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Interfacial feedback dynamics in polymer light-emitting electrochemical cells

J. C. deMello*
Centre for Electronic Materials and Devices, Imperial College, Exhibition Road, South Kensington, London SW7 2AY

~Received 6 March 2002; revised manuscript received 16 July 2002; published 31 December 2002!

We present modeling studies to demonstrate how incorporating ions into organic light-emitting diodes
improves carrier injection. The simulations show that the electric potential is dropped preferentially at the
electrodes, thereby narrowing injection barriers. The studies provide insight into the interfacial feedback
dynamics that regulate carrier injection and are relevant to the optimization of light-emitting electrochemical
cells for display purposes.
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Luminescent polymers are of interest owing to their p
tential use in thin-film emissive displays.1 High power effi-
ciency is important in these devices, and an interesting te
nique for achieving this has been reported by Peiet al., in
which mobile ions are incorporated into the polymer laye2

Devices formed by sandwiching the ion/polymer layer b
tween two electrodes show low threshold voltages for li
emission that are broadly independent of the work functi
of the electrodes. More generally, the operation of th
light-emitting electrochemical cells~LEC’s! is of consider-
able interest owing to their properties as mixed ion-elect
conductors.3,4

It is generally agreed that the low threshold for char
injection results from movement of the mobile ions towar
the electrodes, but there is some disagreement in the lit
ture about the role of the ions.2,5–7 We have previously used
Debye-Huckel theory to show how the accumulation of u
compensated ions near the electrode-polymer interfa
screens the bulk polymer from the external field and redu
the interfacial barrier widths for charge injection.6 Under an
applied external field, the anions drift to the positive ele
trode and the cations drift to the negative electrode until d
and diffusion currents are equalized. Because the densit
ionic charge is very high (.1025 m23), small movements of
these ions can give rise to very large electric fields. Un
conditions of constant applied bias, ionic charge redistri
tion occurs throughout the bulk of the polymer film until th
local electric field has been canceled everywhere. A fin
electric field can only be sustained at the interfaces, wh
the motion of the ions is blocked by the electrodes; since
entire potential is developed in thin layers adjacent to e
electrode, the electric fields at the contacts are extrem
high ~typically 109 V m21). Consequently, the tunneling ba
riers for electrons and holes are extremely thin and both
rier types can be injected with near 100% efficiency~ensur-
ing high electroluminescence efficiencies!. Transport of
electronic charges through the field-free bulk is media
solely by diffusion.6,7 This electrodynamic description is ab
to account for the key physical properties of LEC’s, inclu
ing turn-on biases close to the optical gap, high device e
ciencies, and symmetrical current-voltage characteris
The key assumption of the model is that the polymer b
remains largely field-free~with the potential being preferen
tially dropped at the interfaces! even under conditions o
relatively high electronic carrier injection.~This contrasts
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with the electrochemical models of Pei and Smith in whi
the electric field is largest at a ‘‘junction region’’ in the cent
of the device even at low applied biases.2,5!

The field-free assumption has been confirmed experim
tally for biases up to and including the polymer band ga8

but for higher biases measurements have been inconclu
It is clear, however, that the field-free regime cannot pert
indefinitely: at sufficiently high biases, the quantity of di
solved ions will be insufficient to fully screen the extern
field or maintain complete ion-electron compensation in
bulk. Under these conditions bulk transport of electrons a
holes will occur under the influence of diffusionand
drift—as with a conventional organic light-emitting diod
~LED!. The actual bias at which the field-free regime brea
down depends intimately on the behavior of the charge c
riers in the high-field interfacial regions: if a feedback pr
cess occurs such that the effective impedances of the in
faces increase in sympathy with the density of injec
carriers~thereby regulating the rate of carrier injection!, the
field-free regime may extend to relatively high biases; if
such feedback mechanism is present, the field-free reg
will break down shortly above the threshold for carrier inje
tion. The behavior of the ions and electrons in the high-fi
interfacial layers is therefore crucial to understanding LE
device operation. To date, however, there has been littl
any discussion of this issue in the literature, and it theref
remains an open question whether the field-free regime
tains under ordinary operating conditions.

Since the high-field layers are typically no more th
5–10 Å in thickness, spectroscopic techniques such
charge modulation spectroscopy cannot be used to inv
gate the electronic carrier densities in the interfacial laye
Indeed, it is doubtful whether any experimental proced
could reliably monitor the electronic carrier concentrations
such a thin layer. In this paper, we use modeling studies
investigate device operation but, in contrast with previou
reported work,6,7 we make no assumptions about the mag
tude of the electric field anywhere in the device. In effect,
LEC is treated as a conventional organic LED that also h
pens to contain afixed quantity of mobile fully dissociate
chemically inert ions. We assume the semiconducting pol
mer has a negligible intrinsic carrier density, is trap-free, a
that carrier mobilities are independent of the internal elec
field. The organic film has a thicknessd, the anode is located
at x50, and the cathode atx5d ~see inset to Fig. 1!. We
©2002 The American Physical Society10-1
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FIG. 1. Ion and field distributions in an LEC of width 3500 Å, assuming an average ion density of 1.2531025 cm23, equal carrier
mobilities (1026 m2/V s), equal injection barriers for electrons and holes (Df50.5 eV), and a potential difference between anode a
cathode of 2 V. Sheets of uncompensated ions accumulate in the vicinity of the electrodes, where motion of the ions is blocke
electrodes, giving rise to extremely high electric fields. The high fields in turn permit efficient injection of electrons and holes. Thex-axis is
expressed in reduced coordinates ofx5(x2d)/2, wherex520.5 corresponds to the anode andx50.5 corresponds to the cathode.
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assume that injection of electrons and holes is mediated
Fowler-Nordheim tunnelling process9 with the carrier density
falling to zero at the counter electrode, although the prec
nature of the injection mechanism does not affect the br
conclusions of this work. The contacts are taken to be io
cally blocking—meaning the anion and cation fluxes are z
at each electrode. We further assume that bulk transport o
charge carriers~electrons and ions! is governed by the stan
dard drift-diffusion equations and electron-hole recombi
tion occurs via a Langevin process. The profile of the elec
potential is determined from Poisson’s equation. These
sumptions are stated mathematically in Eqs.~1!–~7!:

]ne

]t
5meF S kT

e D¹2ne2ne¹
2f2~¹ne!~¹f!G2kehnenh ,

~1!

]nh

]t
5mhF S kT

e D¹2nh1nh¹2f1~¹nh!~¹f!G2kehnenh ,

~2!

]na

]t
5maF S kT

e D¹2na2na¹2f2~¹na!~¹f!G , ~3!

]nc

]t
5mcF S kT

e D¹2nc1nc¹
2f1~¹nc!~¹f!G , ~4!
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Dfh
3/2

E0 J ,
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A~Ed!2

Dfe
expH 28pA2em

3h

Dfe
3/2

Ed J , ~5a,5b!

¹nhux505
e

kT
~nh

0E02 j h
0/emh!,

¹neux5d5
2e

kT
~ne

dEd1 j e
d/emh!, ~6a,6b!

¹2f5
2e

«
~nh1nc2ne2na!, ~7!

where f is the electric potential;E is the electric-field
strength;n, m, andj refer, respectively, to the concentration
mobilities, and fluxes of the charge carriers; the subscripte,
h, a, andc signify electrons, holes, anions, and cations, a
the superscripts 0 andd refer to quantities evaluated at th
anode and cathode, respectively.keh is the Langevin
electron-hole recombination rate and we have assumed
Einstein relationship between diffusivity and mobility to a
ply. Dfe and Dfh are the barrier heights for electron an
hole injection~expressed in eV!, andA is a proportionality
constant that allows for backflow.10 It should be stressed tha
0-2
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FIG. 2. The electronic charge distributions in the device of Fig. 1. The increase in electron and hole density away from the an
cathode causes a diffusive countercurrent in the direction of the injecting contact which opposes the large forward moving drift cu
the bulk of the device, charge transport is entirely diffusive and the electron and hole distributions decrease approximately line
distance from the parent electrode towards zero in the center of the device. The dotted line indicates the profile of the recombina
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we donot assumea priori the existence of a field-free bulk
rather, the system of equations is allowed to evolve from
arbitrary starting point~constant electric field; no electron
or holes; and homogeneous distributions of anions and
ions! until a self-consistent steady-state solution obtains. T
system of differential equations is exceptionally stiff owin
to extremely steep solution fronts in the interfacial regio
so it is important to use robust numerical routines: we use
adaptive-grid method-of-lines solution procedure based
equidistribution criteria, developed specifically for th
purpose.11 The device parameters were:« r53.4, d
53500 Å, me ,mh51026 m2/V s, f02fd52 V, Dfe ,
Dfh50.5 eV, and^na&, ^nc&51.2531025 m23. Hence we
have assumed for convenience a highly symmetric de
structure, in which the barriers to electron and hole inject
are equal, and electron and hole mobilities are matched;
ditionally, by equating the potential difference between a
ode and cathode (f02fd) with the applied bias, we hav
implicitly assumed thatj0 and jd—the Fermi levels~or
chemical potentials! of the anode and cathode—a
identical;12 in other words, we have assumed identical el
trode materials for anode and cathode. This is the case
example for planar LEC’s fabricated on interdigitated ele
trodes ~assuming no chemical reactions at the electro
semiconductor interfaces!, as reported by Pei.2 It should be
noted that all of these assumptions may be relaxed with
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affecting the broad conclusions of this work. In particular f
dissimilar electrode materials, equilibration of the Fermi le
els ~at zero bias! will generate a reverse internal field, whic
must be subtracted from the applied bias to determine
potential difference across the device. In other words, (f0
2fd)5Vapplied1(j02jd)/e.

We note that, since the ion fluxes equal zero in stea
state and we have assumed Einstein’s relation to apply,
mobilities of the ions do not affect the steady-state solutio
The simulations were carried out at a notional temperatur
T52500 K which, although clearly much higher than roo
temperature, was necessary todiffusion broadenthe spatial
features and make the problem numerically tractable~by
lessening the overall stiffness of the system of equatio!.
Similarly, the applied bias of 2 V was somewhat lower th
typical operating biases~3–4 V!, and the anion and cation
concentrations were limited to 1.2531025 m23 to ease nu-
merical convergence: in real LEC’s the ion density can be
high as 1027 m23.2 The use of these ‘‘unrealistic’’ paramete
values does not affect the general features or appearan
the solution, although it does yield solution fronts that a
somewhat shallower than would otherwise be obtained: e
for realistic parameter values, the high-field regions will be
bit thinner ~;20–30%! than the simulations reported he
would suggest.

In Figs. 1 and 2 we show the steady-state electric-fie
0-3
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FIG. 3. Variation in the hole drift and diffusion currents away from the anode for the device of Fig. 1. The diffusion current is
counter direction~i.e., towards the electrodes! in the immediate vicinity of the electrode, and regulates the rate of carrier injection. The
and diffusion currents of the electrons~not shown! mirror this behavior away from the cathode.
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ion-, and electron-distributions for an LEC containing 1.
31025 dissociated ions per cubic meter. From Figs. 1~a! and
~b!, it can be seen that uncompensated ions accumula
the two interfaces and screen the external field effectiv
with almost the entire electric potential being dropped in t
;10 Å layers near to the anode and cathode. The thin in
facial barriers enable easy charge injection via tunneling a
for the parameter values stated above, the steady-state
rent density is;55 000 A/m2. In the absence of the ions, th
potential would vary linearly across the device~constant
electric field! and the triangular injection barriers would b
of thicknessdDfe /(f02fd);875 Å. Hence there would
be a negligible tunneling current through the barrier~al-
though in reality one would expect a contribution to the ov
all current from thermionic emission which is not explicit
considered in the simulations reported here!. The sheets of
ions that accumulate at each interface are therefore fu
mental to achieving efficient carrier injection in LEC’s.

Figure 2 shows the electron and hole distributions. In
bulk of the device, the electron and hole concentrations
linearly with distance from a maximum close to the pare
electrode to zero at the device center~the recombination
zone!. This behavior is a direct consequence of diffusi
transport and has been discussed extensively in
literature.3,4,6,7 The profile of the electronic carriers in th
high-field regions, however, is interesting. In the immedi
vicinity of each electrode, the density of the injected cha
23521
at
y,

r-
d,
ur-

-

a-

e
ll
t

e

e
e

carriers is seen to increase steeply until reaching a maxim
value at the far side of the high-field layer~see inset!. This
contrasts with ordinary organic LED’s for which the carri
density is greatest at the injecting contact and decreases
the bulk.13

The increase in carrier density away from the contac
fundamental to the operation of the devices and can be
derstood by, for example, analyzing the hole current near
anode. The hole current in this region can be decompo
into a drift component and a diffusive component. Since
electric field is very high near the injecting contact, the dr
current will be extremely large. The bulk semiconductor
unable to sustain a current of this size owing to the l
mobilities of the electrons and holes. Therefore, in order
accommodate current conservation throughout the de
and compensate for the extremely large~forward-moving!
drift current near the anode, the diffusive current in the hig
field region must be in the reverse direction and of alm
identical magnitude: hence¹nh will be positive and the car-
rier density must increase away from the contact.~An ana-
lytical approximation for the carrier profiles in the immedia
vicinity of the electrodes may be obtained by equating
drift and diffusive currents which for holes yields the expre
sion nh5nh

0 exp@2e$f02f%/kBT#). In some sense this is th
‘‘reverse analog’’ of extremespace-charge limited LED’s
where the electric field~and hence drift current! changes sign
0-4
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INTERFACIAL FEEDBACK DYNAMICS IN POLYMER . . . PHYSICAL REVIEW B 66, 235210 ~2002!
in the vicinity of the injecting electrode to compensate
large forward-moving diffusive current.13

The delicate interplay between diffusive and drift curre
in the interfacial regions regulates the overall rate of car
injection. The carrier densities at the contacts are set by
injection process. As the applied bias is increased, the ca
density at the contact rises sharply, but the diffusive curr
also increases in direct proportion: the forward-moving d
current is cancelled almost exactly by the diffusive count
current and therefore the net~forward-moving! current is
many orders of magnitude smaller than the drift current n
to the electrode. Figure 3 shows the variation in drift a
diffusive hole currents through the device; the forwa
moving drift current is largest in the high-field layers a
very small in the field-free bulk; the diffusive current b
contrast is large and negative in the interfacial layers
small and positive in the bulk; the total steady-state dev
current i tot5e$(j h

diff1 j h
drift)2( j e

diff1 j e
drift)% is obviously con-

stant throughout.
Riess and Cahen have previously proposed a sim

model for device operation.4,7 In common with the mode
reported here, they consider a regime in which the bulk se
conductor is field free and electronic carrier transport
driven by diffusion. Thebulk electron and hole distribution
they obtain are qualitatively similar to those reported he
with the electron and hole densities falling~approximately!
linearly with distance from the parent electrode to~approxi-
mately! zero at the device center. The precise functio
forms of the electron and hole profiles differ for the tw
models owing to slight differences in approach: here we c
sider the current in the device to be fixed by carrier inject
at the electrodes; Riess and Cahen consider the current
fixed by the bulk resistance and an Ohmic contact resista
~above a threshold voltage!. However, these are relativel
small differences and, in the bulk of the device, both mod
yield broadly similar results. The main additional consid
ation in the present work is the explicit inclusion of the hig
field regions close to each electrode.

The model outlined here contrasts with that of Smith.5 He
assumes that above a critical biasfcritical—which is smaller
than the band gap of the polymer—the anions and cat
ions in the bulk of the structure spatially separate, ther
forming a ‘‘junction region’’ in which ion-electron compen
sation does not occur. The surplus biasfsurplus5f02fd
2fcritical is dropped exclusively at this non-neutral junctio
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region with the remainder of the bulk remaining field fre
This behavior arises in part from the assumption of a l
free-ion concentration, which in turn follows from his a
sumption of strong binding between the anions and catio
Smith does not consider in any detail the interfacial regio

Finally, we note that in this paper we have consider
extrinsic carrier densities that are small in relation to t
number of ions present. As mentioned earlier, at sufficien
high biases, the assumption of a field-free bulk will certain
break down. The simulations indicate that this will occ
when the average concentration of electrons or holes exc
about five percent of the average ion concentration. The
responding current density may be determined from Fic
law: if the density of ions is 1027 m23, the device width is
2000 Å, and the electron and hole mobilities a
10210 m2/V s, the ratio of electrons to ions will exceed fiv
percent at a current density of 200 A m22, which is readily
achieved in a real device.~For higher electron and hole mo
bilities, larger current densities will be permissible before t
field-free assumption breaks down.! We defer detailed dis-
cussion of this regime to a later paper but note that—in c
trast to the electrochemical models of Pei and Smith2,5—the
excess electric potential is dropped across the entire poly
bulk and does not appear preferentially in a junction regi

In conclusion, we have shown phenomenologically h
the incorporation of ions into a conventional LED leads
significant improvements in carrier injection. The modellin
studies treat the LEC as a conventional injection-limited
ganic LED that also happens to contain a fixed quantity
fully dissociated chemically inert ions. The simulations
which make noa priori assumptions about the electric-fie
distribution—support previous studies and in particular co
firm that the electric potential is dropped preferentially at t
electrodes, thereby narrowing barriers to carrier injecti
~This contrasts with the electrochemical models of Pei a
Smith in which the electric field is largest at a ‘‘junctio
region’’ in the center of the device.2,5! The studies provide
insight into the interfacial feedback dynamics that regul
carrier injection and are relevant to the optimization
LEC’s for display purposes. The results are also of interes
the general area of mixed ion-electron conduction and es
cially for microbatteries where~inorganic! mixed conductors
are attractive materials for intercalation electrodes owing
Wagner enhancement of ion mobilities.3
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