conjugated polymers when the electron-
croscopic field projected along the chain direction is esti-hole capture is suppressed. The direct interband transition is
mated to be about 10V/m because the polymer chains not a cascade process and survives under the electric field.
mainly lie on the substrate and perpendicular to the bulkEven though the UV emission happens only at high field, the
field. These results agree well with our calculation that prepossibility that a conjugated polymer can emit not only vis-
dicts significant suppression of electron-hole capture foible but also UV light is interesting. It implies that polymers
fields beyond 10 V/m (Figs. 2,3. Theoretical model¢®®  have the potential application as a semiconductor UV source,
have been proposed that describe the interchain exciton mgonsidering the ease in fabricating them compared with the
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conventional lll-nitride compounds. Sandwich structure isis the energy of the emitted acoustic phonon. Since the po-
not ideal for this purpose, because the field is mostly perpertential energy of the electron-hole pair does not change dur-
dicular to the polymer chain direction. It will be much easiering phonon emission or absorption processes, the change of
to achieve the high field along the chain and generate the Uthe total energyE is equal tods. The transition rate for a
output if the field is applied parallel to the chain directions. pair from total energykinetic plus potentialE to E— 6E is
Another interesting prediction is that the UV emission can beelated tow(e, ) by

achieved under unipolar injection, because free electron-hole
pairs can be created through the injected hot carriers with _

impact ionization. There are therefore both types of carriersV(E. 9E) =R I(E)f AE-e—V(X)]w(e,de)p(e)dedx,
in the polymer even when only one type is directly injected (A3)

through the electrodes. These carriers cannot recombine to - ) .
form excitons due to the high field. So the only radiative WN€reR(E)=[qp(e)dsdxdl (k) +V(x) —E] is the density

channel for them to recombine is the UV emission througH°f States in total energy space. The phonon occupation num-
direct interband transition. bgr N(SE) =[exp(@E/k,T)—1] * has to be conS|dered. gt fi-

In conclusion, our theoretical study on the cascade capPite temperatures. The phonon enef§yis always positive.
ture process in conjugated polymers shows that the excitof©® forAE<0, the energy transition rate for phonon emission
formation due to electron-hole Coulomb capture is sup<Lan be written as
pressed by several orders of magnitude for field in the range
of 10'-10° V/m. As the visible emission from the exciton W(E,AE)=w(E,—AE)[1+N(—-AE)]. (A4)
decay_is reduced, the UV e_missior_1 o_Iue to direct interb_anq_ror E>0, the rate for phonon absorption is
transition becomes the dominat radiative channel. Combined
with impact ionization, the experiments on the UV emission R(E+AE)
under high field can be explained quantitatively. Mobility W(E,AE)zW
improvement is identified as the critical issue for applica-
tions requiring high exciton density. A unipolar UV light
source based on conjugated polymers is proposed.

W(E+AE,AE)N(AE).
(A5)

APPENDIX B: DYNAMIC FRICTION B(E)
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B(E)zR(E)f W(E, 5E) SEASE. (B1)

APPENDIX A: TRANSITION RATE W(E,AE) IN ENERGY 0

SPACE
Note thatN(JSE) is canceled. Inserting Eq§A2) and (A3)

If there is no phonon present initially, the transition rateinto Eq.(B1), we get
w(eq,e5)de, for a free pair from kinetic energy, to energy
interval (e,,e,+de,) via one-phonon emission process is B(E)—J

given by[Eq. (6)] OC5[E—8—V(X)]W(s,58)p(8)5Ed(5E)dst

0

ole;—e(ki)] 1 [m L (=
W(eq,8,)= —w(k; ,ks,0) [ er—e(ky)], N o
(1,020 = & ik, @)oo= e (k)] ZN/ZSZML SE—e—V(x)]
(A1)
wherep(e) = (L/7h)Jm/2¢ is the kinetic energy density of x[w( V2m81' V2m82’q)
states. Changing the summatioB, into an integral h h
(L/27)fdk and after some algebra, we obtain
V2m V2m
+w| — 81,—821q)
1 /m L V2me; 2me, f h
Wiene2) =5\ g o W =7 T

+ L
\/2m81 \2m82 \2m81 W h h

+w| — P gl +w P
n \/2m81 \2m82 ):|

\2m82 \2m81 \2m82 W ﬁ ' h 'q

Y A R
X p(&) SEd(SE)dedx. (B2)

(A2)

The calculation is tedious and can be separated for four terms
w(k,k’,q) is defined in Sec. Il. Below we replaeg by ¢ in the square bracket as follows. According to Eg), the
ande, by e — 8¢, then writew(e,,e,) asw(e,de). de>0  first term in Eq.(B2) is
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1 m L ® V2m \V2m
Bl(E):E\/Z—,32 ﬁfoa[E—g—V(x)]w( hsl,Tsz,q)p(s)&Ed(&E)dsdx

2mh
1 m L o L ) 2 2
=§\/2—82mf0 OE~ V00T =& T [8(p10)+ 8p2q) ]+ T [8(P1-q) + 8(Pa-)] | ple) SEA(SE)dadlx

1 [m L (= L 2m
~5Vae3e |, AE—e=VO0T &l T otk —ki=s:0)+ (ki—ki=5,0)]

2
+ T“[a(ki—kf+slq)+ (ki — K +5,9)] | p(e) SEd( SE)dedx. (B3)

All other terms can be expanded in the same wayDefining
Their integrands contain integral of the form

[69(8e) 8e 8 p(de)]dSe, whereg(de) is a certain func- V2m(e—8g) Sy,
. . ol f=——+ ¢,
tion, and p(Jde) having the formp(de)=*k=k¢*=s; 0. 7 7S
g= de/hs and we restrick andq to be positive. Note that
is the initial particle kinetic energy ande is the emitted daf J2m 1 S10 65
phonon energyp(ds) implies energy and momentum con- = doe - 2n T—='7s BS
servation laws. There are fodrfunctions in the last expres- © £~ de S
sion forB4(E) in Eq. (B3). Only the first two conditions can then Eq.(B4) becomes
be satisfied. For example '
€ \V2me 1
j deg(e) S(ki—ki—s; )dde f 5s(f)g(f)5<T—f f—,df. (B6)
0
_° The result is nonzero only whens{2m/2s;,)?<e
= | deg(de) 5 :
0 <(sy2m/s;5)“. The same procedure can be repeated for

p(de)=—k;+k;+s; 4. Collecting all contributions derived
de. (B4 from the same conservation law from the four terms in the
' square bracket of Eq9) in B,(E), we have

V2me  [\2m(s—de)  sp, )
5[ 7 —( 7 +%58

-1
(sv2m/sy)? 2w Vv2m Sy
B.(E)=2 E-V(x)—e]h(6gq)— 0gq| ———=—-=| dedx
a( ) (Sv‘m/ZSl)Z&[ ( ) 8] ( 81) L p(s) 81<2ﬁm #s €
-1
(s\Zmisy)? 2 V2m S,
+2f E—-V(X)—e]h(dg,)— Sgy| ————=—5—| dedx, B7
(sqﬁ/Zsz)z(S[ (x)—e]h(Jez)7—p(e) 82(2ﬁ o=se, s & (B7)

where

hé_l/m L L, ., h &
(%)= 5N 26— 68) 273" & ¥ 2NMs fis’

2sy2me  2ms’
M e g,
' 1,2

The other set of the conservation conditions that can be satisfigdkis k;— s, ). All such terms are collected iB,(E) as
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By (E) 2[06 SE—V(xX)— 8)h(3e1) 2 p(e) zm L 5 _ld d
= - X)—e E1)—V— & & — 7 eadx
b (sV2m/sy)? YL P ! 2h\e— deq h
+2F SE—V(X)— £)h(5e5) 2 p(s)S yam | s _ld d (B8)
- X)—e Eo) & & — 7 eax.
(sVZm/sy)? 7L P 2 2h\e— de, hs

Finally we haveB(E)=B,(E)+ By(E).
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