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Efficient exciton dissociation at a donor-acceptor interface is the crucial, yet not fully understood, step
for obtaining high efficiency organic solar cells. Recent theoretical work suggested an influence of polymer
conjugation length and of interfacial dipoles on the exciton dissociation yield. This necessitates experimental
verification. To this end, we measured the dissociation yield of several polymer/Cg planar heterojunction solar
cells up to high electric fields. The results indeed prove that the yield of exciton dissociation depends strongly on
the conjugation length of the polymers. Complementary photoemission experiments were carried out to assess
the importance of dipoles at the donor-acceptor interfaces. Comparison of exciton dissociation models with
experimental data shows that the widely used Onsager-Braun approach is unsuitable to explain photodissociation
in polymer/Cg cells. Better agreement can be obtained using “effective mass” models that incorporate conjugation
length effects by considering a reduced effective mass of the hole on the polymer and that include dielectric
screening effects by interfacial dipoles. However, successful modeling of the photocurrent field dependence over
a broad field range, in particular for less efficient solar cell compounds, requires that the dissociation at localized

acceptor sites is also taken into account.
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I. INTRODUCTION

Organic solar cells have now reached power conversion
efficiencies above 10%, which is often referred to as the
lower limit for industrial mass production.! A significant
contribution to this advance lies in the optimization of film-
processing conditions and device architecture.>® These steps
serve to increase the fraction of photogenerated excitons
that can dissociate, e.g., by reaching dissociation sites, and
effectively reduce inadvertent recombination of electrons and
holes.” For even more efficient solar cells, fill factor, short
circuit current, and open circuit voltage need to be improved
by increasing the exciton dissociation yield further.® A key
step toward this lies in understanding the mechanisms and
the material parameters that control how a photogenerated
bound electron-hole (e-h) pair (exciton) dissociates into mobile
charge carriers. Knowledge of the relevant processes allows
for further optimization of film morphology and device
architecture and, in particular, for guidelines in the design
and choice of suitable high efficiency materials.

Today’s organic solar cells involve at least two different
types of molecular materials, i.e., a donor compound and an
acceptor. In such a donor-acceptor (D-A) system, an exciton
is created next to a molecular D-A interface or reaches it
within its lifetime. There, it transfers its electron from the
excited donor to the ground state acceptor molecule and
forms a charge transfer state. This initial charge transfer step
usually takes place on an ultrafast timescale.”!” Since the
dielectric constant of organic semiconductors is typically only
3-4, dielectric screening is weak and the e-h pair is initially
bound by its Coulomb potential. To become mobile, the
charges need to escape from their mutual Coulombic potential
without suffering geminate recombination. In a naive picture
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of pointlike charges, they are unbound when they separate to a
distance defined as the capture radius, which, in the absence of
an electrostatic field, is r. = e?/4mweys, kT . At that distance,
the thermal energy exceeds the Coulomb energy, with typical
room temperature values being r. = 16 nm for ¢, = 3.5.

The central question is why the e-h pair can overcome
the considerable Coulomb potential. One currently discussed
possibility is that the excess energy, liberated when the
excited donor electron transfers to the acceptor, facilitates
complete dissociation. In this case, the yield should depend
on the energy difference between the energy of the lowest
unoccupied molecular orbital (LUMO) level of the donor and
the acceptor. Although there are reports in the literature in
favor of this possibility,''"!3 there is strong evidence that
alternative dissociation channels must be operative as well.
Experimental and theoretical investigations suggest that the
degree of delocalization of both an exciton and a charge in
a conjugated polymer may be of key importance,”!?: 1410
the extreme view being the notion that conjugated polymers
behave like a one-dimensional inorganic semiconductor with
completely delocalized wavefunctions.!” A more conservative
view is that right after its creation, an e-h pair at a D-A
interface is in a short-lived extended state with a high, yet finite
chance for complete dissociation. Unsuccessful e-h pairs relax
in energy and form more tightly bound meta-stable charge
transfer states, from which subsequent dissociation attempts
may occur.'? In addition to exciton delocalization, it has
emerged that interfacial dipoles may also be conducive to ex-
citon dissociation. Theoretical,'®!? as well as experimental,?’
evidence for such dipoles seems to correlate with increased
photocurrent yields.

To discriminate between the different possibilities, one
may compare the experimental photocurrent yields against
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FIG. 1. (a) Chemical structures and abbreviations of the donor polymers (R = 2-ethylhexyl, R" = 1,4-C¢Hy-n-CoH,;, R” = -n-C¢Hy3,
R* = C¢Hy3, R* = CjpH;3). (b) External photocurrent quantum yields of bilayer Cg devices made with PCDTBT, MeLPPP, MeLPP-dimer,
PIF, PF2/6, and DOOPPP, measured at 2.2 eV excitation as a function of the internal field and normalized to unity at the saturation value. For
PCDTBT, the tangents whose intersection defines the saturation field F;, are indicated as an example. PCDTBT = Poly[[9-(1-octylnonyl)-9H-
carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl], MeLPPP = methyl-ladder-type-poly(p-phenylene),
MeLPP-dimer = methyl-ladder-type-p-phenylene-dimer, PIF = poly(indeno-fluorene), PF2/6=ethyl-hexyl-poly(fluorene), DOOPPP = Di-

octyloxy-poly(p-phenylene).

predictive models. A classical approach, based on the seminal
works by Onsager and Braun, consists in considering the
dependence of exciton dissociation on an increasing electric
field in the device.”! A coulombically bound e-h pair requires
a certain electric field for complete separation. Above a
certain saturation field strength, the yield should become
constant when the drop of the electrostatic potential exceeds
the Coulomb-binding energy of the e-h pair. If geminate
recombination was the dominant recombination process, then
the saturation field strength F, is a measure of the Coulomb-
binding energy of an e-h pair and also of the size, i.e., the mean
e-h separation of the dissociating e-h pair. While the Onsager-
Braun model is frequently employed to interpret organic
solar cell performance, its premise of treating the e-h pair as
point charges renders its application questionable for materials
with extended, delocalized excited states such as polymers.
Meanwhile, there are more sophisticated models available.
For example, the delocalization of the photogenerated charges
can be incorporated explicitly by considering their effective
mass.?>2° Similarly, the screening effect of interfacial dipoles
on the Coulomb potential of the e-h pair has been implemented
in the theoretical framework.2>?> So far, however, these models
have not yet been compared against experimental data.

Here, we aim to assess the impact of conjugation length
and interfacial dipoles on exciton dissociation by comparing
simulations of the aforementioned models with experimental
data. We recently measured the field dependent photocurrent in
a bilayer solar cell in which conjugated phenylene-type donor
polymers were combined with a Cgg acceptor layer. We found
that the more ordered, and thus the more conjugated, a polymer
chain is, the lower the saturation field strength.16 To cover a
wide range of donor materials in the same series of experiments
and under exactly the same experimental conditions, we
confirmed the previous experiments on DOOPPP, PIF, and
MeLPPP and expanded them to further include PF2/6, a
dimer of MeLPPP and the widely used low band-gap material

PCDTBT (see Fig. 1 for chemical structure and abbreviations).
To obtain information on possible interfacial dipoles, ultra-
violet photoelectron spectroscopy (UPS) experiments were
carried out for the interfaces of these compounds with Cgp.
The experimental results were analyzed by parameterizing
and simulating the existing models. We are able to quantify
the effect of charge delocalization, expressed in terms of
the effective mass, and of ground state dipoles on the field
dependent exciton dissociation. Further, we show that a
single mechanism cannot explain the field dependence of the
photocurrent, yet it can be modeled adequately by considering
a superposition of two processes.

II. EXPERIMENTAL RESULTS

Figure 1 shows the chemical structures of the investigated
polymers and the dimer, as well as the relative photocurrent
quantum yields ¢(F) of bilayer devices (with Cg( as acceptor)
as a function of the internal electric field. The key parameter
derived from these data is the saturation field strength Fi,,
defined by the intersection of the tangents to the photocurrent
in the regimes of low electric field and high electric field
(i.e., at photocurrent saturation) in a double logarithmic plot
(see Fig. 1). The existence of the saturation field implies that
there is a field-dependent recombination mechanism that can
be overcome at high fields. This can be seen by considering
that photoexcitation with rate G results in bound or unbound
charge carriers. This leads to a photocurrent that is controlled
by the competition between a field-dependent escape rate (1 F/d
from the recombination zone, with uF being the transport
velocity and d the layer thickness, and a recombination
rate k,. The recombination mechanism may, in principle, be
geminate or nongeminate. The photocurrent then depends on
thefieldas j o« G - uFd~'J(uFd=' + k)= G - 1/(1 + %).
Thus, at low fields, the photocurrent will be reduced due to
recombination, while at high field, it eventually saturates. We
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now argue that, in our case, this recombination is predomi-
nantly geminate. As detailed in the Supplemental Material,?
one can estimate that monomolecular and bimolecular decay
become comparable at a critical light intensity of about
2 - 108 photons/cm?s. Our photocells were measured at a pho-
ton flux of about 4 - 10" photons/cm?s, i.e., at an intensity that
is 1/500ths of the intensity where bimolecular recombination
becomes important. This is consistent with the observation that
for all materials the photocurrents depend linearly on the pump
intensity l.x. If the carrier would recombine bimolecularly,
as were the case for trap-free nongeminate recombination, a
dependence such as j oc /1o, should result. The existence of
a saturation field at the light intensities used in our experiment
therefore shows that there is a field-dependent geminate-
pair recombination mechanism. Such a dominant role of
geminate recombination is in agreement with reports by other
research groups, even when using higher light intensities.”’
When comparing the polymer MeLPPP and the associated
dimer MeLPP, one observes a significant drop of Fg, from
4-10* V.cm™! to 2-10° V cm™!. This is the first clear
indication that wave-function delocalization in the donor is
important. It turns out that the saturation field strength, and
thus the binding energy of the interfacial e-h pair, decreases in
the order DOOPPP, PF2/6, PIF, MeLPP-dimer, MeLPPP, and
PCDTBT (Fig. 1, and Table II further below). For the poly-
p-phenylene based systems, yet not for the donor-acceptor
copolymer PCDTBT, this also correlates with a red-shift of
the absorption [Fig. 2(a)].

The red-shift of the optical spectra within a series of
structurally related compounds is a well-established signa-
ture of increased delocalization of the m-electron system
in conjugated oligomers and polymers. A heuristic way to
correlate the transition energy of an oligomer or polymer
with a certain number of conjugated monomers is provided
in the coupled oscillator model of W. Kuhn.?®? In the case of
poly- p-phenylene-type polymers, the coupling elements are
identified with phenylene rings. By using fluorescence spectra
of ladder-type phenylene oligomers, one can parameterize
the chain-length dependence of the transition energy of a
chain of perfectly aligned phenylenes.** Deviations from chain
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planarity raise the transition energy and can be translated into
an effective conjugation length. This parameterization allows
extracting the effective conjugation length of the polymers in
both absorption and emission. The two values differ as the
excited state geometry is usually more planar than the ground
state geometry. In addition, in a film of disordered polymers,
there is energy transfer from (shorter) absorbing to (longer)
emitting chromophores. In Fig. 2(b), we show the saturation
field strengths as a function of the effective conjugation length
in absorption and fluorescence for the poly- p-phenylene-type
systems. The dramatic decrease of Fg, with the increasing
conjugation length of the polymers proves that the spatial
extent of the conjugation length in a m-conjugated polymer
has an important bearing of exciton dissociation in our solar
cells. We also note that the MeLPP-dimer, which contains
five phenylene units so that 1/n = 0.2, behaves differently.
Although Fg, for the dimer is four times higher than that for
the polymer, one expected a much higher value based upon
the parameterization data of the conjugation length. This is
evident in Fig. 2(b), where Fg, for the dimer is compared to
the saturation field strength for the polymers.

Having established that there is a clear dependence of the
saturation field strength on the effective conjugation length,
we now consider whether there is an influence of interfacial
dipoles that exist at the heterojunction in the ground state. To
this end, the energy-level line-up at the polymer/Cg interfaces
was investigated by UPS. Cgy was sequentially deposited by
thermal sublimation in ultrahigh vacuum conditions. After
each deposition step, valence band and secondary electron
cutoff (SECO) spectra were recorded. The typical SECO
evolution upon deposition of Cg on the polymer film is shown
for the example of PCDTBT in Fig. 3(a). We observe that the
initial work function of the pristine PCDTBT film (4.60 V) is
increased to 4.72 eV upon 8 A Cg deposition, and it remains
constant for higher Cg coverage. The valence spectra show the
evolution of Cgp-derived molecular levels. The valence band
onset of pristine PCDTBT is at a binding energy of 0.63 eV
below the Fermi level (Er), as indicated in Fig. 3(a) this yields
an ionization energy of 5.23 eV. The position of the PCDTBT
valence band onset was found to be independent of the Cg
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FIG. 2. Saturation field strengths of the bilayer field-dependent photocurrent yields; (a) as a function of the donor absorption energy (empty
symbols) and emission energy (filled symbols), (b) as a function of the inverse effective conjugation length of the donors in the ground state
geometry (data taken from absorption, empty symbols) and in the excited state geometry (data taken from emission, filled symbols). The lines

serve as a guide to the eye.
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FIG. 3. (a) SECO (left) and low-binding energy region (right) of
a 20-nm PCDTBT film spin coated on a PEDOT/PSS-ITO substrate
and subsequently deposited Cg on top. (b) Work function evolution
as a function of subsequent deposited Cgy coverage. Two groups
can be distinguished: group 1 (MeLPPP, PCPTBT, and DOOPPP)
Fermi-level pinning of C¢-LUMO is found; group 2 (PF2/6 and PIF)
vacuum-level alignment is established.

coverage, as it can be observed in the valence band region
spectra up to a Cyy coverage of 8 A [see close-up spectra in
Fig. 3(b)]. The low binding energy onset of emission from
the Cg highest occupied molecular orbital (HOMO) levels is
constant at 1.68-eV binding energy for all coverages. Adding
the final work function of 4.72 eV to the energy difference
between the Cqp HOMO onset and the Fermi level yields an
ionization energy of 6.40 eV for Cgy, which is in line with
previously reported values.?!-*?

The situation of a constant HOMO position and an increase
of the sample work function for the very early stage of interface
formation is typical for an interface dipole due to Fermi-level
pinning at unoccupied states of Cgp, i.e., the LUMO level or
gap states at slightly lower energy.>* In this scenario, the
work function changes until a full monolayer is reached and
remains constant for higher film thickness, which we indeed
observe beyond 8 A Cg coverage. This coverage corresponds
approximately to a monolayer of Cgy since the diameter of
a Cg molecule is ~10 A.3> Similar results are obtained for
DOOPPP and MeLPPP. In both cases, the initial work function
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TABLE 1. The ionization energy (IE), the work function & of
the pristine film, and the change in work function A® due to the
deposition of Cg, along with the derived value for the fractional
dipole strengths «.

Material PCDTBT MeLPPP  PIF  PF2/6  DOOPPP
IE (eV) 5.23 5.28 5.82 5.85 522
P (eV) 4.60 4.67 4.85 4.84 4.57
AD (eV) 0.12 0.08 0.02 0.05 0.17
a (1073) 214 14.2 3.6 8.9 30.3

of the pristine polymer films increases due to Cg( deposition.
Note that in all three cases, including PCDTBT, the final work
function of a multilayer Cgy deposited film onto the polymer
film reaches the same value. Thus, ground state interface
dipoles of varying magnitude, dependent on the initial polymer
work function, are found (Table I). In contrast, vacuum-level
alignment was found at the Cgy/PIF and Cgy/PF2/6 interfaces
[Fig. 3(b)]. Within accuracy of our measurement (£0.05 eV),
the work function of the PIF and PF2/6 polymers film
did not change due to Cgy deposition. The evolution of
the sample work function as a function of Cgy coverage
is summarized in Fig. 3(b) for all five different polymers.
As indicated in Fig. 3, a transition from vacuum-level
alignment to Fermi-level pinning at the polymer/Cg, interface
occurs for a work function of a pristine polymer film below
~4.75 eV. Nevertheless, Fermi-level pinning at unoccupied
states of Cg9 was unexpected because of the Cgy threshold
electron affinity of 4.50 eV in the solid phase’®! (obtained by
inverse photoelectron spectroscopy). This is 0.25 eV lower
as the obtained transition work function of ~4.75 eV. This
difference can be explained by unoccupied gap states that are
created within the Cg film due to impurities coming from the
spin-coated polymer films or structural defects. The resulting
work function values, ionization energies, and work function
changes A ® for the five interfaces are summarized in Table I.

From these studies, two key experimental observations
emerge.

(1) The electric field strength Fi,, at which ¢(F’) saturates
decreases by about a factor of 20-30 in the series DOOPPP,
PF2/6, PIF, MeLPP-dimer, MeLPPP, and PCDTBT. This
correlates with the bathochromic shift of the S;-Sy 0-0
transition, except for PCDTBT. This is a strong indication
that electronic delocalization of the hole residing on the donor
is of key importance.

(i) The photoemission experiments show that there is,
indeed, some ground state charge transfer between donor and
acceptor, but this effect is relatively weak. In the case of
PF2/6, PIF, and MeLPPP, it is barely noticeable. For DOOPPP
and PCDTBT, the interfacial potential drop is 170 meV and
120 meV, respectively.

III. ANALYSIS AND DISCUSSION

A. Individual models

One of the most widely applied models to account for
exciton dissociation is the Onsager-Braun model, even though
it does not account for the effects of effective conjugation
length or for interface dipoles.*®*” The high popularity of
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FIG. 4. Comparison of the field-dependent photocurrent yields
(symbols) of donor /Cg bilayer solar cells with simulations (lines)
based on (a) the Braun model [Egs. (1), (2)], (b) the effective mass
model [Egs. (3)-(5)], and (c) the dipole model [Egs. (3), (6), and (7)].
The parameters are presented in Table II.

this model warrants a detailed consideration. Onsager’s theory
for photogeneration in a single component molecular solid
rests upon the notion that optical excitation with sufficient
energy can autoionize and form a Coulombically bound e-h
pair.®® This pair of pointlike charges can rather fully dissociate
in the course of temperature and field-assisted random walk
of one carrier in the field of the other, or it may recombine
geminately to the ground state. Braun extended this concept
to D-A systems in which the lowest excited state is a charge
transfer state that can live long enough to make several attempts
toward complete dissociation before decaying geminately to

PHYSICAL REVIEW B 87, 155205 (2013)

the ground state.>® This dissociation yield is determined by the
trade-off between the field-dependent dissociation rate k,(F')
and the field-independent e-h pair decay rate to the ground
state k¢, i.e.,

k(P 1
T ka(F)+ky 1+ kka(F)~1

@(F) 1

The theory predicts a strong field dependence of the dissocia-
tion rate k;(F), that is,

3 —AE\ Ji1(2V—-2b
kdm:Lgexp( ) LG
Ameoerr kT =2b
eF
= 2
8mepe, k2T? @

Here, J; is the Bessel function of order one, F is the electric
field, u is the sum of the mean electron and hole mobility,
AE = ¢?/4mepe, 1o is the Coulombic-binding energy of the
e-h pair, which is controlled by the initial intrapair sepa-
ration rg. Inserting (2) into (1) allows simulating the field
dependence of the dissociation yields and comparing it with
the experimental data; this is shown in Fig. 4(a). For the
simulation, we employed ¢, = 3.5 and we used the Bessel
function J; and not the frequently employed approximation
(1+b+b*/34+b%/18 +...), as the deviations become sig-
nificant in the regime of high field strengths that is of interest
here. The free parameters in the simulation are the intrapair
separation ro and the ratio u/k s; they are listed in Table II.
‘We find that the Onsager-Braun model yields unsatisfactory
results in two respects. First, and most importantly, the field
dependence for the compounds with low Fg,, MeLPPP, and
PCDTBT, cannot be reproduced at all, and for the remaining
compounds, agreement between the experimental data and the
Onsager-Braun fits is poor. The main reason for this is that the
field dependence predicted by the Braun model is steeper than
the experimentally found one. For illustration, if the simulation
parameters are adjusted so that there is not an overall
agreement with the experimental curve but rather the value of
the saturation field is matched [dashed in Fig. 4(a)], one finds
that for the regime of low-field strengths, the Onsager-Braun
model underestimates the photocurrent yield for DOOPPP
while it overestimates it for PCDTBT. Second, the simulation
parameters required are unphysical. While the values obtained
for rg in the nm range are plausible, the values inferred for
w/ky imply either charge mobility or a lifetime that are too
high to be consistent with existing knowledge. Consider, for
example, PCDTBT, where pu/ky =2- 1078 ¢cm? VL. The
lifetime at zero electric field is 79 = [k + k(007" kq(0)

can be evaluated as k;(0) = S_jﬁ exp(%‘TE). Taking p to
r 0

be dominated by the hole mobility, and using a value of
1-107* cm?/Vs,” one obtains k4(0) = 1.3-10° s7!, k; =
5-10° s7!, and 7y = 158us. Similar calculations can be
carried out for the other polymers in Table II. From this
estimate, one can see first that k;(0) < k, so that 7o ~ 1/ky,
and, more importantly, the values for 7y range from 6 us
(for MeLPPP, based upon p =2 - 103 cm?/Vs) to more than
30 ms (for DOOPPP, assuming @ < 10~ cm?/Vs, which is
an upper limit for the hole mobility in highly disordered
polymers). Typical lifetimes for charge transfer states between
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TABLE II. Fit parameter for different individual models, along with the experimentally measured saturation field strength Fi,,.

Material PCDTBT MeLPPP PIF PF2/6 DOOPPP MeLPP-dimer
Fy [Vem™] 3.4-10* 4.4.10* 1.8-10° 4.6-10° 1.0-10° 2.3-10°
Onsager-Braun model*
ro [nm] 1.03 1.02 0.92 0.86 0.80 1.02
w/ky [1072 m? V1] 2.0 1.5 1.3 1.1 0.3 0.50
Effective mass model (numerical)
MM, 0.060 0.067 0.110 0.170 0.300 0.115
ToVp exp(—2yr) 3910 3830 3500 100 40 3830
Effective mass model (parabolic approximation)
MM, 0.060 0.067 0.110 0.170 0.300 0.115
ToVp exp(—2yr) 60 65 40 37 12 65
Dipole model
Mefr/m, 0.117 0.109 0.130 0.250 1.000 0.20
Tovo exp(—2yr) 60 65 40 37 12 65

For the solid lines in Fig. 4(a). See Supplemental Material®® for the dashed lines.

conjugated polymers and Cgy derivatives tend to be up to
few tens of nanoseconds.’’**™* Thus, the Braun model
is clearly inadequate to describe the field dependence of
exciton dissociation in conjugated polymers. In the same
way, we found the mathematically more rigorous treatment of
the Onsager-Braun model presented recently by Wojcik and
Tachiya** to be inappropriate for these conjugated polymers.

Why should the Onsager-Braun treatment be an unsuitable
model for conjugated polymer systems when it has been shown
to be highly successful for molecular donor-acceptor crystals?
One difference between aromatic molecules such as the
polyacenes and the conjugated polymers used in today’s solar
cells is the degree of charge and exciton delocalization. The ex-
perimental results clearly show that the photodissociation yield
increases with the effective conjugation length of the polymers.
A way to explicitly include the effects due to conjugation has
been presented by Arkhipov et al. by considering the effective
mass of a hole on a polymer chain.?>?? The original motivation
for this effective mass model was the observation of a very
weak temperature dependence of the photocurrent in MeLPPP
that was incompatible with the predictions of the Onsager-
Braun model.* Such weak temperature dependence has more
recently been confirmed for bilayers*® as well as blends.*” In
order to account for the lack of temperature activation for a
well-conjugated polymer like MeLPPP, Arkhipov suggested
there should be an additional term that reduces the energy
needed to separation of electron and hole.

The central idea of Arkhipov’s model is simple. After pho-
toexcitation of the polymer donor, the electron is transferred to
the acceptor, and the hole remains on the polymer chain. The
two carriers are bound by their mutual Coulomb potential.
The hole on the polymer is delocalized within the effective
conjugation length, i.e., it can be viewed to carry out zero-point
quantum oscillations in the Coulomb potential due to the
electron [Fig. 5(a)]. This quantum oscillation is associated
with an energy that depends on the effective mass meg of
the hole. This kinetic energy assists the hole in overcoming
the Coulomb potential. The effective mass is introduced here
in a heuristic way as a measure for the electronic coupling

within the polymer chain that depends on intrachain disorder.
A low relative effective mass implies a highly delocalized
hole. Arkhipov applied this effective mass model to two
different situations. One case comprises the situation of a
donor doped with only few acceptors;>? the other considers
an extended interface between donor and acceptor, where
dark interfacial dipoles prevail.®> This idea of the effective
mass model has been taken up and developed further by
the Baranovskii group. A particularly elegant formulation of
the effective mass model has been presented by Nenashev
and coworkers, and we have therefore applied the Nenashev
formulation to our data.* Nenashev considers the polymer
as a set of one-dimensional chains that are placed parallel to
the polymer fullerene interface. The electric field is acting
orthogonal to the interface. The geometry of this model is
illustrated in Fig. 5(b). The chains are numbered from 1 to n,
starting at the interface, with spacing r. The electron on the
fullerene is taken as immobile while the hole on the polymer is
taken to hop. The dissociation yield ¢(F) is controlled by the
rates for the recombination of the e-h pair, k, = 1/19, where 1
is the lifetime of the e-h pair, and by the rate for dissociation ky

kd 70
o(F) = = —
kd +kr 70 +kd
To

= o — —— (3)
70 + Zl{t\,:ll an—1>n+l exp (%)

Here, a,,_, ,+1 is the Miller-Abrahams hopping rate of the hole,

_Ewni—E, E E
Ap—sn+1 = Vo eXP(_zy”) exp( kT ) nl = B
1 En+1 < En

“

Vo and y take their usual meaning as frequency factor and as a
measure for the electronic coupling, respectively. The hopping
and dissociation process is controlled by energy of the hole on
each chain, E,, which results from the Coulomb potential due
to the electron, from the potential of the applied field and from
the zero-point oscillation along the conjugated segment within
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FIG. 5. (Color online) Schematic illustrating electron-hole dis-
sociation at the bilayer interface with an electron on Cg at x = 0
and a hole on a polymer chain. The chains are assumed parallel to
the interface and are labeled 1 to n. (a) The hole on the polymer
chain executes a zero-point oscillation along the y direction inside
the Coulomb well set up by the electron. The potential along x
direction is due to the Coulomb field from an electron at x = 0
and a constant applied electric field in x direction. The energy of the
hole located at x, is raised by a zero-point oscillation energy iw/2,
Enin = U (Xmin) + 1w /2. To escape, the energy barrier between E i,
and U (xn,) needs to be overcome. The potential along the y direction
is approximated by a parabola. (b) Detailed geometry at the donor-
acceptor interface. In the effective mass model, §* = §~ = 0. In the
dipole model, interfacial ground state dipoles §* and §~ modify the
potential and assist the hole’s escape. For simplicity, we used dgipole =
r in our modeling.

the Coulomb potential. As detailed in the original paper by Ne-
nashey, it can be calculated solving the Schrédinger equation

nr d*y
"y dy? + Un¥ = Ep¥n, &)
with
U, = ¢ ! eFx,, x,=nr.
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The dependence of the dissociation rate on the electric field
and on the effective mass is thus included implicitly via the
hole energy E,. To implement the Nenashev formalism, we
solved (5) numerically and inserted the resulting E, in (4)
and (3), so that ¢(F) could be calculated parametric in the
relative effective mass meg/m, and in the product of the
e-h pair lifetime with the isoenergetic hopping parameter
Tovo exp(—2yr). The resulting curves with optimized param-
eters listed in Table II [as “effective mass model (numerical)”]
are compared to the experimental data in Fig. 4(b).

In contrast to the Onsager-Braun model, the agreement
of the simulated and experimental field dependence is quite
satisfactory over the entire field range for the more delocalized
compounds PCDTBT, MeLPPP, and PIF. For the compounds
with shorter conjugation length, simulation and experiment
match only at high fields, and one finds that experimentally
there is an additional photocurrent quantum-yield contribution
at low field strength. Before we address this additional contri-
bution, let us discuss the values obtained for the parameters.
If we know the isoenergetic jump rate vyexp(—2yr), we
can derive the lifetime 1y of the geminate e-h pair from the
TV exp(—2yr) value.

As an estimate, we consider first the jump rate of an
electron from an optically excited donor to a silicon nanopar-
ticle as an acceptor in a P3HT/Si solar cell, which was
recently reported.’ Using ultrafast pump-probe spectroscopy,
Herrmann and coworkers showed that the exciton state, created
instantaneously during the rise of the laser pulse, decays to
yield a polaron signal. The time constant of the exciton decay
and the concomitant polaron rise was found to be 120 fs,
corresponding to a jump rate of 8 - 10! s~!. This jump rate
associated with the initial charge transfer step can be taken
as the rate for an isoenergetic jump. Second, one may argue
that the rate for an isoenergetic jump should be of the same
range of that of a charge carrier in an ordered organic solid.
There, the charge carrier mobility is around 1 cm?/Vs.*® By
using the Einstein ratio between mobility p and the carrier
diffusion constant D, u/D = e/kT, and assuming isotropic
diffusion in a cubic system, where D = éa2[v0 exp(—2yr)],
with a typical lattice constant for a crystal of 0.6 nm, one ends
up with an estimate of the jump rate of 4 - 10'3 s~!. Adopting
a representative value for tovy exp(—2yr) = 3800 and a jump
rate of about 4 - 103 s~! thus yields a lifetime of about 95 ps
for the geminate e-h pair, which is a realistic lifetime.

The relative effective masses obtained from the simulation
decrease in line with the increase in conjugation length of the
compounds. This confirms the notion that improved electronic
coupling along the polymer chain is crucial for improving the
dissociation efficiency. However, the values for the relative
effective masses meg/m, range from 0.3 for DOOPPP to
0.060 for PCDTBT, which is rather low. For comparison,
for polydiacetylene, which is the most ordered conjugated
polymer that is known, electroreflectance measurements by
Weiser and Moller yielded an effective mass of 0.05 m,,* and
theoretical calculations by Van der Horst placed its effective
mass at 0.1 m,.%° In the more disordered compounds studied
here, the effective mass can be expected to be somewhat higher.
Thus, in summary, while the incorporation of the conjugation
lengths’ effects through the effective mass leads to an improved
description of the charge dissociation process, in particular for
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the well-delocalized compounds, the values required for the
effective mass to account for the dissociation are too low.

The fact that there must be an additional factor that
contributes to efficient exciton dissociation at the D-A interface
had already been noticed by Arkhipov a decade ago.?® This
was prompted by the observation that in a D-A system,
the dissociation yield increases abruptly above a critical
acceptor concentration.’! Dissociation yields exceeding 50%
at moderate electric field strengths, as well as the usually weak
temperature and field dependence, were taken as an indication
that the Coulomb attraction between carriers within a short
geminate pair must be effectively screened or counterbalanced.
To allow for such a screening, Arkhipov et al. invoke the
existence of a layer of dipoles that exist in the dark (i.e., in the
ground state) at the interface between donors and acceptors
with different electron affinities. There are experimental and
theoretical results in favor of this notion.'®2° Arkhipov thus
extended the effective mass model to account for the effect of
dipoles.?* We refer to the resulting model as the dipole model.

Arkhipov considered a bilayer system where photoexcita-
tion results in a hole on the first chain adjacent to the interface
and an electron on the acceptor on the other side of the
interface [Fig. 5(b)]. Suppose there is an additional partial
positive charge on the donor chain 1 and a partial negative
one on the acceptors, caused by interfacial dipoles. The hole
executes zero-point oscillations, as described previously, for
the effective mass model, but now these oscillations occur
within the Coulomb potential modified by the fractional
positive charges, thus raising the energy of the hole on chain 1.
A jump of the hole to chain 2 is favorable for two reasons. First,
the attractive Coulomb force to the negative sibling charge is
partially shielded due to the positive fractional charges on
chain 1. Second, on chain 2, the energy of the zero-point
oscillations is diminished since the Coulomb potential there is
wider and shallower (as there are no fractional charges on chain
2). Both effects will reduce the energy needed to overcome
the attractive Coulomb potential. Note that this mechanism
requires internal interfaces that can exist in a bilayer system or
in a blend system where phase separation occurs. In the model
by Arkhipov, the interfacial dipoles are, however, not formed
in a donor phase doped by a low concentration of acceptors.

Meanwhile, Wiemer et al.®® improved the theoretical
treatment and showed that the existence of a dipole layer
has a profound effect. For the practical implementation, we
follow the formulation by Wiemer, though for simplicity, we
used a square grid with the distance between the chains equal
to the distance between the dipoles equal to r. As before,
the dissociation yield ¢(F) is given by (3) and (4). The hole
energy E, is given by the sum of its kinetic energy and potential
energy,

E,=E,,+ E,, where E,,=U(x,y)l,— and

Loe T2 o) ©)
2 w = ZM dy2 -xnvy y=0a

which uses a parabolic approximation for the energy of
the zero-point oscillations. The potential energy is modified
compared to (5) by considering the effect of dipoles with

Ek,n =
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fractional strength «.

&2 -1

dreos, \/x2 + y?

e? N2 o
"‘f‘
A epe, ( Z

e S =+ (= (+ )

U(y,x,) =

N NZ/Z -« ) —eFx,. (7)
i=——N/2 \/x,% +(-(+ %)r)z

The number N of dipoles we used is 200. For r we took
0.92 nm as before, and values for the dipole fraction o were
derived from the work function difference A® obtained from
the photoemission experiments (Table I). The change in work
function A can be related to the fractional dipole strength o
at the interface using the Helmholtz equation for interfacial
dipoles. When A® is measured in eV, the strength of an
interfacial dipole can be expressed as ays,% = epo, where
p = aer is the dipole moment and o is the area density of
dipoles, o =1/ rZ, with o being the fractional dipole. This
yields o = gpe,r AP /e. Using the measured values for AP
and taking &, = 3.5 and r = 0.92 nm, we arrive at the rather
low values for o up to 0.03 listed in Table I. Inserting (7) into
(6) allows us to simulate the dissociation yield ¢(F) using
(3) and (4) as before. The resulting curves shown in Fig. 4(c)
are very similar to those of the pure effective mass model in
two respects, noting, however, that the values for the effective
masses are larger (vide infra). First, we can reproduce the
field dependence and, in particular, the decrease of Fgy in
the polymer series, from DOOPPP to PCDTBT. Second, the
comparison of experimental and theoretical efficiencies still
indicates that at lower electric fields the model predicts lower
yields than experimentally measured.

To compare the simulation parameters of the dipole model
with the effective mass model, we need to take a little detour.
In the effective mass model, we could use accurate values
for E, by solving the Schrodinger Equation (5) numerically.
This is valuable and needed when evaluating the resulting
simulation parameters quantitatively. In the dipole model (6), a
numerical solution to E,, was not possible, and the quantization
energy needs to be approximated by a harmonic oscillator
[U(y) in Fig. 5(a)]. Since we want to directly compare how
the incorporation of dipoles affects the simulation and its
associated parameters, we have first repeated the simulations
to the effective mass model using also the harmonic oscillator
approximation (Eq. 12 in Ref. 24), while keeping the effective
masses equal to those obtained with the numerical solution
[Table II, “effective mass model (parabolic approximation)”].
The resulting field dependence of the photocurrent yield is
identical to Fig. 4(b) and is therefore not shown. Changes
caused by the parabolic approximation are manifested in the
different values obtained for the factor tyvy exp(—2yr), which
reduces by one to two orders of magnitude and shall not
be considered any further. Having used the same level of
approximation and very similar values for tovyexp(—2yr),
we can now consider the impact of including the dipoles on
the effective masses (Table II, dipole model). We find mg/m.,
still decreases from DOOPPP to MeLPPP, yet the values are
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FIG. 6. Comparison of the field-dependent photocurrent yields (symbols) of donor /Cg bilayer solar cells with simulations (lines) based
on (a) the combination of dipole model with Braun model, and (b) the combination of dipole model with dopant assisted dissociation model.

The parameters are presented in Table III.

higher and more realistic than those needed when the dipoles
are ignored. Thus, we have seen that charge dissociation in the
more efficient, well-delocalized polymers PCDTBT, MeLPPP,
and PIF can be described well by taking into account the effects
from both, zero-point oscillations and interfacial dipoles. For
the efficient polymers with shorter conjugation length, PF2/6
and DOOPPP, there is an additional photocurrent at lower
fields that is not yet included in the modeling.

B. Combined models

We now attend to the additional contribution to the
dissociation yield observed experimentally at lower electric
fields. It is tempting to consider localized charge transfer
states as candidates for the additional contribution. To test this
hypothesis we tried to fit that extra contribution employing
the Onsager-Braun model, i.e., we combined the dipole
model and the Onsager-Braun model as ¢(F) = @gipole(F) +
(1 = @dipole (F))@onsager—Braun (). As is evident in Fig. 6(a) and
Table III, this was unsuccessful. To reproduce the yield at low
electric fields, one had to invoke parameters that lead to a lower
saturation field than experimentally observed, and, vice versa,
if the saturation field is reproduced, the yields at low field
cannot be matched. We therefore abandoned the Braun model
(and its modification by Tachiya) to describe our results.

As a second option, we explored the idea of dopant-assisted
carrier photogeneration at Cgy molecules that may have
diffused into the polymer donor layer.>? The field dependence
of the photocurrent resulting from such a process has been
worked out by Arkhipov in 2003 as a variation of the
effective mass model.?> Arkhipov et al. consider a polymer
film containing a low dopant concentration. The idea is again
that the electron is transferred to the dopant, leaving behind
a hole that oscillates coherently in the conjugated polymer
segment. Due to the isolated, localized nature of the dopant,
no interfacial dipoles are considered, which is in contrast to
the situation of an extended dopant layer forming an interface.
Note that while the dopant concentration is low and dopants
are isolated within the polymer matrix, the concentration
needs to be sufficient to allow for trap-to-trap motion of the

electrons to the electrode in order for this process to result in
a photocurrent.

If an exciton initially happens to be on a conjugated polymer
segment adjacent to an individual Cgy molecule at a distance
r, then the probability w for it to dissociate into free carriers
is given by the product of the probability for the electron to
transfer to the Cgo, w,, multiplied by the probability for the
hole to escape from the mutual Coulomb potential, wes.. For
an exciton with lifetime 7y and a tunneling rate to Cgy given
by k; = vy exp(—2yr), this yields

ky 1

T 7 T+ (vro) ' exp2yr)’

+ 1

®)

w; =
t kt
Similarly, wes. is given by considering the escape rate
kese = Vo €Xp (—(Umax — Emin)/kT) and the recombination
rate, which is equal to the tunneling rate k,. Thus,

kesc 1

kese + ki 1+ exp(—2yr)exp (—U'"“Xk*TEmi") ’

®

Wese =

The potential U considered here is the sum of Coulomb
potential and electric field, as expressed in (5). As indicated in
Fig. 5(a), Unax is the maximum value of the potential. E\, is
the energy of the hole. Analogous to (6), it can be expressed as
the sum of the potential energy at the hole position xy,, and the
zero-point oscillation energy, so that Eyiy = U (Xmin) + 0.5 w.
To facilitate the calculations, the parabolic approximation is
used for w analogous to (6). The difference between U,ax and
E nin 1s the height of the barrier that the hole needs to overcome
in order to escape. The probability for dissociation at a site at
distance 7 is then

1
v = 1+ (voT0)~! exp(2yr)
1
' —. (10)
1 + exp(—=2yr)exp (U,Wk—TEm.n)

Arkhipov considers that the dopants are distributed ran-
domly so that the probability of finding the nearest dopant over
the distance r from a conjugated segment is determined by the
Poisson distribution P(r) = 27rIN, exp (—wIN(r> — r2;.)).
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TABLE III. Fit parameter for different combined models

Material PCDTBT MeLPPP PIF PF2/6 DOOPPP MeLPP-dimer
Dipole model + Onsager-Braun model
mege/m, (dipole) 0.125 0.110 0.135 0.310 1.180 0.180
Tovo exp(—2yr) 39 40 39 38 12 40
7o [nm] 0.92 0.92 0.92 0.92 0.92 0.92
ut[1072 m? V1] 5.00 4.00 0.15 0.40 0.02 1.50
Dipole model 4 dopant model

mege/m, (dipole) 0.125 0.110 0.135 0.310 1.180 0.180
Tovp exp(—2yr) 39 40 39 38 12 40
megr/m, (dopant) 0.125 0.133 0.250 0.490 1.300 0.340
Tovp [10°] 55 36 22 15 8 36
y [nm™] 2.8 3.0 4.0 4.0 7.0 6.3
Tovo exp(—2yr)? 318 120 14 9 0.02 0.3
Fmin [NM] 0.60 0.60 0.60 0.63 0.70 0.60
[Ny [10"® m~2] 1.32 1.98 4.86 1.32 3.6 1.8

“Calculated from the parameters tyvy and y, using » = 0.92 nm.

Fmin 1 the smallest possible distance between dopant and chain,
[ is the conjugation length, and N, is the dopant concentration.
The overall dissociation yield ¢(F) is then obtained by
integrating P(r)w(r) over space [Eq. (8) in Ref. 22]. By
combining the dipole model with the dopant-assisted model,
the experimental data can be fitted in a perfect manner,
giving the parameters in Table III. The high quality of fit
for all polymers considered over the entire field range is very
satisfying [Fig. 6(b)].

We shall consider the values obtained for the parame-
ters. The two physical processes that are combined here in
the fashion ¢(F) = (pdipole(F) +0 - (pdipole(F))(pdopant(F) are
(i) the dissociation at an interface between an extended
polymer phase and an extended Cgp phase, where interfacial
dipoles can form, and (ii) the dissociation at localized
polymer/Cg sites that arise from the diffusion of individual
Cgo molecules into the polymer phase. It is gratifying that the
values for the effective mass inferred from the data for both
processes are close (Table IIT). Those values should, indeed,
be similar because both processes are based upon the concept
of a hole oscillating within the conjugated segment of the
polymer. They differ insofar that, at the extended interface,
the oscillation happens in the Coulomb well modified by the
interfacial dipoles, yet at always the same distance from the
Ceo- In contrast, for the dopant-assisted dissociation process,
the Coulomb potential is only due to the geminate charges, yet
the polymer—Cg distance varies, and thus the position of the
hole within the potential well. At this point, it is appropriate
to consider the numerical error that might arise if the built-in
potential, used to calculate the internal field, was 100 meV or

200 meV lower than the open-circuit voltage V2™ determined
for the photocurrent. Repeating the fits for such a case (see
Supplemental Material?®) shows that the effective masses
change by up to 30%, yet they remain within the error margin
indicated in Fig. 7. In view of the large variation of effective
mass between the compounds, this variation obtained when
using a different built-in potential is not significant.

We now turn to the remaining parameters. To evaluate
whether the values obtained for [ N; are reasonable, consider
a conjugation length / of about 10 nm and take the result of

IN; = 2-10'"® m~2 obtained for MeLPPP as representative
example. This translates into a dopant concentration of Ny =
210 ecm™3. A typical concentration of molecules in a
molecular crystal is about 4 - 103 ¢cm—3 (using, for anthracene,
a density of 1.2 g/cm?, a molar mass of 178g, and Avogadro’s
number). Assuming a similar concentration of conjugated
segments (chromophores) here, this would suggest a doping
concentration of about 5%. This is a realistic value. Similarly,
the value obtained for ry,;, is plausible. Considering the values
for the product of the lifetime and probability in detail is not
meaningful. As discussed previously, they are underestimated
due to the technical need of using the parabolic approximation
for the potential. Nevertheless, it is encouraging that their trend
and magnitude is consistent with that obtained for the effective
mass model when also using the parabolic approximation.

£
€ ® MelLPPP
+ PIF
* PF2/6
0.1 * DOOPPP

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1/n

FIG. 7. The dependence of the relative effective masses on the
inverse effective conjugation length of the donors for the ground state
geometry (data taken from absorption, empty symbols) and for the
excited state geometry (data taken from emission, filled symbols).
The effective masses are taken from the dipole model (Table II) and
the dipole model + dopant model (Table III), with the error bar
indicating the spread of values between these models. The solid lines
are fits to an exponential curve with a baseline, as described in the
text.
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Overall, the combination of experiment and modeling
demonstrates that taking into account the effect of conjugation
length by an effective mass approach is essential for an
appropriate description of the dissociation process. In this
context, it is useful to recall that the degree of delocalization
can be quantified through the effective conjugation length.
It is the number of repeat units over which an excitation,
be it an exciton or a charge carrier, is coherently coupled
considering, though, that there is, on average, no sharp
boundary between different conjugated segments but rather
a gradual local decrease of the coupling strength. In this sense,
the effective mass should be viewed as an average effective
mass that depends on the size of coherently coupled repeat
units. The concept of a conjugation length-dependent effective
mass is confirmed by Fig. 7. It shows the variation of the
values for the effective mass inferred from the data fits on
the reciprocal effective conjugation lengths taken from either
the absorption or fluorescence spectra. The effective mass
decreases roughly exponentially toward a value of about 0.1 m,,
at infinite conjugation length. This value is in good agreement
with both experiment*’ and theory>® on perfect 7 -conjugated
chains. Empirically, the dependence of the relative effective
mass on the effective conjugation lengths in either the ground
state geometry (i.e., for the energy taken from the S; <—Sj 0-0
transitions seen in absorption) or the excited state geometry
(i.e., for the energy taken from the S;— S, 0-0 transitions seen
in fluorescence) can be expressed as

Meett

= 0.090 + 0.014 - ¢ (11a)
me
for the excited state geometry, and
et 0.095+0.014 - ¢ (11b)
me

for the ground state geometry.

This is an entirely empirical relationship, obtained for the
poly(p-phenylene) type polymers, since for these materials
the parameterization of transition energy versus conjugation
lengths is known.*

IV. CONCLUSIONS

The present experiments on polymeric donor/Cgg bilayer
systems demonstrate that measuring the photocurrent over
a broad range of electric field provides a unique source of
information on the elementary step of photodissociation.

(i) The existence of a saturation field confirms the notion
that mobile charge carriers originate from the dissociation
of geminately bound e-h pairs. These are generated by a
preceding ultrafast charge transfer step. !0

(i) The experiments show that the Coulomb-binding en-
ergy, evidenced by Fi,, scales inversely with the conjugation
length of the donor polymer. If that conjugation length is large,
the Coulomb-binding energy is small, and the built-in potential
of the solar cell can be sufficient to break up all initially
generated geminate e-h pairs. This is the case desired for solar
cell applications, and it is associated with a high fill factor.
Here, this is realized for MeLPPP and PCDTBT, with the
latter having a far more suitable optical gap for actual solar cell
applications. In contrast, if the conjugation length is short, the
hole cannot overcome the Coulomb barrier and will recombine
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eventually with its sibling electron. The recombination can be
prevented, and escape from the Coulomb well can be assisted
by supplying additional activation energy, for example, in
the form of an infrared light pulse as demonstrated by
Bakulin et al.'?

(iii)) Photoemission measurements and modeling show that
in a bilayer device, the dissociation process can be facilitated
by a weak ground state dipole layer that exists at the donor-
acceptor interface and that screens the Coulomb potential.

(iv) Except for electric field strengths that are much lower
than the saturation field strengths, the experimental results
can be quantitatively explained in terms of a model that
was set up by Arkhipov et al. and subsequently refined and
extended by Nenashev et al.’>?> The key idea is that the
hole on the e-h pair is delocalized within a segment of the
m-conjugated polymer and executes zero-point oscillations
within the Coulomb potential well of the localized electron
at the Cgo. The energy of those zero-point oscillations is
controlled by the effective mass of the hole.

(v) When modeling the experimental results, we find that
the effective mass correlates inversely with the effective
conjugation length, i.e., the larger the conjugation lengths, the
smaller the effective mass and, concomitantly, the Coulomb-
binding energy of the dissociating e-h pair.

(vi) The present results show there is also an additional
photogeneration channel. It originates from the dissociation
of e-h pairs at individual C¢y molecules that diffused into the
donor layer. The description of this process is also based on an
effective mass model except for the absence of the interfacial
dipole layer. This channel is relevant at low fields for polymers
with short conjugation lengths. In systems with large effective
conjugation lengths of the polymeric donor, this contribution
of dopant-assisted dissociation becomes virtually negligible.

V. EXPERIMENTAL METHODS

MeLPPP, MeLPP-dimer, PIF, PF2/6, and DOOPPP were
synthesized by the group of U. Scherf, as described
elsewhere.’*® PCDTBT was bought from “1-material.” The
structure formulae for the materials are given in Fig. 1. For
photocurrent measurements, bilayer solar cell devices were
fabricated using structured ITO-coated glass substrates in a
special device architecture that eliminates edge effects.'® This
allows applying electric fields up to 1.3 MV/cm without
risking spurious breakdown effects. For the series of solar cells
reported here, 50-60-nm-high conductive PEDOT:PSS (Sigma
Aldrich, neutral pH) was spin coated on top of the ITO and
heated up to 180 °C for 30 min. Onto this, 40-nm-thick polymer
films were spin coated from filtered chlorobenzene solutions
(5.0-7.5 mg/ml) and annealed at 80 °C for 10 min to remove
any residual solvent. This was followed by vapor deposition of
a40-nm layer of Cgg (99.9% purity, AmericainDyeSourcelnc).
A 100-nm vapor-deposited layer of aluminum as a top
electrode completed the diode structure.

Current-voltage curves were measured under monochro-
matic illumination at 2.2 eV (570 nm) from a 150 W
Xenon lamp at 1.5 mW /cm?. At this wavelength, the light is
absorbed by the Cg acceptor while the polymer donors are not
excited, except for the low-bandgap polymer PCDTBT. The
photocurrent was determined by measuring the dark current
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and the total current under illumination and then subtracting
the dark current from the total current under illumination.
This is done after each data point before stepping to the
next voltage step. The solar cells were evaporated under a
vacuum of 5- 1077 mbar at room temperature. A Keithley
236 source-measure unit was used to record current and
applied voltage. The internal electric field was calculated as
|F| = (V — V)/d, where V is the applied external voltage,

Vii is the built-in field, taken as Vi; = V(,pchoto unless stated
otherwise. V'™ is the open-circuit voltage determined for
the photocurrent (i.e., after subtracting the dark current from
the total current).

Its value is slightly higher than that of the usual open-
circuit voltage, V,., where the total current (dark current +
photocurrent) is zero. d is the active film thickness determined
using a Dektak surface profilometer. The relative photocurrent
quantum yield ¢(F) corresponds to the photocurrent per
illuminated light intensity, both normalized to unit area. ¢(F)
is normalized to unity at the high field saturation value. In our
earlier work,'® we have confirmed that ¢(F) indeed is on the
order of unity at the high field saturation value by considering
the absorption coefficient and modeling the exciton diffusion
to the interface. The incident light intensities were recorded
with a calibrated Hamamatsu S1337-33BQ photodiode, and
the absorption of the films was measured using a Cary 5000
absorption spectrometer.

For UPS studies, the polymer samples were spincoated on
PEDOT:PSS coated ITO glass substrates from chlorobenzene
solutions (2 mg/ml, 25 rps), similar as previously described.

PHYSICAL REVIEW B 87, 155205 (2013)

Ce¢o was vacuum sublimed (base pressure p =
3.107° mbar) from resistively heated glass crucibles. The
mass thickness of the layers was monitored using a quartz
crystal microbalance [o(Cgp) = 1.6 g/cm3]. The UPS mea-
surements were performed using a multitechnique ultra high
vacuum (UHV) apparatus (base pressure: 1 - 10~'° mbar) and
a Helium discharge lamp (hv = 21.22 eV). The initial photon
flux was attenuated by a factor of ~100 using a silicon filter
to avoid irradiation damage of the sample. All spectra were
recorded at room temperature and normal emission using
a hemispherical Specs Phoibos 100 energy analyzer with
90 meV energy resolution. To determine the work function,
the SECO was recorded with the sample biased at — 10 V to
clear the analyzer work function. Binding energies are reported
relative to the Fermi-level spectra, and the error of energy
values is estimated to be +0.05 eV.
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