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Origin of the enhanced space-charge-limited current in poly-phenylene vinylene)
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It is demonstrated that the enhancement of the space-charge-Ili@®if&gl hole current of polgp-phenylene
vinylene (PPV) derivatives at high bias at room temperature is due to the carrier density dependence of the
hole mobility. Contrary to numerous reports the dependence of the mobility on the electric field is only
observed at low temperatures. Analysis of the hole transport without taking into account the charge carrier
density dependence of the mobility leads to an incorrect charge carrier and electric field distributions in organic
light-emitting diodes.
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Since the discovery of electroluminescence in goly density. Consequently, the contributions of the charge carrier
phenylene vinylene (PPV), light-emitting diodes(LED’s) density and the electric field to the mobility cannot be disen-
made from m-conjugated polymers have been studiedtangled from a SCL current. For the understanding of the
extensivel\: It has been recognized that the charge transportharge transport in polymeric devices it is of fundamental
properties are of great importance for the operation and thamportance to know whether the current is governed by the
efficiency of polymer based LED’s. The current throughfield and/or the carrier density dependence of the mobility. In
polymer LED’s based on pol2-methoxy-5¢3’, 7'-  this work we demonstrate that the enhancement of the cur-
dimethyloctyloxy-p-phenylene vinylene(OC,C,-PPV) is  rent density in SCL diodes is dominated by the carrier den-
space-charge limite(6CL) and governed by a constant hole sity dependence of the hole mobility at room temperature
mobility (up,) of 5X107m?/V's at low bias voltages at and, in contrast to what has been assumed s ¥fanot by
room temperaturé At high bias voltages the field and tem- its field dependence. Analysis of the transport data without
perature dependence of the SCL current have been describtaking the density dependence @f into account leads to an

with an empirical law for the hole mobility: incorrect charge carrier and field distribution in organic SCL
diodes.
un(E,T) = un(0,Dexd W TVE], (1) The devices used in this study consist of {0g-PPV as

the active semiconductor in a hole-only diode and in a field-

with u,(0,T) the hole mobility at zero field ang(T) the  effect transistor(FET). The field-effect structure has been
field activation factor, which reflects the lowering of the hop-described previoush# In the hole-only diode OgZ,-PPV
ping barriers in the direction of the applied electric field. is sandwiched between an indium tin oxid€O) anode and
Introduced to explain the charge transport in @¢-PPVS  a gold (Au) cathode. In Fig. 1 the current density-voltage
the concept of a SCL current and a field- and temperatureldJ—V) measurements for hole-only diodes are shown for
dependent mobility has been extensively applied to transportarious temperatures. At room temperature the SCL current
measurements on organic semiconductors. For instance, ificreases quadratically with the applied field up to an applied
has been used to analyze the charge carrier mobility of varbias of 1 V. In this bias range the hole mobility is indepen-
ous PPV derivative$? the current and transient transport in
various PPV and polyfluorene derivativesas well as the
electron transport in diodes based on small molecules of
tris(8-hydroxyquinolatgaluminum® Furthermore, the field-
dependent mobilitfEq. (1)] has also been incorporated in
numerical simulations to model the current-voltage charac-
teristics and the transients of PPV-based LED'S.

In a recent study the dependence of the hole mobiljty
on the carrier density in OC,,-PPV has been investigated
by a combined study on polymeric diodes and field-effect
transistors? It has been demonstrated that the hole mobility
of OC,C,o-PPV is constant for charge carrier densities typi- 10°Le -
cally <1072 m~3 and increases with a power law with density 0.1 1 10
for carrier densities>10?> m™3. In the analysis of charge
transport properties of polymeric SCL devices such depen- FIG. 1. Temperature-dependent current density vs voltage char-
dence has not yet been taken into account. In a space-charggteristics of OGC;,-PPV hole-only diode. The solid lines repre-
limited device an increase of the applied bias gives rise to @ent the prediction from the SCL model including the density-
simultaneous increase of the electric field and charge carriatependent mobilitfEq. (2)].
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dent on both electric field and charge carrier density and
amounts to 5 1071t m?/V s. However, at high bias the cur-
rent density increases more than quadratically with the ap-
plied bias. This enhancement is the more pronounced the
lower the temperature.

Recently, the dependence of the mobility on the charge
carrier density has been obtained from the transfer character-
istics of OGC, PPV based field-effect transistqRET’s).*?

The experimental field-effect mobilityrer is directly calcu-
lated by differentiating the channel currdgtwith respect to

the gate voltag®,. The field-effect mobility increases super-
linearly with the charge carrier density. The dependence has
been quantitatively interpreted using a hopping percolation
model in an exponential density of stat€0S),*3 which is a
good approximation of the tail states of the Gaussian BOS.
Unification of the diode and field-effect measurements shows
that the dependence of the hole mobility on charge carrier

density is given by
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where uy,(0,T) is the hole mobility at low densities obtained (b)
from the quadratic SCL currentry is a prefactor for the
conductivity, @ is the effective overlap parameter between FIG. 2. (a), (b) Temperature-dependent mobiliy,(p,T) vs
localized statesT is a measure of the width of the exponen- hole density for O@C;-PPV. The solid lines are the calculated
tial density of states, anB, is the critical number for the un(p,T) using Eq.(2) with the parameters mentioned in the text.
onset of percolation. The parameters, o, and T, are
obtained .frc.)m the temperature dependence of the_ tr.ansfer J=p(X)eup()]EX), (3)
characteristics of the FET. These transfer characteristics are
consistently described by a single set of values, nanigly,
=540 K, 05=3.1X 10" S/m, a"1=0.14 nm, and3,=2.81? It £08, dE(X)
should be noted that this unification is only possible for — =
highly disordered polymers as QC,-PPV, in which the
charge transport is isotroplé For more ordered PPV deriva-
tives with higher field-effect mobilities the transport is aniso-with p(x) the density of holes at positian By numerically
tropic and unification is not possiblé.In Fig. 2a) the ex-  solving Egs.(2)—«4) the J-V characteristics are obtained, as
perimental mobility(symbolg and the dependence of the shown in Fig. 1 by the solid lines. Figure 1 shows that at
mobility on charge carrier density calculated using E). T=275 K andT=293 K the calculated SCL current density
(solid lineg are presented for various temperatures and carfor OC,C,,-PPV at high fields using Eq§2)—<4) is in good
rier densities in the range of X310°° to 3x10?® m™3 for ~ agreement with the experimental current densities. Surpris-
OC,C,PPV. A good agreement between experimental andngly, a possible field dependencef, which has been used
calculated mobilities is obtained. This experimentally deter-as an explanation for the SCL current enhancement at high
mined mobility dependence on carrier density now enablesias so fag*!is not required to describe the experimental
us to disentangle the contributions of the electric field andl—V characteristics. Therefore, the field enhancement of the
the carrier density to the enhancement of the SCL current anobility at room temperature is only a minor effect. As an
high bias. upper limit we estimated that(T) at room temperature is at
As a first step the SCL current is calculated using only thdeast more than an order of magnitude lower than previously
density-dependent mobility as given by Ef). In these cal- reported valued.Furthermore, from Fig. 1 it appears that at
culations any field dependence of the mobility is disregardectemperatures lower thah=275 K the carrier density depen-
It should be noted that the density dependence of the mobidence of the mobility alone does not explain the observed
ity as given by Eq(2) does not contain a fit parameter; the increase of the SCLC. Apparently, at low temperatures the
mobility at low density directly follows from the quadratic field dependence of the mobility becomes important. At
part of theJ—V characteristics, whereas the power-law de-present, there is no theoretical model available describing the
pendence at high carrier densities is independently measuréigld activation at both low and high carrier densities. Con-
in the FET. The SCL current is now calculated by combiningsequently, at low temperatures where both field and density
Eq. (2) with dependence play a role tlie-V characteristics cannot yet be

p(x), (4)

e dx
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related to microscopic transport parameters as a density of 4x107 - - T -
states or an average transport site spacing.

The experimental mobility versus density plot of Figa)2
exhibits a gap at the 28-10?> m™3 density range. This den-
sity range is not accessible by FET measurements since it
would require very small gate voltages, resulting in channel
currents bglow the measurement accuracy. The LED data at < T E)
voltages higher than 1 \(carrier densities>3x 107t m™3) o'l /e - uefeT) ]
were not used since the carrier density dependencg,of e SCLC
cannot be discriminated from the field dependenceugf 3
However, the observed dominance of the density dependence 0 50 00 150 200 250
of the mobility on the SCL current 8t> 255 K now enables L (nm)
us to determine the mobility-density relation directly from
the J-V characteristics over the full voltage range. By com-  FIG. 3. Calculated distribution of the electric fieE(x) in
parison with numerical simulations, we obtained that theOC,C,-PPV diode biased at 5V af=295 K: the distribution
SCL current, with a density dependent mobility according toE(X)=(2Jx/ z¢e,un)*2 for a constant mobilitydotted ling; the dis-

Eg. (2) through a device with thickneds can be accurately tribution for a field-dependent mobilityfEq. (1)] using y=5
approximated by X 1074 (m/V)¥2 (solid line); the distribution for a charge carrier

density dependent mobilityeq. (2)] (dashed ling

3x10°

E (V/m)

2x107

J=0.82Payith(Pav) Eav: ®) Since the current through the device is position independent
. _ o . . the field close to the injecting contact will be increased,
with Eq=V/L, pay the average density in the device given by hareas the field at the collecting contact will be decreased,
Pav=1.Seoe,V/eL"),™ and un(pa,) the mobility at density a5 shown in Fig. 3solid line). However, for a mobility that
Pav- FOr an experimental -V characteristics,, andpay, €an  is dominated by the carrier density the mobility will be large
be directly calculated for any applied voltageand from the  ¢jose to the injecting contact, where the charge carrier den-
correspondingl the mobility u,, follows directly from Eq. sity is largest, and low at the collecting contact. Conse-
(5). We tested this approximation by using the numericallyquently, the field will be enhanced at the collecting contact
simulatedJ—V characteristics, withu,(p, T) from Eq.(2), as  and reduced at the injecting contact, in contrast to the field
input for the above-mentioned procedure. The resultinglependent caséig. 3, dashed line Figure 3 shows that the
ualpPay) relation followed the analyticau,(p,T) relation  electric field distribution in a polymeric SCL diode is
[Eq. ()] within a few percent. After this confirmation, the Strongly dependent on the microscopic origin for the mobil-
procedure has been used to extract the mobility/density reldty enhancement. In the present device models describing the
tion directly from the experimental-V curves(Fig. 1) at  €lectrical characteristics of polymer LED's only a field-
T=275 K and 293 K. The result is shown in Figlbpto- ~ dependent mobility has been incorporatelt. The domi-
gether with the transistor data. The experimental SCLC an§@nce of the carrier density dependent mobility at room tem-
FET mobilities adjust very well and now nearly cover the perature will clearly modify the reported field- and carrier

whole density range. As a result the combinatiod-e¥ and distriputipns. At low temperatures the distribution of the
%Iectnc field become closer to earlier reported model calcu-

field-effect measurements prov?des a consistent d.esgriptiolations because the field dependence becomes more impor-
of the mobility-density relation in Of,PPV, and is in- o “rhicis due to the fact that at low temperatures the

deed well described by Eq2) as previously assumed. In . dh b iahbori ; |
fact, since the onset of the power law is already clearly vis—aCt'V&lte Ops between neighboring sites are strongly sup-

ible from the SCLC measurement, the complete currenpr(:"ss.ed gnd limit the charge transport. The appllcanon O.f an
. ; .~ electric field leads to a reduction of these dominant barriers

transport in a FET can be predicted from the hole-only diod ; : o o
or the charge transport in the field direction, resulting in a

measurements. The same analysis has been applied to Ot%(t:’rrong field dependence.

disordered polymers and similar consistent mobility-density In conclusion, we have demonstrated that the space-

dependencies have been found. T . . .
The fundamental question whether the increase of the moqharge—hmlted current in devices based on the conjugated

bility in a SCL device is dominated by either the carrier polymer OGCy;-PPV is governed by the dependence of the

. ST . hole mobility on electric field and charge carrier density. At
density or the electric field is relevant for the operation ofroom temperature the charae carrier density dependence of
light-emitting diodes. In Fig. 3 the distribution of the electric nper . g Yy dep
. . ; L the mobility is dominant, in contrast to earlier reported re-
field E(x) as a function of distance from the ITO injecting | hil | he field d d f th
anode is plotted in a single carrier SCL diode. For a consta ults, while at low temperatures the field dependence of the

mobility the electric field varies with position aE(x) obility must be considered. Omission of the density depen-
y 172 . P . dence leads to an underestimation of the field at the collect-
=(2Ix/ gge, )~ (dotted ling, and the hole concentration

) i . ing contact.
with p=x~2, For a mobility that only depends on the elec-
tric field [Eq. (1)] the charge carriers close to the injection  We thank H. F. M. SchogTNO) for supplying the PPV
contact will experience a low field. The charge carriers closeaand Minte Mulder(RUG) for technical support. This work
to the Au noninjecting cathode on the other hand will expe-is part of the research programme of the Dutch Polymer
rience a high field with resulting field-enhanced mobility. Institute.
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