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Using ultraviolet photoemission spectroscopy, we investigated the energy level alignment at the
interfaces of typical anodes used in organic electronics, indium tin oxide (ITO) and
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), with the oligomeric hole
transport material N,N,N’, N’ -tetrakis(4-methoxyphenyl)-benzidine (MeO-TPD), and studied the
influence of electrical interface doping by the strong electron acceptor tetrafluoro
tetracyanoquinodimethane (F,-TCNQ). The fundamentally different anode materials with work
functions of 4.40 eV (ITO) and 4.85 eV (PEDOT:PSS) show different hole injection barriers, which
also depend on the thickness of the F,-TCNQ interface dopant layer. PEDOT:PSS anodes exhibit a
consistently lower hole injection barrier to MeO-TPD compared to ITO by 0.1 eV. We attribute this
low hole injection barrier to additional charge transfer reactions at the PEDOT:PSS/MeO-TPD
interface. In contrast, the deposition of the electron acceptor at the interface helps significantly to

lower the hole injection barrier for ITO anodes. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2786573]

I. INTRODUCTION

The injection of charge carriers from electrodes into or-
ganic layers is an extremely important process in organic
devices, such as organic light emitting diodes (OLEDs). So
far, indium tin oxide (ITO) is the commonly used anode to
inject holes into organic layers. However, often a large hole
injection barrier (HIB) is found at the ITO/organic interface
because the work function of ITO is in the range of
4.1-4.7 eV (depending on its pretreatment), which is signifi-
cantly lower than the typical ionization energy of organic
materials.' Electrically doped charge transport layers may be
used to enhance the injection of charge carriers from an ITO
anode into organic layers, e.g., for OLEDs to achieve lower
operating voltage and to increase power efficiency of the
devices.” In such OLEDs, an electrically intrinsic organic
emission layer is sandwiched in between two electrically
doped organic layers for the p and n side, resulting in a
so-called pin-OLED structure. Very high power efficiencies
and long lifetimes of pin-OLEDs have been demonstrated
using N,N,N’,N'-tetrakis(4-methoxyphenyl)-benzidine
(MeO-TPD) doped  with tetrafluoro-tetracyanoquino
dimethane (F,-TCNQ) as hole transport layer.Sf5 The intro-
duction of a strong electron acceptor such as F,~-TCNQ in the
hole transport layer serves several purposes simultaneously:
(i) charge transfer between the anode material and F,-TCNQ
lowers the hole injection barrier,6 (ii) charge transfer between
the acceptor and the hole transport material acting as donor
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(e.g., MeO-TPD) modifies the density of states in the organic
layer leading to p-type doping,”” and (iii) charge transfer
increases the conductivity of the organic donor material com-
pared to the pristine one.'’ Another approach for efficient
injection of holes into organic layers is the use of polymer
layers  based on  poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) with an ITO layer
underneath.'? Commonly, the ITO layer is needed to pro-
vide a homogeneous lateral current distribution due to the
several orders of magnitude lower conductivity of the poly-
mer compared to metals or ITO. However, due to the very
recent development of highly conductive formulations of
PEDOT:PSS with low absorption in the visible, it is now
possible to use PEDOT:PSS with a conductivity of up to
500 S/cm as anode without the need of an inorganic layer
underneath.”® In previous experiments, we found that hole
injection from such a polymeric anode into a p-doped MeO-
TPD layer was even superior to that from an ITO anode."
This dependence of the hole injection efficiency on the na-
ture of the anode material cannot be readily understood be-
cause the Fermi level in the p-doped MeO-TPD layer would
be expected to be pinned, independent of the substrate. In
order to clarify this issue, we performed ultraviolet photo-
electron spectroscopy (UPS) experiments to directly assess
the magnitude of HIBs for MeO-TPD layers on the inorganic
and the polymeric conducting substrates in the presence of
F,-TCNQ.

Il. EXPERIMENT

UPS experiments were done at the FLIPPER II beam
line at HASYLAB (Hamburg, Germany).'* ITO (120 nm on
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FIG. 1. Chemical structures of PEDOT:PSS (a), MeO-TPD (b), and F,-TCNQ (c).

glass, 25 )/[1) substrates were cleaned (sonication in de-
ionized water, acetone, and methanol) and used for organic
deposition without any further surface modification. A 70 nm
thick film of PEDOT:PSS (Baytron PH 500 with 5 wt %
dimethylsulfoxide (DMSO), H.C. Starck) was spin coated
onto these ITO substrates and subsequently heated in air for
20 min at 130 °C for drying. After an additional 10 min
without heating, the substrates were inserted into ultrahigh
vacuum (UHV). F4~-TCNQ (one time sublimed, TCI Europe)
and MeO-TPD (two times sublimed, Sensient) were evapo-
rated from resistively heated pinhole sources in separate
chambers in order to avoid cross contamination. The chemi-
cal structures of all materials used are shown in Fig. 1. The
pressure in the analysis chamber was 3 X 107! mbar. Photo-
electron spectra were recorded with a double-pass cylindrical
mirror analyzer at a photon energy of 22 eV. The secondary
electron cut off (SECO) was measured at a sample bias of
—6 V and calculated from the intersection of the energy axis
with the slope of the spectra. From these data, the interface
dipole (ID) was calculated as the difference between the
SECO of the oligomer film and the SECO of the bare sub-
strate, which corresponds to the work function change of the
substrate due to oligomer adsorption. We calculated the HIB
from the difference between the Fermi level of the system
and the leading edge of the peak derived from the highest
occupied molecular orbital (HOMO) of the organic layers.
All values have a numerical error of +0.05 eV, whereas the
discussed energies can differ by +0.1 eV between the
samples.

lll. RESULTS AND DISCUSSION

In order to discriminate between the effects of MeO-
TPD p-type doping (by F,~-TCNQ) and HIB lowering due to
charge transfer between the substrate and F,-TCNQ, the pre-
coverage of ITO and PEDOT:PSS substrates with F,~-TCNQ
was varied as follows: 0.2 A/0.5 A/1 A and 5 A. This sys-
tematic variation allows ruling out HIB lowering effects due
to incomplete substrate coverage with the electron acceptor.6

Subsequent to depositing these thin acceptor layers, first
10 A and then an additional 20 A of MeO-TPD were evapo-
rated, and UPS spectra were taken after every growth step.
The work function (¢) values of individual pristine ITO and
PEDOT:PSS substrates showed slight differences due to
variations of water content and ubiquitous surface carbon
contamination'>™"® because of exposure to air prior to load-
ing into the UHV system. The average ¢ values were
4.40£0.10 eV for ITO and 4.85+0.10 eV for PEDOT:PSS.

The spectra of an ITO substrate before and after cover-
age with 0.5 A F,-TCNQ and subsequently MeO-TPD are
shown in Fig. 2. Since the spectra show only a minor depen-
dence on different acceptor precoverages, we will discuss
this sample in detail in the following. After deposition of
F,-TCNQ, the SECO shifts to higher kinetic energy [Fig.
2(a)], corresponding to a ¢ increase (or ID) of 0.4 eV. This
¢ increase is indicative of a transfer of negative charge from
ITO towards the electron acceptor F,-TCNQ, reminiscent of
F,-TCNQ on Au® Interestingly, we observe only little
changes in the valence region between clean ITO and that
covered with the acceptor molecules [Fig. 2(c)]. Very similar
observations are made for F,-TCNQ coverages up to 5 A
(not shown). From this lack of clear F,-TCNQ related pho-
toemission features, we conclude that there is a large portion
of uncovered ITO surface, resulting in an extremely low UPS
signal of the F,~-TCNQ HOMO. All these observations can
be rationalized when considering the presence of surface-
adsorbed carbon on air-exposed ITO already prior to
F,-TCNQ deposition: Only bare ITO surface patches are
available for the charge transfer with F,-TCNQ, whereas car-
bon covered areas are passivated. Once all available clean
ITO patches are covered with F,-TCNQ, no further change
of the sample work function is expected because surplus
F,-TCNQ adsorbs in its neutral form, probably involving
pronounced island growth.6 After deposition of 10 A MeO-
TPD, the photoemission peak derived from the oligomer
HOMO is clearly visible (centered at 1.2 eV binding energy)
and a HIB of 0.35 eV is measured. This value increases to
0.45 eV after evaporation of an additional 20 A MeO-TPD
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FIG. 2. UPS spectra of (I) a bare ITO substrate (II) with a coverage of 0.5 A F,-TCNQ, (III) followed by 10 A and (IV) an additional 20 A MeO-TPD: (a)

secondary electron cut off, (b) full spectrum, and (c) valence region.

due to a rigid shift of the entire spectrum toward higher
binding energy. The SECO of the 10 A MeO-TPD film shifts
relative to 0.5 A F,-TCNQ/ITO by —0.20 eV, corresponding
to an ID of that magnitude. An additional —0.1 eV shift of
the SECO is obtained for 30 A MeO-TPD coverage [Fig.
2(a)], which parallels the shift observed for the valence re-
gion. This could be a consequence of a lowering of the MeO-
TPD work function toward bulk material properties.

We will now discuss the properties of interfaces formed
between a PEDOT:PSS substrate with the same F,-TCNQ
and MeO-TPD coverages, namely, PEDOT:PSS/0.5 A
F,-TCNQ/10 A MeO-TPD and an additional 20 A MeO-

TPD (see Fig. 3). After deposition of 0.5 A F,-TCNQ, we
observe an ID of 0.10 eV relative to the uncovered PEDOT:
PSS, which is four times Ilower than for 0.5 A
F,-TCNQ/ITO. This small increase of the sample work func-
tion upon acceptor coverage for PEDOT:PSS as compared to
ITO is caused by the different nature of the conductive poly-
mer layer as compared to ITO. PEDOT:PSS is an already
doped polymer, since PEDOT* and PSS~ moieties are
present in the whole layer. Due to the admixture of a solvent
(5 wt % DMSO) to the PEDOT:PSS solution, the ratio of
PEDOT and PSS at the surface of the film increases, but still
an excess of insulating PSS is present at the polymer
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FIG. 3. UPS spectra of (I) a bare a PEDOT:PSS substrate (I) with a coverage of 0.5 A F,-TCNQ, (IIT) followed by 10 A and (IV) an additional 20 A
MeO-TPD: (a) secondary electron cut off, (b) full spectrum, and (c) valence region.

Downloaded 20 Nov 2007 to 141.20.46.121. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys. 102, 073719 (2007)

FIG. 4. UPS energy shifts calculated
from the spectra shown in Figs. 2 and
3 for PEDOT:PSS and ITO substrates
with a F;-TCNQ precoverage before
MeO-TPD deposition (filled symbols).
The hollow symbols correspond to
UPS measurements of bare substrates
of ITO and PEDOT:PSS with and
without the 30 A MeO-TPD layer. The
ITO used here has a work function of
~4.40 eV since it was not treated by
oxygen plasma or UV radiation before

use.
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surface.”*! Thus, if we assume a highly doped PEDOT:PSS
layer (weight ratio of 1:2.5 of PEDOT to PSS) with an ex-
cess of PSS at the polymer surface, the probability of charge
transfer from PEDOT to F,-TCNQ will be very low com-
pared to ITO (as PEDOT is already oxidized) due to the
significantly lower amount of ionizable surface. Charge
transfer between F,-TCNQ and PSS can be ruled out on
general grounds. After deposition of 10 A MeO-TPD onto
the F,-TCNQ precovered PEDOT:PSS surface, the HIB for
MeO-TPD is 0.25 eV and the SECO shifts to lower kinetic
energy by —0.30 eV (=ID). For 30 A MeO-TPD coverage,
the HIB increases to 0.35 eV [Fig. 3(c)], which is accompa-
nied by a further SECO shift of —0.10 eV (as was the case
for the ITO substrate in Fig. 2). This means that the HIB for
p-doped MeO-TPD is 0.10 eV smaller on PEDOT:PSS com-
pared to ITO, which nicely explains the higher hole current
measured for PEDOT:PSS substrates reported carlier.”

From the observations discussed above, we expect that
the charge exchange reactions

PEDOT™* + PSS~ + MeO-TPD" — PEDOT? + PSS~
+MeO - TPD*, (1)

MeO - TPD? + F,~TCNQ" — MeO-TPD" + F,
-TCNQ™ ()

occur at the conducting polymer/oligomer interface, which
is facilitated by the low ionization energy of MeO-TPD
(~4.9 eV).? Similar to experimental findings of pentacene
and copper phthalocyanine at the PEDOT:PSS surface,
PEDOT cations can “dope” the subsequently deposited
MeO-TPD via charge transfer [Eq. (1)].2** In addition, the
doping of MeO-TPD by F,-TCNQ is a highly efficient pro-
cess which also leads to a lower HIB [Eq. (2)].” Figure 4
summarizes the above results for the hole injection barriers
interface dipoles, and work functions depending on the sub-
strate and the sample composition. In order to investigate the
impact of the thin acceptor precoverage on the interface
properties, MeO-TPD was evaporated onto bare ITO and
PEDOT:PSS substrates as well. The HIB for 30 A MeO-
TPD on bare ITO and PEDOT:PSS was determined to be
0.70 and 0.40 eV, respectively. Thus, the use of F,-TCNQ as

precoverage is essential for ITO substrates to lower the HIB.
In contrast, for PEDOT:PSS substrates, the HIB for MeO-
TPD without precoverage of F,-TCNQ is already lower than
the one of MeO-TPD on precovered ITO. This is explained
by the charge exchange reaction [Eq. (1)] occurring at the
PEDOT:PSS/MeO-TPD interface.

The HIBs and IDs for different F,-TCNQ precoverages
on both substrates obtained in further experiments are sum-
marized in Fig. 5. Compared to ITO, the HIB is lower for all
F,-TCNQ precoverages when a PEDOT:PSS substrate is
used. The ID remains nearly constant for the PEDOT:PSS
substrates and decreases for thicker F,-TCNQ layers on ITO
substrates. The precoverage of ITO with F,-TCNQ causes a
positive ID, whereas without precoverage, a nearly constant
vacuum level is found. Most notably, there is no significant
influence of the F,-TCNQ precoverage on the HIB for PE-
DOT:PSS. This may indicate that the reactions according to
Egs. (1) and (2) result in rather similar MeO-TPD cationic
species. However, as the HIB is yet smaller for PEDOT:PSS
substrates, we propose a somewhat different molecular con-
formation for MeO-TPD" when being charge balanced by
PSS~. Nevertheless, by using PEDOT:PSS for efficient hole
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FIG. 5. Interface dipole and hole injection barrier on ITO or PEDOT:PSS
substrates with different coverages of F;~-TCNQ in between the anode and a
30 A thick MeO-TPD top layer. As marked by the arrows, open symbols
represent the hole injection barrier (right axis), while solid symbols show
the interface dipole (left axis).
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injection into the adjacent oligomer layers, the electrically
doped charge transport layers and their high conductivity are
beneficial, e.g., for the optimization of the layer thicknesses
for maximum light extraction from the OLED to air. Addi-
tionally, lifetime experiments show that using doped trans-
port layers is mandatory to decrease the degradation rate,
which will be discussed elsewhere. Furthermore, doped
transport layers can be used for efficient electron injection as
well, a field where not much progress was made with poly-
mers in the last few years.

IV. CONCLUSION

Using ultraviolet photoemission spectroscopy, we ana-
lyzed the electronic properties of MeO-TPD in contact with
two typical anode materials used in organic electronics, ITO
and PEDOT:PSS. For lowering the hole injection barrier, we
used a thin interface layer made of the strong electron accep-
tor F4-TCNQ, a typical dopant for MeO-TPD. In the case of
ITO anodes, a strong reduction of the hole injection barrier
was found when a thin film of F,-TCNQ was deposited in
between the anode and MeO-TPD. In contrast, we observed
a low barrier for hole injection from PEDOT:PSS into MeO-
TPD, both with and without F,-TCNQ at the interface. In
any case and independently of the thickness of the electron
acceptor interlayer, the hole injection barrier from PEDOT:
PSS into MeO-TPD is 0.1 eV lower than for ITO. We at-
tribute this lower energy barrier mainly to charge transfer
reactions between the polymer and the oligomers.
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