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The performance of light-emitting electrochemical cells is studied under steady-state conditions. The theoretical
model presented is based on the approach to electrodiffus@etion problems familiar with electrochemical

cells. However, some links with the traditional semicondutor physics approach are also presented. The
reversible redox electrode reactions are considered to always be in thermodynamic equilibrium, and the
distribution of the applied potential between the two electrode/polymer interfaces and the active layer is
carefully analyzed by the numerical solution of the transport equations. The theory is able to explain most
of the experimental observations. In particular, the junction formation is proved to be a bulk process related
to the electrodiffusion and recombination reaction of polarons, thus explaining its macroscopic nature.—Current
voltage and lightvoltage characteristics in qualitative agreement with experiment are found. The observed
changes in the junction width and the electric field profile with applied voltage are also accounted for. Some
ideas for future work are also discussed.

1. Introduction layer, where they recombine and decay radiatively. To optimize
the LEC performance, it then becomes necessary to understand
the processes that control charge recombination.

The nature of this electrochemically induceé pjunction

The electrochemistry of-conjugated polymers such as poly-
(1,4-phenylenevinylene) (PPV) involving the reversible doping
of a polymer backbone to form n-type or p-type materials and . ) :
their application to display technology has become an attractive has been recently studied by the o.ptlcal beam |nduc§d current
field, especially because of the successful use of these activeMethod (OBICY. However, the width and shape (i.e., the

materials in polymer-based photoconductive and light-emitting 90Ping profile) of the junction are not yet understood in detail.
diodes (LEDsY 2 as well as polymer light-emitting electro- Previous studies on this subject have described tirejpnction

chemical cells (LECs)-® in a LEC following a semiconductor physics approach. Based
on optical microphotographs of the working LECand the
OBIC scand, these studies have implicitly assumed that

combines the electrochemical properties of conjugated p0|ymerapp'roximately homqgeneou; p-type and n-type doping is
with the ionic conductivity of polymer electroly#&. This blend achieved up to the inner region of the LEC, so that a well-

can be either sandwiched between two contact electrodes (Ald€fined p-n junction is formed. Consistent with this view, it
and indium-tin oxide, ITO) or spin-cast onto a glass substrate has been assumed that any applied bias potential adds primarily

with parallel, interdigitated gold electrodes in a surface cell @cross this junction. Therefore, the minimum bias necessary
configuration. Following previous work with cross-linked O maintain the p-n junction equals the LUMGHOMO band
polyethers containing dissolved alkali-metal salts and electro- 98P Of the luminescent polymer divided by the elementary
active soluted! LEC devices have often been fabricated with CchargeEg/e, and any further increase in the bias voltage leads
PPV or poly[2-methoxy-5-(2ethylhexyloxy)-1,4-phenylene- 10 the flow of electrons and holes into the junction, resulting in
vinylene] (MEH-PPV) admixed with a complex of poly(ethylene ~recombination and light emission.
oxide) (PEO) and lithium trifluoromethanesulfonaté. However, the semiconductor physics approach cannot explain
Electrochemical doping is initiated when the applied voltage Why the junction width is observed to be a function of the
is greater thaieg, the energy gap of the semiconductor polymer, interelectrode spacing (or cell thickness) and, more important,
which has been determined as 2.4 eV for PPV and 2.1 eV for why the junction is so thick. In particular, in a sandwich cell
MEH-PPV8 The luminescent polymer adjacent to the anode configuration, the junction width was estimated to be 0.15 and
becomes p-type doped, while the polymer adjacent to the 2 um for anode-to-cathode spacings of 0.30 and /a8,
cathode becomes n-type doped. This doping process is ac+tespectively. In planar cell configurations, the junction width
companied by a redistribution of the ions from the polymer was estimated as 1 and 2«b for 10 and 3Qum interelectrode
electrolyte which moves to preserve local electroneutrality. The spacing, respectivefy.Furthermore, the OBIC scahshow that
injected electrons and holes flow toward the center of the active the electric field profile due to the junction extends over a region
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The active layer in these LECs is a polymer blend with a
phase-separated bicontinuous network morphd&logiich
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on the order of a few micrometers and that the maximum electric interfaces

field goes to zero when the bias voltage is close tosther*

energy gap. A typical semiconductor junction, however, would P+e =p (1a)
exhibit a large electric field (extending over a region of tenths P = pt _ b
or hundredths of a micrometer) under these conditions. =P te (1b)

These previous studies of the-p junction in LECs seemto  These electrode reactions are considered to be in instantaneous
have neglected the fact that the mobility of the ions in the |ocal equilibrium (i.e., the electrode kinetics is fast compared
polymer electrolyte may have an important influence on the to the charge transporj;!4 so that the Galvani potential

nature of the junction. In the same way that gradeehp gifferences between the metal and the adjacent polysfers
junctions or even pi—n junctions appear in semiconductor _ 4o _ 4m are given by the Nernst equations

devices where the donor- or acceptor-type defects are mbile,

the junction in LECs could also consist of either a graded KT Cp

junction (with the graded doping profile extending over most Abg = Agp + o In c (2a)
of the cell) or two doped layers separated by an inner region P
depleted of ions, in the case that the salt concentration in the o KT, Cp:
polymer electrolyte is not sufficiently high. Also, recent Aﬁ#):A(bw—z'na (2b)

electroluminescence studies of bilayer LEDs confirm that the
spatial extent of the active zone is limited by the recombination
of charge carriers injected at the electrode contadts,,

electroluminescence in LEDs is essentially a bulk phenomenon

W'th. a spatcljalhextent cobntrol!ed by the mobility of the charge electric potentiale is the fundamental chargleis the Boltzmann
carriers and the recombination rate. constant, and is the absolute temperature.

In this paper we address the problem of junction formation ¢ zero bias, the polarons distribute homogeneously, and their
and recombination in LECs. Our main goal is to provide gncentrations are given by

theoretical insight into the basic phenomena by adopting the

approach to electrodiffusierreaction problems commonly used Cp- = Cp: & Cy €XP (— eE/2KT) = ¢ < 3)

in the treatment of electrochemical cells. In particular, the

distribution of the applied potential between the two electrode/ becauseA(f,g + Aqb& = E4e ~ 2 V. The interfacial
polymer interfaces and inside the active layer (i.e., the potential potentials are thel\P ¢y = (A¢>& — M,& )2.

difference between the n- and p-type layers) is studied. The \when a bias potential is applied, the equilibria 1a and 1b are
reversible redox electrode reactions are assumed to achievejisplaced ancte- = cpr. At the cathode/polymer interface,
instantaneous thermodynamic equilibriéft? The steady-state A¢P is made more positive thatP¢; so thatce-/ce+ becomes

transport equations for the charged polaronic species are solvedyreater than 1 according to the equilibrium equation
within the active layer, where the recombination of oppositely

charged polaronic species takes place. In addition, the electrodes 0 o 1kT. Co
are considered to be inert, so that the ionic contribution to the Agpm=Andy + 55 IN— (4)
current is zero under steady-state conditibn¥his model, P

although simple, describes the observed currgottage and At the anode/polymer interface, opposite changes take place.
light—voltage characteristics of LEGs! while providing a clear Without loss of generality, we take the electrodexat O to
understanding of the doping profile and junction width as a pe the cathode and write

function of bias potential. The macroscopic nature of the
junction (as a result of the electrodiffusioreaction process) C

where A¢S and A¢2, denote the standard potentials of
formation of polarons. In eqs 2a and 2; andce- denote
the polaron concentrations close to the electrgds, the local

and its dependence on the interelectrode spacing is also clarified. ce-(0) ~ S (5a)
P pacing 1+ exp[-e(Ah — AgD )/kT]
2. Theory
. . Coi(L) ~ Con (5b)
The blend of semiconducting polymer and polymer electrolyte P+ 1+ exp[—e(Ag"qb _ A¢>&)/ij

is modeled as a one-dimensional homogeneous system where

all parameters depend only on position coordina® < X <\ here the two metal electrodes have been identified as m and
L, L being the distance between the electrodes). The SeMICON- . The interfacial potentials are thex = ¢(0) — ¢™ and
ducting polymer is described as a continuum of conjugated chainAn;. — o — (L F')I'he concentration +6 andce-(L) are
segments that may remain unoccupief) @ contain at most gi'\)/g)n:b;feq 4¢( )- ionep+(0) (L)

i 10,14,15 i
one charged polaron (either Br PY). The concentration (b) Polaron Transport and Recombination within the

of conjugated chain segments will be denoted dyy the ) .
concentrations of charged polaronsy andcy and thatof 1 %S B, LR LER T Lo o e Appears
unoccupied chain segments by = cn — Cp = Cp; all of at these interfaces. The flow of the injected charges within the

them are given in cm? units. The polymer electrolyte is . . . e -
described as a strong electrolyte solution that coexists with the active layer is described by the dritiffusion equations

semiconducting polymer. The particle concentrations of ion dcp. e dp

species are denoted lay- andccr. Jp: = _DF’*(W + Cps ﬁ&)
(a) Thermodynamic Equilibrium at the Electrode/Polymer

Interfaces. Since the electrodes are inert to the polymer dc,- e do

electrolyte and the conjugated chain segments may accom- Jp-=—Dp ax Cp- KT dx. (6b)

modate excitations of either charge type, the following two

electrode reactions may take place at the electrode/polymerand the steady-state continuity equations

(6a)
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dlp. dlo The substitution of eq 11 into eqs 66¢c leads to a system
ax  dx —KCp.Cp- (6¢) of two second-order ordinary differential equations, which
require the specification of four boundary conditions for their
where Js+ and Jo- denote the polaron flux densities (in cttn solution. Two of them result from applying eq 4 to the

s™1), Dpt andDp- stand for the diffusion coefficients (in ém interfaces atk = 0 andx = L. In practice, due to the large
s), which are assumed to be independent of the doping level,values oquSg_ anqub‘F’>+ (which can be estimated &/2e ~
andk, is the recombination rate constant (in tatl). 1 V), this is equivalent to settings+(0) = cp(L) = 0 as

The processes of electrehole recombination and singlet  boundary conditions.
exciton formation, as well as the dynamics of excitons (decay, A third boundary condition comes from the fact that the
trapping, etc.), play a decisive role in determining the elec- applied potential differenc&/ is also known. This can be
troluminescence efficiency of LECs. Although significant expressed as
advances have been recently achie&¥no conclusive theory

is yet available. Therefore, eq 6¢c must be considered as a V= Ag“'qﬁ + ¢(L) — ¢(0) + AP o (12)
reasonable simplification that at least represents the trends in
the real recombination process. where the potential drop in the active layer

The electric field in egs 6a and 6b is primarily determined
by the local conductivity. The ion concentrations in the polymer KT, CodL) + [CodL)” + c .M
electrolyte therefore become important here. To evaluate the ¢(L) — ¢(0) = e In cod0) + [ CKO)Z +c 2]1/2 (13)
electric field, the local electroneutrality assumption (see Ap- P P €
pendix for a discussion of the validity of this assumption)

is obtained from eqgs 8 and 10.
The fourth boundary condition originates from the fact that
the film is electrically neutral, so that the positive charge injected

is used. Since the ion species cannot react at the electrodes@t the anode must equal the negative charge injected at the

their concentrations are given by equilibrium Boltzmann ¢athode. This is expressed as
distributions so that

Cpr T Cot =Cp- +Cy @)

f(;LCFH dx = fOLcFF dx (14)
edp_ 1 do g doy 8
KTdx  ce dx ¢, dx ®) This ends the mathematical formulation.
The solution of the boundary value problem must be obtained
The integration of the second equality in eq 8 yields numerically. We make use of an iterative procedure starting
with an initial guess focse the system of differential equations
Cer(¥) Gy (X)) = ¢ 9) is solved, and a better approximation to the exact valueof

is obtained by requiring the total anion concentration to remain
wherecse is a constant that plays the role of an effective salt constant, i.e.,
concentration. The redox processes at the electrodes imply a
redistribution of the initially homogeneous ion concentrations. lch dx=c (15)
After this redistribution, there is a point inside the film where LJo ™ s
the two ion concentrations are still equal to each other, though
smaller than the initial values. Equation 9 requires the ion
concentrations at this point to log, and the difference between
Cse and cs increases with the doping level. Effective salt | = —e(Jo, — o) (16)
concentrations are also defined in the description of conducting P T
polymer films immersed in electrolyte solutioH&,’though they the peak recombination rate
are related then to resolvation energies of ion components in
the|r_ trqnsfgr frgm the sqlgtlon to the film. Notg, finally, that Max = (KCp:Cop-)max (17a)
the ionic diffusion coefficients do not appear in the present
steady-state formulation of the problem because of the zero ionthe average recombination rate
flux condition.

The procedure converges and the final solution are used to
evaluate the electric current density

i ion i 1L
From eqgs 7 and 9, the anion concentration is L ZEIO (K.Co.Cp.) dX (17b)
Ca(X) = Cpf(X) + [CogX¥)? + . Y2 10
a0 = Cod) + [CodX)" + Cec ] (10) and the average level of doping
wherecpq = (cpr — cp-)/2, while eq 8 can be written as 1 .
. Coav=1 /. o dx (18)
e dp 1 Cpg
kTdx  (~ 2 212 dx (11) : P .
KTdX (o2 + ¢, A2 dx Note that the minus sign in eq 16 has been introduced so that

| > 0 whenV > 0 (i.e., herel > 0 denotes current flowing
Equation 11 implies that the electric potential drop inside the from electrode mto electrode m, an¥ > 0 indicates that the
polymer film is negligible when the salt concentration is large potential of electrode fris positive with respect to electrode
(i.e., when the ion concentrations are larger than the polaronm).
concentrations). In this case the applied potential difference is  Also, a junction widthAx (i.e., the thickness of the region
localized at the two electrode/polymer interfaces and polaron where most of the polaron recombination takes place) can be
transport takes place mostly by diffusion. (This is the supporting definedas the distance between the two outer positions where
electrolyte effect widely used in electrochemistry.) the local recombination rate equals the average value.
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(c) Energy Diagrams. In the above sections we have
followed the classical metal electrochemistry approach. In
particular, eqs 1a and 1b have envisaged the conjugated chain
segments as redox species that may undergo electrochemical
reactions at the electrodes. However, the behavior of conjugated 7
polymers is often described in terms of the energy level model
of semiconductor physics. The connection between these two
approaches is clear in a qualitative level. The standard potentials
Aq&& and Aq)& reflect the tendency of the redox species to
give up or accept an electron when they approach the electrode
and therefore represent a measurement of the electronic energy 00 02
levels on any of these species. The definition of Fermi levels, B
however, is not so Straightforward_ Figure ]: Recombination rate profile fdks = 1, Dpt = Dp, A&(ﬁ =
Equations 2a and 2b result from the equality of electrochemi- 40: andk = 10 (), 1 (- -), 10° (= -), and 10 ().
cal potentials of both sides of eqs 1a and 1b, respectively. The ¢
Fermi energy of the electrons in the metal is the same as their
electrochemical potentidl,so that we can calpulate the Fermll Er(X) — Enomo = Eg/2 — gp(x) — ¢(0)] (23)
energy of the electrode as determined by the interfacial potential
and by the potential in solution. In fact, this equilibrium so thatEry(L) — Er/(0) = —eVis again satisfied.
between the electrodes and the conjugated polymer allows for The case of high level of doping is equivalent to that of a
the introduction of an effective Fermi energy in the polymer as degenerate semiconductor, whEre— Epomo > Egand Fermi-
given by8 Dirac statistics (eq 20) must be us€dlt is then satisfied (see
egs 2a-5a) that

S = N W A U NN
T

1.0

)+ constant (19) Co. 2
Cpe(¥) Co(0) Cpu (0) ~ il (24)

1+ exple(Abg — A¢3 J/KT)

At x =0 andx = L, the Fermi energy in the polymer equals
the Fermi energy of the electrode, and eqs 4 and 12 then implyand eqgs 22a and 22b must be replaced by
Er(L) — EF(0) = — eV, as should be expected.

The definition of effective Fermi energy shown in eq 19 is exp{[Ex,(X) — E(X)/KT}
commonly used in electrochemical studies at semiconductor Cp-(¥) = P|1+ exp{ [Ex0) — Ex(0) — E/2)/KT}
electroded® Alternatively, the nonequilibrium semiconductor Fn F
physics approach can also be followed. In doing so, the cases exp{ [Er(¥) — Ec(X))/KT}
of low and high level of doping will be analyzed separately,  Cp+(X) = Criy exP[E-.(0) — Ex(0) — E/2]/KT} (25b)
and we will concentrate on the interfacexat 0. Equation 5a Fn Fi ¢

E:() = —€l6(x) — o(0)] +5 LkTin

(25a)

closely resembles the FerriDirac probability function whereEr(0) — Eri(0) = Er(L) — Erq(L), andEg, = Erp at the
metal/polymer interfaces. Equation 4 now yields
c-(0) 1
f(E) = = T EK (20) _ p p
Crm 1+ explE — EJ/KT] Ern(0) = Ex(0) + e(Ard — Andy) (26a)
The case of nondegenerate semiconductors, wherdeg > > E- (L) = Eq(L) — e(Ag“'gb - Ag‘bi) (26b)

kT and Maxwelt-Boltzmann statistics can be used, is equivalent
to that of low level of doping £¢2 — AP¢ >> kT) where WhefeAm¢| = —AR¢i. Itis now observed that wheff¢, —

(see eq 3) APS > 0 thenAP¢ — AP ¢, > Ey2 andEry(0) — Epomo >
Eg; that is, the Fermi level gets into the “conduction band” (as
Cp(0) &~ cp; eXplE(ARY, — AP ¢)/KT] (21a) in the case of degenerate semiconductors). Evidently, the
relation Ero(L) — Ern(0) = —eVis still satisfied.
Cp+(0) = Cp; exple(And; — ARg)/KT] (21b) Finally, substituting eqs 25a and 25b into eq 19, the effective

Fermi level is identified as the average of the quasi-Fermi levels
Within the conjugated polymer, a state of nonequilibrium exists
for polarons of different charge, and this requires the use of Ern(¥) + Exy(X)
different quasi-Fermi levels for differently charged species. The Ec(¥) = - 2 (27)
local polaron concentrations are then writteA®as

Cp-(X) = Cpj eXP{[Ex(X) — E5(X)J/KT} (22a)

Co (X) = C exp{ [ER(X) — B ()/K 22b

(¥ pi X [E () Fp( WkT) (226) We present several series of results in order to understand
whereEg; is the intrinsic Fermi level (i.e., that at zero bias), the influence of the different system parameters, namely, the
andEg, andEr, denote the quasi-Fermi levels for negative and ratio of polaron diffusion coefficient®p+/Dp-, the recombina-
positive polarons, respectively. At the metal/polymer interfaces, tion rate constank;, the salt concentratioos, and the applied
Ern= Er,. Within the polymer, howevetes-cp+ > cp? because potential differencd/. The standard potentials for the formation
of the electron and holes injected at the electrode/polymer of polaronsAg¢p and Agp, are kept fixed at 4CkT/e and
interfaces, and thereforBe, > Egpl® The variation of the denoted simply b)AcpP The value ofkT/e at room tempera-
intrinsic Fermi level with position inside the polymer is taken ture is approximately 0.025 V, which makes this value of

and the constant in eq 19 becont®smo + Ey/2.

3. Results
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TABLE 1: Effect of the Recombination Rate Constant for €
=1, Dp* = Dp-, and AL = 40

~kr Cee \ |~ Tav Fnax AX/L éP,av

10 0.98953 80.500 1.236 0.348 0.515 0.582 0.236
1* 0.98928 80.500 1.171 0.965 1583 0.538 0.172
10° 0.98909 80.500 1.135 1.134 3.421 0.391 0.139
100 0.98902 80.500 1.127 1.127 7.410 0.238 0.131

Aqbg correspond to an onset voltage of @V (in agreement
with experimental observations).

The results are presented in terms of the following dimen-
sionless variables:

g&=clc,(=P,P,P,C A s se..) (28a)

k = KCpL?/Dp, (28D)

F=rL%Dpg,, (28¢c)

T =IL/eDog, (28d)

V=eVKT, ¢=ep/kT (28e)

E =E/KT(i=F, Fn,Fp..) (28)

where

Dps= 2Dp,Dp /(Dp; + Dp.) (289)

is an appropriate average polaron diffusion coefficient.
(a) Effect of the Recombination Constant. Figure 1 shows
the effect ofk: on the recombination rate profile. Table 1 gives

Chem. B, Vol. 102, No. 22, 1998331

3,
@
(=1

I

0.4
x/L

0.6

Figure 2. Recombination rate profile fdg¢ = 10, Dp+ = Dp-, AP =
40, andés = 1 (-++), 0.1 (), 0.05 £ —), and 0.01 €).

estimated for polarons in polyacetyl@hat room temperature),
the peak appeared closer to the cathode=at0.32.. The less
realistic valueDp+/Dp- = 1/4 shifted the recombination peak
toward the anode by the same amount, i.ex to 0.68..

To facilitate the interpretation of the results, we will restrict
consideration to the cadert = Dp-.

(c) Effect of the Salt Concentration. Figure 2 shows the
effect of Cs on the recombination rate profile. Since the molar
ratio of lithium salt to ethylene oxide units in PEO was 0.05:1
in refs 4-9, the value ofts in these LECs is expected to be
somewhat less than 0.05 (iepolaron association effects, which
have been neglected here, could contribute to lower the effective
salt concentration). Table 2 shows the values of the relevant
variables, while the corresponding ion concentration profiles,
polaron concentration profiles, and electric potential profiles are
shown in Figures 3ad and 4. Note that the electric potential

the values of the effective salt concentration, the bias potential, profiles have been scaled by a factiar

the electric current density, the average recombination rate, the

It is observed here that the salt content is a very important

peak recombination rate, the junction width, and the average parameter, influencing all the variables considered in Table 2.

level of doping.

In particular, the salt content determines the (dimensionless)

It can be seen here that the recombination rate constant greatlypotential drop inside the film (which can be estimated from
influences both the junction width and the peak value of the Table 2 as 0.500, 9.080, 40.908, and 416.49 whearhanges
recombination rate, while the other parameters shown in Table from 1 to 0.01, respectively, since the sum of the two interfacial

1 are practically independent of it. For instance, the dimension-

drops is kept constant at 80.000). This, in turn, affects the drift

less bias potential remains constant at 80.500 (slight changesf polarons inside the film and the electric current density.

in the sixth significant figure exist), and this is distributed as
40.000, 0.500, 40.000 (interfacial potential drop, film potential

drop, interfacial potential drop). The average recombination

rate is only slightly affected big, since the recombination rate
profile becomes thinner and higher at the same time.
(b) Junction Position. Carrier mobilities insz-conjugated

Notice that the potential drop inside the film is only significant
whencs < ¢y

The shape of the recombination rate profiles in the case of
low salt content shown in Figure 2 deserves some comments.
Figures 3c and 3d show that the ions accumulate close to the
electrodes when the doping level increases. The larger values

polymers are not well-known, but there is good evidence that of the product of polaron concentrations are then present close

holes are more mobile than electrons in PP\The junction

to the electrodes and hence the resulting recombination profile.

position is then expected to be off-center and closer to the The physical reason for this fact can be found in egs 8 and 11,
cathode. Thus, a reversal of polarity should lead to the changewhich require the gradients abgandcc+ to be similar, except

of position of this junction in order to keep it closer to the

for the sign, in the case of low salt content. If nd polarons

cathode. These observations have been reported in refs 4, 6yere present close to the cathodey ~ — cp-/2, and local
7, and 9. (In ref 4, the junction position was observed closer electroneutrality would require the concentrations df &hd
to the anode, although it moved toward the cathode during P~ to be similar and, hence, their gradients also. Since these

continuous operation.)

two relations between the concentration gradients dfa@d

Previous studies of the position of the recombination zone P~ cannot be fulfilled simultaneously, somé Polarons have

have dealt with the case of negligible migrational contribution

to be present close to the cathode.

to electron transport, where simple analytical expressions can (d) The Current—Voltage Characteristics. Figure 5 shows

be obtained® In the present study, however, the junction

the current-voltage characteristics for different valuestpind

position must be studied by numerical solution of the transport k. The bias potential range here considered has been chosen

equations. To show the effect bf+/Dp- on the recombination
rate profile, some calculations were madeor 1, k. = 105,

andV = 83.000. WherDp+ = Dp-, the recombination peak
appeared centerea & 0.5.) as shown in Figure 1. On the
contrary, whenDpt/Dp- = 4 (which is close to the ratio

in order to facilitate the comparison with the experimental results
presented in refs 5, 7, and 8, since 1@0e units is ca4 V at
room temperature.

The currentvoltage characteristics fd = 0.1, k, = 10?
and & = 0.1, k- = 10® show well-defined limiting current
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Figure 4. Electric potential profile fok = 10% Dp+ = Dp-, Ab¢ = Figure 5. Current-voltage curves fof = 0.05,k = 10° (-++), & =
40, andt = 1 (-++), 0.1 (), 0.05 ¢ —), and 0.01 €). 0.1,k = 10° (), and& = 0.1, k- = 1C? ().
TABLE 2: Effect of the Salt Concentration for I~<r=103,Dp+ 9 T G RARARARERE RE !‘l‘\'l'!'Y‘l"a)
= Dp-, and AR ¢ = 40 a =
& Ee v T fa T AXNL Gea 4r 3%
1 09891 80.500 1.135 1134 3.421 0.391 0.1389 36 F 10 &
0.1 5337x 103 89.080 2661 2.639 4.448 0.565 0.1233 % Py
0.05 6.546x 1071 120.91 5724 5.096 10.951 0.916 0.0955 K sr 17 &
0.01 1.815x 10791 496.49 39.184 12.344 72.186 0.992 0.0868 10 L =90
densities. The same behavior is expected in the &ase0.05 12 b S10
andk; = 10%, though the limiting current density will be reached 1 bt _I‘ﬂ 0
at a bias potential much higher than those shown in Figure 5. ) 470 80 9 100 110 120 130 140 150 160
Later we show how to estimate this bias potential. The reason v

for the existence of a limiting current can be found in eqs 2, kigyre 6. Effective salt concentration and potential drop inside the
12, and 13. Since the polaron concentrations must be smalleractive layer forgs = 0.1, k. = 108 (---) and& = 0.1,k = 1 ().

than cy,, the Nernst equations (eqs 2a and 2b) cause the
dependence of the interfacial doping level on the interfacial (cs << cp(0), crdL)), q 13 reduces to
potential to exhibit a saturation behavidr.

To show how the applied potential is distributed in the system, _ _ 2Co (L) 2co{L)
Figure 6 plots the variation of the potential drop inside the film, #(L) — #(0) ~ In —; ~2In c (29)
as well as the effective salt concentration with the applied Cse /21Co{0) se

voltage. The interfacial potential drops (both of equal magni-

tude) can then be estimated &5 ¢)(L) + ¢)(0)[/2. Figure which shows the proportionality betweeifL) — ¢(0) and In

6 shows a striking coincidence between the variation with the csc0bserved in Figure 6; note that(0) ~ — cpL). It is still
applied voltage of the effective salt concentration and the necessary to provide a physical explanation of the dependence
potential drop inside the film. In the case of low salt content of cse on the applied voltage. The constant electric field
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Figure 7. Interfacial potential drop determined from the constant 4 4+1/¢_10+1/C_ V-2A?pf,
electric field approximation foé = 0.01 ¢++), &= 0.1 (), and from
the numerical solutions in Figure 5 fo¢= 0.1,k = 10? (O) and& = 10 30 50 70 90 99.8
0.1,k = 16 (@). interfacial doping level (%)

. . . . . . . Figure 8. Schematic currentvoltage curve of a low salt content LEC.
approximation (i.e., the approximation that the field is constant

within the polymer layer) is helpful in this respect. Using this A% = 40) assumed a value close to 1 when the salt content
approximation, the boundary value problem can be solved was high and increased with decreastgépr low salt content.

analytically, and it can be shown that These observations can be rationalized in terms of egs 6, 11,
S 50 and 16. In the case of high salt content, polaron transport takes
c. = ¢(L) — 4(0) (30) place primarily by diffusion so that

e "2 sinh[@(L) — ¢(0))/2]

The solution to egs 2, 29, and 30 shows that when the salt

content is high, saturation is reached at low applied voltages, where the face+(L) &~ &-(0) >> &+(0) ~ & (L) has been
and the maximum potential drop inside the active layer is small. ysed. Table 2 shows that eq 33 is satisfied in the high salt
In fact, the limit of egs 29 and 30 whep(L) — $(0) >> 1 content limit, since the interfacial potential draf}$ has been
(which also implies (L) ~ cm) yields the result set equal taAgp in Table 2, and 8-(0) equals 1 in this case.

SN _ In the case of low salt content, it can be easily proved from
[¢(L) = $(O)]mes = 175 (31) egs 6, 11, and 16 that

T~ 8. (L) — & (L) — &.(0) + & (0)~ 28, (0) (33)

The value of the applied voltage at which saturation is reached
can also be estimated from the series expansion of eqs 29 and = 2eDy|1
30 aroundAP ¢ = Agp as

Cor T Cp ch,d
2(cF,d2 + ¢ A)M? “dx

- ~0 _ Cp: + Cp-|dCpy
Vaturation™ 2A¢p + 4 + 16, = 84+ 1€, (32) 2eD|1+ —|c c I) ix (34)
P—
The physical reason for this early saturation, at tigHies in At x = 0, eq 34 reduces to
the fact that a large electric field cannot be sustained within a
highly conducting medium, i.e., the “supporting electrolyte” od Cer
principle. Note that the saturation mentioned here refers to the I~ 4eDe\ 5] o ™ ~26Del ) 2o (35)
potential drop inside the film and should not be confused with
the attainment of the limiting current density. where the local electroneutrality condition has been used. Since
The dependence of the interfacial potential drap;H ¢(L) the cation concentration distribution can be described in this

+ ¢)(0))/2, on the applied voltage is also very interesting. When case as approximately linear (see, for example Figure 3d), and

the applied voltage is so low that no doping takes place, the varying fromc-(0) atx = 0 to approximately zero at a position

applied voltage fractionates into two equal parts at the two x, so that eq 15 (for cations) fixes the valuexgfas Zd/cp-

electrode/polymer interfaces. Doping is initiated when the (0), the dimensionless electric current density can be estimated

applied potential is about 1RT/e units below 2\¢P The as

interfacial doping level then increases gradually while most of

the increase in the applied voltage concentrates inside the active I~ EFF(O)ZIES (36)

layer. After saturation of the potential drop within this layer,

the interfacial potential drops begin to increase again and finally The limiting current density would correspond to maximum

reach interfacial doping levels close to 100%. Figure 7 depicts doping €p-(0) = 1) and could then be estimated ags1Wwhich

this situation for two values dk. Some values of the interfacial  in the case of Figure 5 would amount to 10 for the cése

potential drop corresponding to the numerical solutions pre- 0.1 andk, = 102. The small difference between the limiting

sented in Figure 5 are also shown for comparison. current density observed in Figure 5 and these values is due to
Thus far we have described in some detail the origin of the the assumption of a linear cation concentration profile; the actual

limiting current in terms of the applied voltage. It is now profile is steeper at = 0.

worthwhile to return to Figure 5 and attempt to estimate the  As a summary of this section, Figure 8 reproduces the general

limiting current density. We see in Figure 5 that the limiting trends of a currentvoltage curve in the low salt concentration

current increases with decreasifyg A similar trend is observed  regime. Even though this figure offers a good description of

in Table 2, where the current density for a fixed interfacial the qualitative behavior, it should not be used for quantitative

doping level of 50% (or fixed interfacial potential draf¢ = purposes since it underestimates both the current density and
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Figure 9. Electric field profile corresponding t& = 0.05,k = 1C®,
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Figure 10. Photoemissiorvoltage curves foits = 0.05, k =106
(=), &= 0.1,k = 10® (— —), and& = 0.1,k = 10 (—).

the potential differences. It is worth noting that Figures 7 and
8 have been obtained with the use of the constant electric field
approximation, which is only valid when the recombination rate
constants are small, and not for the constants used in the
computations presented in Figures 5 and 6 (see also Figure
and Figure 9).

It is also interesting to note that Figure 8 suggests that
threshold voltages should be determined from currenttage
curves in dimensionless form or, at least, by plotting the product
IL againstV. The slight increase in the threshold voltage with
polymer film thickness reported in ref 4 would have been very
likely avoided by this procedure.

(e) The Electric Field Profile. In an attempt to learn more
about the nature of the junction in biased LECs, the electric
field profile within the junction was recently measured by the
OBIC method® Figure 9 shows the electric field profile
corresponding to some of the numerical solutions included in
Figure 5, in particular, to those correspondingiic= 0.05, k
= 103, andV = 80.73, 120.91, and 166.39, or, equivalently,
1.74 V, 261 V, and 3.59 V at 250 K. These plots are in
qualitative agreement with Figure 2 of ref 9.

Note that the electric field is rather inhomogeneous for the
larger applied potentials. This implies that the constant field
assumption is expected to fail under these conditions. It can
also be observed from Figures 4 and 7 that the constant field
assumption fails in the cases of low salt content and large
recombination rate constant. In spite of its restricted validity,
this assumption is a useful tool to understand the basic trends
of the system.

(f) Photoemission-Voltage Characteristics. Figure 10

Manzanares et al.

equal tof,, for a given choice of parametets k., andV. This
approximation is very good in the casgés= 0.05,k = 10
and& = 0.1,k = 103, while it becomes poorer in the cage
= 0.1 andk, = 1. Indeed, Table 1 shows thht F,, when
k is large, while a significant departure from this result appears
for k. < 102 Similarly, Table 2 shows thdt~ F in the case
of high salt content. The behavior appearing in Figures 5 and
10 is thus confirmed by the earlier calculations.

The integration of eq 6¢ together with the consideration of
symmetry leads to the result

Fav= L[ (L) = Jp (O] = L [Jp (L) + o (L)]  (37)
while for x = L eq 16 reduces to
I=—€[Jp(L) = Jp(L)] (38)

where Jp+(L) < 0 andJp-(L) > 0. In the case of high salt
content and large recombination rate constaiat(L)| >> Jp-
(L) (see the polaron concentration gradients &tL in Figures
3a—d), and the approximatioh~ f,, becomes apparent.

(9) Junction Width. In the case of high salt content, where
there is no splitting of the recombination rate profile, it is
observed that the junction width narrows with increasing applied
voltage, in agreement with the observations reported in ref 9.
In the case of low salt content, the increase in applied voltage
leads to a separation of the recombination rate profile into two
zones, similar to what was previously observed in Figure 2.
Nevertheless, in this case, the thickness of the zone in which
recombination is important also narrows with increasing bias
potential.

In the case of low salt content, a large recombination rate
constant (larger than those considered here), and high applied

4voltage, a situation considered to be of practical interest, the
junction width could amount to a few tenths of the polymer

film thickness, in agreement with experimental observation.

(h) Energy Diagrams. Figure 11 shows the energy diagrams
corresponding to the electric field profiles depicted in Figure
9,i.e.,&=0.05k = 103 andV = 80.73, 120.91, and 166.39.
Table 3 shows some additional information on these diagrams.
The effective Fermi level and the quasi-Fermi levels have been
calculated from eqs 19 and 25, respectively. It is observed that
the difference between the quasi-Fermi levels is of the order of
the semiconductor gap. Since this difference is related to the
excess concentration of polarons (with respect to the zero bias
case), it is observed that the difference increases with the applied
potential (i.e., with the amount of charge injected). Also, since
& (L/2) = & (L/2) ~ k12, the differenceErn(L/2) — Ery(L/2)
decreases with increasirkg

Finally, it is interesting to observe that the effective Fermi
level reaches the LUMO level at= 0 whenAP¢ = Ag2 =
40, which corresponds to Figure 11b. Higher interfacial
potential, as in Figure 11c, results in an effective Fermi level
above the LUMO level in the cathodic region and below the
HOMO level in the anodic region.

4. Conclusions

The model presented here provides a sound basis for the
understanding of the performance of light-emitting electro-

exhibits the computed peak and average recombination ratechemical cells, which are now shown to behave like a forward

curves corresponding to Figure 5. Since a fraction of the biased p-i—n junction with inhomogeneously doped p- and

polaron recombination is considered radiative, the average n-type regions.

recombination rate curves should be representative of the When a small potential difference is applied to the electrodes,

photoemissiorrvoltage characteristics of the LEC. it separates into parts, each localized at one of the polymer/
It can be seen from Figures 5 and 10 thi approximately electrode interfaces, so that the same level of doping (n-type at
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TABLE 3: Additional Information on the Energy Diagrams Shown in Figure 11

B B B EF(0) — Een(L/2) —
v Bse (L) — ¢(0) Bp.av ELumo(0) &(0) Er(L/2) & (LI2)

80.73 2.467x 1073 3.901 0.0522 —1.586 0.170 73.67 0.0350
120.91 6.546< 10710 40.908 0.0955 0.000 0.500 74.54 0.0326
166.39 2.698«< 10716 84.775 0.1118 0.806 0.691 75.40 0.0310

(a) for. The average doping levels computed here are slightly

E . . .
R0 *_} greater than those calculated in ref 4, but since the experimental

method employed there was expected to underestimate the
doping level, the agreement is also considered satisfactory.

Even though the theory accurately predicts several observa-
tions that have been made with LECs, some of the assumptions
should be critically considered. Thus, ion pairing has been
neglected here. This phenomenon could probably occur in
LECs and would affect the polaron standard potentials. Fur-
thermore, the redox processes associated with forming an ion-
paired polaron could be quite different from those presented
here, and the current in such a device could be limited by the
available counterion®.

Also, it is worthwhile to add some comments on the metal/
polymer interface. It is well known that an interfacial layer is
formed between the metallic electrodes and the conjugated
polymer. The nature of this contact region is known to be of
importance to the charge injection mechan®mThe results
presented in Figures 5 and 7 can also throw some light on the
details of this layer. Itis concluded from these figures that, as
long as the limiting current is not reached, the interfacial
potential drop remains of the order of the standard potential
for polaron formation. For the case considered here, this
amounts to some 4KT/e units. This large interfacial potential
requires the presence of a space charge region where only ions
are present (cations in the vicinity of the cathode and anions in
the vicinity of the anode). The thickness of these regions can
be estimated to be a few tens of angstroms and the ion
concentrations there do not follow a Boltzmann distribution,
except for a diffuse part in the outer end of the space charge
region. Instead the ions accummulate there at the maximum
possible concentration determined by packing considerations.
This picture differs from the classical Stern picture in that the
compact layer is wider than single molecule thickness. The
presence of these space charge regions influences the charge
injection mechanism; this is an open problem that needs further
Figure 11. Energy diagrams for the cases considered in Figure 9, i.e., Study. However, the space charge regions do not affect polaron
& = 0.05,k = 10° andV) = 80.73 (a), 120.91 (b), and 166.39 (c).  transport and recombination within the active layer, and

therefore the conclusions drawn in this work hold.
the cathode and p-type at the anode) is reached at both interfaces. Future work on this subject should consider transient behav-
The ion species then move within the polymer film so as to ior, and numerical algorithms for the solutions of the partial
maintain local electroneutrality. differential equations that determine it should be developed.

For larger applied potential, the doping level increases and Also, experiments on the effect of the salt concentration on
the redistribution of ion species gives rise to a potential drop Steady-state current/oltage and photoemissietvoltage curves
within the active layer, which also affects the transport of should be studied. Experimental work to check the inhomo-
polarons. Large enough bias potentials lead to a depletion ofgeneity of the doping profile is currently in process.

ion species in the central region of the polymer film, which  Acknowledgment. J.A.M. thanks the Generalitat Valenciana
then resembles an intrinsic semiconductor. In this region, ¢y financial support. We are grateful to Darryl L. Smith and

positively charge polarons moving toward the cathode, and \jikhail A. Vorotyntsev for stimulating discussions.
negatively charged polarons moving toward the anode meet and

recombine radiatively. Appendix

The model explains most of the experimental observations. The local electroneutrality assumption is a widely used
In particular, it shows that junction formation ishalk process approximation to Poisson’s equation in the solution of transport
related to electrodiffusion and recombination of polarons, and problems. Itis expected to hold true in the bulk of any medium
this explains its macroscopic nature. Calculated cutreoitage having a sufficiently high concentration of mobile charged
and photoemissionvoltage characteristics agree qualitatively species, and it is expected to fail in media where the electric
with experiment. Observed changes with the applied voltage field is rapidly varying and local concentrations may go to very
in junction width and the electric field profile are also accounted low values.
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M. Planck was the first to realize that the validity of the local - ég)lgao, Y.; Yu, G.; Heeger, A. J.; Yang, C. Xppl. Phys. Lett1996

electroneutrality assumption in transport prc_)blems (;:uld be °© (6) Yang, .: Pei, QAppl. Phys. Lett1996 68, 2708,

tested by the qalculatlon of thg so-callgd residual ch. dfe. (7) (a) Pei, Q.; Yu, G.; Zhang, C.; Yang, Y.. Heeger, ASkience

the electrostatic potential satisfies Poisson’s equation, local 1995 269, 1086. (b) Bard, A. JSciencel996 270, 718. (c) Pei, Q.; Yu,
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from the transport equations with the assumption of electro- (9) Dick, D. J.; Heeger, A. J.; Yang, Y.; Pei, @dv. Mater. 1996 8,
neutrality are not straight lines. This inconsistency can be 985. _ _ _
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I. Phys. Re. B 1987, 35, 5740.

although not zero, is small compared to the balanced charge (13) Reiss, HJ. Phys. Chem1987, 91, 5164.
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means that the solutions determined using the local electroneu\,omtymsev, M. A.: Daikhin, L. I.: Levi, M.D.J. Electroanal. Chenl.992
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