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We correlate the morphology and energy level alignment of bilayer structures comprising the donor
poly(3-hexylthiophene) (P3HT) and the acceptor polyfluorene copolymer poly(9,9’dialklylfluorene-alt-
4,7-bis(2,5-thiendiyl)-2,1,3-benzothiadiazole) (PFTBTT) with the performance of these bilayers in
organic photovoltaic cells (OPVCs). The conducting polymer poly(ethylenedioxythiophene):poly
(styrenesulfonate) (PEDT:PSS) was used as the bottom electrode and Ca as the top electrode.
Ultraviolet photoelectron spectroscopy (UPS) revealed that notable interface dipoles occur at all
interfaces across the OPVC structure, highlighting that vacuum level alignment cannot reliably be used
to estimate the electronic properties for device design. Particularly the effective electrode work function
values (after contact formation with the conjugated polymers) differ significantly from those of the
pristine electrode materials. Chemical reactions between PEDT:PSS and P3HT on the one hand and Ca
and PFTBTT on the other hand are identified as cause for the measured interface dipoles. The vacuum
level shift between P3HT and PFTBTT is related to mutual energy level pinning at gap states.
Annealing induced morphological changes at the P3HT/PFTBTT interface increased the efficiency of
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OPVCs, while the electronic structure was not affected by thermal treatment.

Introduction

The power conversion efficiency of organic polymer-based
photovoltaic cells (OPVCs) improved significantly in the past
two years, now exceeding 8%.' The barrier of 10% (power
conversion efficiency for amorphous silicon) has to be overcome
to establish OPVCs as a reliable future technology. Some of the
most efficient polymer-based solar cells are still limited by a low
open circuit voltage (Voc), which is largely determined by the
high electron affinity of the fullerene-based acceptor units. All-
polymer heterojunction OPVCs are highly suited to optimizing
the photovoltaic gap [energy difference between the valence band
(VB) maximum of the donor and the conduction band (CB)
minimum of the acceptor] because the conjugated polymer VB
and CB energies as well as the band gap can be finely tuned via
synthesis.>* However, while the number of new high-potential
polymers for good photovoltaic performance is steadily
increasing, investigations of the energy level alignment at
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polymer/polymer interfaces are rare. Even though significant
vacuum level shifts across a heterojunction (as already reported
for small molecule-based heterojunctions*) can strongly influence
the actual photovoltaic gap of a donor/acceptor pair, vacuum
level alignment at polymer/polymer heterojunctions is commonly
assumed. One reason for the lack of such investigation is the
difficulty in preparing well-defined polymer heterojunctions
excluding intermixing of the two materials.

In the present study we investigate the energy level alignment
across all interfaces that occur in a polymer-heterojunction OPVC
comprising poly(3-hexylthiophene) (P3HT) as donor and poly
(9,9'difarnesylfluorene-alt-4,7-bis(2,5-thiendiyl)-2,1,3-benzothia-
diazole) (PFTBTT) as acceptor (chemical structures and OPVC
structure shown in Fig. 1). This particular material combination
allows reaching high open circuit voltage (Voc) values.®
Furthermore, using an interlayer approach we minimize inter-
mixing of both materials at their interface.®” We focus on the
evolution of the energy levels and morphology during sequential
deposition of the active materials on the bottom electrode and
upon forming the top electrode by measuring work function,
valence and core levels using photoemission spectroscopy. We
find that significant vacuum level shifts occur at interfaces
between the electrodes and the polymers, as well as at the polymer
heterojunction. These results emphasize that simple models, such
as vacuum level alignment, to estimate the energy levels in an
OPVC fail, and that more experimental and theoretical work is
required to derive reliable energy level alignment rules in the
future.
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Fig. 1 The left side shows the chemical structure of poly(3-hexylth-
iophene) (P3HT) and poly(9,9’difarnesylfluorene-alt-4,7-bis(2,5-thien-
diyl)-2,1,3-benzothiadiazole) (PFTBTT) along with the photovoltaic cell
structure. The inset table reports fill factor (FF), open circuit voltage
(Voc) and power conversion efficiency (n) of (a) as-prepared and (b) pre-
annealed OPVCs with PFTBTT* as acceptor polymer.

Experimental section
Materials

P3HT was synthesized in high purity and with mean average
molecular weights >40 000 g mol~' with a polydispersity of 1.3 in
a GRIM-methathese protocol according to the literature.®

The alternating copolymer poly(9,9’difarnesylfluorene-alt-4,7-
bis(2,5-thiendiyl)-2,1,3-benzothiadiazole) (PFTBTT) was gener-
ated in a Suzuki-type cross-coupling reaction using the diboronic
ester of the fluorene compound and the dibrominated TBTT as
monomers.® The resulting copolymer exhibits a molecular weight
of ca. 5000 g mol~! (M) with a polydispersity around 2. A Stille-
type cross-coupling of distannylated bisthienylbenzothiadiazole
(TBTT) with dibromofluorene resulted in copolymers with
similar molecular weights. In order to check the influence of the
length of the side chains on the molecular weight (M,), we
switched from the 2-ethylhexyl- to 2,6,10-trimethyl dodecyl side
chains (see Table 1).

For OPVC fabrication a slightly shorter octyl side group in the
acceptor polymer (PFTBTT*) was used. The molecular weight of
the modified PFTBTT* was M(PFTBTT*) = 12 400 g mol™".
We stress that UPS measurements showed no difference in the
ionization energy and energy level alignment as a function of
different side chains.

Table 1 Properties of the acceptor polymer depending on the type of
polymerization”

Type of Side
polymerisation chains

(M M)
Amax/nm g mol~!

% TBTT % TBTT
(EA) (uv)

alt/Suzuki/Fbo EtHex 385.5 4000/6000  47.4 47.5

alt/Stille/Fbr ~ EtHex 383.5 5000/10 000 47.2 47.6

alt/Stille/Fbr Trimethyl 384.5 5000/10 000 51.7 51.7
dodecyl

“ EA: Elemental analysis; UV: UV/Vis-spectroscopy.

Photoemission spectroscopy

Ultraviolet and X-ray photoelectron spectroscopy (UPS and
XPS) measurements were conducted at Humboldt-Universitat
using He I radiation (hv = 21.22 ¢V) of a helium discharge lamp
and Mg Ko radiation (hv = 1253.6 e¢V) of a non-mono-
chromatized X-ray source. Photo-excited electrons were detected
with a Specs Phoibos 100 hemispherical energy analyzer. The
error of energy values reported below is estimated to be 0.05 eV
for UPS and 0.1 eV for XPS. The secondary electron cutoff
(SECO) spectra were obtained with the samples biased at —10 V
in order to clear the analyzer work function. Sample preparation
and device fabrication conditions were essentially identical. A
commercially available conducting polymer blend poly(ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDT:PSS) (Baytron®
P AI4083 H. C. Stark-Heraeus) was spin coated (1500 rpm) on
UV/O; treated (30 min) indium-tin oxide glass substrates (sheet
resistance 15-30 Q) from aqueous dispersion and dried at 200 °C
for 5 min under ambient conditions. Donor and acceptor poly-
mer film deposition was done in a N,-filled glovebox (concen-
tration of O, and H,O <1 ppm). P3HT was spin coated from
chloroform solution (6 mg ml~!, 1500 rpm) and annealed in situ
at 180 °C for 30 min. Films were subsequently washed with
chloroform to render an insolubilized P3HT-interlayer (P3HT-
IL) (~3 nm). PFTBTT was spin coated from chloroform solution
(1 mg ml™', 3000 rpm) on top of the P3HT-IL. PFTBTT films
were annealed at 140 °C for 10 min in the glovebox. When noted,
film thicknesses were obtained by determining the absorption of
thin films, while the absorption coefficients were calculated
beforehand from the absorption spectra of thicker films, whose
thickness was measured by a surface profilometer. Calcium was
vacuum sublimed (base pressure < 3 x 10~° mbar) from a resis-
tively heated crucible source (at a rate of 0.05 A s7!) in the
preparation chamber. Transfer from preparation to analysis
chamber was realized without breaking vacuum. The metal film
mass-thickness was monitored with a quartz crystal microbal-
ance (QCM), therefore every layer thickness provided in this
work corresponds to a nominal mass-thickness as read from the
QCM.

In some cases, samples were illuminated during photoemission
measurements with a halogen lamp (SoLux, 4700K, 35 W, 36°)
from EIKO that provides a replication of daylight with an illu-
minance of 1864 Lux at a distance of 0.4 m (lamp-to-sample
distance in our experiments).

XPS spectra were fitted using the software WINSPEC
(developed at the University of Namur, Belgium). Binding
energies are reported relative to the Fermi-energy for UPS
spectra. For all XPS spectra the Shirley background correction
was used.

Fabrication and characterization of OPVCs

OPVCs were prepared following essentially the same routine as
described for the UPS/XPS samples. All devices were prepared
on poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDT:
PSS)-coated ITO substrates with a thin (3 nm) P3HT-interlayer
(P3HT-IL) on top and a 40 nm thick PFTBTT layer (spin coated
from chloroform with a concentration of 6 mg ml™' and
1500 rpm) covered by 20 nm Ca and 75 nm Al as the top
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electrode. Current-voltage characteristics were recorded with
a Keithley 2400 Digital SourceMeter under AM 1.5G illumina-
tion from a KHS Steuernagel solar simulator, working at an
irradiance of 100 mW c¢cm 2. Pre-annealed devices were annealed
at 140 °C for 10 min before the top Ca/Al electrode was
deposited.

Scanning force microscopy

SFM measurements were performed in tapping mode and
ambient conditions using a JPK NanoWizard. The same samples
as used for the photoemission experiments were used to analyze
the surface morphology.

Results and discussion
Photovoltaic performance

Fig. 1 shows that the performance of P3HT/PFTBTT bi-layer
devices is substantially enhanced by pre-annealing, i.e., before
application of the Ca/Al electrode. The pre-annealed devices
yielded power conversion efficiencies of 0.5% compared to only
0.06% for as-spun devices. This improvement is brought about
through an increase in short circuit current (Jsc) (from 0.2 to
1.0 mA cm~2), open-circuit voltage (from 1.1 to 1.2 V), and fill
factor (from 27 to 44%). We note that device parameters
obtained here are lower than those reported for a similar material
combination.’ However, devices studied here were inherently
limited by the small interfacial area due to the strict bi-layer
geometry and they were not further optimized with respect to
layer thickness or annealing parameters. The aim of this work,
conversely, was not to achieve highest possible efficiencies but
rather to understand the fundamental electronic properties that
give rise to device function.

P3HT/PFTBTT interface

To assess the energy level alignment across interfaces in the
device, UPS measurements were performed for the PEDT:PSS
substrate first, then for the P3HT-IL, and finally for PFTBTT
deposited on the P3HT-IL. (Results for the top-electrode depo-
sition are reported separately further below.) Valence region and
corresponding SECO spectra are shown in Fig. 2. The pristine
PEDT:PSS work function (¢) of 5.0 eV is decreased to 4.2 eV
upon deposition of the P3HT-IL (Fig. 2(a) and (b)). Because the
ionization energy (IE) of P3HT (IE = 4.5 eV) is much lower than
¢ of PEDT:PSS (5.0 eV) the valence band onset of P3HT is
pinned 0.3 eV below the Fermi-level (Eg) due to interfacial
charge transfer. This leads to a formation of an interface dipole
of 0.8 eV as described earlier.'* The interface dipole contributes
greatly to the effective ¢ of the anode. It is thus important to note
that the effective ¢ is the relevant value and not that of bare
PEDT:PSS when correlating material parameters and device
performance.

The VB spectra of PFTBTT spin coated on the P3HT-IL
(Fig. 2(c)) show no more intensity close to Ef originating from
the underlying P3HT-IL. Because of the short mean free path of
the emitted photoelectrons in UPS measurements (0.4 nm at an
electron kinetic energy ~20 eV'?), the absence of P3HT features
is evidence for a complete coverage of the P3HT-IL by the

intensity [arb.units]
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Fig. 2 Photoemission spectra of the valence region (right side) and
secondary electron cutoff (left side) of (a) pristine PEDT:PSS, (b) P3HT-
IL, (c) PFTBTT spin coated on top of P3HT-IL as-prepared and (d) after
annealing for 10 min at 140 °C. The inset shows a zoom of the valence
band near the Fermi-energy. Vertical lines indicate the valence band
onset.

PFTBTT film and the absence of pronounced polymer inter-
mixing. The PFTBTT film thickness was estimated to be ~7 nm.
The sample ¢ (see SECO in Fig. 2(c)) increases to 4.55 eV upon
deposition of PFTBTT and the VB onset is located at 0.8 eV
binding energy (BE). The resulting ionization energy of 5.35 eV is
comparable to that measured for PFTBTT films spin coated
directly on PEDT:PSS (see ESI}) and to literature values.'* The
shift of ¢ due to the deposition of PFTBTT is unexpected
considering the high IE of PFTBTT compared to the effective ¢
(of the PEDT:PSS/P3HT-IL substrate). For such a situation
vacuum level alignment might be expected.'> However, gap states
of extremely low density may exist in PFTBTT, which do not
show up in photoemission but can cause pinning of Eg.'®

UPS results for the PEDT:PSS/P3HT-IL/PFTBTT interfaces
without top electrode are summarized in the energy level diagram
in Fig. 3. The position of the P3HT conduction band (CB) onset
was calculated by subtracting the transport gap of 2.4 ¢V from
the VB onset position.'” The transport gap of PFTBTT was
estimated to be 2.4 eV, with the optical gap of 1.9 eV (determined
by measuring the absorption onset of a thin film) and assuming
the same exciton binding energy (0.5 eV) as for P3HT."”

It is accepted that Vgc is limited by the photovoltaic gap
(difference between the valence band onset of the donor and the
conduction band onset of the acceptor).’®! For the materials
used here a maximum Vgoc of 1.9 eV would be deduced from the
energy level diagram in Fig. 3. This value is larger than the energy
difference between the ionization energy of P3HT (4.5 e¢V) and
the electron affinity of PFTBTT (2.95 eV) assuming vacuum level
alignment, which yields 1.55 eV. This underlines the importance
of UPS measurements to assess the actual energy level alignment
at heterojunctions, which is vital for evaluating new material
combinations. More strikingly, the UPS-derived value is much
larger than the measured Voc of 1.2 eV in the device (see Fig. 1).
Consequently, another V.-limiting mechanism must be opera-
tive (vide infra).

Fig. 2(d) shows SECO and VB spectra of an annealed
PFTBTT film on top of the P3HT-IL. Annealing results in
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5.0eV

Fig. 3 Schematic energy level diagram of the P3HT-IL/PFTBTT het-
erojunction. The position of the conduction band onset was calculated
using the transport gap for P3HT and PFTBTT. The latter was estimated
by adding the same exciton binding energy as for P3HT to the optical gap
of PFTBTT (determined by UV-vis absorption measurements).

a different shape and onset of the VB spectra in comparison to
the as-prepared PFTBTT film. As for the bare P3HT-IL the VB
onset is at 0.3 eV BE. Since annealed PFTBTT films spin coated
directly on PEDT:PSS exhibit the same VB onset as not-annealed
ones, the new VB onset can be explained by the emergence of
bare P3HT patches at the sample surface and/or intermixing of
PFTBTT and P3HT. This assumption is supported by a small ¢
decrease of 0.1 eV due to annealing. Because ¢ measured by UPS
is an area-averaged value, small patches of bare P3HT at the
surface with the lower local ¢ of 4.2 eV can reasonably explain
the experimental findings. It is important to note that for thicker
PFTBTT films (~25 nm) the VB onset position after annealing is
constant (see ESIT). This indicates that annealing only affects the
morphology directly at the PSHT/PFTBTT interface.

The influence of annealing on film morphology as suggested
above is further evidenced by scanning force microscopy (SFM)
measurements (Fig. 4). The root-mean-square (RMS) roughness
of PEDT:PSS (RMS 2.1 nm) decreases upon deposition of the
P3HT-IL (RMS 1.8 nm) and PFTBTT (RMS 1.4 nm). However,
the roughness of the annealed sample is increased (RMS 1.8 nm).
As can be directly seen by comparing Fig. 4(c) and (d) distinct
features on the few 10 nm scale develop at the surface of
PFTBTT upon annealing.

Combining the UPS and SFM results, we can conclude that
annealing induces an interpenetration of both materials and
simultaneously a phase separation. This behavior was already
suggested before for blend films.?***> Both effects increase the
exciton dissociation efficiency because of a larger interfacial area.
In OPVCs this effect results in an increase of Jgc from 0.2 mA
cm~2 for as-prepared devices to 1 mA cm~2 for pre-annealed
devices (vide supra).

PFTBTT/Ca interface

XPS spectra recorded for different Ca mass-thickness deposited
on an annealed PEDT:PSS/P3HT-IL/PFTBTT sample are

0.5 ym

10 nm

0nm

Fig.4 SFM height images of (a) PEDT:PSS, (b) P3HT-IL, (c) PFTBTT
spin coated on top of P3HT-IL as-prepared and (d) after annealing for
10 min at 140 °C.

shown in Fig. 5. Upon Ca deposition a new peak develops in the
S2p core level spectra at lower BE indicating a strong chemical
interaction between S atoms in the polymer and Ca. For the first
three deposition steps the new peak’s intensity increases whereas
the two S component intensities at higher BE decrease. The two
high BE components are attributed to the thiophene and ben-
zothiadiazole units, respectively (see Fig. 5).

The Ca2p core levels initially start with one high BE compo-
nent, with a low BE component developing and even dominating
for higher Ca coverage. Interestingly, up to a nominal mass-
thickness of 8 A Ca the total peak area of the S2p spectrum does
not decrease (for fitted peak area and peak positions see Table 2).
In this regime only the high BE component of the Ca2p spectrum
exists, indicating that this component represents the Ca atoms
reacted with S. Nevertheless, as soon as the low BE component in

Ca2p > [A] benzo- A S2 GEA]
? thiadiazole .9 thiophene
=
3
2
=
5
£
b o Jfoio : OJNP Sar 1 4100
354 351 348 345 168 165 162 159

binding energy [eV] binding energy [eV]

Fig.5 XPS spectra of Ca2p (left side) and S2p (right side) core levels for
increasing calcium coverage (®) on the annealed P3HT-IL/PFTBTT
heterojunction (PFTBTT film thickness ~7 nm). Dots represent the
original data whereas lines are the results of the fitting routine. The grey
peaks in the Ca2p spectrum represent photo emitted electrons that were
scattered at bulk-plasmons.
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the Ca2p spectrum appears, the features in the S2p spectrum also
start to attenuate. This rather slow decrease of the S2p intensity
suggests that in the beginning of the metal deposition Ca atoms
rather penetrate into the polymer film and a closed metal film
entirely covering the surface develops only for coverage greater
than 30 A. Similar observations were reported for the deposition
of Ca on P3HT, where the interface formation is initially
dominated by the formation of Ca-S clusters in the polymer film
followed by the formation of large 3D Ca clusters on the polymer
surface.?*?*

Fig. 6 shows SECO and VB spectra for different Ca thick-
nesses. ¢ drastically decreases to 2.8 eV for 16 A Ca coverage.
For 30 A Ca coverage and beyond ¢ stabilizes at 3.0 eV. As
already observed in XPS, the overall intensity of polymer-related
VB features decreases only slowly. However, quantification of
the VB onset shifts and those of the localized 7v-band (marked by
arrows in VB spectra of Fig. 6) due to Ca deposition is difficult
because of significant broadening. The localized 7-band
(maximum initially at ~3.4 eV) feature is only distinguishable up
to a Ca coverage of 4 A. Nevertheless, it can be seen in Fig. 6 that
this feature shifts to higher BE. No well-defined gap states are
generated. This behavior is typical for the formation of Ca/
conjugated polymer interfaces involving Ca—polymer reactions,
particularly when the polymer contains thiophene units.?’
Thermodynamic equilibrium is established across the entire
sample as concluded from the correct position of emission from
the Ca Fermi-edge (see Fig. 6). If we assume vacuum level
alignment at the PFTBTT/Ca interface, all energy levels of the
PFTBTT should shift to higher BE by the same amount as ¢
changes due to Ef alignment, i.e., we expect the polymer energy
level shift to represent the magnitude of the built-in field between
the two electrodes. A shift to higher BE of the VB features was
already noted before but the spectral broadening inhibited the
quantitative analysis. Instead, we evaluated the components in
the S2p core level spectra more closely. Fig. 7 summarizes the
evolution of the peak shifts of the S2p levels (specifically those of
unreacted thiophene units and those of S reacted with Ca), as
well as the ¢ changes as a function of nominal Ca coverage. For
increasing Ca thickness ¢ decreases and the BE of sulfur
components increases, but in contrast to a situation of vacuum
level alignment at the PFTBTT/Ca interface, the magnitude of
the shifts largely differs. While in total ¢ decreases by 1.55 eV, the

Table 2 Area and position of the components in the S2p core level
spectra corresponding to the sulfur in the thiophene unit and the sulfur
reacted with Ca. The fitted spectra are shown in Fig. 5. The values for the
area and position are obtained by a fitting routine. In the last column the
total area of both components is presented

Sulfur—thiophene Sulfur reacted with

unit Ca Sum
Nominal
mass-thickness ~ Area Position/  Area Position/  Area
of Ca/A [arb. u.] eV [arb.u.] eV [arb. u.]
0 322 163.7 — — 322
1 292 163.8 39 160.7 331
4 243 163.9 102 161.0 345
8 230 164.0 137 161.1 367
16 115 164.2 159 161.7 274
30 60 164.2 83 161.7 143

Or4] OI[4]
® = 4.55 eV fO 116
7 ®=4.0eV /\1 at
=
c
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Fig. 6 UPS spectra of the valence region (right side) and secondary
electron cutoff (left side) for increasing calcium coverage (®) on the
annealed P3HT-IL/PFTBTT heterojunction. Black spectra were taken in
the dark, spectra in red are from samples that were illuminated with white
light during the measurement. Black triangles indicate the position of the
lowest localized 7-band of PFTBTT.

BE of the thiophene—sulfur component only increases by 0.5 eV.
The resulting difference of 1.05 eV is thus attributed to an
interface dipole. Dipole formation at the PFTBTT/Ca interface
is plausible because the Ca—S bond formation involves net elec-
tron transfer to the polymer. Furthermore, the reaction likely
creates gap states close to the polymer CB, where Er of metallic
Ca is pinned. The resulting energy level diagram across the entire
PEDT:PSS/P3HT-IL/PFTBTT/Ca system (Fig. 8) shows that the
vacuum level alignment model fails completely to predict the
actual situation in the OPVC. The ¢ difference of the bare PEDT:
PSS and Ca electrodes (2 eV), as predicted by the metal-insu-
lator-metal model,? is not consistent with the effective electrode
¢ difference. The relevant values thus are 4.2 ¢V for the PEDT:
PSS/P3HT-IL system and 2.8-3.0 eV for the PFTBTT/Ca
system. Noteworthy, the effective ¢ difference in the OPVC
amounts to 1.2-1.4 eV, which is remarkably close to the V.

4.8 <
P
34.4- o s2p-ca |00
(1]
40/ u" = ©
'.,3 - i 2 . 10.4 :
< 3.6 =
=3
< 3.2 “\ 10-8.5
[ O _’

0 5 10 15 20 25 30
calcium coverage [A]

Fig. 7 Work function and peak shifts of the S2p core levels for
increasing calcium coverage. Peak shifts are taken from fits shown in
Fig. 6. Solid squares represent the shift of the major component in the
higher binding energy peak and open squares represent the shift of the
new component at lower binding energy.
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obtained for the devices (see Fig. 1). Consequently, our study
suggests that in the present OPVC architecture with a very thin
(~3 nm) donor layer two limiting mechanisms for V. exist: (i)
the photovoltaic gap and (ii) the effective ¢ difference of the
electrodes. The lower of the two limits sets the V. limit.

Light induced surface voltage

By additionally illuminating the sample with light in the visible
and near-infrared spectral range during UPS experiments equi-
librium between the two electrodes can no longer be sustained.
As shown in Fig. 6 for 16 Aand 30 A Ca coverage, both valence
band and SECO (red curves) shift rigidly by ~0.3 eV to lower BE
due to illumination. The Ca derived states close to and at Ey
clearly appear above Ep of the substrate electrode. Conse-
quently, without illumination the electrostatic potential distri-
bution across the layer stack is comparable to short circuit
conditions in the device (described above for measurements in
the dark); the situation during illumination is comparable to
open circuit conditions because the bottom and the top elec-
trodes are not connected. Obviously, exciton dissociation occurs
at the P3HT/PFTBTT interface (as it does in working OPVCs)
and negative charges are collected at the Ca side and holes flow to
the bottom electrode, thus building up negative space charge at
the very surface of the sample. This can occur as long as the top
Ca layer has no direct contact to the grounded sample holder. As
soon as the Ca coverage is sufficient to form a continuous film
that allows making direct electrical contact to the grounded
sample holder, equilibrium between the electrodes is re-estab-
lished and no more light-induced shifts of the top Eg position
occur (spectra for 100 A Ca coverage in Fig. 6).

The shift of Er corresponds to the electrostatic potential
difference between the PEDT:PSS anode and the Ca cathode that
is reached when the net current between electrodes becomes zero.
Because of the interpenetrating network formed at the annealed
P3HT-IL/PFTBTT interface and the small overall PFTBTT
thickness Ca may partially be in direct contact to the P3HT-IL.
This shunt resistor in parallel with the active part of the “device”
and the photocurrent that leaves the sample surface (during the
UPS measurement) may be responsible for the fact that the light-
induced shift of 0.3 V is much lower than the Voc (1.2 eV) of

PEDT:PSS P3HT-IL Ca-S Ca

A

PFTBTT

5.0 eV|

A 4

Fig.8 Schematic energy level diagram at the PETBTT/calcium interface
on top of a P3HT-IL/PFTBTT heterojunction.

actual OPVCs. Furthermore, since the open circuit voltage
depends on the illumination intensity* the rather low intensity of
the halogen lamp employed to illuminate the sample in the UPS
chamber also contributes to the comparably small shift.
However, with an appropriately adapted experimental setup
UPS may be used to measure V. in addition to the electronic
properties of OPVC structures in equilibrium. Conversely, great
care must be taken when performing photoemission experiments
with samples resembling an OPVC since light-induced non-
equilibrium conditions may persist.

Conclusion

We presented a comprehensive study of the energy level align-
ment across a functional OPVC structure consisting of a PEDT:
PSS bottom electrode, a PSHT/PFTBTT donor/acceptor bilayer,
and Ca as the top electrode, and we correlated the results with
OPVC performance. Annealing of the polymer layers prior to Ca
electrode deposition increased the OPVC power conversion
efficiency by nearly one order of magnitude. UPS and SFM
showed that annealing induces an interpenetrating phase-sepa-
rated network of PAHT/PFTBTT, which increases the active area
but leaves the electronic level unaffected. Regarding the inter-
facial electronic structure, we found that, in contrast to the often
assumed vacuum level alignment at polymer/polymer hetero-
junctions, a vacuum level shift of —0.35 eV at the P3HT/
PFTBTT interface occurred. The PFTBTT/Ca interface forma-
tion was accompanied by a strong chemical reaction between Ca
and S in the polymer, which in addition to the appearance of gap
states led to an interfacial vacuum level shift of ca. 1 eV. Illu-
mination of OPVC-like sample structures with visible light
during UPS measurements induced a non-equilibrium situation,
as evidenced by a Fermi-level shift between bottom and top
electrodes. UPS may thus, in principle, be used to derive Voc
values for OPVCs in addition to the full information of the
electronic structure.
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