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Two-dimensional electron-hole capture in a disordered hopping system
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We model the two-dimensional recombination of electrons and holes in a system where the mean free path
is short compared with the thermal capture radius. This recombination mechanism is relevant to the operation
of bilayer organic light-emitting diodedED's), where electrons and holes accumulate on either side of the
internal heterojunction. The electron-hole recombination rate can be limited by the time taken for these charge
carriers to drift and diffuse to positions where electrons and holes are directly opposite to each other on either
side of the interface, at which point rapid formation of an emissive neutral state can occur. In this paper, we use
analytical and numerical techniques to find the rate of this two-dimensional electron-hole capture process.
Where one species of carrier is significantly less mobile than the other, we find that the recombination rate
depends superlinearly on the density of the less mobile carrier. Numerical simulations allow the effects of
disorder to be taken into account in a microscopic hopping model. Direct solution of the master equation for
hopping provides more efficient solutions than Monte Carlo simulations. The rate constants extracted from our
model are consistent with efficient emission from bilayer LED’s without requiring independent hopping of
electrons and holes over the internal barrier at the heterojunction.
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I. INTRODUCTION fields in bilayer LED’s can be obtained by numerical or ana-
lytical modeling of injection, drift, diffusion, and recombina-
Transport and recombination processes in disordered hopion processed:® Simple models have assumed that one car-
ping systems are of particular current interest since they dedier is first injected over the internal barrier, and then finds an
termine the operation of light-emitting and photovoltaic de-opposite carrier with which to recombine in a Langevin-like
vices based on organic and polymeric semiconductorgrocess. Since there is a large backflow of injected carriers
Where electrons and holes in these systems are free to moaeross the heterojunction, it is necessary to have a high den-
in three dimensions, their recombination can be successfullgity of charge carriers accumulated at the heterojunction in
modeled using the Langevin approach. However, where therder to provide reasonable current densities in the dévice.
recombining particles are confined to move in a two-The accumulated charge carriers give an enhanced electric
dimensional planéfor example on a surface or at the inter- field at the heterojunction, which further assists the injection
face between two semiconductirihe physics becomes con- process. There is a concern that the high fields and carrier
siderably more complicated. This is the problem which wedensities predicted by simple models might quench the exci-
address in this paper. tons produced by recombination, leading to a reduction in
A particular situation where two-dimensional recombina-overall device efficiency. A number of effects have been pro-
tion may be important is in bilayer organic light-emitting posed which might enhance carrier injection at the hetero-
diodes (LED's). Efficient electroluminescence can be junction when one carrier arrives at a position exactly adja-
achieved in small-molecule bilayer organic LED’s, wherecent to an opposite carrier. If carrier injection can take place
electrons and holes are injected into electron-transportingdirectly to form the bound exciton stafehich is lower in
and hole-transporting layers, respectiveSimilar structures energy than the single-particle electron and hole states by the
can be formed in conjugated polymer LED’s where theexciton binding energy then the barrier to charge transfer
electron-transporting laygETL) can be spin coated on top can be reduced, or even removeHven in the absence of
of the hole-transporting layérin both types of device, the any enhancement in the forward injection rate, rapid recom-
organic-organic heterojunction provides a barrier to thebination with a carrier on the opposite side of the heterojunc-
transport of both electrons and holes, leading to the accumuion will remove the possibility for backflow, thus increasing
lation of high densities of electrons and holes on either sidéhe net injection(and recombinationrate’ Furthermore, in
of the interface. Typically, the carrier with the lowest barrier some devices it is possible to form a neutral exciplex state
is injected over the barrier into the other layer, where it endirectly at the heterojunction, without either carrier being
counters a high density of opposite carriers with which it carinjected over the barriérThis exciplex may then itself decay
recombine. Enhancement of efficiency results from preventradiatively, or may undergo energy transfer to an emissive
ing carriers escaping from the device without recombinationgexcitonic state localized on one side of the heterojunction.
and from a redistribution of electric field within the device In each of these cases, the rate-limiting step in forming an
leading to improved balance of carrier injection. emissive state is not the injection of carriers over the hetero-
Detailed information about carrier densities and electrigunction, but rather the lateral motion of carriers in the plane
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of the heterojunction to reach a position at which electrordimensions, however, the problem is more complicated,
and hole are coincident on opposite sides of the heterojunince the electric field still scales as?, but the integration
tion. The purpose of this paper is to determine the rate of thisow takes place over a circle of circumferencer2 To
process by solving the two-dimensional drift-diffusion- achieve a recombination current which is independent of
recombination problem. We are thus able to investigate theequires a density of electrons which varies witfhe pres-
consequences of this mechanism for the operation of bilayegnce of a carrier density gradient means that diffusion must
organic LED's. be explicitly included in the problem. Solutions which con-
sider a single recombination center give an electron density
which diverges ag —o, thus it is necessary to include a

Il. THE TWO-DIMENSIONAL RECOMBINATION distribution of recombination centers in the problem.

PROBLEM

We consider the problem of electrons and holes arriving lIl. APPROXIMATE ANALYTICAL SOLUTION

uniformly at a plane, in which they are then constrained to We beain by atternpting to find an aoproximate analvtical
move. The carriers undergo diffusive motion, and also drift gin by plng PP Y

under their mutual coulomb attraction. Eventually, eIectronsSOIUtIon o the problem, using a continuum picture of driit

and holes will meet, at which point rapid recombination isf[ihned dlgfrlljes'g(nr')T?se :gg;g?g‘if:E}ngcéﬁi?aggx d(jeigiltyc;?
assumed to occur. We aim to model the overall recombina—I P ’ b h f the drif d diffusi ﬂy
tion rate as a function of the mean electron and hole densitie ectrc_)ns.n(r) y the sum of the driit and diffusion flux
in the plane,ny, and p,. In a heterojunction device, the ensities:
e!ectrons an(_j hples will in fact be ponfined by the perpen- J(r)=— pn(r)E(r)—DVn(r), (1)
dicular electric field to a narrow region on opposite sides of
the interface. For simplicity, however, we neglect the verticawhereu is the surface mobility of the electrons,the elec-
separation between electrons and holes, and consider themttic field, andD the diffusion constant. In this section, we
move within the same lateral plane. The full problem allow-will assume thatD is related tou by the Einstein relation
ing both electrons and holes to move in their mutual Cou-D = ukT/e whereT is the absolute temperature. We will also
lomb potential is very complex, and we therefore choose t@ssume that the mobility is independent of the electric field.
consider one carrigiarbitrarily chosen to be the hole® be The electron density is maintained by a uniform inffuof
fixed, and the other carri¢the electronsto be mobile. Since electrons from the bulk onto the plane under consideration.
the mobilities of electrons and holes on either side of arfor a surface density, of recombination sites, we consider
interface are seldom well matched, this approximation willeach site to be surrounded by a “catchment area,” with an
frequently be justified in practice. We also neglect interac-average area of fis, in which electrons arriving from the
tions between the electrons, which should have only a minobulk will eventually be captured by that specific recombina-
influence on the recombination rate under typical operatingion site. At the boundaries between catchment areas we
conditions where electron and hole densities are approxishould havel(r)=0. The central approximation in this sec-
mately equal. In practice, long-range Coulomb interactiongion is the replacement of all catchment areas by identical
will cause some correlation in arrival positions between elecdisc-shaped regions with radiugs=1/\mwp in which we
trons and holes. Nevertheless, there will typically be a stronghave a radial electric fiell(r) = e/4meqe,r? of just the hole
electric field perpendicular to the interface which for mostat the center of each area. Throughout this paper we take
carriers will dominate over the long-range Coulomb attrac-e,=4. The flux density within each area should obey
tion, justifying the assumption of uniform arrival flux men-
tioned above. V- J(r)=f[1-arZs(r)], 2

The problem of diffusion-limited two-dimensional recom-
bination has previously been analyZetipwever here we h L
wish also to include the drift of carriers due to their mutual "¢ ©M9IN- . N . _

: . . . The radial flux density obeying this equation and satisfy-

Coulomb attraction. In organic semiconductors, carrier mean L S
free paths are typically much shorter than the thermal Coud the boundary conditiod(r) =0 is
lombic capture radius, so ballistic effects are negligible. The
three-dimensional analog of this problem, known as Lange- J(r)= —(r—
vin recombination, has been extensively studied, and gives a 2

recombination rate per unit volume Of'“““!’)enp/e’ Combination of Eq(1) in its radial form and Eq(3) leads
wheren and p are the electron and hole densities, respec:

) S to a first-order inhomogeneous differential equationrfar),
tively, u, and u, are the electron and hole mobilities,is . . .

oL ) . . which can readily be solved to give
the permittivity of the medium, ana is the electronic

where the uniform influX is balanced by a removal term at

. 3

2
Lo
r

charge. This result is obtained by integrating the drift flux of e fl/a2 1
electrons through a spherical surface of radigsirrounding n(r)= KT 5[(?_ rg) e?"Ei(—alr)+ E(ar— rz)},
a hole. Since the electric field scalesrag and the surface K (4)

area of the sphere scales &% the value ofr chosen is
unimportant, leading to a simple solution with constant elecwherea=e?/4meq e, kT and Eix) is the exponential integral
tron density, thus justifying the neglect of diffusion. In two function
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10° g whereya(pa) is (weakly) dependent opy . In the following
F sections, we will investigate the problem in more detail
10' = within a numerical approach.
10°¢ IV. MONTE CARLO SIMULATIONS
~ 10" f The analytical approach developed above provides a con-
F venient universal solution, however it is limited in its treat-
107 ment of the electric-field distribution, the need to define an
35 effective “catchment area,” and the assumption of a field-
107 independent mobility. For a system where the transport is
& | | | limited by energetic disorder, mobility measured on macro-
%01 o1 1 10 100 scopic length scales is found to vary with field as

1/p = noexpbyE).1° However, it is not clear that these mobili-

) o _ ties can be applied directly in problems where the electric
~ FIG. 1. The functiort’ of Eq. (8), determining the recombina- fje|q varies significantly on microscopic length scales. To
tion time of the two-dimensional recombination process, plotted VSiddress these issues, we now attempt to simulate the two-
the inverse reduced recombination site ,denzﬁtyt Lp' (circles,  gimensional recombination problem at a microscopic level
and a power-law fit to this functiofline), t'=0.14(1p")"™ using the Monte Carlo approach developed for disordered

. hopping systems by Baler and co-workers:*? This ap-

Ei(x)= — J“ e—dz () proach peen successfully applied to describe 'transp'ort pro-

%z cesses in molecularly doped polymers and in conjugated
polymers®
A quantity of specific interest is the recombination time For simplicity, we first consider a regular square lattice of
=n,/f, the average time it takes for an electron to reach 4ecombination sitesholeg with separationL.. We consider
recombination site after arrival at the surfdes, is the sur- electrons arriving with a fluX within one unit cell of this

face average ofi(r)]. Within our approximation, we have lattice, and the aim is to determine the mean time for recom-
bination of an arriving electron with a hole. The unit cell

under consideration is divided into an array MK N hop-

e
277f drrn(r) ping sites of dimensiord, whered=1 nm. Electrons are
t= 0 _ (6) then allowed to hop from their existing sienergyE;) to a
fwrg nearest-neighbor sitgenergy E;) according to Miller-

Abrahams hopping rates;; , where
Introducing X.=r./a and performing the integral in this

equation, we find the important result ., exp{ (Ej_Ei)) it EsE
0€XP — — = i=Ei
Wi = kT (10)
e .
— 241 2 Vo |f E<E .

Hopping energies are determined by first calculating the field

wheret’ (x?) is the function at each hopping site due to a 20@00 lattice of holes cen-
tered on the unit cell under consideration. A random ener-
getic disorder is then superimposed on the electrostatic en-

)’ (8) ergy at each site according to the probability distribution

0,3) 1 (1 1

1 . [1
t'(xg)E(XE_ E)G%(_ 002 "2%|37 3%

Xc

1 1(E—Ey)\?
expressed in terms of a Meij& function. The functiort’ is p(E)= —zeX[{ - —( O) . (11
aw

X oo . . 2
plotted versus the inverse reduced recombination site density o 7

’ 2 __ 2 H H H . .. .

1lp’=xc=1lmppa® in Fig. 1. The functlcznlczgn be described cyclic boundary conditions are imposed so that electrons
rather well by the power law' ~0.14(1p")>"". The surface  hopping out of one side of the unit cell reappear at the other
recombination rat® is related to the recombination time by side. Recombination is assumed to occur when the electron
R=n,/t. If t were linearly dependent onfy, we could reaches a site with a positive charge at its corner. Electron
describe the recombination as a conventional bimoleculagensities are assumed to be small enough that state-filling
process withR=yanap,. However, due to the superlinear effects within the distribution of site energies can be ne-

dependence of the recombination rate on the recombinatioglected.

site densityp,, the recombination process can only be de- |n the Monte Carlo simulation, a random disorder con-

scribed using second-order kinetics if the recombination rat§iguration and a random arrival position were selected for

is taken to depend op,, giving each arriving electron. At each site occupied by the electron,
the hopping ratek,, kq, k;, andk, for up, down, left, and
R=ya(PaA)NAPA (9)  right hops were calculated according to Efj0). The mean
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FIG. 3. Carrier population per site as a function of position for
: N=20, =0, determined by solving the master equation with
- ] =1 Hz.
100 1000 10000 . . ) ) . .
N wheref; is the flux arriving at théth site. This equation can
be recast in matrix form

FIG. 2. Recombination time v&l? (inverse hole densilyfor
various values of disordero{) as labeled. For all simulations the Z M, pi=—f, (13)
temperaturd was 300 K, and the spacing between lattice sites was ] T "
1 nm.O’s represent Monte Carlo results ards represent master
equation results. Solid lines represent fits to the master equatioyhere
results, and the dashed line represents the approximate analytical
result of Sec. lll using the same parameters. Results shown are for M=—2, Wij (14)
regular lattices of recombination centers, excgps which repre- ]
sent master equation results for a random lattice of recombination
centers witho=0. and
. . _ 1 Mji:Wij! jqﬁl (15)
hopping timer= (k,+ kq+k;+k;) ~* was calculated, and an
actual hopping time;, was selected randomly from a distri- M is a sparse matrix, with entries on nine diagonals to ac-
bution p(t,) = (1/7)exp(—t,/7). Total recombination times count for up, down, left, and right jumps, including jumps
were then recorded fom arriving electrons, and used to Where the cyclic boundary conditions are invoked. Equation
calculate a mean recombination tirheFigure 2 shows the (13) was solved using standard matrix routines withiar-
recombination time as a function of hole density fe=0  LAB, to give the carrier population as a function of position
ando=0.1 eV (a typical value for disorder in organic sys- for various value ofN. The mean recombination time was
tems. For =0, m=500 was sufficient to obtain reasonable then calculated a&;p;/Z;f;. Initially we assumed that car-
statistics. Foro=0.1 eV, the statistics were more problem- riers arrive equally at each site such tiigt 1 for alli. The
atic, since the mean recombination time was dominated bproblem is linear inf so the value off; is unimportant in
the tail of the distribution of recombination times where thedeterminingt.
recombination was particularly sloggince the electron was  Figure 3 shows the carrier density in one unit cell for
trapped at a deep minimum in the disondémarger values of =20 and c=0. Away from the region immediately sur-
m (between 2000 and 50D@ere therefore used, and there is rounding the recombination center, the carrier density in-
considerable uncertainty in the magnitude of the error barsreases with distance from the recombination center. The
shown. buildup of carrier density close to the recombination center is
a consequence of the high field, which for Miller-Abrahams
V. MASTER EQUATION SIMULATIONS hopping rates in the absence of disorder causes a decrease in
mobility with respect to the low-field value. For a field-
Monte Carlo techniques proved unfeasibly slow for largeindependent mobility{Eq. (4)], the carrier density would
N in the presence of disorder, so to obtain a larger dataset agtale linearly withr for smallr. However, since the number
alternative approach was used, based on direct solution @f carriers in the region of high field is a small fraction of the
the master equatiot?. The hopping sites within the unit cell total number of carriers, this effect does not significantly

are labeled=1, . .. N?, and the steady-state population of alter the calculated recombination time for larle For
each sitep; satisfies larger values ofr, such asr=0.1 eV, for example, the car-
q rier density is strongly dominated by the energetic disorder,
Pi with variations of more than four orders of magnitude be-
—=f+ > (Wip;—wiip;)=0, 12 . . J€rs of magr ”
dt ; (Wi~ Wij Pi) (12 tween different sites, and the recombination time is sensitive
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TABLE |. Exponents determined from an unweighted least- A L B L B
squares fit of the data in Fig. 2 to the equatter(N?)®. E E

o (eV) s

0 1.22+0.02
0.6 1.35:0.01
0.8 1.29-0.03
1.0 1.23:0.05
1.2 1.46-0.14

Hu{o=0), AIR{c=0)

to the exact random configuration of disorder. To obtain re- 10° |
liable mean recombination times it is therefore necessary to F
average over a large number of disorder configurations. In L T T T T TN T
the following work Eq.(13) was solved 1000 times for dif- 000 002 004 006 008 010 0.12
ferent random disorder configurations to obtain a mean re- o(eV)

combination time. Figure 2 shows the recombination time as

a function of inverse hole density for yarious valuesrofis . for N=20 (©). Variation of relative mobility witho is also shown
expected, t_he_ values cr?llc_ulated using the master equanqcr}r 3D mo(bili)ty according to Eq(19) (Iine)yand for the 2D simu-
agree to within the statistical error with the results of theIation described in the textx)

Monte Carlo simulations discussed earlier. The recombina- '
tion time increases markedly with increased disorder, due to 5
the lower mobility. Relative uncertainties in the recombina- _ 20
tion time also increase with disorder, due to the larger varia- ,u—,uoexp{ - (m')
tion between individual random disorder configurations. The

recombination time scales superlinearly with the inverse carm the absence of positional disordét?As can be seen from
rier density, witht>(N?)°. Best-fit values ob are shown in  Fig. 4, the recombination rate decreases more quickly with
Table I. The values of are typically slightly smaller than the increasing disorder than the three-dimensid8&l) mobility
value of 1.43 prediCted by the analytical model. This is partlyfrom Eq (19) However, in the recombination pr0b|em con-
due to the different electrical field patterns taken in the tWOSidered here the carriers are confined to move On|y in two
models, and, for=0, partly because the reduced mobility dimensions, and are therefore unable to move in the third
near the recombination centers becomes less important f@fimension to avoid particularly high-energy sites. Hence one
largeN. For ¢=0, at largeN (N=40) the numerical results would expect the two-dimensional mobility to be more sen-
are larger than the analytical result by a geometrical factor ofitive to disorder than the three-dimensional mobility. Quan-

FIG. 4. Relative recombination rate as a function of disorater,

(19

only about 1.1. titative simulations of 2D mobility were therefore performed
In the case otr=0, v, is related to the low-field mobility  ysing the same master equation approach described above. In
by this case, though, a constant small electric field of
& 10* Vm~! was applied over a 40 ng40 nm square. Carri-
u= Vo€ _ (16) ers were supplied with a constant flux along one edge of the
kT square, and removed along the other edge. Under these low-
Using Eq.(16), we obtain fi_eld qonditiong,_the current was dominated by diffusion, a_nd
diffusion coefficients were extracted from the mean carrier
KT density gradient, averaging over the square and over 100 000
= U a7 different random disorder configurations for each value of
patvoed’ As can be seen from Fig. 4, the diffusion coeffici¢and
For N=20 (corresponding t@,=2.5x 10'> m~2), this be- hence the mobility varies with disorder in a very similar
comes fashion to the recombination rate. This confirms that the re-
combination rate does indeed scale with the relevant 2D mo-
va=(0.43 V). (18)  hility.

In the results above, it was assumed that the carriers ar-
: X rive uniformly at the interface. This assumption ignores the
expecty to scale linearly withu., and hence Eq18) should o5y ation within the Gaussian density of states which may
apply generally for given values &f and temperature. Ifthis o0\, a5 carriers are injected into and transported through the

is true in the microscopic model, then disorder should havgyeyice. To test the opposite limit of full relaxation, the in-
the same effect oy, as on mobility. Figure 4 shows the coming flux was adjusted to have the form
relative variation ofy with o for N=20. The effect of dis-

order on mobility for three-dimensional transport has been
studied extensively by Baler and co-workers, who find that f—fexd — Ei
the zero-field mobility scales as o KT J°

From the analytical continuum soluti¢iq. (4)], one would

(20)
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LED’s. Devices were modeled by numerically solving the
drift-diffusion-recombination equations for electrons and
holes, allowing for the effect of internal charges on the elec-
tric field within the device. Figure (&) shows the results
where electrons and holes are required to jump over a barrier
at the heterojunction, followed by Langevin-like recombina-
tion with opposite charges. Figuré shows the case where
no carriers are allowed to jump over the barrier, but two-
dimensional recombination is taken to be the rate-limiting
step in exciton(or excipley formation at the interface. In
both cases, ohmic injection was assumed at the electrodes,
and, for simplicity, constant mobilities of 18 cm?V " 1s?
were used for both carriers. For casg, barriers of 0.6 eV
and 0.9 eV were used for hole and electron injection, respec-
tively, roughly the values found in bilayer devices based on
FIG. 5. Carrier population per site as a function of position for apoly(p-phenylenewnylen)eand .|ts cyanosulb§t|tu.ted deriva-
random lattice of recombination centers with an average densit ve CN,'PP,V'Z The smaller'barrle'r for hole injection leads to
equal to that in Fig. 3N=20). recqmb!n_atlo_n overwhe_lmlngly in the ETL. The model for
carrier injection was similar to that reported by Staudigel
With N=20 ando=0.1 eV, this was found to give a reduc- €t al,* which considers thermal injection and backflow at the
tion in the recombination rate by a factor f4. heterojunction with a Gaussian density of states of width 0.1
In a further refinement to the modely the effect of a”owing eV, but negleCtS carrier relaxation effects. For the numerical
a random distribution of recombination sites was examinedSimulation, the device was divided into slices of thickness 1
The problem was solved on a 1RQ00 grid, with cyclic M. Although the details of this model are open to question,
boundary conditions. A random hole distribution with a the main result is clear: there is a large buildup of electrons
specified mean density was then generated. The electric fieRnd holes at the interface, leading to a significantly enhanced
was calculated including not only the holes within the 100€lectric field. Both effects promote charge injection over the

i
o

Population

40
sie inge*

%100 grid, but also a random distribution of holes in abarrier. _ o .
600 nmx 600 nm area centered on the grid. A sample steady- In case(b), carriers within 1 nm of the interface are al-

state carrier distribution witlr=0 is shown in Fig. 5. Re-

combination times foro=0 are shown in Fig. 2, folN - 4
=10-40, averaging over 20 random distributions of holesS@me value as the perpendicular mobility. To account for the
With the random distribution of recombination sites, the re-motion of both carriers, we use an “effective mobility” of
combination rate is reduced by roughly a factor 2 comparedW!ce the mobility of the individual carriers. A problem then

with a regular lattice.

VI. DEVICE MODELING

lowed to recombine by two-dimensional motion according to
Eq.(18). We use a lateral mobility of 10 cn?V~1s ™1, the

arises in the functional dependence of the recombination rate
on the electron and hole densities when both carriers have
equal mobilities, since Eq9) is not symmetric in electron
and hole density. To avoid this problem, we use &jwith

In this section, we will apply the results obtained above toa constanty determined by Eq(18), which is valid for car-
investigate charge densities and electric fields in bilayerier surface densities of the order of X0 m~2 (corre-

8 AR T ~-8 s T 773
7F I" ] 7F
[ | d-2 [ 4.2
T ek @ | 1%~ o b (b) —
e OF ., 1 & & 3
8 F ! 1 > 8 F >
2 5F " Jae 25F 4%
2 F < = o E o =
B 4F 3 G4 -~ -~ 3
4 - = @ E .~ ~ =
-] 3 [3] © s 144
et - = Pt d 40 £
2 3F 8 8 3F 8
s 2 = 2
8 [ w 02'_ 4 .
; : 1
: 1k
0- '2 0- .A...lnAE|,g.h,,22
0 20 40 60 80 100 ] 20 40 60 80 100

Distance from cathode (nm)

Distance from cathode (nm)

FIG. 6. Electron density@), hole density [0), and electric fielddashed lingas a function of position in a device with an internal
voltage of 5 V.(a) represents a device where recombination occurs after hopping over the interfacial(Bar&Y for holes and 0.9 eV for
electron$. (b) represents a device where recombination is limited by two-dimensional recombination. Other details are given in the text. The
current densities predicted were 1950 Afrand 2187 Am? for (a) and (b), respectively.
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sponding to volume densities around .50 m~2 in the  sities present at the interface in casg could be damaging
first 1 nm of polyme). The results shown in Fig. 6 confirm to the efficiency of the device, since they may provide addi-
that the interfacial charge densities are indeed in this rangéional nonradiative decay channels for excitons which will be
These densities are small compared with the site densitproduced close to the interface.
justifying our neglect of state-filling effects in the micro-
scopic simu!ation of .recombinatio.n. rates. In c.onj.ugated VIl. CONCLUSIONS
polymer devices, the in-plane mobilifyneasured in field-
effect transistorsis in fact found to be significantly higher ~ We have modeled the process of electron-hole capture by
than the perpendicular mobilityextracted from modeling drift and diffusion within a plane. There is good agreement
space-charge-limited curreptsdue at least in part to the between analytical approximations and microscopic simula-
preferential alignment of chains in the plane of the devicetions. The effect of energetic disorder has been examined,
Hence, irrespective of the uncertainties discussed above, tf@d has been found to have a similar effect on two-
simulation is likely to underestimate the true recombinationdimensional mobility as on the recombination rate. The pro-
rate in real devices, and the calculated interfacial carrier dergess can therefore be conveniently parametrized in terms of a
sities represent an upper limit. two-dimensional mobility. Direct solution of the microscopic
The simulations therefore show that efficient recombina-hopping problem using the master equation approach pro-
tion can occur in the case where formation of neutral excite?vides more rapid solutions than Monte Carlo simulations,
states is limited by lateral drift and diffusion of charge car-and has allowed systems with a random distribution of re-
riers at the interface. This process leads to some buildup gfombination sites to be studied. Rate constants derived from
charge density at the interface, but this can be much less thdhese simulations have been used to set boundary conditions
is necessary when charges have to be injected over typicil numerical models of charge and field distributions in bi-
barriers before recombination. We note that in césethe layer organic devices, which has shown that only modest
interfacial charge densities will scale with light outdutas  buildup of charge densities is required at the interface when
L" where r<0.5, which allows high intensities to be recombination is limited by two-dimensional drift and diffu-
achieved with reasonable charge densities. The slight insion of carriers to adjacent sites where rapid formation of the
crease of electric field at the interface is a consequence of tteimissive state can occur. These results help to explain the
buildup of charge density, and does not itself assist the regfficient operation of polyfluorene blend LED’s, where emis-
combination. This contrasts with cage) where the in- sion has recently been shown to occur via an exciplex state
creased electric field plays a major role in promoting injec-which can form without hopping of either carrier over the
tion of carriers over the barrier. We note that mechanjsin  heterojunction barrie.Our model for the rate of two-
can work equally well in a polymer blend device where in- dimensional recombination may also find application in other
terfaces are not necessarily perpendicular to the externareas, for example in the study of chemical reactions be-
electric field. The calculated current densities are similar ifween charged species on a surface.
both (a) and (b), which indicates that the additional voltage
drop produce_d by the cqrrier buildup at the interface is small ACKNOWLEDGMENTS
compared with the applied voltage, and hence both devices
will show similar current-voltage characteristics limited by =~ We are grateful to Professor Sir Richard Friend for valu-
the bulk mobility. However, the high fields and charge den-able discussions.
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