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Using temperature dependent impedance spectroscopy in a broad frequency range (1021– 107 Hz!,
we have found that the ac behavior of indium-tin oxide~ITO!/poly-~p-phenylene-vinylene!
~PPV!/aluminum light-emitting diodes shows several features which cannot be described by the
usual simple double RC circuit representing a depleted junction region and an undepleted bulk.
Instead, our measurements in combination with a theoretical modeling suggest that the PPV bulk is
composed of a highly doped region at the ITO interface and a region with lower doping at a higher
distance to the ITO. Moreover, the boundary between these two regions is not sharp but there is a
gradual change in dopant concentration. The large frequency range allowed us to identify two
distinct processes corresponding to the PPV bulk and a third one to the junction. The bulk relaxation
frequencies correspond to the characteristic dielectric relaxation frequencies of charge carriers in the
high and low conducting sublayers and are proportional to the respective conductivities. The
magnitude and activation energy of the relaxation time correlates well with results obtained from
temperature dependent DC conductivity measurements. For ITO substrates we obtain activation
energies of 0.4 eV and room temperature conductivity of about 1027 and 1029 S/cm for the high
and low conducting sublayers, respectively. On gold substrates only one bulk process and no
junction process with an activation energy of about 0.6 eV and a corresponding conductivity of
3310211 S/cm at room temperature is observed. The Schottky junction has been studied by
temperature dependent capacitance–voltage spectroscopy at a low frequency of 0.16 Hz. The
obtained acceptor dopant concentration from 1/C2 plots varies from 1.431017 at room temperature
to 6.931016 cm23 at 200 K. Assuming a density of states between 531020 and 531021 cm23 for
the valence band the temperature dependent acceptor dopant density can be described with an
acceptor ionization energy between 0.16 and 0.2 eV. ©1998 American Institute of Physics.
@S0021-8979~98!03810-9#

I. INTRODUCTION

In the last ten years the semiconducting properties of
conjugated polymers have been intensively studied because
of their potential applications in electronics. Field effect tran-
sistors and Schottky diodes have been fabricated from a va-
riety of materials.1–3 More recently light-emitting diodes
~LEDs! based on conjugated polymers have attracted consid-
erable interest for large area displays.4–8 In all of these ap-
plications the transport mechanisms in the polymer layer and
the nature of the contacts between the electrodes and the
polymer are of great importance.

For devices based on poly-~p-phenylene-vinylene!
~PPV! and its derivatives both injection and bulk dominated

mechanisms have been proposed as the relevant processes
for the current–voltage behavior. Parkeret al. were able to
fit the current–voltage characteristics of indium-tin oxide
~ITO!/poly-@2-methoxy-5-~28-ethyl-hexyloxy!-1,4-phenylene-
vinylene# ~MEH-PPV!/metal devices using Fowler–
Nordheim tunneling of holes.9 The obtained barrier heights
correspond to the difference between the work function of
ITO and the ionization potential of MEH-PPV. Similar be-
havior could also be observed for PPV devices at higher
electric fields.10 The application of tunneling theory for
charge carrier injection assumes an insulating material with
rigid energy bands forming a neutral contact with the metal
electrodes. Band bending effects, e.g., due to image force
barrier lowering~Schottky effect!, do only occur within a
small distance to the interface.a!Electronic mail: wolfgang.bruetting@uni-bayreuth.de
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It has been shown recently by the Sheffield group11 that
Fowler–Nordheim tunneling cannot satisfactory describe
their data on thin (d'100 nm! ITO/PPV/Al devices. Al-
though reasonable values of the hole barrier~0.3 eV! were
obtained in the high field regime, the theory cannot account
for the observed temperature dependence, the thickness de-
pendence and the magnitude of the current at a given bias.
Instead they could fit their device characteristics very well by
space-charge limited conduction with an exponential distri-
bution of traps with a characteristic energy of 0.15eV and a
trap density of 531017cm23.

Previous work by our group on thicker (d.200 nm!
ITO/PPV/Al devices has shown that a Schottky barrier with
a depletion layer of width 50–150 nm is present at the Al/
PPV interface.12,13 From capacitance–voltage measurements
an acceptor dopant concentration in the order of 1017 cm23

was determined. The occurrence of doping in PPV devices is
not unexpected, since in the used precursor route to PPV the
conversion of the deposited precursor polymer film to the
conjugated PPV is performed at elevated temperatures di-
rectly on the electrode used for hole injection in LEDs. The
precursor leaving groups~especially HCl! can easily react
with the ITO substrate forming InCl3 , which in turn can
diffuse into the PPV layer and oxidize~dope! the polymer.
The chemical reaction at the ITO substrate has been proven
by energy-dispersive x-ray analysis14 and the subsequent dif-
fusion by secondary ion mass spectrometry~SIMS!.15 A
comparison of different substrate materials has shown that
the degree of doping resulting from such chemical reactions
depends on the reactivity of the substrate material.16 While
PPV devices on Au substrates did not show measurable dop-
ing, in devices on ITO an acceptor dopant concentration of
some 1017 cm23 was found. Thus we could identify the us-
age of ITO anodes as a major source for doping in PPV
devices. This doping is responsible for the formation of a
Schottky contact at the interface between PPV and metals
like Ca or Al. However, already the SIMS measurements of
ITO/PPV/Al structures show an inhomogeneous depth pro-
file of the elements In and Cl in the PPV film with a gradual
increase of the In concentration towards the ITO substrate.
Thus a simple equivalent circuit composed of a bulk and a
junction region used before for the modeling of dc and ac
device characteristics12 may not be sufficient for a descrip-
tion of these devices.

It should be mentioned that impedance spectroscopic in-
vestigations on PPV LEDs are reported in the literature by
several groups, however, with different results and interpre-
tations. Measurements performed on ITO/PPV/Al devices
with Cambridge PPV can be described by one single RC
circuit corresponding to a fully depleted bulk.17 The occur-
rence of two semicircles in the complex impedance plane on
some devices was ascribed to the presence of an interfacial
oxide layer at the PPV/Al contact. Apart from our results, the
presence of a Schottky contact with a depletion layer was
also observed by Antoniadiset al. on ITO/PPV/Al structures
with an acceptor dopant concentration of some 1016 cm23.18

Nguyenet al. could identify three different processes on Cr/
PPV/Cr devices, which they interpreted as a bulk process
with an activation energy of 0.4 eV and two interfacial

processes.19 However, the comparison with these data is
problematic since the usage of Cr substrates may lead to
different chemical reactions during the conversion of the pre-
cursor.

From this brief survey of literature data it is obvious that
nominally the same PPV prepared by the tetrahy-
drothiophene leaving group precursor route shows different
device characteristics. This is probably due to slight differ-
ences in the precursor synthesis, which lead to different de-
gree of doping in devices. The Sheffield group, e.g., has
recently compared identically prepared devices from Cam-
bridge PPV and our PPV.11 While they find no evidence for
a depletion region in devices from the Cambridge PPV, our
PPV devices showed clear evidence for a Schottky junction
in accordance with our previous work. In spite of these quan-
titative differences in the dopant concentration and the re-
sulting different device characteristics, there are certainly
some general properties common to the different PPVs. As
an example, the Sheffield group has obtained a trap depth of
0.15 eV from fitting their temperature dependent current–
voltage curves to space-charge limited currents with an ex-
ponential distribution of traps. This value is in excellent
agreement with our results from thermally stimulated
currents.20 Thus we regard our PPV Schottky diodes as use-
ful model devices to study basic transport properties of PPV
in LEDs, although a Schottky diode is not very favorable for
efficient light-emitting devices~since it is a majority carrier
device!. For such devices a variety of experimental tech-
niques and theory to study doping, trap states and other rel-
evant parameters for charge transport is known from inor-
ganic semiconductors.

In this article a detailed study of the ac impedance of
PPV Schottky diodes in a wide frequency range (1021– 107

Hz! as a function of temperature and dc bias is presented.
Our focus was especially on the investigation and identifica-
tion of different processes occurring in this large frequency
window. From their frequency and temperature dependence
one can expect more information on the transport parameters
of PPV and the equivalent circuit necessary to describe the
device characteristics. Bias dependent measurements should
give information about depletion layers and the correspond-
ing acceptor dopant concentration. From the temperature de-
pendence of this quantity the energetic depth of the acceptors
should be determined.

II. EXPERIMENT

Impedance or dielectric spectroscopy is a powerful tool
to study relaxation and loss processes in organic and inor-
ganic materials, both in solution and in the solid state.21–25It
does not only allow to study material parameters like the
frequency dependent complex dielectric constant~or equiva-
lent the complex conductivity!, but also the influence of in-
terfaces between two different materials. The application of
bias allows additional measurement techniques like
capacitance–voltage spectroscopy, which is a well estab-
lished method to investigate depletion regions and the corre-
sponding doping or trap concentrations in semiconducting
materials.
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Impedance and capacitance–voltage measurements were
performed using a Solartron Schlumberger SI1260
Impedance/Gain Phase Analyzer combined with a broadband
dielectric converter~Novocontrol! as preamplifier. This setup
allows impedance measurements up to 1014 V with a tand
resolution of 1024 at best. The oscillator amplitude ranged
between 0.1 and 1 V and bias up to 10 V could be applied in
both polarities for frequencies higher than 0.1 Hz. Measure-
ments were performed in a continuous flow liquid nitrogen
cryostat~Oxford Instr. CF 1200! with helium as exchange
gas in the sample space. Due to the time of more than 10 min
required for a frequency sweep from 107 to 0.1 Hz, tempera-
ture stability of better than 0.1 K over long time had to be
achieved with a temperature controller.

Devices consisted of ITO coated glass substrates~Flach-
glas, 20V/h) on which the tetrahydrothiophene leaving
group precursor PPV~synthesized by our group as described
in Refs. 26 and 27! was deposited by a precision doctor
blade technique as several hundredmm thick liquid films.
After drying and conversion~2 to 3 hours in a vacuum of
1022 mbar at 170–190 °C! films of some hundred nm thick-
ness were obtained. Subsequently an Al electrode was
vacuum evaporated at 1025 mbar in a thickness of at least
100 nm. By using perpendicular stripes of ITO and Al~each
5 mm wide! an active device area of 0.25 cm2 was obtained.
After metal evaporation the glass substrates were cut into
10310 mm2 pieces containing only one device in order to
avoid cross talk between the pixels. Electrical contacts were
made by pressing metal tips onto the Al and ITO stripes
outside of the active area.

Several devices with thickness ranging from 400 to 1000
nm were investigated. Thicknesses of the polymer films were
determined using a Dektak surface profilometer. Prior to the
impedance measurements on all devices dc current–voltage
characteristics were measured with a Keithley 236 source-
measure unit. On some devices and on a free-standing 20-
mm-thick PPV film ~sandwiched between two gold plates!
also temperature dependent dc conductivity measurements
were performed in the two-probe configuration with a Kei-
thley 617 electrometer.

For the analysis of the data it is important that there are
different but equivalent immittances. The quantities obtained
directly in impedance spectroscopy are the real and imagi-
nary parts of the frequency-dependent complex impedance

Ẑ5
dÛ

dÎ
5Z81Z9 ~1!

which is one of the four equivalent immittances. The other
impedance-related immittances can be obtained from the im-
pedance. First is the admittance:

Ŷ5
1

Ẑ
5Y81Y9. ~2!

Further, one has the dielectric function«̂(v) defined byŶ

5v«0«̂ A
d, or

«̂5
1

«0vẐ A
d

5«81«9, ~3!

where«0 is the vacuum permittivity,d andA are the thick-
ness and the active area of the sample, respectively, andv is
the angular frequency. It has to be mentioned that contrary to
the common meaning this dielectric function«̂(v) is not
simply a material property but it characterizes the whole sys-
tem ~described as a plate capacitor! including interfaces and
also leads. Finally, the dielectric modulus is

M̂5
1

«̂
5«0vẐ

A

d
. ~4!

Though the four immittances are formally completely
equivalent, depending on the system considered and the fre-
quency regions of interest they are more or less suited for a
direct graphical visualization of characteristic properties of
the system. The reason lies in different possible asymptotic
frequency dependences described by the different powers of
the frequencyv as prefactor in the immittances. When a
system behaves predominantly capacitively«8(v) and
«9(v) are particularly suited quantities and the usual Cole–
Cole plot for the impedance, i.e.,2Z95 f (Z8), gives only
little insight, whereas the latter should be preferred when the
resistive behavior dominates. In the case of the diodes con-
sidered here this is the case for forward bias, whereas the
former is true for reverse bias.

III. RESULTS AND DISCUSSION

A. Survey of the temperature and bias dependence in
the complex impedance plane

In this section we give an overview of the dielectric
response of ITO/PPV/Al diodes. Therefore we discuss the
impedance Cole–Cole plots for a given temperature and dif-
ferent positive applied voltages~forward!, for a given for-
ward bias and different temperatures as well as the Cole–
Cole plot of the dielectric modulus for a given temperature
for both forward and reverse bias.

Figure 1 shows an impedance Cole–Cole plot of an ITO/

FIG. 1. Cole–Cole plot of the impedance of an ITO/PPV/Al sample (d
5380 nm,A525 mm2) at room temperature for various forward bias volt-
ages. The frequency increases from right to left in the region between 100
Hz and 10 MHz. The left semicircles are assigned to the polymer bulk and
the right semicircles to the depletion layer.
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PPV/Al sample (A525 mm2, d5380 nm! under different
forward bias in the frequency region between 100 Hz and 10
MHz at room temperature. In this diagram the implicit vari-
able is the frequencyv which increases from right to left.
Independently on bias voltage, all the curves in Fig. 1 dis-
play a small semicircle close to the origin corresponding to
the high frequency region. With increasing forward bias the
right semicircle~low frequencies! becomes smaller. Detailed
investigations of the current–voltage and capacitance–
voltage characteristics of ITO/PPV/metal LEDs12,13 have
shown that the PPV/Al interface is a typical Schottky con-
tact. In these Schottky diodes a depletion region is formed at
the metal/polymer~Al/PPV! contact, which is accompanied
by significant band bending and a high internal electrical
field. In the measured forward bias region the Shockley
equation28 for the diode current is valid:

I ~U !5I 0H expFq~U2IRB!

nkBT G21J , ~5!

wheren is the ideality factor andRB is the bulk resistance.
For v→0 the real part ofẐ yields the total differential re-
sistance of the sample

Z8~v→0!5Rt5
dU

dI
~6!

as obtained from the current–voltage characteristics. With
Eq. ~5! one obtains

Rt5
n

I 0

kBT

q
expH 2

q~U2RBI !

nkBT J 1RB[Rj1RB , ~7!

where the bulk resistanceRB is bias independent. Together
with the corresponding capacity it leads to the small left
semicircle in Fig. 1, which therefore is assigned to the bulk
process. On the other hand, the resistance of the depletion
layer Rj5(n/I 0)(kBT/q)exp$2 q(U2RBI)/nkBT% is strongly
bias dependent. With increasing forward biasRj decreases
exponentially, which is clearly seen in the right semicircles
of Fig. 1. At forward bias ofU53 V the depletion layer
resistance amounts to only about 1 kV. At further increase
of the applied voltage the depletion layer and hence the cor-
responding resistance disappear. At the same time Fig. 1
shows that the bulk resistanceRB cannot be neglected in the
measured bias region. Therefore one cannot obtain quantita-
tive information on the ideality factor of the diode from these
experimental data in a simple manner.

Figure 2 shows the temperature dependence of the im-
pedance of the same diode at forward bias ofU52 V. The
left semicircle~i.e., the bulk resistanceRB) increases with
decreasing temperature. This is a direct consequence of the
thermally activated behavior of the conductivity of
PPV.26,29,30 In contrast, the process in the Schottky contact
does not show a monotonous behavior with temperature. At
first, from 288 K to about 263 K the right semicircle~and
thus the differential resistance of the Schottky contact! in-
creases with decreasing temperature. However below 260 K
the right semicircle decreases abruptly with decreasing tem-
perature. One can understand the decrease of the differential
resistance of the Schottky contact at lower temperatures with

the Shockley equation@or with Eq. ~7!# qualitatively. At
lower temperatures diffusion is the dominating transport
mechanism in the Schottky contact since the carrier mobility
is low. For this transport mechanismI 0 is only weakly tem-
perature dependent and the exponential function@cf. Eq. ~7!#
determines the temperature dependence ofRj essentially:
with decreasing temperaturesRj decreases exponentially.
Thus the increase ofRj with decreasing temperature down to
about 260 K must be assigned to the presence of at least one
other mechanism~besides diffusion! for the transport across
the junction. The data indicate that at higher temperatures
such transport mechanism becomes predominant.I 0 might
then have a stronger temperature dependence in a given tem-
perature region. This phenomenon requires further investiga-
tions.

In order to evaluate the experimental data it is common
to use an equivalent circuit consisting of two parallel RC
networks in a serial combination. In the equivalent circuit the
depletion layer corresponds to a junction resistanceRj and a
junction capacitanceCj . Between the depletion layer and the
positive electrode there exists a neutral bulk region repre-
sented in the equivalent circuit by a resistanceRB and a
capacitanceCB . The contact of PPV with the high-work-
function ITO is regarded as ohmic and has a negligible im-
pedance in the ideal case.12,13 Depending on the thickness of
the device and on the measured bias region a clear distinc-
tion of the individual resistances and capacitances in a Cole–
Cole plot is not in any case possible as discussed in Ref. 12.
If the system behaves at the applied bias voltage capacitively
then the dielectric modulus or the dielectric function is better
suited than the impedance itself to visualize the system prop-
erties in a Cole–Cole plot. In such a case the complex di-
electric modulus~Fig. 3! shows essentially two semicircles
~as Fig. 1 for the impedance! but the frequency as an implicit
variable increases now from left to right. For high frequen-
cies all the right-hand semicircles approach the same value
corresponding to the geometrical capacitanceCgeo

5«0« rA/d. Here« r is the relative dielectric constant of the
PPV which has to be clearly distinguished from the dielectric
function «̂ defined in Eq.~3!. At reserve bias voltage there
exists only one semicircle becauseCj decreases and hence

FIG. 2. Temperature dependent impedance spectra of the same sample of
Fig. 1 at forwards biasU52 V. The left semicircles assigned to the polymer
bulk process increase with decreasing temperature. In contrast, the depletion
layer process does not show a monotonous behavior with temperature.
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the response of this circuit part is dominated by the resis-
tanceRj in the measured frequency region. Hence the second
semicircle is suppressed. Thus for reverse bias the dielectric
modulus plot seems to be rather structureless~only one semi-
circle!. In the next section it will be demonstrated that con-
trary to the structureless dielectric modulus plot the fre-
quency dependence of the dielectric function is extremely
structured and allows for a detailed understanding of the pro-
cesses in this region. It will be seen that an equivalent circuit
consisting of two RC circuits as suggested from Fig. 1 and
used before in Ref. 12 is not sufficient to describe the experi-
mental data.

B. Temperature dependence of the dielectric function
at reserve bias

At zero or reserve bias voltage the diodes behave pre-
dominantly capacitively. Therefore the dielectric function is
the relevant immittance to present the experimental data
graphically. Figure 4 shows the spectrum of the frequency
dependent dielectric function of an ITO/PPV/Al diode with a
thicknessd5700 nm andA525 mm2 at zero biasU50 V.
The imaginary part of the dielectric function«9(v) shows
more than two maxima which have to be attributed to relax-
ation processes.~In contrast, the simple equivalent circuit
mentioned above yields only two maxima.! The first of these
processes lies at the frequency of about 23106 Hz and is
practically temperature independent. The second and third
processes lie at room temperature between 23104– 33105

Hz and 102– 43102 Hz, respectively. Both of these pro-
cesses are temperature dependent, they move to lower fre-
quencies with decreasing temperature and at low temperature
they cannot be completely observed in the measured fre-
quency window.

The real part of the dielectric function«8 decreases con-
tinuously with increasing frequency. Although one can see
different relaxation processes also in«8 ~i.e., hints of steps!
they are much more smeared out than the maxima in«9. At
0.1 Hz«8 does not reach a saturation value in the measured
temperature range. The drop of«8 or the maximum of«9
above 106 Hz are not connected with processes in the diode
but they arise from the no-load capacitance and the lead re-
sistance of the diode as will be seen below. For the explana-
tion of the two other processes the simple equivalent circuit

mentioned above is not sufficient since it does not contain
two thermally activated processes resulting in the observed
shift with temperature. It will be shown now that it is the
inhomogeneity of the PPV bulk which gives an explanation
for these processes. Indeed, the PPV device fabrication can
lead to a bulk inhomogeneity. Because PPV is insoluble, in
our preparation route a prepolymer is used for film fabrica-
tion which has to be thermally converted to PPV. During the
conversion aggressive leaving groups like HCl and tetrahy-
drothiophene are formed which can react with the ITO sub-
strate to form compounds like InCl3 that can further oxidize
~dope! the PPV. Since the oxidizing agents are mainly
formed at the interface to ITO it is expected that a gradient in
doping will exist in the PPV film with the highest value at
the ITO. Such a gradient of In and Cl is indeed evident from
the above mentioned SIMS measurements. Consequently,
one cannot expect a constant conductivity profile throughout
the whole PPV film.

Correspondingly, if one assumes the PPV layer to con-
sist of several sublayers each of them with a widthdi , a
constant resistanceRi and a constant capacitanceCi , the
impedance of such a sample with a lead resistanceR0 can be
described by

FIG. 3. Immittance spectrum of an ITO/PPV/Al diode (d51250 nm,A
525 mm2) at different bias voltages in the complex dielectric modulus
plane. The reciprocal of the right and left semicircle diameter determine the
bulk and depletion layer capacitance, respectively.

FIG. 4. Imaginary~a! and real part~b! of the dielectric function«̂ of an
ITO/PPV/Al sample (d5780 nm,A525 mm2) at different temperatures.
There exist several clearly resolved maxima in«9, which have to be attrib-
uted to relaxation processes. These processes are more smeared out in«8,
which does not achieve saturation at lowest frequencies. The solid lines are
fit curves.
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Ẑ5R01(
i

Ri

11vCiRi
5R01(

i

1

1

Ri

1vCi

. ~8!

However, in a real sample the specific electrical resistivity
will vary continuously and not step wise as assumed in Eq.
~8!. Now, substitutingCi5«0« rA/di one can generalize Eq.
~8! with x5di /d simply to the case of a continuously vary-
ing resistivity @conductivitys(x)] of the PPV as

Ẑ
A

d
5R0

A

d
1E

0

1 dx

s~x!1v«0« r
. ~9!

As before from Eqs.~9! with ~3! the corresponding di-
electric function can be obtained. We demonstrate now that
the essential features seen in Fig. 4 are described by this
model. Thereby we assume:

~i! The PPV layer can be divided roughly into three su-
blayers: the depletion layer (j ), a lower (l ), and a higher (h)
conductive bulk sublayer. Thus, the position dependence of
the conductivitys(x) can be approximated by

s~x!5sj1sl$tanh@cl~x2xl !#11%

1sh$tanh@~ch~x2xh!#11%, ~10!

wheresj is the depletion layer conductivity and 2sl and 2sh

are the conductivities of the lower and the higher conductive
bulk sublayer, respectively.cl and ch are constants which
determine the widths of the transition regions between the
sublayers (1/ci is the width of the transition region in units of
d). As an example we assumecl540 and ch515. With
these values the transition from the depletion to the lower
conductive bulk sublayer occurs in a narrower region than
that from the lower to the higher conductive sublayer.xl

50.3 andxh50.65 determine the sublayer widths relative to
the total PPV thickness (d5700 nm, A525 nm2): 12xh

andxh2xl are the widths of the higher and lower conductive
bulk sublayers, respectively. Further we assumesj510215

S/cm,sl52310210 S/cm,sh5531028 S/cm atT5282 K
andR05112 V ~see below!. As the dc conductivity of PPV
shows a thermally activated behavior,26 sl andsh are chosen
to be temperature dependent with an activation energy of
Ea50.4 eV according to earlier measurements and to be
confirmed below. For simplicity the other parameters are
chosen independent of the temperature. Figure 5 shows this
position dependence of the conductivity in the PPV layer for
different temperatures and the corresponding equivalent cir-
cuit.

~ii ! The relative dielectric constant« r52.4 is assumed to
be constant through the sample and to be temperature inde-
pendent.

In Fig. 6 the calculated dielectric function for different
temperatures based on these data is shown. In the model
calculations maxima in«9 are visible only if one of the re-
sistances is much larger than the others~i.e., with an enor-
mous specific resistancer j of the depletion layer!. The first
maximum from right in«9 and the decrease of«8 in the
frequency region above 106 Hz are temperature independent.
They are determined by the geometrical capacitanceCgeoand
the lead resistanceR0 alone. Further model calculations

FIG. 5. Position dependence of the conductivity in the PPV layer used in the
model calculation~Fig. 6! for different temperatures, the corresponding sim-
plified equivalent circuit~for stepwise varying conductivity! and the connec-
tion to the layer sequence.

FIG. 6. Model calculation for the dielectric function«̂. The parameters used
are described in the text. The essential features seen in Fig. 4, several
maxima of«9 ~two of them T dependent! and a continuous rise of«8 are
reproduced by the model.
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demonstrate that the relative dielectric constant« r deter-
mines the height andR0 determines the right-hand slope of
the first«9 maximum from right. Therefore, if this relaxation
process is resolved sufficiently one can unequivocally deter-
mine the values of« r andR0 from the height and the slope of
this maximum. The second and third maxima of«9 from
right in Fig. 6 correspond to the processes in the higher and
lower conductive bulk sublayer, respectively. The increase of
«9 at lowest frequencies depends on the width and hence the
total resistance of the depletion layer. With decreasing tem-
perature the second and third maxima of«9 move to lower
frequencies just as the experimental curves seen in Fig. 4.
The height of the second maximum becomes a little lower
with decreasing temperature, whereas the third maximum re-
mains essentially unchanged. This is in contrast to the
changes in the height of the corresponding experimental
maxima in Fig. 4 but in the simplified model calculations the
widths of the transition regions of the conductivity in the
PPV layer are assumed to be independent of the temperature
~only sl andsh are T dependent!, which in reality may not be
true. The conductivities of the sublayers determine the posi-
tion of the maxima of«9. But the height and the width
of these maxima depend on the conductivity distribu-
tion. The spatial dependence of the conductivity of the PPV
layer influences especially the real part«8. A model calcula-
tion for «8 with the same parameters as in Fig. 6, but
now with an abrupt step function fors (s5sj for x<xl ,
s52sl for xl,x<xh and s52sh for xh,x<1) instead of
Eq. ~10!, shows that«8 curves exhibit clearly steps whereas
one has in Fig. 6 an almost monotonous increase as in the
experimental curves in Fig. 4. At room temperature«8 with
the above abrupt step conductivity achieves a saturation
value already at the frequency of about 10 Hz, whereas«8
with s from Eq. ~10! still increases. Due to the width of the
transition region and the enormous resistance of the deple-
tion layer the saturation value of«8 is in this case achieved
only at very low frequencies not shown in Fig. 6.

In principle the theoretical expression~9! for the imped-
ance should be fitted to the experimental data. However, the
broadening of the maxima of«9 and the smearing out of the
steps of«8 caused by the spatial dependence of the conduc-
tivity can be simulated much simpler by using a Cole–Cole
modification of the dielectric function Eq.~3! with the im-
pedance Eq.~8! which can be written as

«̂5H ~vCgeoR0!a01
Cgeo

Cj

1

11~vCjRj !
2a j

1
Cgeo

Cl

1

11~vClRl !
2a l

1
Cgeo

Ch

1

11~vChRh!2ah
J 21

, ~11!

where Cgeo
215( iCi

21. Dielectric functions of this type are
commonly used to describe dielectric relaxation processes in
disordered media. The distribution parameters correspond to
a distribution of relaxation times due to different local envi-
ronments. However in our case, from the model calculations
with the expression~9!, it is clear that the Cole–Cole distri-
bution parametersa i are caused essentially by the inhomo-
geneity of the PPV conductivity.

The parameters obtained from the fit to the data of the
sample of Fig. 4 are given in Table I. The fit parameters
corresponding to the depletion layer are not reliable because
«8 shows still no saturation in the low frequency region.
Therefore they are not included in the table. From the fit we
obtain an almost temperature independent value of about 70
V for the lead resistanceR0. The resistances of the plug-in
connection with the measuring instrument and the coaxial
lead resistance contribute only to a small part ('1210 V!,
thus the surface resistance of the ITO substrate gives the
dominating contribution toR0. With a sheet resistance of 20
V/h an ITO stripe of 5 mm length and 5 mm width com-
plies with the fitted lead resistance approximately. The fitted
geometrical capacitanceCgeo gives a value of about 2.4 for
the dielectric constant.« r is here a little smaller than that
determined from optical data« r'3 – 4.31 The Cole–Cole pa-
rametera0 in Eq. ~11! is for all temperatures close to unity
as expected. On the other handa l andah are much smaller
than unity indicating a broader distribution. As explained in
our model calculation this distribution arises from the con-
tinuous transitions between the differently conductive re-
gions. Further, the capacitances of the low and high conduc-
tive regions are both almost temperature independent. This
justifies the assumption of a constant« r in our model calcu-
lation. As Cl is slightly larger thanCh the corresponding
thickness of the lower conductive region should be smaller

TABLE I. Parameters obtained by fitting Eq.~11! to the experimental data depicted in Fig. 4.

Parameters 186 K 206 K 222 K 244 K 262 K 282 K

Cl@nF# 3.63 5.25 4.76 4.77 4.73 3.24
Rl@V# 2.083109 2.993107 5.373106 8.513105 1.633105 6.23104

a l 0.36 0.50 0.55 0.56 0.62 0.57
Ch@nF# 2.58 2.43 2.20 2.28 2.63 2.46
Rh@V# 3.633106 3.453105 5.253104 9.063103 2.593103 7.793102

ah 0.76 0.76 0.76 0.80 0.84 0.83
Cgeo@nF# 0.76 0.77 0.78 0.71 0.74 0.80
R0@V# 73.24 70.81 68.13 69.15 65.00 69.80
a0 1 1 1 0.98 0.91 0.88
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than that of the higher conductive region. Only the two re-
sistivitiesRl andRh show a strong temperature dependence.
It can be expressed best by the respective dielectric relax-
ation timest i5RiCi . The dielectric relaxation time in a ma-
terial is connected with its dc conductivityt5«0« r /sdc.
Because the dc conductivity of PPV is thermally activated
we expect that the dielectric relaxation times of the two bulk
processest i show the same behavior. In Fig. 7 an Arrhenius
plot of the bulk relaxation times is presented. The slope of
the linear fit from lnth vs 1/T results in an activation energy
Ea

h50.4 eV. t l yields a little higher activation energyEa
l

50.44 eV (t l at 186 K is disregarded since this relaxation
process is not observed in the available frequency region!.
These values are rather reasonable since our independent dc
conductivity measurements of ITO/PPV/Al devices gave val-
ues for the activation energy in the same range. In Fig. 8 the
temperature dependence of the conductivities for the high
and low conducting regions calculated fromth andth of the
sample in Fig. 4 are compared with three other independent
measurements: at first the same spectroscopic method is ap-
plied to a free-standing PPV film sandwiched between two

gold plates. In this case only one thermally activated process
~activation energy about 0.6 eV! is obtained and the value of
the conductivity is much smaller. Further for two different
samples the results of direct dc measurements are given. One
of them has also the ITO/PPV/Al configuration and is com-
parable with that of Fig. 4, but nevertheless these samples
are different, the other one is a Au/PPV/Au device. Although
it is tried to have constant synthesis and film fabrication
conditions these conditions are determined by several param-
eters, whose number is unknown, examples are humidity,
light influence during the synthesis process or differences in
the conversion condition, and the metal evaporation. For this
reason measured quantities show certain fluctuations from
sample to sample. In view of the problems and uncertainties
with the exact reproducibility of devices the agreement be-
tween the direct dc conductivity measurements and the data
calculated from the dielectric relaxation times regarding the
activation energy and also the absolute numbers of the con-
ductivity ~with the value ofs l calculated fromt l for the
ITO/PPV/Al device! is excellent. Figure 8 shows that the
direct dc measurement on the diode gives practically~in
view of actual device fabrication conditions! the same acti-
vation energy as obtained from bothth and t l . At room
temperature the conductivities of the higher and lower con-
ductive bulk sublayers are about 1027 and 1029 S/cm, re-
spectively. The value 431029 S/cm of the dc conductivity,
which measures the sum of both bulk sublayer resistances
and hence the mean conductivity weighted by the widths of
these sublayers, is only a little higher thans l . Both the
free-standing film and the Au/PPV/Au sample have nearly
the same and larger activation energy of about 0.6 eV and
their conductivity is at room temperature about three orders
of magnitude lower than PPV on ITO. Both results indicate
the role of the ITO in the unintentional doping process dur-
ing the preparation of the ITO/PPV/Al diodes leading to the
increase of the conductivity and a lowering of the activation
energy to about 0.4 eV.

C. Temperature dependence of the ionized acceptor
dopant concentration in PPV

In the preceeding subsections we have shown that de-
tailed information on the internal structure of the PPV layer
in the diodes can be obtained by appropriately analyzing the
data from the dielectric impedance spectroscopy. More com-
mon for semiconductor/metal contacts is the measurement of
the bias dependent capacitance of the depletion layerCj . As
discussed before, the junction capacitance should be conse-
quently taken from the fits of the dielectric function. Its de-
termination from bias sweeps at a fixed low frequency~as the
common method! is in principle not sufficient in the case of
the PPV diodes investigated here since even for the lowest
accessible frequencies one has an increase of«9 and no satu-
ration of«8. Therefore, as the capacitance corresponds just to
the latter its reliable determination is only possible in the low
frequency saturation region of«8. As mentioned above, due
to the enormous resistance of this layer~many orders of mag-
nitude larger than in inorganic semiconductors like Si or
GaAs! and the continuous transition to the bulk,«8 of all the
samples does not achieve saturation as demonstrated in Fig.

FIG. 7. Arrhenius plot of the relaxation timesth andt l obtained from the

analysis of«̂ of the sample shown in Fig. 4.

FIG. 8. Directly measured dc conductivities of an ITO/PPV/Al and a Au/
PPV/Au sample in comparison with the low and high conductivities calcu-
lated from the relaxation times which are obtained from fitting the dielectric
function of the ITO/PPV/Al device~of Fig. 4! and the same for a free-
standing PPV film~only one relaxation process is seen in this case!.
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9. Thus, also the determination of this capacitance from the
fit of the spectroscopic data is cumbersome. In addition, if a
reserve bias is applied the width of the depletion layer be-
comes larger and the width of the lower conductive bulk
sublayer smaller. Therefore the corresponding maximum in
«9 ~i.e., the third maximum from right! becomes even less
pronounced. When the depletion layer is wide enough, i.e.,
beyond some reserve bias voltage, this maximum disappears
completely. This fact is seen as well in our model calcula-
tions as in the experimental data. This circumstance makes
the fit procedure additionally more difficult. Therefore, in
spite of its uncertainties we apply nevertheless the usual pro-
cedure to determine the junction capacitance. Under the as-
sumption that at a reserve bias the depletion layer resistance
is much larger than the serial bulk resistances, the junction
capacitanceCj is approximately the total measured low fre-
quency ~parallel! capacitanceCp52Y9/v. For an abrupt
junction the depletion layer capacitance of a Schottky con-
tact is given by28

Cj5AA q«0« rNA
2

2~UD2U !
, ~12!

whereNA
2 is the ionized acceptor concentration andUD the

diffusion voltage. Thus a linear plot of 1/Cj
2 versus bias volt-

age should give a straight line with a slope proportional to
1/NA

2. The depletion layer widthw is then given by

w5A2«0« r~UD2U !

qNA
2

. ~13!

We have to mention that such a linear dependence has
not been obtained in all samples. An example for a nonlinear
behavior is shown in Fig. 10 for an ITO/PPV/Ca sample (d
5500 nm! at different temperatures. These experimental data
are measured at 10 Hz. From reserve biasU525 V to about
U521 V the plot of 1/Cj

2 vs U is linear, however, between
U521 andU52 V deviations from this behavior are ob-
served. The absolute values ofNA

2 determined by Eq.~12!
between25 and 21 V have a considerable error, but the
tendency of a decrease ofNA

2 with decreasing temperature is
clearly seen. Such deviations from the linear 1/Cj

2 versus
bias behavior can be caused by two reasons. The first reason

is found in the inhomogeneity of the acceptor depth profile in
the bulk layer as discussed in the preceding section. In this
case, it is in principle possible to obtain the doping depth
profile from the derivative of 1/Cj

2 @from Eq. ~12!# with re-
spect to the voltageU,28 provided that the assumption of an
abrupt junction is correct. Given typical values of the diffu-
sion voltageUD'1.5 V and the depletion layer width at zero
bias w'100 nm, a variation of the bias between25 and
11V would allow to probe the ionized acceptor density in a
depth between about 60 and 210 nm to the metal electrode.
This distance is less than half of the total polymer thickness
for the devices investigated here. Thus, the visibility of the
inhomogeneous doping profile in capacitance–voltage spec-
troscopy depends on the total polymer thickness and may not
be seen in all devices.

On the other hand, systematic studies of polymeric
Schottky diodes by Tayloret al.32 show that deviations from
a linear 1/Cj

2 vs U behavior can also result from two~or
more! sets of acceptors~traps! at different energies in the
energy gap of the polymer. A change of slope in the 1/Cj

2 vs
U plot occurs when the applied bias is of such a magnitude
that the Fermi energy crosses the energy of a localized level.
This is also a possible explanation for the investigated PPV
devices, since our recent measurements using thermally
stimulated currents indicate the presence of several distinct
gap states with energies in the range 0.05—0.2 and 0.6–1
eV.20 While the former ones could be clearly assigned to the
doping by the ITO substrate, the latter ones are due to the
influence of the environment~oxygen! and are very likely to
vary from sample to sample. Thus, unless further investiga-
tions of this issue are performed, it is not possible to decide
which one of the above explanations is true for the observed
nonlinear 1/Cj

2 vs U characteristics.
Therefore, for the following discussion of the tempera-

ture dependence of the ionized acceptor concentration, we
have chosen samples, which showed a linear 1/Cj

2 vs U be-
havior. Figure 11 shows the reciprocal of the squared junc-
tion capacitance of an ITO/PPV/Al sample (d5600 nm!
measured at 0.16 Hz as a bias-dependent function for various

FIG. 9. Frequency dependence of«8 for the sample from Fig. 4 for different
reverse bias values at 282 K.

FIG. 10. The reciprocal squared capacitance as bias-dependent function for
an ITO/PPV/Ca sample measured at 10 Hz at different temperatures. The
acceptor dopant concentration is obtained accordind to Eq.~12! from linear
fits between25 and21 V. Above21 V deviations from the linear behavior
are observed.
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temperatures. Here the linear behavior of 1/Cj
2 versus bias

voltage (U<1 V! in reserve direction is clearly seen. This
means that the concept of a simple Schottky junction at the
interface can be applied to this device. All linear fits in Fig.
11 give a value of about 1.5–1.7 V for the diffusion voltage,
which is comparable with our earlier results.12 As mentioned
above,Cj is here the capacitance at a fixed low frequency.
However, at and below 0.16 Hz«8 still increases~see for
example Figs. 3 and 9!. Therefore, the error of the absolute
value of the doping concentrationNA

2 determined from the
slope of the linear plot is considerable~a factor 2 is possible!.
Nevertheless, the tendency of the temperature dependence of
NA

2 from Fig. 11 is significant: With decreasing temperature
~from 287 to 205 K! NA

2 decreases from 1.431017 to 6.9
31016 cm23, whereasUD obtained from the intercept re-
mains constant at about 1.6 V. The corresponding depletion
layer width at zero bias increases from about 55 nm at room
temperature to about 80 nm at 205 K.

From earlier work a temperature dependence of the
depletion layer capacitance measured at 222 Hz is
known.12,30 In this work, at room temperatureCj achieves
almost saturation. Between 260 and 220 K it drops down
abruptly to the geometrical capacitance. The usual interpre-
tation for this decrease of the capacitance is the freeze out of
mobile charge carriers~ionized acceptor concentrationNA

2).
Consequently the width of the depletion layer increases and
henceCj decreases upon cooling. The saturation ofCj at
room temperature corresponds consequently to the complete
acceptor ionization. Our measurements show thatCj not
only depends on temperature but also on the measurement
frequency. From Fig. 9 it is seen that for a frequency higher
than 1 kHz«8 and thusCj is practically bias independent
already at room temperature and consequently also at lower
temperatures. At a frequency of 100 HzCj will be bias de-
pendent at room temperature, however with decreasing tem-
perature the steps in«8 move to lower frequencies andCj

will soon drop to the geometrical capacitanceCgeo. This is a
direct consequence of the dielectric relaxation time which
decreases during cooling. If the measurement frequency is
larger than 1/t the mobile charge carriers cannot respond to

the applied electric field and hence the capacitance de-
creases, too. Therefore, the abrupt decrease ofCj in such a
narrow T interval is caused not only by freezing out mobile
charge carriers but also by the fact that the measurement
frequency, though small, is still large compared to 1/t for
this low conductive material. Thus for a temperature depen-
dent determination ofCj it is necessary to measure the bias
dependence at the lowest possible frequencies. In our case
the lower frequency limit was 0.1 Hz.

One can obtain the temperature dependence of the ion-
ized acceptor concentration as in conventional semiconduc-
tors from

NA
252

1

2
NV expS 2

EA

kBTD F12A114
NA

NV
expS EA

kBTD G ,
~14!

whereEA is the acceptor ionization energy,NV the effective
density of states in the valence band, andNA the density of
electrically active acceptors. For the sample shown in Fig. 11
we have only four values for the density of ionized acceptors
NA

2(T) presented in Fig. 12. It should be noted thatCj of all
our samples does not saturate at room temperature. This
means that the condition of the complete acceptor ionization
at room temperature is not sufficiently fulfilled. Neverthe-
less, assumingNA

2'90%NA at room temperature one can try
to fit Eq. ~14! to the calculated data ofNA

2(T) shown in Fig.
12. With NV5531021 and 531020cm2333,34 this fit yields
EA50.2 and 0.16 eV, respectively. Such low values are in
contrast to the activation energy obtained from direct dc con-
ductivity measurements and the relaxation times from im-
pedance spectroscopy (Ea50.4 eV!. However, the data can-
not be fitted usingEA5Ea50.4 eV andNV51021cm23: for
these parametersNA

2 is only 2% ofNA at room temperature.
From our data one has to conclude that the characteristic
energies responsible for the transport in the PPV bulk~with
Ea50.4 eV for ITO substrates! and the temperature depen-
dent behavior of the depletion layer~leading to an acceptor
energyEA50.16–0.2 eV! are significantly different. So far
in dc conductivity and mobility measurements by our group
and others activation energies between 0.4 and 0.9
eV19,26,29,35~depending on the substrate and environmental

FIG. 11. The reciprocal squared capacitance as bias-dependent function for
an ITO/PPV/Al sample (d5600 nm,A525 mm2) measured at 0.16 Hz at
different temperatures. The acceptor dopant concentration is obtained ac-
cording to Eq.~12! from linear fits between25 and 1 V.

FIG. 12. Temperature dependence of the ionized acceptor concentration for
the sample in Fig. 11 and fits with Eq.~14! using two different densities of
valence band states.
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conditions! have been found with no indication for acceptor
states with energies lower than 0.2 eV. On the other hand,
our recent TSC measurements20 yield two sets of traps levels
with energies of 0.05–0.2 and 0.6–1 eV, respectively. While
the deep traps can be assigned to the influence of air and
their density can be varied by applying vacuum to the de-
vices, the shallow traps could be identified as due to doping
by the ITO substrate. Comparable shallow trap states have
been found from an analysis of current–voltage characteris-
tics using space charge limited transport with an exponential
trap distribution on ITO/PPV/Al devices with Cambridge
PPV.11 From these observations one has to conclude that the
electrical properties of PPV based devices are determined by
at least two different energetic states in the gap of the mate-
rial. The observed activation energies of macroscopic quan-
tities can then be a combination of these levels, the value of
which probably depends on the relative concentration of the
different gap states. The clarification of the microscopic na-
ture of these trap states and their role in charge transport
needs further investigation.

IV. CONCLUSIONS

In this article broadband dielectric spectroscopy in the
frequency region from 0.1 Hz to 10 MHz and in a tempera-
ture interval from 300 to 145 K has been applied to forward
and reverse biased ITO/PPV/Al diodes. It has been demon-
strated that this method considerably extends the possibilities
of the electrical characterization of such systems. Most im-
portant, combining the method with information on the
preparation and with an appropriate theoretical description
one can obtain not only information on the rectifying PPV-
metal contact but also on the bulk of the PPV film, especially
on the temperature dependence and the spatial variation of
the conductivity in the film. It has been found that the usual
representation of the impedance as a Cole–Cole plot in the
complex impedance plane does not reveal the complete fre-
quency dependent behavior. Instead, the complex dielectric
function is more appropriate to characterize these devices.
This quantity displays two relaxation times, which can be
assigned to two regions of the PPV bulk with different con-
ductivity. Their temperature dependence correlates well with
the directly measured dc conductivity of PPV.

Information about the ionized acceptor concentration in
PPV has been obtained from the bias dependence of the
depletion layer capacitance at the PPV/Al interface. The tem-
perature dependence of this quantity yields an acceptor depth
between 0.16 and 0.2 eV, which is significantly lower than
the activation energies of the bulk relaxation processes with
0.4–0.6 eV. This indicates that the transport properties of
PPV are influenced by at least two sets of gap states with
different energies.
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