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Al/Cs/MDMO-PPV/ITO „where MDMO-PPV stands for poly@2-methoxy-5-(38-78-dimethyloctyloxy!-1,4-
phenylene vinylene# and ITO is indium tin oxide… light-emitting diode~LED! structures, made by physical
vapor deposition of Cs on the emissive polymer layer, have been characterized by electroluminescence,
current-voltage, and admittance spectroscopy. Deposition of Cs is found to improve the balance between
electron and hole currents, enhancing the external electroluminescence efficiency from 0.01 cd A21 for the bare
Al cathode to a maximum of 1.3 cd A21 for a Cs coverage of only 1.531014 atoms/cm2. By combiningI -V
and admittance spectra with model calculations, in which Cs diffusion profiles are explicitly taken into account,
this effect could be attributed to a potential drop at the cathode interface due to a Cs-induced electron donor
level 0.61 eV below the lowest unoccupied molecular orbital. In addition, the admittance spectra in the
hole-dominated regime are shown to result from space-charge-limited conduction combined with charge re-
laxation in trap levels. This description allows us to directly determine the carrier mobility, even in the
presence of traps. In contrast to recent literature, we demonstrate that there is no need to include dispersive
transport in the description of the carrier mobility to explain the excess capacitance that is typically observed
in admittance spectra ofp-conjugated materials.

DOI: 10.1103/PhysRevB.69.155216 PACS number~s!: 73.61.Ph, 68.35.Fx
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I. INTRODUCTION

Since the discovery of the luminescent properties
poly~p-phenylenevinylene! ~PPV! there has been an increa
ing interest for its application in devices, such as lig
emitting diodes~LED’s! and solar cells.1 In order to under-
stand the charge transport properties of this type
p-conjugated material, many investigations have rece
been conducted by time of flight~TOF!, current-voltage
characterization (I -V), or admittance spectroscopy.2–6 These
techniques introduce charge carriers either by photoabs
tion ~photodoping! or injection from metallic contacts. Gen
erally, the interpretation of these experiments suffers fr
simplifications concerning the metal-polymer interfac
abrupt compositional junctions without chemical interacti
and alignment of the vacuum energy level are normally
sumed.

The electron injecting contact of the LED is typical
manufactured by vapor deposition of a low work-functi
metal onto the polymer layer. By photoelectron spectrosc
chemical~charge-transfer! doping and the subsequent form
tion of ~bi!polaron states7–11have been identified upon depo
sition of alkali~ne! ~earth! metals ontop-conjugated systems
Recently, we have demonstrated diffusion up to 200 Å
submonolayer deposition of K by ion scattering
spectroscopy.12 Simultaneously, the electroluminescence a
efficiency went two orders of magnitude up.

In order to understand how chemical doping and diffus
at the electron injecting contact affect the charge trans
0163-1829/2004/69~15!/155216~10!/$22.50 69 1552
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and device performance we will study the Cs/MDMO-PP
interface in LED structures by a combination of electric
characterization~electroluminescence,I -V, and admittance
spectroscopy! with analytical and numerical models and io
scattering spectroscopy.

In the first part of this paper we will discuss the interpr
tation of the admittance spectra obtained on hole-domina
structures. We demonstrate that an analytical model for
frequency-dependent space-charge-limited behavior in
presence of a single trapping level can describe the obse
tions consistently. This model offers a straightforward a
alternative interpretation for the observations to the pre
ously used interpretation in terms of a frequency-depend
mobility in combination with a distribution in transi
times.4,13 At high bias we can also identify minority carrie
~electron! injection. Subsequently, we demonstrate how th
phenomena are altered by Cs deposition and finally relate
chemical doping to the device performance in terms
charge-carrier dynamics.

II. EXPERIMENTAL

In a glovebox filled with a nitrogen atmosphere poly@2-
methoxy-5-(38,78-dimethyloctyloxy!-1,4-phenylene vi-
nylene# MDMO-PPV films14 were prepared by spin coating
0.7 wt % toluene solution onto an indium tin oxide~ITO!
coated glass substrate as described in Ref. 12. The film th
ness is typically 170 nm as measured by an alpha steppe
means of a transfer chamber samples were transported
©2004 The American Physical Society16-1
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GOMMANS, KEMERINK, ANDERSSON, AND PIJPER PHYSICAL REVIEW B69, 155216 ~2004!
UHV chamber for Cs and Al deposition without being e
posed to air. Cs was deposited by evaporation from
alkali-metal dispenser purchased from Saesgetters at a
750 °C. The LED structures~six in each run! were completed
by vapor deposition of an 80-nm Al capping layer. The act
area for each LED structure amounts 24 mm2. I -V charac-
terization, electroluminescence~EL!, and admittance spec
troscopy were all conductedin situ in the glovebox at a
temperature of 20 °C. Admittance spectroscopy in the ra
of 5 Hz–1 MHz was performed with a Hewlett Packa
4192A impedance analyzer. A small alternating signalvac of
50 mV was superimposed onto a dc biasvdc up to 10 V.
Measurements at different modulation levels (vac
510– 250 mV) showed identical results. The results w
obtained in five runs at different Cs coverage, which were
repeated once. The, yet extensive, discussion in this pap
restricted to two deposition coverages. The results of
other coverages are entirely consistent with the ones
cussed here.

III. RESULTS

A. Al ÕMDMO-PPV ÕITO

In an admittance experiment the charge relaxation dri
by a small harmonic voltage modulationvac is probed. Both
the amplitude and the phase difference of the ac curreni ac
are monitored as a function of frequencyf to obtain the com-
plex admittanceY

Y~v!5 i ac/vac5G~v!1 ivC~v!,

with G conductance,C capacitance,i 5A21, andv52p f
the angular frequency.

Figure 1 gives the capacitance and conductance as a f
tion of frequency at room temperature measured on an
MDMO-PPV/ITO structure at different forward bias. Atvdc
50 V the polymer dielectric response to the alternating fi
is shown in both the conductance and capacitance spe
and is modeled by the Debye relation

«~v!5«`1
«s2«`

11~ ivt0!
. ~1!

This provides us with the real and imaginary components
the permittivity together with a relaxation timet0 , which
describes the relaxation of permanent dipoles present in
polymer ~Fig. 2!. As the Debye relation clearly is an ove
simplification in terms of the local field each dipole feels, t
value determined fort0 (3.831027 s) is overestimated. In
addition, at zero bias no charge transport is possible due
built-in potentialVbi and hence the conductance is entire
due to the dielectric response.

At vdc52 V, the built-in potential is exceeded and ho
injection into the polymer film occurs. As the intrins
charge-carrier density in the film is negligible compared
the injected charge, the field is entirely determined by
positive space-charge density that has accumulated insid
device. The current limitation by the non-Ohmic behavior
the ITO/MDMO-PPV hole contact may be disregarded
this bias domain, as was demonstrated by Blomet al.15 Mod-
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eling of I -V curves and impedance spectra of numerous
vices confirmed this notion, see also below. Note, howe
that the electron contact still is non-Ohmic. The superpo
tion of the harmonically alternating field subsequently resu
in space-charge waves that redistribute to compensate
these oscillations. When the oscillation period is mu
longer than the carrier transit timet tr , i.e., the time the car-
rier needs to travel from one electrode to the other, the
pacitance experiences a negative~or inductive! contribution
as a result of this charge relaxation, resulting in a lo
frequency capacitance that is 2/3 of its geometrical value
periods much shorter thant tr the negative contribution dis
appears and the original dielectric response is recovered.
same applies for the conductance: as the charges cannot

FIG. 1. ~a! Capacitance and~b! conductance versus frequenc
measured at an Al/MDMO-PPV/ITO structure for different forwa
bias which are indicated in the figure. The inset gives the chem
structure of MDMO-PPV.
6-2
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CHARGE TRANSPORT AND TRAPPING IN Cs-DOPED . . . PHYSICAL REVIEW B69, 155216 ~2004!
up with the alternating fieldv.1/t tr the conductance de
creases and the dielectric response takes over. This cros
in admittance spectroscopy is called the transit-time ef
and is described by small signal theory for space-cha
limited ~SCL! diodes,16

Y~v!5
«A

2L

q3

t tr
F q2sinq

~q2sinq!21~12cosq2q2/2!2

2 i
12cosq2q2/2

~q2sinq!21~12cosq2q2/2!2G . ~2!

A, L, and t tr are the film surface area, thickness, and h
transit time, respectively.

Hereq is the charge-carrier transit angle and equalsvt tr .
This classical description is derived from Poisson’s law a
the continuity equation assuming an Ohmic injecting cont
and a field-independent mobility. The transit-time effect
clearly observed in the conductance and capacitance sp
in Fig. 3 and can be used to determine the hole mobility a
function of bias,

t tr5
4

3

L2

~V2Vbi!mh
. ~3!

The oscillations forvt tr>10 predicted by Eq.~2! are not
observed due to the non-negligible dielectric response
these frequencies that results in a divergence of sp
charge.17 At frequencies lower than the reciprocal tran
time the observed capacitance significantly deviates from
calculated behavior. This extra contribution to the capa
tance has recently been ascribed to dispersive transport
to hopping in a disordered molecular solid.4,13Martenset al.4

argued that these hopping events result in both a distribu
of transit times as well as a frequency-dependent mobi
m(q)511M ( iq)12a with 0,a,1. However, as the mo
bility is directly linked to the transit time via Eq.~3!, it
seems meaningless to apply separate distribution functi
Moreover, the frequency dependence of the mobility app
only for frequencies higher than the reciprocal transit tim
according to Ref. 18, as provided by the authors of Ref.

FIG. 2. Plot of the relative complex permittivityK5K 82 iK 9
determined from the admittanceY5 iv«0K A/L at zero bias~filled
symbols!. The dielectric response«(v)5«0K (v) is approximated
by the Debye relation@Eq. ~1!# with a dipole relaxation time of
3.831027 s ~solid line!.
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When characterizing Schottky contacts by admittan
spectroscopy, excess capacitances, which exhibit similar
quency behavior as observed in our experiments, are usu
interpreted in terms of charge relaxation in trap levels.19 The
excess capacitance is thus explained by traps that bec
charged. When approaching the trap emission rate by
creasingf, charge transfer from the trap starts to lag beh
the driving voltage and the out-of-phase component~the ex-
cess capacitance! decays, while simultaneously the in-pha
component,G(v), increases.19 The theory describing the
trapping process in space-charge-limited diodes by a sin
trapping level was derived by Dascalu20 and later by
Kassing.21 The equation describing the capture and emiss
of the charge carrier by a single trap can be linearized
results in both a steady-state and a frequency-dependent
ping parameteru anda~v!, respectively, which are given b

ndc1ndc,T5u21ndc,

nac1nac,T5a~v!nac, ~4!

a~v!511
vv

iv1ve
.

FIG. 3. ~a! Capacitance and~b! conductance atvdc52 V ~open
symbols!. The solid line represents the frequency-dependent SC
model as calculated in Eq.~2!, which gives the hole transit time
t tr52.1531024 s. The dashed line includes trap relaxation by
single trap level@Eq. ~5!#. The hole lifetime in the valence band an
in the trap level aretv51.731021 s; te55.031023 s, respec-
tively.
6-3
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GOMMANS, KEMERINK, ANDERSSON, AND PIJPER PHYSICAL REVIEW B69, 155216 ~2004!
Here, the subscripts dc, ac, andT refer to the steady state
time-dependent, and trapped values for the charge den
vv is the reciprocal of the hole lifetimetv in the valence
band andve the reciprocal lifetime in the trapte . The ex-
pression for the admittance expressed in these param
becomes21

Y~v!5
«A

2L

1

at tr
H (

k50

`
G~ua11!

G~ua1k12!

~2 ivt tr!
k

~k13! J 21

.

~5!

G is the Euler-gamma function and the frequency dep
dence ofa, according to Eq.~4!, is implied. It is easy to
show that this expression converges to the original equa
for the admittance in the limit (u→1,a→1). The gradient in
both conductance and capacitance can now be fitted w
reasonable values forte55.031023 s and tv51.7
31021 s and agrees qualitatively with the data, see Fig
Note that 1/te.1/tv , which is a characteristic of shallow
traps. The excess capacitance in Fig. 3 manifests itself in
whole frequency range up to 1/t tr . This leads to the conclu
sion that more than one trapping level is present. The
scription of the capacitance can be made to match the
exactly by inclusion of more than one trapping level. Ho
ever, the conductance is already accurately modeled by
one trap for whichte!tv . Note that in the interpretation o
Martenset al.4 this low-frequency gradient in the condu
tance was not included.

The agreement with the data is hardly dependent on
exact value ofu. A variation of u from 1 to 1025 can be
compensated by a change in transit time of only a factor;2,
which is within the experimental error. The admittance sp
tra of Al/MDMO-PPV/ITO structures thus allow us to simu
taneously determine the hole transit time and the trap re
ation as both phenomena are well separated in the frequ
domain.

At vdc54 V a negative contribution to the capacitan
sets in, which at higher bias even becomes inductive. T
effect has been observed on a range of materials before
is well known to result from minority carrier injection.22 At
high forward bias both charge carriers are injected. At f
quencies much lower than the reciprocal dielectric relaxa
time but higher than the electron response, the hole den
will redistribute to compensate the field modulation. T
conductance measured at these frequencies will be ent
due to the hole current density, though possibly suffer
from trapping processes. At lower frequencies the elect
response sets in and a delayed~5 inductive! increase in con-
ductance follows~note the decreaseC in Fig. 1!.

The frequency at which the capacitance becomes ind
tive has been explained either in terms of an inject
barrier23 or transit time24 for the minority carrier. However
as trap relaxation was not taken into account in these re
ences, the actually determined value for the latter param
becomes arbitrary.

By fitting the conductance spectra to Eq.~5! we obtain the
transit time and determine the hole mobility as a function
bias from Eq.~3!, see Fig. 4. Here, we neglected the electr
contribution to the conductance. The hole mobility clea
15521
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exhibits the field dependence typically observed in dis
dered molecular materials, which follows the Poole-Fren
law:

mh5m0 exp~gAE!. ~6!

Here m057310211 m2/V s and g54.131024 V/m21/2,
which is in good agreement with literature.25 The origin of
this Poole-Frenkel behavior is still under debate and vari
models have been proposed, either assuming energetic d
der due to localized states26 or structural disorder resulting in
stochastic transport.4,5,13Note, however, that interpretation o
the measured excess capacitance in terms of stoch
transport4,13 seems ambiguous. The identification of~local-
ized! trap states in the admittance spectra implies that e
getic disorder cannot be ignored in the description of
carrier transport. Similar conclusions were obtained from
periments performed on~unsubstituted! PPV. Here, the
Poole-Frenkel behavior was ascribed to field-dependent
lease times from localized states.3 From thermally stimulated
current~TSC! experiments Meieret al. identified two levels
at 0.03 and 0.18 eV above the valence band, and sugge
that the ITO anode could account for this, as these lev
were absent in case a Au anode was applied.27

The field dependence of the mobility is not explicit
taken into account in the derivation of Eqs.~2! and ~5! and
one can argue that the field-dependent mobility in Fig. 4
determined in an inconsistent manner. In order to estim
the error made, the hole transit times are compared to o
obtained from a self-consistent steady-state conducti
model in which the Poole-Frenkel behavior is included. T
model will be outlined below. Figure 4 demonstrates th
these calculated transit times and the ones determined

FIG. 4. Mobility ~filled circles! determined as a function of bia
from the transit-time effect. The Poole-Frenkel behaviormh

5m0 exp(gAE) is clearly observed. The field-independent mobili
m057310211 m2/V s and the Poole-Frenkel factorg54.1
31024 V/m21/2 are determined from a fit to the data points~dashed
line!. Open circles represent the transit times as obtained from
mittance spectroscopy at an Al/MDMO-PPV/ITO stacking structu
and the solid line is the transit time calculated with the steady-s
conductivity model. Also included are the transit times obtain
from the structure with deposited Cs (4.831013 atoms/cm2; open
diamonds!. The Cs diffusion profile is included in the model as a
electron donor level of 0.61 eV below the LUMO level, which w
derived from the fit to the measured current density. The agreem
is well within the error rate.
6-4
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CHARGE TRANSPORT AND TRAPPING IN Cs-DOPED . . . PHYSICAL REVIEW B69, 155216 ~2004!
the admittance spectra are in good agreement and henc
inconsistency in the determination for the mobility is of ne
ligible importance.

The steady-state model is based on the model present
Refs. 28 and 29. It treats charge injection and bulk trans
on an equal level, which implies that noa priori assumptions
about the dominance of either process need to be made.
bulk transport is described by the well-known drift equati
j 5ndcq m(E) E, where all parameters butq may depend on
the positionz between the electrodes andm(E) is given by
Eq. ~6!. Carrier injection is described in terms of hoppin
injection into a Gaussian distribution of transport sites.30 The
field distributionE(z) is obtained by simultaneously solvin
the Poisson equation. Apart from the charge density du
the mobile electrons and/or holes, charge density may
result from the presence of doping or trapping states.
local degree of dopant ionization follows immediately fro
the position of the~local! hole or electron quasi-Fermi-leve
The latter is obtained from the relation

ndc~z!5E
2`

`

dE g~E! f ~E2EF!. ~7!

with g(E)5g0(2ps2)21/2exp(2E2/2s2), the Gaussian den
sity of states with widths, and f (E2EF) the Fermi distri-
bution function that is approximated by a step function.
Eq. ~7!, the center of the lowest unoccupied molecular or
~LUMO! level is taken as zero energy. A similar express
holds for holes, withE replaced byE2Eg in which Eg is the
~single-particle! band gap of the organic semiconductor. T
occupationu of a shallow trap level under a Gaussian tran
port level is given by

u5
N

NT
expF1

2 S s

kTD 2

2
uEtr2ETu

kT G , ~8!

wheres equals 0.12 eV for MDMO-PPV.31 N andNT are the
number of transport and trap sites, respectively, andEtr
2ET is the energy of the trap level.

We usem0 and g derived from the admittance exper
ments measured at the Al/MDMO-PPV/ITO structure, a
the only unknown parameter, the built-in potential, is det
mined to be 1.2 V by optimizing the correspondence to
measured current density~Fig. 5!. The model reduces to
space-charge-limited behavior when the injection barrie
set below 0.3 eV.32 Notice that the steady-state conductivi
can be accurately described without including a trapp
level. This indicates that the trap density is either very low
indeed shallow, as was determined by the admittance spe
The reproducibility in hole mobility~about a factor 2 in this
bias range! is mainly determined by the variation in polyme
layer thickness.

B. AlÕCsÕMDMO-PPV ÕITO

The effect of Cs deposition on the electroluminescenc
demonstrated in Fig. 6. The luminescence is continuou
enhanced with Cs coverage starting from 5 cd m22 up to
2500 cd m22 at 10-V bias and its onset is reduced from 5
to about 2 V. The current density as a function of bias i
15521
the
-

in
rt

he

to
so
e

it
n

-

d
-
e

is

g
r
ra.

is
ly

-

tially decreases with Cs deposition. At higher coverage
current density increases again~Fig. 5!. The current onset
shifts from 1.0 to 1.4 V. The efficiency~Fig. 6! starting at a
maximum value of 0.01 cd A21 converges to a value of 1.3
cd A21 and cannot not be altered upon further depositi
The energy-resolved electroluminescence spectra of th
structures show a shift of the spectral maximum towa

FIG. 5. Current density-voltage characteristics at various
deposition coverages: 4.831013 ~circle! and 1.531014 ~square!
atoms/cm2 and without Cs~triangle!. For the latter structure the
conductivity ~solid line! is accurately described by the steady-sta
model. At a Cs coverage of 4.831013 atoms/cm2 we calculated the
effect of a hole trapping level~upper dashed line! or an electron
donor level~lower dashed line!.

FIG. 6. ~a! Efficiency and~b! electroluminescence~EL! versus
bias on Al/Cs/MDMO-PPV/ITO structures with varying Cs depo
tion coverage: 4.231013 ~diamond!, 4.831013 ~circle!, and 1.5
31014 ~square! atoms/cm2 and without Cs~triangle!.
6-5
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GOMMANS, KEMERINK, ANDERSSON, AND PIJPER PHYSICAL REVIEW B69, 155216 ~2004!
lower energies~redshift! as a function of deposition~Fig. 7!.
This suggests that recombination occurs close at the inter
where Cs is deposited and the electronic structure is alte
which is anticipated when modifying the conduction fro
hole dominated to double injection.

Ion scattering spectroscopy clearly demonstrates the
fusion of Cs atoms up to 150 Å into the polymer layer
illustrated in Fig. 8. For the experimental details and a
scription of the used technique we refer to Ref. 12 in wh
similar results were obtained for the deposition of K on
MDMO-PPV. Cs was not detected at the polymer surfa
indicating complete diffusion into the polymer. Integration
these spectra yields the total deposited amount as give
the caption to Fig. 8.

The admittance measurements performed on the struc
with a Cs coverage of 4.831013 atoms/cm2 demonstrate a
decreased hole conductance, in correspondence with theI -V
characterization~Fig. 9!. Both the excess capacitance and t
gradient in conductance become more pronounced comp

FIG. 7. Electroluminescence spectrum as a function of Cs de
sition.

FIG. 8. Cs diffusion profiles obtained by NICISS. The tot
deposition is calculated by integration of the spectra and amo
~from top to bottom! to 1.531014, 1.131014, 4.831013, and 1.7
31013 atoms/cm2.
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to the spectra without Cs. This is mostly reflected in the h
lifetime in the valence band which is an order of magnitu
smaller than for the Al/MDMO-PPV/ITO structure. Th
crossover due to the transit-time effect is obscured in
admittance spectra at low bias due to this trap relaxa
~Fig. 10!. At higher bias the transit-time effect reappears a
the conduction spectra demonstrates an increase in the
transit time compared to the Al/MDMO-PPV/ITO structure
The corresponding lifetimes in the valence and trap level
this Al/Cs/MDMO-PPV/ITO structure at 3-V bias aretv
59.031023 s andte51.931023 s ~Fig. 10! and the hole
transit time as a function of bias is plotted in Fig. 4.

At 6 V the minority carrier features in the admittanc
spectra are clearly visible and resemble the behavior with
Cs, though the absolute value for the~hole-dominated!
conductance in this frequency domain is much low
see Fig. 11.

At 1.531014 atoms/cm2 coverage and zero bias we ob
serve an increased conductance and a capacitive contrib
up to 23104 Hz, see Figs. 12 and 13. In the whole bi
range, i.e., up to 7 V, the transit time crossover for holes
no longer be identified in the conduction spectra. Hence,
conclude that this space-charge effect is completely p
turbed by the presence of either hole trapping levels or e
tron transport. We observe that the inductive contribut

o-

ts

FIG. 9. ~a! Capacitance and~b! conductance versus frequenc
on an Al/Cs/MDMO-PPV/ITO structure for different forward bia
which are indicated in the figure. Cs deposition coverage is
31013 atoms/cm2.
6-6
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CHARGE TRANSPORT AND TRAPPING IN Cs-DOPED . . . PHYSICAL REVIEW B69, 155216 ~2004!
to the capacitance shifts towards higher frequenc
(;104 Hz at 6 V!, which indicates an enhanced electr
transport.

IV. DISCUSSION

Photoelectron spectroscopy~PES! and electron energy
loss spectroscopy~EELS! studies have demonstrated th
charge transfer and the subsequent formation of gap s
upon deposition of alkali- and alkaline-earth metals o
p-conjugated systems.7–11 These states have been identifi
as polaron and bipolaron states~see the inset of Fig. 14!. The
lower state above the highest occupied molecular orb
~HOMO! is double occupied while the upper state below
lowest unoccupied molecular orbital~LUMO! is single
~double! occupied in case of a~bi!polaron. Below, these PES
results are employed to interpret our admittance experime
The Cs concentrations are below one monolayer cove
and consequently it seems reasonable to assume that
plete charge transfer has occurred.

The decreased current density at 4.831013 atoms/cm2

coverage, and consequently also the increased hole tr

FIG. 10. Conductance and capacitance versus frequency o
Al/Cs/MDMO-PPV/ITO structure with deposition coverage 4
31013 atoms/cm2 at 3-V bias~open symbols!. Also shown are the
real and imaginary parts of Eq.~5! t tr52.2431024 s, u51025,
tv59.031023 s, andte51.931023 s.

FIG. 11. Conductance~circles! and capacitance~squares! versus
frequency on an Al/Cs/MDMO-PPV/ITO structure with depositio
coverage 4.831013 atoms/cm2 at 6-V bias.
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time, may either originate from Coulomb scattering, tra
ping, or doping at the polymer cathode interface. Of the
possibilities Coulomb scattering may be neglected as, e
in the vicinity of the Al layer, the mean free path of approx
mately 3 nm is much smaller than the inter-alkali-atom d
tance. Charging of either electron donors or hole trapp
states will lead to additional band bending and hence cau
significant fraction of the potential difference to drop in th
interface layer. In this case a change in transit time d
therefore not necessarily imply a change in mobility, b
rather a change in field distribution in the device. In order
quantify this proposition we extended the model to calcul
the steady-state conductivity by taking into account the m
sured Cs profile as a distribution of either electron donors
hole traps. By only adjusting the energy of the trappin
doping level, good agreement with the measured steady-s
conductivity is obtained. These doping and/or trapping lev
are approximated to be independent of concentration, as
assume no interaction among the Cs sites at such low co
age. The results are depicted as dashed lines in Fig. 5.
observe a reduced~hole dominated! current density in both
cases. The inclusion of a trapping level, however, exhibit
reduced current density only at high bias, which can be
derstood from the fact that charging of the traps may o
occur after hole injection sets in. In contrast, doping stat
are immediately charged upon deposition: donated elect
will minimize their energy by diffusing to the Al electrode

an

FIG. 12. ~a! Capacitance and~b! conductance versus frequenc
on an Al/Cs/MDMO-PPV/ITO structure for different forward bia
Cs deposition coverage is 1.531014 atoms/cm2.
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GOMMANS, KEMERINK, ANDERSSON, AND PIJPER PHYSICAL REVIEW B69, 155216 ~2004!
creating a positively charged background. Consequently,
current density will be reduced over the whole bias ran
Apart from the region directly at the current onset, a don
level at 0.61 eV below the LUMO level gives the best agre
ment with the measured current density. Hence we te
tively attribute the field modification at the MDMO-PPV/A
interface to a Cs-induced electron donor level~Fig. 14!,
which then accounts for the observed increase in hole tra
time. The increased hole transit times observed in the ad
tance spectra, shown in Fig. 4, compare favorably with
ones calculated using this steady-state model.

The increased conductance and capacitance at zero
observed at 1.531014 atoms/cm22 coverage~Fig. 13! con-
firm the identification of Cs-induced donor states. Up
deposition the Fermi level in the originally intrinsic laye
moves from the gap into these states. Electrons then re
tribute by tunneling or diffusion in the~possibly Cs induced!
gap states to compensate for the oscillating field. This re
tribution explains the higher capacitance as the total dip
moment increases due to the mobile electrons. When
frequency is increased, the average distance electrons
travel is reduced and hence the contribution from this
hanced dipole moment disappears. Whenv;1/te the

FIG. 13. ~a! Conductance at zero bias for an Al/MDMO-PPV
ITO structure~squares! and for the Al/Cs/MDMO-PPV/ITO struc-
tures with 4.831013 ~triangles! and 1.531014 at/cm2 ~circles! Cs
deposition coverage.~b! Normalized capacitance C/Cgeo measured
at 6-V bias for these structures, where Cgeo represents the geometr
cal capacitance.
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trapped charge carriers cannot follow the harmonic osci
tions and the out-of-phase component partly changes into
in-phase contribution.19 This we observe in the conductanc
spectrum for the whole frequency range up to 23104 Hz. Cs
inducing only a neutral hole trapping level~at 0 V! cannot
account for these features in the admittance spectra, as
hole capture and emission rate cannot be probed below
onset of hole injection. The inductive contribution to the c
pacitance at 6 V is maintained up to higher frequencies
compared to samples with lower Cs coverage, which is
dicative for an enhanced electron transport. This confirms
enhanced field at the interface, which indeed should resu
an increased electron injection and/or higher electron mo
ity ~Fig. 14!. This interpretation is in good corresponden
with the observed increase in the steady-state conduct
for these LED structures.

The excess capacitance at low bias that we describe by
charge relaxation in a trap level is clearly affected by
doping. We observe an increased excess capacitance, w
is reflected in a reduced value for the hole lifetime in t
valence band. The observed ratiovv /ve,1 for moderate Cs
doping indicates that shallow traps dominate the conduc
spectra. This is not contradicting the steady-state calc
tions, from which we claimed to observe the effect of a C
induced donor level. The conductivity at 4.831013

atoms/cm2 remains hole dominated and hencedispersionin
the admittance spectra at 2–3-V bias can only be expe
from hole relaxation in trap levels. However, thedecline in
the steady-state current density due to field modification
the polymer layer is attributed to an electron donating lev
The enhanced trapping features in the admittance spectra
result of Cs deposition can be understood from either
increasing number of trap states or from the increased fiel
the Cs-doped interface, which remains a subject for furt
investigations.

Admittance spectroscopy thus successively demonstr
an increased hole transit time and an enhanced elec
transport with Cs deposition, which is confirmed by stead
state conductivity measurements and modeling. The
proved charge balance is reflected in the enhanced elect

FIG. 14. Calculated potential distribution through the polym
layer~186 nm! at 3.2-V bias with a donor concentration correspon
ing to the diffusion profile obtained for the 4.831013 atoms/cm2 Cs
deposition and an energy level of 0.61 eV below the LUMO. T
left side corresponds with the ITO contact. The inset schematic
pictures the~bi!polaron level in the band gap.
6-8



s.
a

y

nc
t

p
d

ss
th
as
an
n
o

an
by
ly
on
y
er
o
on
in

es

e
cy
ou
o
in

ns
ine
on

di-
an

sub-
sit

as
ds

the
ali-
as

nc-
si-

ole
the

gy
c-
ur-
dy

en-
s an

is
his
he
rted

rch

on

K.
re

,

B

nd

tt

.

.

on,
, J.

en,

l.

A

CHARGE TRANSPORT AND TRAPPING IN Cs-DOPED . . . PHYSICAL REVIEW B69, 155216 ~2004!
minescence for Al/Cs/MDMO-PPV/ITO structure
Moreover, exciton dissociation by the metal-induced g
states as observed by Parket al.33 apparently is of secondar
importance and we conclude that Csdiffusion is in fact fa-
vorable for current balancing and hence electroluminesce

We analytically describe the excess capacitance and
conductancesimultaneouslyby taking into account the~ma-
jority carrier! transit time effect combined with a single tra
level. This interpretation differs from recently publishe
literature.4,13 In our opinion, the explanation of the exce
capacitance by introducing an extra set of parameters
take into account the spread in hole transit times as well
frequency-dependent mobility, seems unnecessary and c
fact be ruled out by the arguments given in former sectio
We also demonstrate that deriving directly the electron m
bility from the spectra24 seems ambiguous.

The phenomenological dependence of excess capacit
on minority carrier injection was first demonstrated
Werner et al.34 We confirm that the capacitance is high
dependent on fabrication of the minority carrier injecti
contact. However, we describe the excess capacitance b
lifetimes of the hole transport and trap level. Minority carri
injection in principle leads to recombination, which was n
observed below 4-V bias for devices without Cs depositi
In fact, excess capacitances were also demonstrated in s
carrier devices for either hole transport4 as well as electron
transport.13 It remains to be determined how these lifetim
are affected by minority carrier injection.

V. CONCLUSION

Quantitative agreement is found between admittance
periments and the analytical description of the frequen
dependent space-charge-limited transport taking into acc
trap relaxation in Al/MDMO-PPV/ITO devices. We als
show that the field-independent mobility approximation
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mail: h.h.p.gommans@tue.nl
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this model is applicable within the experimental limitatio
and this technique can thus be applied to directly determ
carrier mobilities in the space-charge-limited conducti
~SCLC! regime, even in the presence of trap levels.

From the electronic transport characterization we can
rectly distinguish between two processes that result in
enhanced electroluminescence with Cs deposition in the
monolayer regime. We identify an increase in the hole tran
time at a doping concentration of 4.831013 atoms/cm2 and
additionally an improved electron injection. The latter w
concluded from a shift of the inductive contribution towar
higher frequency at concentrations>1.531014 atoms/cm2.
We attribute both phenomena to a potential drop near
cathode interface as a result of chemical doping by the alk
metal species. A steady-state model including doping w
developed to calculate the current density as an explicit fu
tion of the two charge densities and mobilities at each po
tion in the polymer layer. Good agreement with both the h
transit times derived from admittance spectroscopy and
I -V characterization was obtained.

This proves that the condition for the alignment of ener
levels between the LUMO and metal work function for ele
tron injection may be relaxed by doping of the polymer s
face layer, for which submonolayer concentrations alrea
suffice. In principle, even noble metals, which are less s
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electron injection contact.
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