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Spontaneous Charge Transfer and Dipole Formation at the

Interface Between P3HT and PCBM

Harri Aarnio, Parisa Sehati, Slawomir Braun, Mathias Nyman, Michel P. de Jong,

Mats Fahlman, and Ronald Osterbacka*

In the pursuit of developing new materials for more efficient
bulk-heterojunction solar cells, the blend poly (3-hexylthiophene):[6,6]-phenyl-
Cg1-butyric acid methyl ester (P3HT:PCBM) serves as an important model
system. The success of the P3HT:PCBM blend comes from efficient charge
generation and transport with low recombination. There is not, however, a
good microscopic picture of what causes these, hindering the development of
new material systems. In this report UV photoelectron spectroscopy measure-
ments on both regiorandom- (rra) and regioregular- (rr) P3HT are presented,
and the results are interpreted using the Integer Charge Transfer model.

zero external field within the Coulomb
radius 1, = e?/4mee kT, where e is the elec-
tron charge, g(g) is the relative (absolute)
dielectric permittivity, k the Boltzmann
constant and T is the temperature. The for-
mation of a ground-state charge transfer
(CT) state opens up (non-)radiative recom-
bination channels at the interface, where
the Coulombically bound carriers can
eventually recombine both geminately and
non-geminately, causing recombination
losses in solar cells.

The results suggest that spontaneous charge transfer from P3HT to PCBM
occurs after heat treatment of P3HT:PCBM blends. The resulting formation
of an interfacial dipole creates an extra barrier at the interface explaining the
reduced (non-)geminate recombination with increased charge generation

in heat treated rr-P3HT:PCBM blends. Extensive photoinduced absorption
measurements using both above- and below-bandgap excitation light are
presented, in good agreement with the suggested dipole formation.

The bulk-heterojunction concept was originally developed to
allow for a large active interfacial area between the donor and
acceptor materials in organic solar cells.!! The energy offsets
between the lowest unoccupied molecular orbital (LUMO) levels
of the donor and acceptor are tuned to efficiently dissociate
photogenerated excitons, i.e. an offset on the order of >0.5 eV
is efficiently promoting electron transfer to the acceptor
and prohibiting back-transfer to the donor. However, after dis-
sociation the charge carriers are still Coulombically bound at
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Recent reports on charge transfer
state formation in the ground state of the
polymer/fullerene mixtures suggests that
the CT state arises from a wave function
overlap of the polymer and fullerene mol-
ecules,>”l whereby a new inter-bandgap
charge transfer complex state is formed at
the donor-acceptor interface. Experimental
evidence show that this CT state has an
energy lower than the bandgap of both the
donor and the acceptor materials.®23] Two routes for populating
the CT states have been reported. The first is by relaxation from
singlet states formed via either above-bandgap excitation or
injection from contacts.*!% Here the charge pair migrates to
a donor-acceptor interface and minimizes its energy by popu-
lating the CT state at the interface. The second route for popu-
lating a CT complex is by direct optical excitation using sub-
bandgap light.l'"!2l Besides providing a recombination channel
for Coulombically bound electron-hole pairs at donor-acceptor
interfaces, there is also evidence of charge generation via the
CT state. In regioregular- (rr) poly (3-hexylthiophene):[6,6]-
phenyl-Cq;-butyric acid methyl ester (P3HT:PCBM) a substan-
tial number of sub-bandgap generated charges escape from the
interface and can contribute to the solar cell photocurrent.':13]
The CT state is also shown to be closely linked to the open cir-
cuit voltage of bulk heterojunction solar cells.[!3]

The main obstacle for materials with low dielectric constants
(and consequently a large r,) to be operational in efficient solar
cells is avoiding geminate recombination of the Coulombically
bound charge pairs. The carrier generation in homogeneous
polymeric semiconductors is of Onsager-type, which means
that the generation is governed by the Brownian motion of
the geminate pair within their mutual Coulomb potential. The
criterion for this process is that the hopping distance is much
shorter than the Coulomb radius. If a geminate pair can sepa-
rate this distance, the probability for escaping the geminate
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recombination is exactly one half and the carriers become free
to participate in the transport. When an electric field is applied,
the mutually attractive Coulomb potential will be lowered
leading to a decreased Coulomb radius and consequently the
carrier generation will show field dependence.

It has been shown that the recombination rate of charges is
a good measure of the suitability of a solar cell blend.' Com-
pared to the normal Langevin recombination (the time reversal
of Onsager generation) in homogeneous materials, good solar
cells made from rr-P3HT:PCBM blends show up to four orders
of magnitude lower recombination rates, depending on the
thermal treatment.' The reason for the low recombination
coefficient is still not clarified. Given that this reduced recombi-
nation is a key to the success of the r-P3HT:PCBM blend, fur-
ther examination of the charge dissociation and recombination
process in this system is called for.

In this communication we propose that thermal treatment
will cause energetic shifts of polaron states at the P3HT:PCBM
interfaces, causing spontaneous charge transfer and dipole
formation at the interfaces. We show ultraviolet photoelectron
spectroscopy (UPS) results on both regiorandom- (rra) and rr-
P3HT before, during and after heat treatment, from which we
obtain estimates of the positively charged polaron energies at
the interface as well as in the bulk and how they depend on
the thermal history and regioregularity. Finally, we present
steady state photoinduced absorption (PA) spectroscopy meas-
urements on rra- and rr-P3HT:PCBM films, using both above-
and below-gap excitation light, and discuss how annealing, the
lamellar structure and the interfacial dipoles affect generation
and lifetimes of free charges.

To clarify the effect of annealing on the electronic struc-
ture and film morphology of rr- and regiorandom- (rra) P3HT,
ultraviolet photoelectron spectroscopy (UPS) measurements
were performed on both rr- and rra-P3HT thin films on Au
(further details are provided in the Experimental section), see
Table 1, and the results interpreted by the so-called Integer
Charge Transfer (ICT) model.'*18] The vertical ionization
potential (IP) obtained by the UPS technique includes the
inter- and intra-molecular electronic relaxation that occurs in
response to the creation of a hole in a molecular orbital and
thus captures the electronic part of the polaronic relaxation
energy in m-conjugated materials as well as the screening of the

Table 1. Results from UPS measurements on rra- and rr-P3HT. The posi-
tive integer charge transfer level, E,cr,, vertical ionization potential, IP,
and the energy difference between IP and E,c1,, VBE, measured by UPS
for the pristine films at RT, elevated temperatures and after cooling to
RT, all done in situ. Experimental error £0.05 eV.

rra-P3HT Pristine sample, RT 50 °C 80 °C 110°C  150°C RT
Eicr, [eV] 4.30 4.30 4.30 4.25 4.05 4.05
IP [eV] 4.70 4.65 4.75 5.05 5.20 4.75
VBE [eV] 0.40 0.35 0.45 0.80 1.15 0.70
rr-P3HT Pristine sample, RT 50 °C 80 °C 110°C  150°C RT
Eicr, [V] 4.40 4.40 4.35 4.25 4.05 4.00
IP [eV] 4.50 4.50 4.50 4.50 4.50 4.45
VBE [eV] 0.10 0.10 0.15 0.25 0.45 0.45
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surrounding medium. Tracking changes in film morphology by
following the evolution of the UPS-derived IP is thus a viable
method that has been employed previously on alkyl-substituted
polythiophenes,[1*2! as e.g. better packing of the polythiophene
chains will lead to better intermolecular screening and hence
lower IP. Note that the UPS-derived IP represents the average
vertical ionization potential of the material in the probed region
and hence does not yield information on the local order at a
buried interface. Furthermore, the IP does not include the geo-
metrical relaxation of the material in response to the created
hole, so the true polaronic formation energy where both the
electronic and geometric relaxation has been included is not
obtained. The ICT model can be used in combination with UPS
data, however, to determine the energy of the positive (nega-
tive) integer charge transfer states Ejcr, (Eicr),l'71®1% defined
as the lowest energy required to take away one electron (highest
energy gained from adding one electron) from (to) the mol-
ecule/polymer at an interface producing a fully relaxed state,

e., polarons in m-conjugated molecules and polymers, see
Figure 1. Note that both electronic and geometrical relaxation
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Figure 1. Energy level diagram of a m-conjugated molecule/polymer at
an interface. The Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) of the neutral system are
shown as solid black lines. The fully relaxed integer charge transfer states
(polarons in the case of polymers) that are created upon oxidation or
reduction of the molecule/polymer at the interface are drawn in the gap.
Just as in the bulk of the organic films, the energy of charge carrying states
formed upon oxidation/reduction will have a Gaussian distribution with
a width (6, 0" in the figure) that depends on inter- and intra-molecular
order, ring torsion, local screening, etc. The highest lying oxidized state
and the lowest lying reduced states at the interface define the position of
the Eicr, and Eicr, respectively. The vertical ionization potential (IP) is
indicated by the thick dashed line. Depending on the size of the energy
related to bond reorganization as compared to the energetic disorder (J),
the UPS-measured IP may or may not lie within the polaron density of
states. VBE is defined as the energy difference between the UPS-derived
IP and Ejct,.
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are included in the Ejcr, and Ejcr, as well as Coulombic inter-
action with the opposite “mirroring” charge on the substrate
and dielectric screening from neighboring molecules, effects of
intrinsic dipoles, etc.,[1617:222318] and thus contain information
about the local order at that interface, which may differ from the
bulk. The energy difference between IP and Ecr,, is referred to
as VBE (vertical binding energy) in this paper, see Figure 1.

We observe that pristine rra-P3HT, which forms a disordered
film, has a pinning energy Eicr, = 4.3 eV (equivalent to the
upper edge of the positively charged polaron energetic distri-
bution in rra-P3HT at the interface) and a vertical ionization
potential (IP) of 4.7 eV. As the film temperature is elevated, we
see that the IP increases substantially at T= 110 °C and reaches
a maximum of 5.20 eV at T'= 150 °C. Cooling the films to room
temperature (RT) reduces the IP value to 4.75 eV. Coupled to
the increase in IP, we see a decrease in Ejcr, also occurring at
T =110 °C and reaching a minimum of 4.05 eV at T =150 °C.
Subsequent cooling to RT does not change the Ejcr, value,
which remains at 4.05 eV. The temperature-dependent evolu-
tion of the rr-P3HT films is quite different. Pristine rr-P3HT,
which shows a lamellar structure, has a pinning energy Ejcr, =
4.4 eV and an IP of 4.5 eV. As the film temperature is elevated,
we see no increase in IP while post-annealing cooling of the
films to RT reduces the IP value marginally to 4.45 eV. We do
see a decrease in Ejcr, occurring at T = 110 °C and reaching a
minimum of 4.05 eV at T'= 150 °C, just as for rra-P3HT. Subse-
quent cooling to RT decreases the E;cr, marginally to 4.00 eV.

Thermal cycling of the PCBM from RT to 150 °C to RT yields
a decrease in the Ejcp_ level down to ~4.1 eV from the 4.2 to
4.4 eV values reported for pristine PCBM.12*?4 This might be
due to a change in morphology, or a purification effect as a
result of the heating. The quadrupole effect might also affect
the results if the order at the interface between the Al oxide
substrate used in this case and the PCBM is increased after the
thermal cycling.*! To clarify this, further studies on the PCBM
are called for, but are beyond the scope of this article.

Using the ICT model, we interpret the results as follows. The
comparatively large IP of 4.7 eV and VBE of 0.4 eV for pristine
rra-P3HT indicate localized polarons, which is expected due to
both inter- and intrachain disorder in the films. The increase
in IP seen upon high temperatures is assigned to a decrease
of the m-conjugation length due to increased inter-ring torsion
and hence an increase of the band gap, the well-known thermo-
chromism effect in alkyl-substituted polythiophenes.[?%1%27 The
decrease in Ejcr, is indicative of a decrease in n-conjugation
length, as the polarons become confined to shorter segments
of the polymer chains, increasing the local bond distortion and
pushing the polaron states deeper into the gap in analogy to what
has been demonstrated for poly(p-phenylenevinylene) deriva-
tives.l?® As the samples are cooled back to RT and reach equi-
librium, the IP is recovered as the inter chain torsion returns to
the RT values as well as the pre-heating inter-chain packing. Not
all chains return to their pristine form, however, as some chains
retain their high temperature conformation.’ These chains
with their corresponding low Ejcr, values then dominate the
interface interaction, as they represent the most easily oxidized
sites at the interface, and the Fermi level for the post-annealing
films then remains pinned at 4.05 eV, even though the majority
of the chains in the film have returned to “normal”.
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The evolution of the rr-P3HT films differs significantly in
comparison. For the pristine rr-P3HT films, we see a low IP of
4.5 eV and a very small VBE, less than 0.1 eV. The lower IP cor-
responds to longer intrachain m-conjugation length and better
screening from neighboring chains as the interchain packing
is superior in this case. The small VBE indicates that the
polarons are well delocalized, possibly over several neighboring
chains.?>3% The UPS data thus show that the pristine rr-P3HT
films are defined by excellent inter- and intrachain order, in the
bulk as well as at the interface, as expected from literature where
it is well known that rr-P3HT aggregates into a 2D lamellar
structure.*317332% Upon annealing, we see no increase in IP, in
stark contrast to the behaviour of rra-P3HT. The explanation is
found in the crystallinity of the rr-P3HT films, which prevents
the chains inside of the grains from undergoing interring tor-
sion as it would disrupt the tight 7—r packing of the polymer
chains: the chains are collectively locked in place. The chains at
the edges of the grains, however, are comparatively free to move,
and some of these chains undergo thermal-induced increases
in inter-ring torsion and hence decreases in the m-conjugation
length and interchain n—n interaction. These chains in turn
dominate the interface energetics with the substrate and again
the Fermi level gets pinned to these localized polaron states
around 4.05 eV. Cooling to room temperature does not return
all of these chains to their pristine conformation, so the Fermi
level remains pinned to the lower value, even though the bulk
polarons retain their delocalized nature, which is possibly even
improved by an annealing-induced increase of the macroscopic
order in the films as the IP is slightly lowered.

For P3HT:PCBM blends, these results suggest that
annealing in both the rr-P3HT and rra-P3HT cases will create
a charge transfer dipole at the P3HT:PCBM interface with the
negative side of the dipole pointing into the PCBM acceptor
layer, as annealing at 110 °C or above introduces chains at
the interface with localized polarons and corresponding Ejcr,
values low enough (4.05/4.0 eV for rra-/rr-P3HT, respectively)
to promote spontaneous charge transfer to the PCBM (Ejcr_ =
4.1 eV). Theoretical models predict that interfacial dipoles with
this direction will enhance exciton dissociation into free charge
carriers, significantly decreasing the chance that the electron
and hole states become trapped at the interface by Coulomb
forces where they eventually would recombine resulting in a
loss of photocurrent.[?>3* Furthermore, the interfacial dipoles
will populate the most easily oxidized polymer chains or chain
segments on the P3HT side of the heterojunction (most likely
to undergo structural relaxation), and the most easily reduced
PCBM molecules at the other side, as noted earlier. In this
way, the most tightly bound sites where charge transfer
electron-hole pairs could be created at the interface are already
occupied by interfacial dipoles in the (dark) ground state and
are consequently not available to participate in the exciton dis-
sociation process following a photon absorption event.?3 This
ensures that the charge transfer states formed immediately
upon exciton dissociation are slightly “hotter” than otherwise
would be the case. Hot charge transfer states facilitate an
increased chance of full separation and collection at the external
contacts according to theoretical predictions,?*! so the
annealed P3HT:PCBM combination offers a further advantage
in this regard.
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To show the effect of heat treatment on the steady state
charge concentrations and lifetimes, we measure room tem-
perature photoinduced absorption spectra of the P3HT:PCBM
blends both before and after heat treatment. Photoinduced
absorption probes the absorption caused by photogenerated
species in the P3HT:PCBM blend alone, without electrical
contacts present. Because interfacial CT states can be directly
excited using sub-bandgap light, the CT states give us a tool for
studying charge formation from low-energy excitons generated
at the interfaces versus higher-energy excitons generated in the
bulk of the blend. This is important, because heat treatment
is typically associated with a segregation of the polymer and
fullerene phases, reducing the interfacial area.’®! Consquently
charge generation from the interface should be reduced after
heat treatment, assuming that there are no qualitative changes
to the interfaces.

Photoinduced absorption spectra for the pure rr- and rra-
P3HT polymers have been studied in detail before.?>*”] Using
above gap (514 nm) excitation, rra-P3HT shows a weak polaron
absorption, but is dominated by a large absorption band at
1.1 eV that has previously been ascribed to triplet excitons.?’!
Polaron absorption is characterized by two correlated absorp-
tion peaks P1 and P2 at low and high energy, respectively. In
the lamellar structure, delocalized polarons appear with red-
and blue shifted P1 and P2 peaks, respectively. In rr-P3HT only
the absoption of delocalized polarons is observed.?’! Our results
support this (not shown). Above-gap excitation of PCBM yielded
negligible PA. Further, using sub-bandgap excitation light
(785 nm), we found that there is no discernible sub-bandgap
absorption in the PA measurements for rr-P3HT, and for rra-
P3HT it is also negligible. Annealing does not change the PA
spectra significantly. The bandgaps for rr-P3HT and rra-P3HT
lie at ~1.9 eV and ~2.2 eV, respectively.

Upon mixing PCBM with rra-P3HT the PA spectrum
changes character. There is no sign of triplet excitons anymore,
and the spectral features upon 514 nm (above-bandgap) exci-
tation are dominated by weak absorption from Coulombically
bound localized polarons (Figure 2a). Direct excitation of the
CT states with 785 nm (sub-bandgap) light produces a qualita-
tively similar excitation spectrum, albeit at even lower charge
concentration ( Figure 2b). Annealing does not have any signifi-
cant effect on the spectra, with the exception of a small shift in
the in-phase and out-of-phase components in the 514 nm exci-
tation spectrum.
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Figure 2. PA spectra of rra-P3HT:PCBM using a) 514 nm (2.41 eV) exci-
tation light and b) 785 nm (1.58 eV) excitation light, measured at room
temperature. Spectra before annealing are shown in black, and after
annealing in red. In-phase signals are positive and quadrature signals
negative.
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Figure 3. PA spectra of rr-P3HT:PCBM using a) 514 nm (2.41 eV) excita-
tion light and b) 785 nm (1.58 eV) excitation light, measured at room
temperature. Spectra before annealing are shown in black, and after
annealing in red. In-phase signals are positive and quadrature signals
negative.

Above-gap excitation on the rr-P3HT:PCBM blend gener-
ates more delocalized polarons (Figure 3a), as is expected for
an ordered, efficient bulk heterojunction material. Even sub-
bandgap excitation generates a substantial amount of delocal-
ized polarons (Figure 3b), roughly seven times more in the
steady state than in the rra-P3HT:PCBM blend. The PA spectra
for above- and below-gap excitation are qualitatively similar.
Annealing increases the PA amplitude for this blend by roughly
a factor of two using both excitation wavelengths, and the in-
phase/out-of-phase ratios change somewhat. There is also evi-
dence of a slight improvement in the 2D lamellar structure
upon annealing, visible in the above-gap spectrum in the form
of a more pronounced delocalized polaron transition at ~1.7 eV.
This has been attributed to increased crystallinity of P3HT,23¥
and is in agreement with the slight lowering of the IP observed
in the UPS measurements.

Lifetimes of the polarons are estimated from the ratio
between the in-phase and quadrature components of the PA
spectra, assuming nondispersive recombination.3¥l Steady state
charge concentrations (n) are estimated from the high energy
polaron absorption peak amplitudes of the PA spectra, using
PA = nod, where 6= 1071 cm? is the assumed absorption cross-
section, and d is the thickness of the film or d = ¢;~! (where o
is the absorption coefficient of the film for the excitation wave-
length), whichever is smaller. The values for the lifetimes and
charge densities as determined from PA data are presented in
Table 2.

There is a clear difference in lifetimes of the polarons when
comparing below- and above-bandgap excitation, with below-
bandgap absorption yielding longer lifetimes. This is in accord-
ance with the above-bandgap generated charges being “hotter”,
and thus having more energy to either escape the interface and
finding non-geminate (second order) recombination sites (in
r1-P3HT:PCBM) or populating less confined sites close to the
interface and thus having an increased chance for recombining
geminately (rra-P3HT:PCBM). Polarons in rra-P3HT:PCBM
are also generally much more longer lived than those in rr-
P3HT:PCBM caused by the localized nature of the as-spun rra-
P3HT compared to the rr-P3HT.

Heat treatment of rra-P3HT:PCBM does not increase the
polaron concentration generated by above-bandgap light, but
the lifetime of the polarons is somewhat increased. There are
no significant changes in either charge concentration or life-
times after heat treatment using sub-bandgap light.

Adv. Energy Mater. 2011, XX, 1-6
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Table 2. Lifetimes and charge concentrations extracted from photoinduced absorption spectroscopy data. Values for the lifetime 7 and charge con-
centration n are given for 785 and 514 nm excitation wavelengths. The values are measured at 1.4 eV and 1.25 eV probe energies (on top of the
polaron P2 absorption peak) for rra-P3HT:PCBM and rr-P3HT:PCBM, respectively. The error margins given are estimated from the noise in the data.

Rra-P3HT:PCBM

Rr-P3HT:PCBM

Unannealed Annealed Unannealed Annealed
785 [LS] 1000(+300) 900(+300) 90(+30) 60(+20)
Ts14 [US] 170(50) 280(+50) 70(£10) 35(+5)
g5 [cm™) 0.7(+0.1) x 10" 0.9(+0.1) x 10 0.46(+0.01) x 10'® 0.90(£0.01) x 10'®
514 [cm™) 4.8(+0.1) x 10 4.8(+0.1) x 10" 14.9(+0.02) x 10'® 25.5(£0.02) x 10'®

Heat treatment of the rr-P3HT:PCBM blend shows similar
results both using above- and below-bandgap excitation. Charge
concentrations increase significantly after heat treatment, and
at the same time the lifetimes are significantly reduced. This
is expected, because intensity dependence measurements (not
shown) indicate that we are operating in a regime with bimo-
lecular (non-geminate) recombination.

The suggested interfacial dipole formation in the
P3HT:PCBM blends from the UPS results is supported quite
well by the PA results. The lack of changes in the charge con-
centrations in the rra-P3HT:PCBM blend upon heat treatment
is a consequence of the disordered nature of the blend, which is
largely unaffected by the heat treatment. The small increase in
the polaron lifetime after heat treatment using above-bandgap
excitation could be due to small morphological changes such
as PCBM aggregation, but can also be explained by hindered
geminate recombination of the localized charge pairs, caused
by dipole formation at the interfaces.**

The results for the r-P3HT:PCBM blend are more inter-
esting. In this material the lamellar structure of the rr-P3HT
allows for efficient delocalization and high mobility of the
polarons. Charges can escape fairly well from the interfaces
already before heat treatment, but we propose that introduc-
tion of interfacial dipoles by heat treatment makes this escape
process much more efficient, resulting in the observed higher
steady state charge concentration. This increase in charge con-
centration can also be explained using morphological argu-
ments, as it is well known that heat treatment of a P3HT:PCBM
blend results in a phase separation of the components, and thus
the likelihood for electrons and holes to meet and recombine
during transport is reduced.?® The results with sub-bandgap
excitation of the rr-P3HT:PCBM blend, however, can not be
explained by morphological arguments. The total amount of
interfaces in the bulk is reduced due to demixing of the r--P3HT
and PCBM components following heat treatment. Since sub-
bandgap excitation can only happen at interfaces where wave
functions of the donor and acceptor overlap and form inter-
bandgap ground state CT states, we expect that the sub-bandgap
PA in the case of rr-P3HT:PCBM should be reduced after heat
treatment. Instead we observe an increase in the sub-bandgap
generated charges from the interfaces, which indicates a sig-
nificant improvement of the charge generation capability of the
interface. This could be in part due to an increased density of
ground state CT states at the interface, but since these are likely
to also work as recombination channels, and the second order
recombination in heat treated films (compared to untreated) is
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shown to be reduced,™ we find it unlikely that this alone could
explain the improved charge generation. Thus we suggest that
the reason for increased charge generation from the CT states
is the formation of interfacial dipoles as suggested by the UPS
data.

In conclusion, we present UPS measurements on rr- and
rra-P3HT, and show using the ICT model that heat treatment
of P3HT:PCBM blends promotes spontaneous charge transfer
from the positive integer charge transfer state Ejcr, of P3HT
to the negative ICT state Ejcr. of PCBM. We show that the
resulting dipole formation at the interface between P3HT and
PCBM can inhibit charge recombination at the interfaces, and
in the ordered rr-P3HT:PCBM blend promote dissociation of
Coulombically bound polaron pairs away from the interface
into delocalized polarons. The UPS and ICT model results are
verified by PA measurements on both rra- and rr-P3HT:PCBM
blends, before and after heat treatment. Sub-bandgap generated
polarons show longer lifetimes as compared to above-bandgap
generated charges in both r-P3HT:PCBM and rra-P3HT:PCBM
blends due to their lower energy forcing them to populate
more relaxed states. The r-P3HT:PCBM blend shows superior
polaron generation, which is further improved by annealing,
and shorter lifetimes compared to the rra-P3HT:PCBM blend,
as expected from the lamellar ordering of rr-P3HT and the
annealing-induced dipole formation at the interface. An increase
of the sub-bandgap generated polarons in r-P3HT:PCBM after
annealing, when the amount of interfaces should be reduced,
is a strong indication of enhanced charge pair dissociation
efficiency of the interface. We attribute this to the interfacial
dipoles. The UPS/ICT and PA results are in good agreement
with each other and offer in the dipole formation a plausible
explanation as to why recombination in the rr-P3HT:PCBM
blend is reduced.

Experimental Section

Photoinduced absorption spectroscopy: Samples were prepared from
chlorobenzene solutions (60 mg ml™") of polymer:PCBM in 1:1 ratio by
weight, by spincoating on sapphire substrates. The materials used were
regioregular-P3HT (Plextronics 0S2100), regiorandom-P3HT (Rieke)
and PCBM (Solenne). Film thicknesses were 410 nm and 297 nm for the
regioregular- and regiorandom-P3HT:PCBM films, respectively. Sample
preparations were carried out in Nitrogen atmosphere. Annealing of
the samples was performed on a hotplate at 120 °C for 15 minutes in
Nitrogen atmosphere. For measurements, the sample was transferred
to a cryostat (Janis Research), where it was kept under vacuum at room
temperature (300 K). Photoinduced absorption was measured using
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either an Argon ion laser (Coherent Innova) for 514 nm excitation light,
or a diode laser (Power Technology) for 785 nm excitation light. Both
were set to an excitation intensity of 180 mW cm~2. The excitation light
was modulated by a mechanical chopper at 133 Hz. A tungsten projector
lamp with appropriate cutoff filters served as probe light, which, after
passing through the sample, was directed through a monochromator
(Acton Research Corporation) and detected with Si, Ge and InSb
detectors and a lock-in amplifier (Stanford Research).

We would like to point out that it has been shown that the CT state
in P3HT:PCBM absorbs light with energy as low as 1 eV,3%11313] and
therefore our probe light is constantly generating a background of
charges of an unknown concentration. This can potentially lead to an
underestimation in the values for the lifetimes (due to bimolecular
recombination) and PA signal (due to ground state bleaching) presented
in this article.

Ultraviolet photoelectron spectroscopy: The materials used were
regioregular P3HT (Plextronics OS2100), regiorandom P3HT (Rieke)
and PCBM (Solenne). Polycrystalline gold samples were cleaned ex-situ
in a solution of (5H,0, INH,OH and 1H,0,) at 85 °C for 5-10 min,
yielding substrate work functions (typically 4.95 + 0.1 eV) large enough
to bring the rr- and rra-P3HT/metal interfaces into the positive pinning
regime,['”] thereby allowing the determination of the positive integer
charge transfer level Ecr,,['% of the polymers. Thin films of rr- and rra-
P3HT were subsequently spin-coated from dichlorobenzene solutions
onto the cleaned Au substrates. The samples were measured in an UHV
photoelectron spectrometer with a base pressure of 107'° mbar, using
monochromatized Hel photons (hv = 21.2 eV) with a binding energy
resolution of £0.05 eV. The heating and cooling of the samples were
carried out in situ at better than 1071 mbar. Temperature control was
maintained throughout the measurement series using a PID regulator.
PCBM samples were spin-coated from dichlorobenzene solutions unto
a variety of different substrates so that the work function range allowed
for the determination of the negative integer charge transfer state
Eicr—l"] The work function of the organic-on-gold films were obtained
from the secondary electron tail using the standard procedure.'”l The
vertical ionization potential of the polymer films were obtained using
the position of leading edge of the frontier occupied feature in the Hel
spectra.l'’]
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