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lonic space-charge effects in polymer light-emitting diodes
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We report measurements and modeling studies of organic light-emitting dibBE&ss) with mobile ions
incorporated into the active polymer layer, similar in structure to the light-emitting electrochemical cells
(LEC's) reported by Peét al. We show that movement of the ions, rather than electrons or holes, is respon-
sible for the Ohmic electrode-polymer contacts observed in these devices. We show that for typical devices
with polymer film thicknesses of 1000—-2000 A, concentrations of ions greater tRaorh0® are required for
efficient electroluminescent behavior. We show also that under steady-state operation, the electric field is very
low in the bulk of the polymer, and that the electron and hole currents are therefore driven mainly by diffusion.
Quantitative modeling of electron-hole recombination matches observed emission profiles.
[S0163-182698)10219-9

I. INTRODUCTION reported significant improvements in the EL efficiencies of
these devices compared with conventional diodes and attrib-
Semiconducting conjugated polymers are promising mauted this to an improved balance in the injection rates for
terials for the development of inexpensive thin-film elec-electrons and holes. They suggested that an electrochemical
troluminescent displays®> Much work in recent years has doping process resulted in the formation of oxidized and
concentrated on improving device characteristics such as efeduced chains of PPV that were electrically compensated by
ficiencies, drive voltages lifetimes, and peak brightnessesiearby counter ions. Because both oxidized and reduced
The basic LED comprises a luminescent polymer sandPPV are good electronic conductors, it was argued that the
wiched between two electrodes, of which at least one musnterfaces should behave Ohmically. The position at which
be transparenitThe electrical properties of such a device arethe oxidized and reduced layers meet in the bulk of the de-
strongly dependent on the nature of the contacts between thwice was considered to be the region of recombination and
polymer and the electrodes, and also on the mobilities ofight emission. On the basis of the proposed mechanism, Pei
electronic carriers within the polymer film. In order to maxi- et al. referred to these devices as light-emitting electro-
mise the electroluminescen€EL) efficiency of an organic chemical cells(LEC’s). However, the notion of doping re-
LED, it is important to balance the rate at which electronsquires some discussion. There is little evidence for any bind-
and holes are injected into the polymer bélklence, for ing between individual ions and associated electronic
diodes that comprise a single polymer layer, the barriers teharges, and predictions based on an analogy with chemical
electron and hole injection must be of a similar height anddoping may be misleading. In this paper, we propose an
thickness. The exact sizes of the barriers depend on factosectrodynamic model for device operation. We explain how
such as the work functions of the electrodes, interfaciathe accumulation of ionic space charge in the vicinity of the
states, and the existence of interfacial layers between thelectrodes gives rise to large electric fields that reduce the
electrodes and the polymer. Interfacial properties can b&idths of the barriers to electronic carrier injection. In this
modified by use of different electrodes; however, this is of-model, the reduction in effectiveness of the interfacial barri-
ten at the expense of electrode stabifit. ers is due to the displacement of ions, and does not require
A means of improving the injection characteristics of the presence of an electrically conducting or “doped” poly-
electroluminescent devices was reported by deil” They  mer. The probabilities for hole and electron injection are
fabricated devices similar in structure to a conventionalgreatly enhanced relative to a conventional LED and as a
LED, but with mobile ions incorporated into the polymer result high EL efficiencies are observed.
layer. lons are relatively immobile in most conjugated poly- We present in Sec. Il a range of experiments that we have
mers, but when blended with a polymer electrolyte, a com<arried out to extend the work of Pet al. Specifically, we
posite film is formed in which both ionic and electronic car- have studied the transient response of the current through the
riers are mobilé® Poly(ethylene-oxide (PEO is a well-  devices on application of a steady voltage, the dependence of
studied polymer electrolyt&in which lithium triflate readily  the electrical characteristics on ionic concentration, and the
dissolves to form predominantly free iohsThe devices fab- variation of emitted light with applied bias. Results from
ricated by Peietal. comprised a solid-state blend of these experiments are used to characterise the different roles
poly(p-phenylene-vinylene (PPV) and PEO, to which a of mobile ions and electronic charges in these devices; the
quantity of lithium triflate had been added. The ratio of results are found to be well described by the model devel-
PPV: PEO: lithium triflate was 1:1:0.2 by weight, corre- oped in Sec. lll. We provide a brief overview of the model
sponding to an ionic density of about 1moledin here. The conjugated polymer and ionic transport matrix
(102 cm™3). The polymer layer was sandwiched betweenform a blend in which both ionic and electronic charge car-
indium tin oxide(ITO) and aluminium electrodes. Pef al.  riers are mobile. Under an applied external field, anions drift
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 Distance vice performance are achieved only when the ionic concen-
Litae cleotic tration is greater than f@_cm*” (Secs. IID, IIC1, and
ol noar [l C 2). At concentrations in excess of @m 2 and under
\ interface _ conditions of constant applied bias, the electric field is neg-
Cathode Conduction band ligible in the bulk of the device, but is very large close to the
© \ contact interfaces. Symmetric current-voltage characteristics
% Zero field in bulk © (Sec. Il B are expected only at high concentrations. At con-
\ 8 Anode centrations smaller than about¥@m™3, the electric field
extends through the full thickness of the device, and rectifi-
Velenceband | e electri% cation is expected for devices that use metals with differing
& field hear work functions as electrode&Sec. 1l C 2. In the high-
& concentration case, unipolar carrier injection is expected at

biases below the band gap of the polyntdefined as the

FIG. 1. A schematic band diagram for an LEC device operatin free-en.ergy dlfference. betW('aen. posmvg and. neggtlve po-
in forward bias. Positive ionic space charge accumulates close t rons In t_he polymer filrp switching to bipolar injection at
the cathode. Negative ionic space charge accumulates close to tRPPlied biases greater than the band ¢&pcs. Ill D and
anode. This redistributes the electric field away from the bulk of thdll F 2).
device towards the interfaces. The steady-state shape of the barriers
for electron and hole injection are set by solutions to Poisson’s
equation and Boltzmann statistics. Typically the barrier widths are Il. EXPERIMENTAL RESULTS
less than 10 A in a device of thickness 1000 A with an ionic charge

density in excess of ZBem 2, In this section, we provide a range of measurements that

illustrate the effects of ions on the electrical characteristics of
» . . olymer light-emitting devices. We also report measure-
to the positive electrode and cations to the negative electrodgants of light emission as a function of applied bias and
until drift and diffusion currents are equalized. Becauseyemonstrate that light emission is detectable at biases signifi-

the density of ionic charge in a typical device is very high cangy jower than the band gap of the conjugated polymer.
(>10° cm™3), small movements of these ions can give rise

to very large electric fields.

Under conditions of constant applied bias, ionic charge A. Device fabrication
redistribution occurs throughout the bulk of the polymer film . .
until the local electric field has been cancelled everywhere. A Devices were fabricated from a blend of PPV and PEO of

finite electric field can only be sustained at the inten‘aces',”nOlecmalr mass £0 and lithium triflate. Films were spin

where the motion of the ions is blocked by the electrodesCast onto glass substrates coated with ITO from a 20(By

This ai h . h h icallv in Fia. l\_/veight) mixture of the standard sulfonium precursor polymer
's gives the band diagram shown schematically in Fig. L "op 1 oe ™20 jithium triflate dissolved in a 6(by

The diagram shows the situation at the onset of eIectroniI:oI . f itril q After drvi
carrier injection(for equal barriers to electron and hole in- YO!UM® mixture of acetonitrile and water. After drying,

N . . . films were heated at 180 °C for 12 h under a vacuum of
jection). Notice that, as drawn, the barrier widths for electron” "7 _ _ T
and hole injection are very small; in a device of width 10 ~ mbar. The final fims were about 2000 A in width.

1000 A and with an ionic concentration of 2@&m 3, we Films were fabricated with four ionic concentrations, esti-

< 8 = 8 — 9 —
calculate them to be less than 10 A in thickness. Any differnated (o be<10" (x=0), 10 (x=0.01), 16° (x=0.1),

0 A3 (y— i ; ;
ence between the barrier heights will lead to a mismatch ir‘?lnd 16°cm (X_.l)' A relat|ygly_ high ratio of PPV
jo PEO was used in order to minimize the degree of phase

the rate at which electrons and holes are injected and W"geparation in the polymer films. Other grobibhave used
therefore limit the EL efficiency. This mismatch decreases a '
y 1:1(by weighj blend of PPV and PEO that allows a higher

the barrier widths are reduced and the transmission coeff@ =~ - o . b d. The ab
cients tend to unity. If the barriers are made sufficiently thin,M@Ximum ionic concentration to be supported. The absence

the impedances of the interfaces become so low that they il opchI sbcatterlng Ey th? polymer films |nd|cEted phasel
be neglected, and large fluxes of electronic charges can BEParation between the polymer components to be on a scale

injected from the electrodes. Further rearrangement of themaller than the wave(ljength of vifsit;le ”th' AIurfr)Iinium cdon-
ions then occurs, until the magnitude of the electric field intacts were evaporated on top of the polymer films under a

the bulk of the device is again zero. Under these conditions/2cuUm of approximately 16 mbar. The devices were op-
a steady-state electronic current can be sustained in whicffated at room temperature under a vacuum of*Ifbar.
electronic charges are transported solely under the influence
of diffusion. This steady-state but nonequilibrium situation
(an external bias is requirgtias some of the characteristics
of a “doped” conducting polymer: electronic space charge
in an electrochemically doped polymer is compensated by Studies were carried out on an LEC device fabricated
ionic charge so as to achieve overall charge neutrality. ~ with an ionic concentration of 2cm™3. The two elec-

We summarize here the main conclusions of our worktrodes were shorted together for 200 s before a measurement
The ionic concentration controls the nature of the devicewas made in order to ensure that steady state had been
characteristics. For example, we will show that for a typicalreached. A steady voltagé was then applied across the
device of thickness 1000 A, significant improvements in de-lectrodes t(=0) with the ITO contact wired as the anode.

B. Transient response of the external current on application
of a constant applied bias
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FIG. 2. Normalized data showing the transient response of the FIG. 4. Data showing the variation of the external current mea-
current in the external circuit for applied biases in the rang8/0  sured at timet=0 with applied bias. The straight-line fit is the
<1V. Data has been normalized to permit easier comparison ofesult of a numerical simulation assuming an effective ionic diffu-
transient responses. sivity of 3xX 10”8 m? s* and no binding between ions.

Figures 2 and 3 show the time dependence of the current itacts fall towards zenp and then decays away slowly to-
the external circuit for applied biases between 100 mV andvards a steady-state val@@ which stage no electric field is
2.6 V. present in the bulk and large electric fields exist only near the
Figure 2 shows data in the rangec® <1 V. The decay contact3. The existence of a local maximum is significant.
profiles are very similar for all sets of data and the transienfAs is discussed in Sec. lll G 2, it is due to contributions to
lifetime is approximately constant in this range. The transienthe total current from both drift and diffusion components; in
response of the current is determined by the motion of theontrast, the steady-state current is due to diffusion only.
ions in response to the applied figlske Sec. Il G L There
is a gradual increase in the steady-state current as the applied
bias is raised, corresponding to an increase in the rate of o )
thermally assisted carrier injection. _Figure 4 shows the variation of the current at tifre0
Figure 3 shows data at higher applied biases. Electroni®ith applied bias for the sample measured in the previous
carrier injection becomes significant at biases in excess ofection. lonic charge transfer is a slow process and ions ac-
1.4 V, at which bias the current transient becomes structuregumulate slowly at the electrodes. Electronic carrier injection
There are several features of the profile that should be notedill not occur until a significant amount of charge has accu-
Initially, there is a decrease in current similar in form to thatmulated at the electrodes. When the external field is first
seen in Fig. Acorresponding to the accumulation of uncom- applied(and before the ions have movethe electronic cur-
pensated ionic Space Charge at the two e|ectbod'¢3'5 de- rent Sh0u|d be Slmllar to that seenin a deV-|C-e with no |0n$.
cay continues until a minimum is reached, at which pointThe steady-state current-voltage characteristics for a device
electronic chargeghole) injection begins. The current in- witho_ut ipns are shown in Fig. 5 and the _elgctronic current
creases to a maximum valgas the impedances of the con- density is seen to be very smaih fact it is less than

C. Ohmic behavior of the ionic current
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FIG. 3. Normalized data showing the transient response of the FIG. 5. Data showing steady-state current-voltage characteris-
current in the external circuit for applied biases in the rang@/1 tics for devices fabricated with differing ionic concentrations oper-
<2.6 V. Injection of holes into the polymer layer occurs at biasesating in forward bias. The curve for the device fabricated without
in excess of about 1.4 V. Data has been normalized to permit easi@ny added lithium triflate has been enlarged by a factor of 400 for
comparison of transient responses. clarity.
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0.0003 Am? at 1 V). This justifies our association of cur- 1
rent with ion motion. The linear response is modeled in
terms of ion drift(see Sec. Ill G L The solid line through

the data points is a numerical fit assuming no binding be-
tween the ions and an effective diffusivity for positive and
negative ions of 3 10 m? s, (This estimated diffusivity

is similar in magnitude to values quoted for other polymer
electrolytes that typically vary from 10%to 10 * m?s ! at
ambient temperatur¥. |t is somewhat below the values re-
ported for pure PEO at room temperature (0m?s?)
because phase separation between the two polymers in the
blend hinders ionic transport. lonic conductivities can be im- 10* L L L
proved significantly by using a surfactant to bind the conju- 1.8 2 22 24 2.6 2.8

gated polymer to the electrolytd). Figure 2 shows only a Applied voltage (V)

slight change in the transient profile as the applied bias is

increased. If a sizeable bmdmg energy existed between the FIG. 6. Data showing the variation in luminescence intensity
ions, we would expect to see a superlinear increase in initiavith applied bias. Note that light is detectable at biases lower than
current and an increase in the transient decay rate as tf@e optical gap of PP\2.4 eV).

applied bias was increased. Because this behavior is not ob- ) )

served, we conclude that the ions are effectively unbound fofmMission occurs at a bias equal to the optical gap of the

the range of concentrations used here. We note that depat@lymer. This was considered to provide evidence that elec-
tures from Ohmic behavior are observed when significanifoluminescence resulted from the radiative recombination of

binding exists between ior§. unbound electron-hole pairs. The data shown in Fig. 6 do not
support this model. We observe that our data are similar in
form to those presented by Yet al, but the lowest applied
bias at which light is detectable has been reduced to 2.0 V
(Yu et al. were unable to detect light at biases below 2)4 V
Figure 5 shows the steady-state current-voltage characteperhaps owing to the use of more sensitive detection equip-
istics for devices fabricated with differing ionic concentra- ment. The issue of the electroluminescence threshold is well
tions. The devices were prebiased for approximately 15 Studied for inorganic semiconductors. For example, the ob-
before making each measurement, and the applied bias wagrvation of emission at voltages lower than the forbidden
incremented in steps of 0.1 V. The characteristic decay timenergy gap is discussed by Ivey for the case of hiSere
for the ionic transient in these devices was no longer thafoo, detector sensitivity was identified as the origin of a per-

3s. o ceived threshold.
The current-voltage characteristics show a strong depen-

dence on the ionic concentration. The experimental curves
for x=0 (<10 cm 3 and x=0.01 (138 cm™3) indicate

the current flow to be heavily restricted for these devices. In order to understand the range of measurements pre-
However, ionic effects do become noticeable when the consented in Sec. Il and many of the results reported in the
centration is raised to #®cm3; at any given applied bias, literature, we have formulated an electrodynamic model. De-
the curve forx=0.1 (10° cm 3 shows a much larger vice behavior follows directly from the Coulombic interac-
steady-state current than devices with lower ionic concentraion of the ions, electrons, and holes. Materials capable of
tions. For devices with ionic concentration greater thansupporting motion of both electrons and ions are relatively
10?° cm 3, charge injection is greatly improved and the cur-uncommon, but the thermodynamic properties of such mixed
rent rises very sharply with applied bias. We discuss in Secs:onductors have been studied in detail by Wabhend

II1C 1 and Il C 2 the effects of ionic concentration on the Weppner®2

electronic injection characteristics.

Light intensity (arb. units)
S
]

D. Dependence of the current-voltage characteristics on the
concentration of ions in the polymer film

Ill. MODEL FOR DEVICE OPERATION

A. Assumptions of the model
E. Light-voltage characteristics of LEC devices

O _ The model is electrodynamic in nature and does not intro-
with high ionic concentrations

duce a binding energy between the ions and conjugated poly-
Figure 6 shows the variation in luminescence intensitymer. It is assumed that the electrodes are ionically blocking,
with applied bias for an LEC fabricated with an ionic con- and that the ions are not discharged at the electrodes. The
centration of 18° cm 3 (x=1). Light is detectable at biases ions, electrons, and holes interact only through Coulombic
as low as 2.0 V. Since this is below the optical gap of PPVforces, and the transport of charge carriers is due to drift and
(2.4 eV) and therefore well below the free-energy differencediffusion. The contact interfaces between the electrodes and
for electrons and holes, we consider that it arises from radiathe polymer are treated as ide@ny oxide layers existing at
tive recombination of injected holes with thermally excited the interfaces are assumed to be sufficiently thin that they
electrons. We note that 2.0 V represents the detection limipose no additional barrier to electronic transpoin. addi-
for this experiment, set by the photomultiplier tube sensitiv-tion, we assign a single well-defined energy gap to the poly-
ity, and does not represent a real threshold for light emissiormer, although in a real polymer a distribution of conjugation
It has been suggested by tiall’ that the “onset” in light  lengths, and hence energy gaps, will exist.
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We consider here the case where the ions are free. At high 10°
ionic concentrations, however, ion-pair formation is ex-
pected when attractive interactions between anion and cation w
are significant. In other words, an equilibrium exists for the
processM X< M ™ +X ™. By the law of mass action, as the
concentration of salt is increased, the concentration of ion
pairs increases at the expense of free ions. The effect of
ion-pair formation is an overall reduction in the effective
density of ionic chargé This is undesirable in an LEC for
the reasons given in Sec. Il C 1. It also greatly complicates
an understanding of the ionic conductivity. lon-pair motion 10 em®
results in a transfer of mass but not of charge. This leads to 10° . . . ; .
a dgzparltfsure from Ohmic conduc_tlwty a_md to drag effects 0 50 100 150 200 250 300
on ions:® The tendency to form ion pairs depends on the
properties of the anion. It is preferable to select an aXion
that behaves as a weak Lewis ba%etherwise theX™ ion FIG. 7. Numerical simulations for the profiles of the electric
will have a tendency to form an ion pair with the complexedpotential in the vicinity of one electrode, calculated for devices with
M™. A simple study of the functional dependence of ionic different ionic concentrations. The LEC device thickness is 1000 A.
conductivity on salt concentration, has shown that aind
CF38037 are tota”y dissociated in PEO/po|yurethane net- 1. Effects of the ions in determining the distribution
works for ionic concentrations as high as?i6m 31116 of the electric field through the polymer film

Therefore, lithium triflate is a gOOd choice of salt in LEC The steady_state jonic Charge distributions can be deter-
devices. It has been suggested elsewHetteat a binding mined from Poisson’s equation and Boltzmann statistics that
energy of about 0.6 eV might exist between the oppositelftogether account for drift and diffusion effects. If a voltage is
charged ions. The experimental results presented in Sec. Il Spplied between the polymer and the electrode, it is possible
are consistent with a model in which the ions are predomito derive an analytical expression for the distribution of the
nantly dissociated(f significant phase separation exists be- steady-state electrical potential by imposing the boundary
tween the two polymers, local regions of high ionic chargeconditions thatb =V at the electrode anB=0 far from the
density may exist giving rise to enhanced binding electrode. This is the approach taken in Debyeksl
theory?®?” and is an acceptable approximation for a thick
device @>10um).

However, Debye-Hckel theory does not describe well
the potential distribution in a thin device. It is difficult to

For a device in open circuit, the average densityof  obtain an analytical solution using the real boundary condi-
electrong(or holes in the conductior(or valencg band of a  tions(d = — V/2 at one electrode antl = + V/2 at the other
semiconductor can be estimated using Boltzmann statisticand we therefore employed a numerical simulation using
The devices discussed in this paper were fabricated usingrift-diffusion and Poisson equations. This also allowed the
PPV with ITO and aluminium electrodes, as explained intime-dependent evolution of the charge distributions and
Sec. Il A. In this case, the barrier to hole injectigh is  electric field to be observed. The resolution of the simulation
about 0.2 eV(Ref. 29 and the barrier to electron injection was=+5 A.
de is about 1.0 eMas determined for example from mea-  Figure 7 shows the profile of the steady-state potential for
surements of the maximum photovoltage in Al/PPV/ITO an applied bias fol V determined numerically for a device
LED’s (Ref. 25]. An upper limit for N is provided by a of thickness 1000 A. We arbitrarily define the width of the
calculation that ignores the effects of ion dfift which case potential barrier at a temperatufe(taken to be room tem-
the electric field is uniform across the entire polymer film perature in this studyto be the distance over which the
Taking 6e=1 eV andsh=0.2 eV, we calculate the average potential falls to a valuéT/e. At an ionic concentration of
density of electronic carriers in the polymer film to be very 10'8 cm™3, an almost constant electric field extends through
much smaller than #6cm™3. This compares with average the bulk of the polymer, and the presence of the ions has
ionic densities in excess of 3cm™® found in a typical only a small effect. At a concentration of $&m3, the
LEC. The assumption that the polymer layer contains mangffect of the ions is stronger, but the electric field still ex-
more ions than electrons and holes is therefore valid. tends more than 300 A into the polymer bulk. At a concen-
tration of 13° cm™3, the electric field extends abo®i A into
the polymer bulk.

The model does not allow for the finite volume of the
ionic charges and when the calculated width of the field is
less than the ionic radius, the excess ionic charge will in

We discuss here the roles of the ions and the injectedeality be confined to a monolayer. The ionic charge in the
electrons and holes in determining the characteristics of themonolayer is compensated by electronic charge on the elec-
interfaces. We discuss how the ions account for low interfatrode. A double-layer is formed and from simple electrostat-
cial impedances, and how these impedances are furthés the potential differencA¢ between the electrode and the
modified by the injected charge carriers. polymer bulk is given by

-
<.

10" cm™

Potential (V)

-
<,
[
1

Distance ()

B. Density of intrinsic electronic carriers at biases
below the threshold for electronic carrier injection

C. Roles of the ions, electrons, and holes in determining
the characteristics of the electrode-polymer interfaces
in LEC devices



12 956 deMELLO, TESSLER, GRAHAM, AND FRIEND 57

is present is reduced to about 5 A. From Fig. 8, the cathodic
interface can then support electron current densities in excess
of 10°Am~2

The results of this analysis match the experimental results
shown in Fig. 5. Carrier injection is somewhat improved for
ionic densities in excess of 1cm 3, and is hugely en-
hanced for carrier concentrations in excess o 4on 3.

In addition to the current flowing from the metal into the
semiconductor, a diffusion current will also flow from the
semiconductor to the metaBackdiffusionis a well-known
phenomenon in inorganic semiconductor device physics, the
net effect of which is to increase the contact resistahdée
0 10 20 30 40 backflow current is highest for semiconductors with low
electronic mobility. Recently, the importance of backdiffu-
sion in organic semiconductor devicegspecifically

FIG. 8. The tunnelling current through a triangular barrier, cal-A/MEH-PPV/ITO LED's) has been demonstrated by Davids
culated according to Fowler-Nordheim theory, E2). The results €t @l They show that quasiequilibrium can be assumed to
for barrier heights of 0.2, 1, and 2 eV are shown. exist across the interfacial barriers, owing to the low mobil-

ity of charge carriers in these polymers. That is, the current is
Fion® Iimited_by the fi_nite mo_bilit_ies of carriers in t_he_ polym_er bl_JIk
Ab=——, (1) rendering the interfacial impedances negligible. This situa-
Eo8r tion is modified somewhat by the injected electronic charge
wherer,,, is the ionic radius andr is the surface-charge as we discuss in Sec. Ill C 3.
density. In the case of lithium ions, the ionic radius is ap- o _ o o
proximately 0.68 A and therefore a maximum surface-charge 3. Modification of the interfacial impedances by the injected

Current density (Am?)

Distance (A)

density of about kK10 m™2 can be attained. A single electrons and holes
monolayer can therefore support a maximum possible poten- |n Secs. Il C 1 and Il C 2 we discussed how the accu-
tial difference of about 90 V ik, =1. mulation of uncompensated ionic space charge at the elec-

S . . trodes modifies the widths of the interfacial barriers permit-
2. Charge injection from the electrodes into the polymer film  ting easy injection of electronic carriers into the polymer

We model the current across the interfacial barriers usindm- The injection of these electronic carriers causes a fur-
Fowler-Nordheim theory® For wide barrier widths, other ther modification of the interfacial impedances as we discuss
models (for example the Onsager modekhich take into ~ below. _ _ _ _
account scattering of the injected carriers by the lattice are The contacts determine the effective density of carriers
more appropriaté’ However, these considerations do notSupplied by each electrode. An upper limit for the carrier
apply when the barrier width is smaller than a characteristi@ensities at the electrodes is imposed by the density of ionic
hopping length. We assume that injection of charge carrier§harge. We have assumed throughout that the density of
occurs into a well-defined energy state. ionic carriers is far higher than the density of electronic car-

The current is only weakly sensitive to the shape of theiers. Under this assumption, the interfacial barriers are very
barrief® and a good estimate of the current dengityan be  thin and charge can easily be injected from the electrodes
obtained by assuming injection into the conduction bandnto the polymer film. However, the density of electronic

through a triangular barrier for which we can write charge must necessarily remain lower than the density of
ionic charge. The narrowing of the interfacial barriers relies

. AE? T " on the existence of uncompensated space charge near the
J=a—7 EXF{ ~ 3y (2em)TH(AE)X|. (2)  electrodes: positive charge near to the cathode and negative
charge near to the anode. When the density of electronic
Here,e is the electronic chargen* is the effective mass of charge approaches the density of ions, these regions of un-
the electron in the polymegvhich we take to be equal to the compensated space charge are removed; the electric field is
free electron magsAE is the height of the barrier ardlis  therefore redistributed away from the interfacial regions,
its width. « is a proportionality-constant which is about widening the interfacial barriers and discouraging further in-
10° A m?V 2 for a typical metallic electrod® jection of electronic charge. This feedback mechanism be-
Fowler-Nordheim theory is used to calculate the electween the density of injected charge and the interfacial im-
tronic current-density as a function of barrier-width in Fig. 8. pedances imposes an upper limit on the effective density of
Again, we consider an AlI/PPV/ITO device of thickness 1000carriers supplied by each electrode. We consider this to be
A. The barrier to electron injection is the larger of the two limited to no more than a few percent of the average ionic
barriers and is approximately 1 eV. From Fig. 8, it is cleardensity.
that the electron current densities in the devices with ion A lower limit on the density of electronic charge in an
concentrations of 8 and 16° cm 2 will be heavily re- operational LEC can be obtained using the observation by
stricted (<100 A m ?) and these devices will be inefficient Dick et al. of photoluminescencéPL) quenching in opera-
as EL diodes. When the ionic current density is increasedional planar devices of thickness 16n and with ionic den-
to 107° cm3, the width of the region where an electric field sity 10?* cm3.*3  PL quenching occurs as a result of exci-
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Distance energy difference between positive and negative charge car-
»»»»»»»» o T riers isE. Other variables are defined in Fig. 9. We note that
SL \ ApP=[V -V ]2 oe+ 6h=E, 3
sl i T oe’'+6h'=E. (4)
s,hT \ The potential difference\ $°® between the cathode and
v E the anode is equal to the difference between the applied bias
l \ """"""" o V and the open-circuit voltag®j,.:
..... \-
T an AGP=V Vo, (5)
QSI Ageb=[V -VOC]/Z\ T’ However,
[P
=)
=y X V.=75e — 5e, 6
Cathode Anode oc ( )
so that
FIG. 9. A schematic band diagram for an LEC with a high
density of ionic charge>10?° cm™%). The applied bias is insuffi- A ¢p=V+ Se— de’. )

cient for the injection of electronic carriers.

The potential barriers at the two electrodes are symmetric;
ton migration to a quenching site, which in this case will beth€ir shape depends only on the applied bias and the concen-
a nearby electron or hole. Estimates of the diffusion range offation of ionic charge. The difference in potecrgt_lal between
excitons in PPV range from 80 to 130 (Refs. 34 and 3pb the cathode and thci bulk of the polymer filmp“® is there-
from which we expect quenching effects to become apparerffre one half ofA ¢
when the density of polarons is greater than’ifn 3. Adb=1A %= 11V Se— S’ 8
(It is interesting to note that the ionic charges do not behave .¢ 2 (/) al _ I ® _
as quenching sites for the excitons, even though they argence, the difference in potentidle between the Fermi
predominantly dissociated in the polymer fifth.Using level of the cathode and the edge of the conduction band in
an integrating sphere measurem&nje have found the ex- the bulk of the polymer film is
ternal PL quantum efficiency to be unaffected by the pres- Ao e A g 9
ence of ions. The quantum efficiency for a 1000-A film con- e=de-Ad~, ©)
taining no ions prepared from a 1:(by weigh) blend
of PEO and poly2-methoxy-5¢2'-ethyl)-hexyloxy-
p-phenylenevinylene(MEH-PPV) was measured to be 8%.  ysing Eq.(4), we can then write
This efficiency was unchanged in films with ionic densities

Ae=1[ e+ de'—V]. (10)

of 10t ecm™3) Ae=3[E+ se—sh'—V], (11
From consideration of the PL quenching and the feedback
mechanism described above, we estimate that the density of Ah=31[E— de+ sh’' —V]. (12

electrons and holes supplied by the contacts is somewhe
between 18 and 16°cm 3 in the devices fabricated by
Dick et al. For the devices reported in this pageshich have
smaller ionic concentrations of cm™3), the upper limit
on the electronic concentration is aboutd.em3, Vinreshoi™ E + e— dh’ = de+ e’ (13

The injection of electronic charge without thermal assistance
is possible only when one of these expressions becomes
negative:

(threshold for electron injection ife<<sh’),
D. Calculation of the threshold-biases for the injection
of electronic carriers from the electrodes into the bulk Vinreshold™ E— de+ sh’ = dh+ sh’ 14

of the polymer film (threshold for hole injection ife>sh’).

In Sec. Il C, we considered tunnelling of electrons and If the barrier heights to electron and hole injection are of
holes through thin interfacial barriers into the bulk of the equal magnitude, injection of both carrier types will occur at
polymer film. The relative positions of the Fermi levels of a bias equal t&. If, however,de+ sh’, then the injection of
the electrodes and the energy levels of the polymer are alsslectrons and holes will begin at different biases. Suppose
important in controlling charge injection into the polymer. the barrier to hole injection is smaller. In this case, hole
We consider here the existence of threshold biases, abowejection will begin at a bias, somewhat lower thEngiven
which charge injection is possible. by Eq. (14). The polymer will therefore acquire a net posi-

Figure 9 is a schematic representation of a device with ative charge which discourages further injection of holes. The
ionic concentration=10?° cm™~3 subject to a subthreshold Fermi level of the anode is therefore effectively pinned to the
applied biasV. Below the threshold for electronic-carrier valence band of the polymer until electron injection begins.
injection, the electric field is equal at each electrode. Suptn order to satisfy the boundary conditions, a greater fraction
pose the barrier to electron injection at the cathodgeisthe  of the internal field must be dropped near the cathode than
barrier to hole injection at the anode &', and the free- the anode. The threshold for injection of the second carrier
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type should coincide with the band gap of the polyreer  neutrality in the bulk. The steady-state currgpts related to
Double injection is only observed at biases in excesk.of nﬂ, the diffusivity of the holedD,,, and the device thickness
We will consider the unipolar and bipolar regimes in greaterd by
detail in Secs. lll F1 and Il F 2.

For the AI/PPV/ITO devices fabricated in the present Dpn?
study appropriate values a#e=1eV, sh'=0.2eV, and in=-— q (15
E=2.4 eV. Hence, we expect hole injection to occur first at
a bias equal to 1.6 V Electron injection will follow at a bias Here, we have ignored the effects of the interfaces that typi-
above 2.4 V. E_xpgnmentally, the hole _curre.nt become_s Coméally account for less than one percent of the total device
parable to the ionic current at an applied bias of 1.4R4. thickness
3). This is slightly lower than the injection threshold for '
holes derived above; we attribute this to the distribution of
energy gaps in the polymer, thermally assisted hole injection,

and uncertainty in the barrier heights at the electrodes. At biases in excess of the band g&p injection of both
electrons and holes is possible. Charge transport still occurs

under the influence of diffusion only, but there now exists

the possibility of electron-hole recombination. Ignoring the

thicknesses of the interfacial regions, the steady-state elec-
A characteristic feature reported for many LEC devicestronic charge distributions,, and n, are governed by the

is an absence of rectificatiof. This follows naturally in coupled second-order differential equations:

our model, from the observation that Eq$3) and (14) are

symmetric in primed and unprimed variables. Since these DoV 2ne= KenNeNh— Kern?, (16)

variables are characteristics of the cathode and anode mate-

rials, respectively, interchanging the electrodes does not alter

the device thresholds.

2. Bipolar injection regime i (local neutrality holds)

E. Symmetry in the current-voltage characteristics
in forward and reverse bias

thinh:kehnenh_kehniz, (17

where D, and D, refer to the diffusivities of the charge
F. Device operation in steady state carriers,n; refers to the thermal generation of electron-hole
We calculate here the distributions of electrons and hole§airs, andkey, is the rate constant for electron-hole recombi-
in the p0|ymer film under conditions of constant app“ed nation. This is different from the form used by Riess and
bias. Device operation is considered in both the unipolar reCaher®*°who have recently reported a model for the bipo-

gime and the bipolar regime. lar injection regime. They assunkgnenp=kepn?Z, which is
only true when current-induced recombination is negligible
1. Unipolar injection regime in comparison with thermal recombination. This is certainly

di d th . ¢ inol not the case in an operational LEC, since the light output is
In Seg. .”I D We discusse t e eXIs'gence of-a unipoiarg, higher than the thermdblackbody radiation for an ob-
change injection regime at applied biases in the rang?ect at the temperature of the deviag, can be eliminated

Vinreshoid~ V< E. We will assume thash’< e and that the o5 Eqs (16) and (17) to yield the single second-order dif-
average density of ionic carriers greatly exceeds the avera Erential equation:

density of electrons and holes. In the unipolar regime, the
polymer acquires a positive charge and therefore its potential

0
is raised relative to the anode. Positive charge will accumu- 2n :@ n2— Kenh N+ KenMn [D n%+D nd] X
late in the polymer until the Fermi level of the anode and the XD, D, " DD, M Telelg
valence band of the polymer are aligned. Because charge K
neutrality is maintained in the bulk, the excess charge must _—eh 2 (18)
. [
be stored at each interface. We can therefore roughly model Dn

the device as two parallel plate capacitors, each with a plate

spacing of several angstroms. Owing to the pinning of thevhered is the device width and we have also used the
Fermi level of the anode to the valence band of the polymerboundary conditionsnp|y_g=nelx—o=0, Nulx_o=np, and
the potential difference across the anodic interface is equal te|x— 4= ng.

sh' and the potential difference across the cathodic interface In order to simplify the equation, we defime= ng/nﬂ and

is equal toV+de—E. If the steady-state hole current b=D./D,,. We also make the change of variableg
through the device is also known, it is possible to determine=n,,/n?, u,=n./nd, and y=(1+ab)(x/d)—1. Equation

the average density of holes in the device. (18) then reduces to Eq19):

We consider a device in a steady state for which the elec-
tric field will be sizeable only at the interfac€Sec. Il C J). K hdzno n2
Owing to the absence of an electric field in the bulk of the V§Uh=e—hz up(up+y)—b +2
device, the injected holes will move under the influence of Dyb(1+ab) (Np)

diffusion only. From Fick’s law we therefore expect a linear

drop in hole concentration across the device from a value of (—1<y<ab). (19
np near the anode to a value of zero at the cathode. Note that

the ions redistribute themselves in order to maintain charg&imilarly,
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2 kehdznﬂ ni2 m 1.0 T T T T T —410°

Vyuezw—+at))2 ue(abue—y) -b (—ng? ‘§ u, uu, u, %
B 08f s 9
@ 1310° 3
(—1<y<ab). (20 = g
E 06} 8
We estimate a density of thermally generated charge car-2 1510° g‘
riers of order 16 m™2 in PPV at room temperature. This is :>’. 0.4 o
clearly very much smaller than the carrier densities at thed i §.,
electrodes, and we therefore neglect the second term in thg Ji108 ®
square brackets. 5 02F @g
The ratio k.,/D, can be estimated using Langevin & ==

theory* O 4o . . \ 0

-1 0 ab

Ken e? y (reduced units)
= . (21)
Dn(1+b) KkTereq FIG. 10. Electronic charge distributions in a device of width

1000 A that is operating in the bipolar charge injection regime; we

Hence Egs(19) and(20) can be rewritten:
gs(19 (20 have assumed=1, b=0.25, anch®= 10'8 cm3. The distributions

(ed)znﬂ 1+b are calculated from numerical solutions to E(22) and(23). The
2 X ) L
yun= 5 Un(Up+Y)=KoUup(Un+Y), spatial proflle_ of the recombmatlo_n _ra(as caIcuIaFed from the
kTe,eg| b(1+ab) productucuy,) is also shown. The axis is expressed in the reduced
(22 coordinates ofy for which —1<y<ab. For ky>100, the normal-
5.0 ized recombination profile is usually Gaussian in shape to a very
2, — (ed)*ny, 1+b Us(abu,—y) good approximation. Deviations from Gaussian behavior are ex-
y-e kTe,eq b(1+ab)2 e ™Y pected only if the recombination zone is situated very close to one
of the electrodesAy=ab); this will occur if there is a large mis-
=koUe(abu.—y), (23 match between either the electron and hole mobilities or the density

wherek, is defined implicitly. The physical meaning of the of carriers at the wo supplying electrodes.

uantity ky is complicated; it is related to the probability of . _
d yXo P P ty Sec. Il C 3, which are reasonable values and help to illus-

electron-hole capture, which we will show is effectively f1h | . f soluti
unity for values ok, greater than about 100. This means thattrate some of the general properties of solutions to E2.

the external EL efficiencies in LEC devices with laidggare and_(23); Ko is equ_al to 58.0.0 for these values. Th_e spatial
limited not by the capture probability, but rather by nonradi-Profiles of the carrier densitias, andu, are shown in Fig.
ative decay channels such as polaronic quenching of excit0- The productucuy,, which describes the profile of the
tons. [It is interesting to note that Eq$22) and (23), and  'ecombination zone, is also shown.

consequently the steady-state charge distributions, are inde- FOF values ofk, greater than about 100, the shape of the
pendent of the absolute diffusivities of the electrons and&combination profileueuy, is well described by a Gaussian
holes; only the relative diffusivities of the charge carriers ardunction, Eq.(25); the least-squares correlation coefficient is
important. This is a consequence of using the Langevin reyPically better than 0.9995. Equatiofi25)—(27) provide a

lation between diffusivities and the capture rate for electron§Onvenient empirical means of calculating the solutions to
and holes, Egs.(22) and(23) without the need to repeat the numerical

Equations(22) and (23 are nonlinear, and we were un- analysis described_above. '_I'hese equations may be u_sed di-
able to find an analytical solution. We solved the equatio €Ctly when extracting physical parameters from experimen-
numerically using a deferred correction technique and New!@! data:
ton iteration. The profile of the emitted light can be deter- )
mined from the product of, andn.. Note thaty is a re- Uglp =& ex -y (25)
duced spatial coordinate, selected so that the recombination evh 207"
zone is always centered pt=0. The locatiornx, of the cen- . _ _
ter of the recombination zone in real spatial coordinates folo and¢ are found to obey the empirical relations defined by
lows from the definition ofy and is given by Egs. (26) and (27), respectively. The area underneath the

profile of uguy, is liabkg.
d

Xo= . (24) 1
1+ab o=1.36(k—1,—), (26)
0

Xg IS sensitive to both the relative mobilities of carriers in the
polymer and the relative density of carriers supplied by the
electrodes. For example, an increase in either the density of £=023 1 27)
carriers supplied by the cathode or the diffusion coefficient M abiP)’
of the electrons would move the recombination zone closer
to the anode.

A typical device of width 1000 A is considered in Fig. 10. ot=

. (28
We have assumed=1, b=0.25, andn}=10' cm~® (see 27

1
abk,

5~



deMELLO, TESSLER, GRAHAM, AND FRIEND

Cathode
1.0

o
»
T

Electrons

L L 1
o o o
FS o o

.
2
-
1
o
n

57

of 10'® cm 3 at the two supplying electrodes, and equal mo-
bilities for electrons and holes. Under these assumptions, re-

combination occurs in the center of the device. Emission
occurs throughout the bulk of the 1000-A film. In the At
device the recombination zone is reduced to a thin strip in
the center. Experimental measurements on planar LEC de-
vices have verified this to be the caSeThis emission zone
has been interpreted by Pet al. as the intersection of
chemicallyn- and p-doped polymer forming anit situ pn
junction.” Implicit in the description of thgn junction un-

der forward bias is the presence of a high electric field in this
recombination zone. We stress that in our model, the electric

o
N
T
’
~

-

field is zero in the recombination zone.
We mention here the results of an optical beam induced
current(OBIC) measurement by Dickt al. that have been
used as evidence for the existence gfrajunction In this
experiment, a planar device of width 20n and approximate

i i iti -3 . . .
The calculation assumes carrier densities o't ™* at the two  gpplied to the device at room temperature until steady state
supplying electrodes and equal mobilities for electrons and holesy5q peen achieved. The device was then cooled down to a

The width of the recombination zone as a fraction of the total de'temperature of 250 K, at which temperature the ions are
essentially immobile. Having frozen in the ionic distribution,

the applied bias was removed. A focused excitation source
was scanned across the device and the maximum photovolt-
age was measured as a function of the position of the exci-
tation. The spatial resolution was limited by a beamwidth of
approximately lum. The measured photovoltage was largest
in the approximate centre of the device corresponding to the
existence of a large electric field thé¥eDick et al. argued
that this confirmed the existence of mn junction in the

(*n’n-)
a|ijoid UoneuIquoIal pazijewloN

Carrier density (normalized units)

aes’) =17 M T“pee. ‘:'~- 0.0
0.40 0.60 0.80 1.0
Normalized distance

0.0
0.0 0.20

FIG. 11. Comparison of the spatial profileswf, u,,, anduguy,

vice width is very much smaller for the thicker device. Thaxis is
normalized to the thickness of the device.

Using the definition ofy, we can relate the width of the
recombination zone as a fraction of the real device thicknes,

to o by

Ax Ay 20
d  (1+ab) (1+ab)’
(We note that deviations from Gaussian behavior arise if theenter of the device. However, direct comparisons between a

recombination zone is situated too close to one of the eleddevice treated in this way and an operational device may be
misleading. In the process of cooling the device there is a

(29

trodes = ab); this will occur if ky is small(less than 100
or if there is a large mismatch between either the electrothange in the distribution of electronic carriébecause the

and hole mobilities or the density of carriers at the two sup+elative mobility of electrons and holes changes with tem-
perature. Further ionic redistribution is therefore required to

plying electrodes. Equationf25), (26), and(27) are inappro-

priate in such cases, and it is necessary to numerically solvering the device into steady state again. However, owing to

Egs.(22) and(23) for the specific values of, b, andkg,. the falling ionic mobility, this process of ionic redistribution

Leakage currents are expected at the electrodes, and thel@comes slower as the temperature falls. If the sample is

fore the EL efficiency will be limited by the probability of cooled too rapidly it is possible tfreeze ina metastable
distribution of charge carriers in which the ions do not com-

electron-hole capturg.
Assumingk,>100 ando<ab, the steady-state current pensate completely for the electrons and holes. The situation
is further complicated by the removal of the applied bias,

through the device can be determined from E3f)), which

follows directly from the forms of the charge distributions following which action electrons and holes in the vicinity of
the recombination zone are able to recombine. The observed

electric field in the bulk of the device is caused by the un-

compensated ionic charge resulting from these two effects.

Limitations in resolution imposed by the wide beam-width

prevent the very thin electric fields at the two interfaces from

registering in the measurement.

shown in Fig. 10:
~ —Dynd(1+ab)
=g (30)
For ko>100 ando<ab, Vyuely—_1=0 andVyup|y—ap

=0, so there are no leakage fluxes of electrons and holes at S o )
the counter electrodes. In other words, all injected carriers 3 Bipolar injection regime ii (local neutrality does not hold)

recombine before they reach the opposite electrode. There- At high applied biases, the assumption of charge neutral-

fore the probability of electron-hole capture is unity, as men-ty in the bulk may break down, in which case charge trans-
port will occur under the influence of both drift and diffu-

tioned earlier.

From Eqs.(26) and (29), Ax/de1/kg %< 1/d*®, and there- sjon. This regime has been discussed both by $fnithd by
fore the width of the recombination zone as a fraction of theRiess and Caheif;*’ although the two treatments are based
total width of the polymer film decreases slowly with in- on different assumptions. We do not attempt a detailed
creasing values ol (for fixed values ofa, b, and nﬁ). For  analysis here, but make a few general comments concerning
example, in Fig. 11 we show the results for devices of thick-device operation under conditions of high carrier injection.

ness 1000 A and 1@m. We have assumed carrier densitiesAs the applied bias is raised above the band gap of the poly-
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mer, we expect the barriers to charge injection to increase in Suppose a bias in excess\if,esnoidiS applied to a device.
width. If this were not the case, a huge flux of injected car-The ions can only react slowly to the applied external field
riers would pass through the device, a phenomenon that iswing to their relatively low mobilities. Initially, the result-
not observed experimentally; the current density passingnt internal electric field is equal to the sum of the applied
through the device with an ionic concentration of%@n 3 external field and the original internal field. The field through
in Fig. 5 is approximately 300 A it at an applied bias of the bulk of the device is therefore initially uniform to a good
3.5 V. For biases just in excess of the band gap, a field-fre@pproximation.
region is still expected in the bulk of the device. As the Regime 1: (times less thanslas shown in Fig. 3). As
applied bias is raised further, a steady increase in the barriéfe ions drift towards the appropriate electrodes, the internal
widths and a consequent reduction in the width of the fieldfield is moved away from the bulk of the polymer towards
free region will occur. At sufficiently high biases, the field- the interfaces. The current in the external circuit is governed
free region will no longer exist. An electric field will now be entirely by this ionic redistribution and decreases in accor-
present through the entire thickness of the device. The actugiance with Eq(31).
bias at which the assumption of a field-free bulk breaks Regime 2: (times between about 1 and,as shown in
down is sensitive to several parameters: the concentration &fig. 3) The ionic redistribution causes a narrowing of the
the ions, the magnitude of the binding energy between posiarriers to electronic injection. This progressively reduces
tive and negative ions, the electrode materials, and the mdhe interfacial impedances and a hole current develops. As
bility of electrons and holes in the polymer. this occurs and the interfacial impedances are reduced, a
gradual increase in the hole current occgfg.2.6 V we also
expect a contribution from an electron currégnt.

Regime 3: (times between about 7 ands2fs shown in

In this section we consider the transient response of th€ig. 3). Because there is a nonzero electric field in the bulk
external current when a steady voltage is applied to the desf the device, holes move under the influence of both drift
vice. We examine again the response measured experimeand diffusion in this regime. The continuing redistribution of
tally in Sec. 1l B, and show that it is consistent with the ionic charge caused by the presence of the electric field in

G. Transient response of devices

model proposed here. the bulk of the polymer reduces the magnitude of this field
and therefore reduces the drift contribution to the electronic
1. Transient behavior in ion-only regime current. Numerical studies confirm that this process of reduc-

So far, we have only considered the steady-state behavi g the bulk electric field continues long after the interfacial
of the devices. Consider a device that has been in short Ci(?;arrlers have become negligibly thin. A smooth decay in the
cuit for a long period of time. When a voltageis applied external current is therefore observed as the electric field

across the electrodes, ionic charges flow until drift and dif-d€cays away to zero. bevond about 20 i
fusion currents match. Equilibrium is then reached and the Rgglme '4. (t|meﬁ d eyor;f about h)' i E\/lte_ntqa é’ :
net ionic current throughout the device is zero. In the regim%tea y state is reached. In this regime, the final ionic distri-

where very few electronic carriers are present in the polyme ution ensures that the electric field in the bulk of the device
film, we can relate the electronic current in the external cir-S 2€ro- No drift current is present and all charge transport
cuit to the motion of ions using Maxwell's fourth equation: occurs under the influence of diffusion. The external current

is entirely due to the flux of holes passing through the device
and is governed by Eq15) (Sec. Il F J).

Jex(D) =P 06 +]R (X,1) +&08, @’ (31) We consider the data shown in Fig. 3 provides direct evi-
dence for the model proposed here. It is difficult to rational-
ize the complex behavior of the transient current at the volt-

where jg(t) refers to the measured current density in theages shown in Fig. 3 in terms of alternative models.
external circuit,j? (x,t) refers to the positive iong,(x,t)

refers to the negative ions, amf(x,t) refers to the electric

field in the device. The temporal variation in the ionic fluxes IV. A COMPARISON OF LED’'S AND LEC'S

and the electric field can be determined numerically from
drift and diffusion equations if the mobilities of the ions are
known. Equation(31) then gives the transient in the external
circuit.

We have proposed a mechanism in which the accumula-
tion of ionic charge at the electrodes causes a redistribution
of the internal electric field. If the density of ionic charge is
sufficiently high ¢10?°cm™3), then the electric field is
negligible in the bulk of the device and very large at the
interfaces. In Fig. 12, we compare a conventional LED and
The form of the transient response shown in Fig. 3 isan LEC, just before the onset of electronic charge injection.
consistent with the model presented here. The transient culn this range, the density of electronic carriers is approxi-
rent in the rang®/resnois< V<E is determined by the inter- mately governed by Boltzmann statistics and is very much
play of the ions, the injected holes, the interfacial imped-smaller than 18 cm2 (Sec. Ill B). The LED therefore be-
ances and the electric field in the bulk of the device. All ofhaves like a parallel plate capacitor with a constant electric
these contributions to the external current are coupled tdfield extending throughout the device. In the LEC the inter-
gether. For convenience we divide the transient response agl electric field is divided equally between two narrow re-
drive voltages abov¥,.esnoiginto the four regimes described gions, one positioned at the cathode and the other at the
below. anode. Everywhere else in the device the electric field is

2. Transient behavior in unipolar regime
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LED LEC conventional LED. When the density of ionic charge is
higher than 18 cm™3, the barriers are only a few angstroms
in width and provide low impedance to the passage of
charge. The interfaces, therefore, behave Ohmically and the
\ choice of the electrode materials does not greatly affect de-
~500 A vice performance. A “turn on” in the current is predicted at
~_ biases somewhat lower than the optical band gap and sym-
metric current-voltage characteristics are anticipated. Unlike
1000 A 1000 A LED’s, EL efficiency in thick LEC’s is believed to be limited
mainly by the electron-hole capture probability and (R&)
FIG. 12. Schematic band diagrams showing an LED and argquantum yield of the luminescent polymer.
LEC (>10%° cm 3 weakly biased in the forward direction. The  Devices have been fabricated with varying densities of
LED resembles a capacitor with plate spacing of 1000 A. The LEGionic charge. The behavior of these devices is consistent with
resembles two capacitors in series each having a typical plate spathe model summarized above. The time dependence of the
ing of less than 10 A. current gives useful insight into the injection mechanism.
The transient characteristics are consistent with the existence
negl|g|b|e Clearly the barrier widths are very much Sma”erof free ions in the po'ymer f”n(]however, b|nd|ng may occur
in the LEC than in the LED. In an LEC, charge injection panveen ions at concentrations in excess 3P pen~3). Al-
OCcCurs as soon as sites lower in poter)tial than the Fermi 'ev%ough the presence of PEO inhibits electron transport, the
of one of the electrodes become available. In an LED, howseady-state electronic characteristics improve significantly
ever, the barriers are too thick for charge injection to ocCUys the jonic concentration is raised. The efficiency of the
when suitable sites first become available. Only at signifiyeyices fabricated with an ionic density of22@m~3 was

cantly higher biases are the barriers thin enough for signifiz,, ¢ 0.2%(external quantum efficiency in the forward di-
cant charge injection to occur. Hence typical operating Voltyection. In LED's fabricated with the same electrodes, the
ages for LED's are much higher than those for LEC's. measured efficiency was two orders of magnitude lower.
This is consistent with an improvement in the balance of
V. CONCLUSIONS injection rates for electrons and holes in an LEC compared

We have presented a model that can explain the majo\tf;’itlh an ordingry LED. Light emjssion is visible at biages
features of LEC behavior. The presence of ionic charge re2€low the c_thl_caI gap.of.the conjugated p°'.ymer: Perpelved
distributes the internal electric field towards the electrodesmreShOIOIS n I_|ght emission correspond to limitations in de-

The profile of the internal electric field is very sensitive to tector sensitivity.

the ionic concentration. In order for the presence of ions to
have a significant effect, the ionic density must be in excess
of 107° cm3. At significantly lower ionic concentrations, a ~ We thank J. Owen and P. Bartlett for valuable discussions

linear electric field extends through the whole device as in @nd J. J. M. Halls for his considerable help with this work.
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