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Abstract

Ultraviolet photoelectron spectroscopy (UPS) was used to determine the energy level alignment at organic—organic con-
ductor-semiconductor and semiconductor—semiconductor hetero-interfaces that are relevant for organic optoelectronic
devices. Such interfaces were formed by in situ vacuum sublimation of small molecular materials [Cg, and pentacene
(PEN)] and ex situ spin-coating of poly(3-hexylthiophene) (P3HT), all on the common substrate poly(3,4-ethylenedioxy-
thiophene)/poly(styrenesulfonate) (PEDOT:PSS). We found that the deposition sequence had a significant impact on the
interface energetics. The hole injection barrier (HIB) of Cgy on PEDOT:PSS could be changed from 1.0 eV (moderate hole
injection) to 1.7 eV (good electron injection) by introducing a layer of P3HT. The HIB of P3HT/PEDOT:PSS was
increased by 0.35 eV due to an interfacial PEN layer. However, PEN deposited on PEDOT:PSS and P3HT/PEDOT:PSS
exhibited the same value. These observations are explained by material-dependent dipoles at the interfaces towards PED-
OT:PSS and substrate dependent inter-molecular conformation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The physico-chemical properties of interfaces in
organic optoelectronic devices, such as organic light
emitting diodes (OLEDs), organic photovoltaic cells
(OPVCs), and organic thin film transistors
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(OTFTs), largely determine device function and per-
formance [1-5]. For instance, the importance of the
energy level alignment at organic—-metal interfaces
has been pointed out in many studies [6-8]. How-
ever, comparably little is known about the energy
level alignment at organic—organic hetero-interfaces
[9-15], which is essential for further understanding
and optimizing organic devices. Such hetero-inter-
faces are ubiquitous in modern devices, in order to
facilitate efficient charge recombination (in OLEDs)
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or charge separation (in OPVCs). Even fewer stud-
ies exist on interfaces formed between molecular
and polymeric organic semiconductor interfaces
[16], despite the potentially interesting structures
resulting from that particular material combination.
Here, we present studies on the energy level align-
ment at interfaces between two molecular materials
(C¢o and pentacene) and one polymeric organic
semiconductor [poly(3-hexylthiophene)], with the
conducting organic polymer mixture poly(3,4-ethy-
lenedioxythiophene)/poly(styrenesulfonate) as com-
mon substrate. These prototypical organic materials
are representative for the use in present OPVCs and
OTFTs. Ultraviolet photoemission spectroscopy
(UPS) was used to assess the relative positions of
the highest occupied levels of the organic materials
relative to the substrate Fermi-level, and the magni-
tude of interface dipoles. Furthermore, we investi-
gated the influence of the deposition sequence of a
polymer and a molecular material pair on the inter-
face energetics, which has not been reported to date.
Complementary investigations by atomic force
microscopy (AFM) revealed that also the sample
morphology was strongly influenced by the deposi-
tion sequence.

2. Experimental

Indium-tin-oxide (ITO) coated glass substrates
(with a sheet resistivity 30 Q/sq.) were cleaned by
ultrasonication in acetone, ethanol and deionized
water. An aqueous dispersion of poly(3,4-ethylene-
dioxythiophene):poly(styrenesulphonate) (Baytron
P CHS8000®, H.C. Starck GmbH & Co. KG) was
spin-coated onto ITO/glass substrates and annealed
at 200 °C for 5 min in ambient air. These conduct-
ing polymer/ITO stacks were used as substrates
throughout this study. P3HT (Aldrich) was spin-
coated (600 rounds per minute) ex situ from chloro-
form solution (0.2 mg/ml). Pentacene (Aldrich) and
Ceo (Aldrich) were evaporated from resistively
heated pinhole sources in a preparation chamber
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directly attached to the analysis chamber of the
experimental setup used for photoemission experi-
ments (Surlcat at beamline PM4) at the synchrotron
light source BESSY Gmbh (Berlin). The chemical
structures of the used materials are shown in
Fig. 1. The molecular film thickness was monitored
with a quartz microbalance, and a typical evapora-
tion rate of 0.2 nm/min was used. Photoemission
spectra were collected with a hemispherical energy
analyzer (Scienta SES 100) set to an energy resolu-
tion of 100 meV. The photon energy was 35¢eV or
45 eV, as indicated in the respective spectra shown
below. The secondary electron cutoff (for determi-
nation of sample work function and molecular ion-
ization energy) was measured with —10.00 V sample
bias. The positions of the low binding energy photo-
emission onsets and the secondary electron cutoffs
were determined by the intersection of the tangents
to peaks at the half-width position and the baseline.

The morphology of molecule-on-polymer and
polymer-on-molecule heterostructures was investi-
gated ex situ by atomic force microscopy (AFM),
using a multimode nanoscope IV (Veeco) operated
in tapping mode.

3. Result and discussion
3.1. Cs9 on PEDOT:PSS

First, Cg, was deposited onto PEDOT:PSS/ITO
in steps of increasing thickness. UPS spectra at each
step were recorded as shown in Fig. 2a, with the
Fermi-level (Eg) as binding energy (BE) reference.
For 1 nm Cgy on PEDOT:PSS, the emission from
PEDOT:PSS was already strongly attenuated, and
the characteristic photoemission of the valence lev-
els of the organic material became apparent. The
low BE onset of the highest occupied molecular
orbital (HOMO) was found 1.1eV below FEFf.
Increasing the overlayer thickness to 10 nm resulted
in a 0.1eV rigid shift of Cgg levels towards lower
BE. This shift was paralleled by the secondary

Fig. 1. Chemical structure of (a) pentacene, (b) P3HT, and (c) Ceo.
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Fig. 2. (a) Valence region and (b) secondary electron cutoff photoemission spectra (v =35eV) for increasing coverage of Cgy on
PEDOT:PSS/ITO. The intersections of the baselines with the tangents to the photoemission features are shown, indicating how the
position of the low BE photoemission onset and the secondary electron cutoff was determined. AFM micrographs of (c) 10 nm Cgy on
PEDOT:PSS (120 nm height scale), and (d) PEDOT:PSS/ITO (10 nm height scale).
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Fig. 3. Schematic energy level diagrams of the interfaces (a) C4o/PEDOT:PSS, and (b) Cgo/P3HT/PEDOT:PSS. The vacuum level shift
across the interface and the ionization energy of Cq, must be regarded as lower limits, as uncovered PEDOT:PSS surface patches may yield
too low work function values (see text).
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electron cutoff, as shown in Fig. 2b. Thus, an inter-
face dipole between Cg and PEDOT:PSS of
+0.1 eV was formed, which is very close to the limit
of vacuum level alignment. One might speculate
that molecular level bending away from the direct
interface to the conducting polymer was observed
[6], since most of the 0.1 eV shift occurred between
3 nm and 10 nm of Cgy nominal coverage. However,
AFM images for 10 nm Cg/PEDOT:PSS (Fig. 2¢
and d) revealed that the film formed by Cg, was
not homogeneous, and rather small area islands
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with large heights were formed (pronounced island
growth), compared to the rather smooth PED-
OT:PSS surface. As a consequence, even at 10 nm
nominal Cgy thickness possibly bare PEDOT:PSS
surface areas still existed, making a clear-cut state-
ment on molecular level bending unattainable at
this point. The ionization energy (IE) of Cg, deter-
mined under these experimental conditions was
6.35 eV, which must be regarded as lower limit, as
the secondary electron cutoff is an area-averaged
measure of the sample work function. Conse-
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Fig. 4. (a) Valence region and (b) secondary electron cutoff photoemission spectra (hv = 45 eV) for increasing coverage of Cgo on P3HT/
PEDOT:PSS. AFM micrographs of (¢) PHT/PEDOT:PSS (10 nm height scale), and (d) 10 nm Cg on P3HT/PEDOT:PSS (25 nm height
scale).
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quently, contributions from still uncovered PED-
OT:PSS (see above) lead to too low values for work
function and ionization energy. A schematic dia-
gram of the electronic structure for Cgo/PED-
OT:PSS summarizes these results (Fig. 3a). Note
that only occupied levels are shown in all schemat-
ics, as unoccupied levels cannot be determined from
UPS and consequently would posses a considerable
error bar [15].

3.2. Csp on P3HTIPEDOT: PSS

Now we turn towards Cgo deposited on P3HT
pre-covered PEDOT:PSS. To start with, we discuss
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the P3HT/PEDOT:PSS interface. AFM showed
that the P3HT morphology (Fig. 4c) closely resem-
bled that of pristine PEDOT:PSS, and no detailed
structures were observed on a nanoscopic scale.
The appearance of crystalline grains for P3HT has
been reported, however, on a flat Si-oxide substrate
[17,18]. The hole injection barrier for P3HT was
found to be only 0.2 eV from UPS (bottom-most
curve in Fig. 4a), and a larger interface dipole of
—1.0 eV was observed (Fig. 4b). This indicates that
this interface is in the limiting case of Fermi-level
pinning, due to the fact that P3HT polaronic levels
determine the position of Er within the energy gap
of the polymer [19-21], leading to interfacial charge
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Fig. 5. (a) Valence region and (b) secondary electron cutoff photoemission spectra (hv = 35¢eV) for increasing coverage of pentacene
(PEN) on P3HT/PEDOT:PSS. (¢) AFM micrograph of 11 nm pentacene on P3HT/PEDOT:PSS (30 nm height scale). (d) Schematic
energy level diagram of the interface pentacene/P3HT/PEDOT:PSS.
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transfer (positive charges on P3HT) that gives rise
to the large interface dipole. Alternatively, due to
the low ionization energy obtained for this P3HT
film of ca. 4.45 eV, P3HT might undergo a similar
charge exchange reaction at the PEDOT:PSS sur-
face that was proposed for pentacene (ionization
energy: ca. 5.0 eV) [22]. When depositing Cg, onto
P3HT/PEDOT:PSS, we observed the appearance
of Cgo photoemission features and an attenuation
of P3HT signal, similar to Cgy on PEDOT:PSS.
However, the position of the energy levels was
markedly different. The HOMO onset of Cg on
P3HT/PEDOT:PSS was ca. 1.7¢V below Eg, and
did not change as function of Cgq thickness. The sec-
ondary electron cutoff position exhibited a shift of
=+ 0.1 eV (= interface dipole) towards higher kinetic
energy, i.e., almost vacuum level alignment occurred
at the Cqo/P3HT interface. The ionization energy of
Cgo on P3HT/PEDOT:PSS was thus determined to
be 6.05 ¢V, in agreement with literature [23]. This
value is smaller than that of C4 on PEDOT:PSS,
which could be due to the presence of still uncov-
ered PEDOT:PSS surfaces patches (see Section
3.1). Note that the morphology of Ceo/P3HT was
markedly smoother than that for Cg/PEDOT:PSS
(Fig. 44d).

The key result here is that the alignment of Cgq
energy levels relative to Er was increased by
0.7 eV, by simply pre-coating PEDOT:PSS with a
thin film of P3HT. This translates into PEDOT:PSS
being a moderate hole injecting contact for Cg,
while P3BHT/PEDOT:PSS is a good electron inject-
ing contact, which becomes strikingly evident when
comparing the schematic energy level diagrams of
the two different interfaces (Fig. 3a and b). Respon-
sible for this is the charge transfer at the P3HT/
PEDOT:PSS interface, which introduces a large
interface dipole. Cgy deposited onto P3HT/PED-
OT:PSS aligns its levels relative to P3HT (essentially
vacuum level alignment), but the effective substrate
work function has already been decreased by the
P3HT/PEDOT:PSS interface dipole of —1.0 eV.

3.3. Pentacene on P3HT/PEDOT:PSS

UPS spectra for increasing pentacene (PEN) cov-
erage on P3HT/PEDOT:PSS are shown in Fig. 5a
and b. In comparison to the P3HT/PEDOT:PSS
shown in Fig. 2 the vacuum level shift was 0.1 eV
smaller, which may indicate slight differences in
the polymer film morphology; however, the valence
band onset was not changed, and the overall repro-

ducibility for other PAHT/PEDOT:PSS samples was
better than 0.1 eV in our case. Most of the spectral
features of P3HT disappeared already after 1.5 nm
PEN coverage, and PEN features dominated for
higher coverage. In particular, a clear peak evolves
at ca. 0.9 eV BE, which is derived from the PEN
HOMO. The low BE onset of the pentacene HOMO
was 0.4 eV below Eg for all thicknesses, while the
low BE onset of the P3HT valence band was
0.2 eV below Eg. No change in the position of the
secondary electron cutoff was observed upon PEN
deposition (Fig. 5b), indicating that vacuum level
alignment prevails at the PEN/P3HT interface.
The ionization energy of PEN was 4.75eV. Such
small values have been reported before for PEN
films where the long molecular axes are oriented
almost perpendicular to the substrate surface
[15,24]. This type of molecular orientation was cor-
roborated for the present sample by AFM (Fig. 5c¢),
where individual step-heights corresponding to the
length of a pentacene molecule (ca. 1.5 nm) were
measured. Also, the PEN morphology on P3HT
closely resembles that observed for PEN on PED-
OT:PSS [22]. The schematic energy level diagram
of PEN/P3HT/PEDOT:PSS interface is shown in
Fig. 5d.

3.4. P3HT on pentacene/l PEDOT: PSS

In order to investigate whether molecule-on-
polymer and polymer-on-molecule interfaces exhibit
the same energy level alignment, we first established
that pentacene thin films are not significantly altered
by treatment with the solvent used for P3HT. We

Fig. 6. AFM micrographs of 10 nm pentacene on native silicon
oxide (a) before, and (b) after CHCl; treatment (40 nm height
scale).
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Fig. 7. (a) Valence region and (b) secondary electron cutoff photoemission spectra (Av=35¢eV) for 11 nm pentacene (PEN) on
PEDOT:PSS before and after CHCI; treatment, and for P3HT spin-coated on top of pristine 11 nm PEN/PEDOT:PSS. (c) and (d) AFM
micrographs of P3HT spin-coated onto 11 nm pentacene/PEDOT:PSS (15 nm height scale). (¢) Schematic energy level diagram of the
interface P3HT/pentacene/PEDOT:PSS.

simulated P3HT spin-coating onto PEN by employ- chloroform alone. AFM showed that only minor
ing identical spin-coating parameters (600 rpm) for changes of the PEN thin film morphology (for bet-
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ter visibility with native silicon oxide as substrate)
occurred, and the typical molecular step-heights
were measured before and after CHCI; treatment
(Fig. 6). Yet, some PEN probably was dissolved
by CHCI; under our experimental conditions, as
indicated by the fringed island edges. However,
the solubility of PEN in CHCIl; is very low, since
even after soaking such PEN samples in copious
amounts of CHCI; for 5min removed only ca.
30% of the film mass (not shown).

Notably, also the electronic structure of the pen-
tacene/PEDOT:PSS interface was not altered by
CHCI; treatment (spin-coating of the solvent). The
valance and secondary electron cutoff spectra for
PEN on PEDOT:PSS before and after CHCl; treat-
ment were virtually identical (Fig. 7a and b), and
reproduced already published values for hole injec-
tion Dbarrier (0.45eV) and interface dipole
(—=0.9 eV) [22].

Consequently, spin-coating P3HT from CHCI;
solution onto a PEN film should yield reliable pho-
toemission results on the polymer-on-molecule elec-
tronic structure. In fact, UPS showed that vacuum
level alignment at the P3HT/PEN interface pre-
vailed (as was the case for PEN/P3HT), as no shift
of the secondary electron cutoff occurred (Fig. 7b).
However, the P3HT valence band onset was found
0.55eV below Ef, i.e., at 0.35eV higher BE than
for P3BHT/PEDOT:PSS. At the same time, the ioni-
zation energy for the polymer-on-molecule case was
490eV (compared to 4.45eV and 4.55eV for
P3HT/PEDOT:PSS; see above). This change of ion-
ization energy by ~0.4 eV is attributed to a different
inter-molecular arrangement within P3HT on the
molecular film substrate. This is supported by
AFM images, which show that — in contrast to
P3HT/PEDOT:PSS — small crystallite-like grains
existed in the polymer overlayer (Fig. 7d). Larger
scale images reveal that the P3HT film continuously
covered the pentacene substrate, and the individual
PEN steps could still be discerned (Fig. 7¢c). The
energy levels at the P3HT/PEN/PEDOT:PSS inter-
face are summarized in Fig. 7e.

4. Conclusions

The energy level alignment and morphology of
interfaces formed between two molecular (Cgp,
PEN) and one polymeric (P3HT) organic semicon-
ductors was investigated by UPS and AFM. As com-
mon substrate for all experiments the conducting
polymer PEDOT:PSS was used. We found that the

hole injection barrier for Cgo was drastically larger
on P3HT pre-coated PEDOT:PSS (1.7 eV) compared
to pristine PEDOT:PSS (1.0 eV). This was facilitated
by a large dipole (—1.0 V) formed at the P3HT/
PEDOT:PSS interface underneath the Cg, layer. This
effect of deposition-sequence-dependent energy level
alignment needs to be considered when using multi-
heterolayers in organic functional devices.

On the other hand, the hole injection barrier for
pentacene was hardly affected by pre-coating PED-
OT:PSS with P3HT (0.40 on P3HT/PEDOT:PSS wvs.
0.45eV on PEDOT:PSS). We attribute this to the
fact that pentacene shows virtually the same interfa-
cial dipole when deposited on PEDOT:PSS as does
P3HT, and to a similar growth of PEN on both
polymeric substrates. However, the valence band
onset of P3HT was closer to Er on PEDOT:PSS
(0.2eV) compared to PEN pre-covered PED-
OT:PSS (0.55eV). The ionization energy of P3HT
on PEN/PEDOT:PSS was increased by almost the
same amount. This was explained by different
P3HT inter-molecular packing on the two sub-
strates, which was corroborated by the observation
by AFM of a disordered P3HT film on PEDOT:PSS
and nanoscopic P3HT-related crystallites on PEN/
PEDOT:PSS.
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