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Four kinds of commercial PEDOT dispersions have been used to realize ITO/PEDOT/PF6/Al
polymeric OLEDs. The effects of the different PEDOT layers have been analyzed by the
means of static current–voltage characterizations and admittance spectra. The measure-
ments have revealed a good agreement with the Nicollian–Brews model returning the den-
sity of the interface traps; moreover the role of the trapping rate has been focused in terms
of density of carriers available for the conduction.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

During the last 10 years lots of studies have been per-
formed about the physics of Organic Light Emitting Diodes
(OLEDs). In this kind of device the Conductive Polymers
(CPs) show relevant importance because of their capability
as carrier injector together other electro-optical properties.
In particular between the anode electrode – usually Indium
Tin Oxide (ITO) – and the Hole Transporting Layer (HTL),
polymeric or molecular, an hole injection layer realized
by the means of a conductive polymer is interposed. The
improvement of the charge injection is related to the work
functions of anode, HTL and of the interposed CP; the latter
work function is chosen as intermediate value between the
other two [1–5], obtaining a lower hole potential barrier
into the OLED and then a higher carriers injection. The
most used CP is the PEDOT:PSS, a blend of thiophene-based
molecules and polystyrene based polymers – Poly(3,4-
EthyleneDiOxyThiophene):Poly(StyreneSulfonate), showing
good electrical conductivity, good light transparency into
the visible range, work function similar to gold one (about
5 eV) and finally a good solubility in water. The insertion of
PEDOT:PSS between anode and HTL layers, besides increas-
ing charge injection, preserves the device from the fast
. All rights reserved.
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degradation occurring when these layers are put in direct
contact. These two effects have a relevant consequence
on the device behaviour, because they contribute to the
OLED voltage threshold reduction and to the increment
of the electro-optical efficiency.

PEDOT:PSS [6–19], known actually as Clevios™ P (its
commercial name has been Baytron� P until 2008), is dis-
tributed in several kinds of dispersions, differing mainly
for: constituents ratio, impurity density, kind of dopant
and dispersion solvent. Since all these parameters tune
the PEDOT work function and conductivity [20], the partic-
ular PEDOT dispersion employed into the OLED plays a cru-
cial role in the device electro-optical behaviour [15] but
the physical mechanisms of these phenomena are not well
understood yet. In this work the authors propose an inter-
pretation of the physics of the anode interface barrier in
terms of intra-gap state distribution and trapping rate by
the means of admittance spectra measurements of ITO/
PEDOT/PF6/Al OLEDs, where PF6 means poly(9,9-dihexyl-
9H-fluorene-2,7-diyl).
2. Experimental

Commercial ITO (200 nm thick) coated glass substrates
were used as transparent conductive anode. Moisture and
carbon impurities have been removed from the ITO surface
by the means of HCl baths [21,22]. In order to build contact
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areas and to prevent the formation of shorts during the top
electrode contact soldering, the ITO layers were patterned
by a photolithographical process. Four kinds of ITO/PED-
OT/PF6/Al OLEDs – denoted as A, B, C and D – were manufac-
tured employing four commercial PEDOT dispersions:
Clevios™ P CH 8000 (previously known as Baytron� P
8000), a dispersion with PEDOT:PSS ratio 1:20 (w/w) for
the A device; Clevios™ P AI 4083 (previously known as Bay-
tron� P 4083), a dispersion with PEDOT:PSS ratio 1:6 (w/w)
for the B device; a poly(3,4-ethylenedioxythiophene)-block-
poly(ethylene glycol) – PEDOT–PEG – dispersion with p-tol-
uenesulfonate (PTS) as dopant for the C device; a PEDOT–
PEG dispersion with perchlorate (PC) as dopant for the D
device. The dispersions characteristics and the deposition
parameters are summarised in Table 1. For all the devices
the PEDOT layer is 70 nm thick. After the PEDOT coating,
the devices were completed with the same following steps:
the obtained films were backed under nitrogen flow at
120 �C for 15 min and then PF6 was spun over the PEDOT
layer at 1500 rpm from a 1.0% (w/w) chlorobenzene solution
obtaining a thickness of 90 nm. After the deposition the
samples were backed in vacuum at 50 �C for 3 h. Finally,
the OLED structure was completed with a 200 nm thick Al
layer deposited by thermal evaporation with a base pressure
of 10�7 mbar. The active device area is 12.6 mm2 and the fi-
nal realized structure is shown into the inset of Fig. 1. Elec-
trical analysis was performed by the means of a HP 4192A
impedance analyzer and a Keithley 4200 semiconductor
parameter analyzer under ambient condition.
3. Results and discussion

In Fig. 1 typical current density–voltage characteris-
tics are shown; both the devices realized using PEDOT–
PEG (C and D) are more conductive than those realized
using PEDOT:PSS, and the most conductive one is that
realized with a layer doped with perchlorate (D device).
Comparing the results shown in Fig. 1 and Table 2 an
anomalous behaviour can be observed: the device cur-
rent increases with the anode potential barrier. In fact,
as shown into the inset of Fig. 1, since the ITO work
function is 4.8 eV and the PF6 HOMO level is 5.8 eV,
reducing the PEDOT work function from 5.2 to 4.2 eV
an increase of the PEDOT/PF6 hole barrier is awaited,
with the effect of a reduction of the number of injected
holes and therefore a reduction of the device current. In-
stead, the experimental results show an opposite behav-
iour suggesting the presence of other dominant
phenomena into the device about the charge injection
and transport. Capacitance-frequency and conductance-
frequency measurements have been performed at various
Table 1
Technological parameters of the PEDOT layers.

PEDOT dispersion Constituent ratio Solution

A PEDOT:PSS 1:20 3 wt.% in water
B PEDOT:PSS 1:6 1.7 wt.% in water
C PEDOT–PEG 1:1 1 wt.% in nitrome
D PEDOT–PEG 1:1 1 wt.% in perchlor
biases for all the devices and, as shown in Fig. 2 (for
simplicity only for device A), these spectra don’t vary
with the applied voltage below the optical threshold.
The bias independent capacitance is a known result
tuned by charge phenomena, and it is well analyzed in
literature [23]. In order to analyze the device in the un-
der-threshold regime, we have performed all the admit-
tance spectra at 0 V bias.

The spectra reported in Fig. 3 show capacitances having
decreasing monotonic behaviour with low frequency uni-
tary value of about 21 nF/cm2 for the first three kinds of
device and 48 nF/cm2 for the D one. The Fig. 4 show the
loss (L) spectra defined as

L ¼ G
x

ð1Þ

where G is the electrical conductance and x the angular
frequency of the applied signal: the devices A, B and C
have one loss-peak while the D device shows two peaks.
The loss-peak specifies the relaxation time constant (s):
220 ns, 290 ns and 2.31 ls for A, B, C, respectively, while
the device D has a low frequency peak with a time con-
stant of 160 ls and a high frequency one of 140 ns. In
literature [24] it is reported an experiment similar to
ours where the authors study OLED devices with a sim-
ilar structure, ITO/PEDOT:PSS/PF8/cathode, but with dif-
ferent PF8 layer thicknesses. The results of their
measurements show an unexplained thickness depen-
dence of the relaxation time. Our spectral results can
be interpreted by a physical key shown in literature
[25–31]: it is known that a semiconductor junction
shows peaks in Loss vs. Frequency diagram when a trap
distribution is at the semiconductor interface. In the case
of a single energy level, Nicollian and Brews [32] proved
that the device conductance and capacitance are de-
scribed by the following equations

G
x
¼ qDSxs

1þ ðxsÞ2
ð2Þ

CS ¼
qDS

1þ ðxsÞ2
ð3Þ

where CS is the capacitance, q is the electron charge, DS is
the interface state density and s is the time constant. For
a distribution of more close energy trap levels [32], the de-
vice admittance is described by

G
x
¼ qDS

2xs
ln 1þ ðxsÞ2
h i

ð4Þ

CS ¼
qDS

xs
tan�1ðxsÞ ð5Þ
Dopant Deposition rate and time

None 2000 rpm for 30 s
None 2000 rpm for 20 s

thane p-toluenesulfonate (PTS) 1000 rpm for 30 s
ate Perchlorate (PC) 1000 rpm for 30 s



Fig. 1. Current–voltage characteristics of the polymeric OLEDs realized at different PEDOT dispersions. In the upper inset the energetic diagram of the
realized samples where the PF6 HOMO and LUMO, and the ITO, PEDOT and Al work functions are drawn: the devices differ only for the kind of PEDOT
dispersion with a variation in work function between 4.2 and 5.2 eV. In the lower inset the devices structure (the figure is not in scale).

Fig. 2. Typical unitary capacitance and conductance spectra at different biases (for simplicity only the A device measurements are shown). For all A, B, C, D
devices the spectra do not change with bias.
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The Nicollian and Brews model was developed to study
the trap effect in MOS Field Effect Transistor, but it has also
been used in the analysis of the interface state distribution
in MIS structure (Metal/Insulator/Semiconductor) and in
particular for organic and inorganic diodes [33–36].

For each device, besides the time constant s, we have
extracted the interface state density DS from the peaks in
Fig. 4, as reported in Table 2. In Figs. 3 and 4 the continuous
lines represent the Eqs. 2,3,4,5, drawn using the experi-
mental estimation of DS and s. As it can be seen, a good
agreement between the experimental data and the single
energy level model (Eqs. 2 and 3) is obtained for the de-
vices A, B, C and the high frequency peak of D (denoted
with c in Figs. 3 and 4). The low frequency peak of device



Fig. 3. Unitary capacitance spectra of the polymeric OLEDs. Decays with single time constant are visible in the figure for the A, B, C devices while a decay
with a double time constant is evident for the D device.

Fig. 4. Unitary loss spectra (G/x) of the devices. A single peak spectra are visible in the figure for A, B, C devices while a double peak spectrum is evident for
the D device.
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D results to be the sum of two multiple-level distributions
(denoted with a and b in Figs. 3 and 4) modelled by Eqs. 4,
5. The results confirm the model applicability in our case.
Because the devices vary exclusively for the kind of PEDOT,
the differences in admittance measurements are only
imputable to this layer: in other words, the found variabil-
ity between the four interface trap distributions is only
ascribable to the four different PEDOT dispersions. As pro-
posed in [41], the curves shown in Fig. 4 can be interpreted
also as the effect of both interface and bulk trap distribu-
tions: in fact the low frequency peak can be ascribed to
interface phenomena while the high frequency one is



M. Petrosino, A. Rubino / Organic Electronics 12 (2011) 1159–1165 1163
usually due to bulk traps. Considering the Brunson inter-
pretation [41] only in D device the bulk traps have a
prominent effect. However, as pointed out by Lang [42],
the capacitance measurements experience mainly the
interface states, being their spatial sensitivity higher at
the interface and decreasing towards bulk material [25].

As indicated above, A and B devices differ only for the
PEDOT:PSS ratio determining two similar interface state
distributions. The C device differs from the D only for the
dopant (both are PEDOT–PEG block-copolymers), resulting
in different defect state distribution; the time constant of
the C device is similar to those of the A and B ones, while,
for the D device, the higher frequency time constant is low-
er than those of the A and B devices, the two lower fre-
quency time constants cannot be compared the other
ones. As described in [25,26] the relaxation time s can be
described by the following energetic law (Arrhenius)

xR ¼
1
s ¼ Ate�DE=kBT ð6Þ

where At is a material constant, DE is the energy deep of
the state respect the band edge, kB is the Boltzmann con-
stant and T the absolute temperature. The hole anode bar-
rier ui (for the i-device) can be indicated respect to one of
the four kinds of device. Choosing A device as reference, we
can write

ui ¼ uA þ Dui ð7Þ

The total current density in every point of the device is
constant. The current density at the PEDOT/PF6 junction,
neglecting the electron current, can be written as the prod-
uct between the holes concentration (p) and the probabil-
ity of the barrier crossing (Boltzmann law), obtaining

JðVappÞ ¼ KqplPEDOTi
ecVapp ebui ¼ KrPEDOTi

ecVapp ebui ð8Þ

similar to the classical p–n junction equation. The constant
K collects all the effects not ascribable to the PEDOT, lPEDOTi

is the hole mobility of the PEDOT layer, Vapp is the applied
bias, c and b are the exponential factors related to the an-
ode hole barrier, considered independent from the particu-
lar kind of device and finally, rPEDOTi

is the bulk
conductivity of the i PEDOT layer.

In order to remove the effect of the PEDOT conductivity,
we can divide Eq. 8 for rPEDOTi

JðVappÞ
rPEDOTi

¼ KecVapp ebui ð9Þ

obtaining the curves J/r shown in Fig. 5 as function of the
hole anode barrier variation Dui (respect to the A device)
Table 2
Electrical and energetical properties of the PEDOT layers and interfaces.

Device/
distribution

Energy
distribution

PEDOT work function
(eV)

PEDOT condu
(X cm)�1

A Single level 5.15 [20] 5 � 10�6 [40]
B Single level 4.85 [20] 2 � 10�4 [37]
C Single level 4.19 [38] 1 � 10�3 [39]
D (a) Multiple levels 4.33 [38] 0.4 [39]
D (b) Multiple levels
D (c) Single level
at various biases. This values follow linear behaviours for
many bias voltages in a semi-log plot (except for C device
which values are out of liner trend): this result suggests
that the exponential dependence (at fixed temperature)
on ui described in Eq. 8 is verified. Moreover, the slopes
in Fig. 5 are different for each bias value: this result sug-
gests that the b factor is bias dependent, but the purpose
of this work is only to point out that the experimental
points of Fig. 5 follows linear trends. In order to explain
why the values extracted from the current–voltage charac-
teristic of the C device do not follow the behaviour predict
by Eq. 8 or Eq. 9, other phenomena have to be taken into
account. The exception of the C device can be justified con-
sidering the different trap time constants and in particular
the lower s of the device (dominant s). As described in
[25,26] the time constant is related to the carrier capture
rate cc
s ¼ 2p
cc

ð10Þ

When the applied signal frequency x is less than 1/s,
the traps can follow the voltage variations by the means
of the emission and capture processes. Instead, for x > 1/
s, only the untrapped charge can respond to the voltage
variations giving rise to a decrement of the device capaci-
tance and the slope of the conductance. This implies that
the maximum of the normalized conductance (loss) is at
x = 1/s, in other words at the resonance pulsation of the
trapping phenomenon. From Eqs. 6 and 10 the increment
of s gives rise to a decrement of the capture rate resulting
in a higher fraction of untrapped carriers available for the
conduction. From Table 2, the devices A, B and D show a
similar dominant s (140 � 290 ns) and so they have trap
distributions with similar energetic depth. Instead the C
device shows a greater dominant s (2.31 ls), then a deeper
trap distribution (a higher energy gap), that allows an
higher fraction of carriers available for the conduction,
for this reason the J/r values for the device C are higher
then for the other devices. The plot of Fig. 5 help us to
understand also the previous reported anomaly about the
current increment with the hole anode barrier (see Fig. 1
and Table 2): in fact, in Fig. 5 we can see how the current
density normalized through the conductivity decreases
increasing the anode hole barrier, as expected. Considering
Fig. 1, where the current–voltage characterises are re-
ported, we have to take account of the effects of the differ-
ent PEDOT conductivities that have a fundamental role in
the device electrical behaviour.
ctivity r State density DS

(eV�1 cm2) � 1011
Time constant s
(s) � 10�6

1.26 0.22
1.36 0.29
1.26 2.31
0.68 80.4
1.62 4.71
0.76 0.14



Fig. 5. Normalized current densities (J/x) as function of the anode hole barrier increment (respect to the PEDOT work function of the A device) at different
voltage biases. Only the C device does not follow the linear trend in the semi-log plot.
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4. Conclusions

The analysis of polymeric OLEDs varying only for the
kind of PEDOT dispersion has allowed to ascribe the varia-
tions of the admittance spectra to the effects of interface
trap distribution: a good agreement between the experi-
mental data and the Nicollian–Brews model has been
found. The exponential dependence of the current on the
hole barrier height has been verified only for three kinds
of devices; the exception of the fourth has been explained
in terms of trapping rate that tunes the increment of the
number of carriers available for the conduction. The study
of the normalized current has allow to evidence the impor-
tance of the PEDOT conductivity of the layer, often forgot-
ten to advantage of consideration about the energetic
levels of the layers work functions.
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