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ABSTRACT The macroscopic device performance of organic solar
cells is governed by interface physics on a nanometer scale. A comb-like
bilayer all-polymer morphology featuring a controlled enhancement in
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investigate the fundamental processes of exciton separation and polaron recombination in these devices. The different nanostructures are characterized

locally by SEM/AFM, and the buried interdigitating interface of the final device architecture is statistically verified on a large area via advanced grazing

incidence X-ray scattering techniques. The results show equally enhanced harvesting of photoexcitons in both donor and acceptor materials directly

correlated to the total enhancement of interfacial area. Apart from this beneficial effect, the enhanced interface leads to significantly increased polaron

recombination losses both around the open-circuit voltage and maximum power point, which is determined in complement with diode dark current

characteristics, impedance spectroscopy, and transient photovoltage measurements. From these findings, it is inferred that a spatially optimized comb-like

donor—acceptor nanonetwork alone is not the ideal morphology even though often postulated. Instead, the energetic landscape has to be considered.

A perfect morphology for an excitonic solar cell must be spatially and energetically optimized with respect to the donor—acceptor interface.
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hin-film solar cells have the potential
Tto deliver cheap and clean energy by

converting the incident solar flux into
electrical current. The mechanism of photo-
current harvesting in a solar cell is based
on the photovoltaic effect that involves the
generation of electrons and holes in a semi-
conductor device under illumination and the
subsequent extraction of the charge carriers
at their respective electrodes. Organic solar
cells are often classified as excitonic solar
cells owing to their distinctively different
charge carrier separation mechanism com-
pared to conventional p—n junction solar
cells." The binding energy of coulombically
bound electron—hole pairs (i.e., excitons) in
this class of solar cells cannot be thermally
overcome, and excitons need to be sepa-
rated with the help of the electrochemical
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driving force given at a type Il heterojunc-
tion.? In 1986, Tang presented an organic
bilayer heterojunction device based on
the subsequent vacuum evaporation of
copper phthalocyanine (CuPc) and a pery-
lene tetracarboxylic derivative (PV).> This
research outlined the importance of a sec-
ond organic semiconducting layer on the
charge generation efficiency in organic solar
cells. In 1995, Yu et al. elucidated the high
quantum efficiency of exciton separation in
blends of poly(2-methoxy-5-(2-ethylhexyl-
oxy)-1,4-phenylenevinylene) (MEH-PPV) and
phenyl-Cg;-butyric acid methyl ester (PCBM)
at the time scale of photoinduced charge
transfer across the donor—acceptor hetero-
junction that is more than 10° times faster than
the radiative or nonradiative decay of photo-
excitons in these systems.* Simultaneously,
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Yu et al. proved the concept of efficient charge separa-
tion that exclusively occurs at a type Il heterojunction
for an all-polymer MEH-PPV and cyano-polyphenyle-
nevinylene (CN-PPV) bulk heterojunction (BHJ)
device.’ Detailed studies on the limiting influence of
exciton diffusion, such as the spatial donor—acceptor
phase separation in MEH-PPV and CN-PPV BHJ solar
cells, were performed by Halls and co-workers, who
recognized that the exciton diffusion range is typically 1
order of magnitude smaller than the optical absorption
depth, thus limiting efficient exciton separation.® Brabec
et al. further investigated the influence of phase separa-
tion in BHJ solar cells and found that the choice of
solvent offers the possibility to indirectly control the
macrophase separation, improving the overall device
performance of BHJ solar cells.” The external quantum
efficiency (EQE) of an organic solar cell can be expressed
as a product of the efficiencies () of single processes
involved from light absorption to current extraction.®®

1n(EQE) = n(absorption) x 1(IQE)

n(absorption) x n(exciton diffusion)

x n(exciton dissociation)

x n(charge collection) (1

where 7(IQE) describes the internal quantum efficiency
which is determined by processes that are covered
by the electronic properties of the photoactive mate-
rials and the spatial ordering of the donor—acceptor
network.'® The charge carrier harvesting in a bilayer
heterojunction architecture in comparison to a BHJ
device is spatially limited to excitons generated within
the exciton diffusion length to the flat donor—acceptor
interface. However, the perfect bicontinuous network
provides direct percolation pathways for polarons to the
respective electrodes. From a theoretical point of view,
a bilayer heterojunction device featuring a controlled
nanostructured interface is considered as the perfect
donor—acceptor morphology.’® ' He et al. demon-
strated a solvent-assisted nanoimprint lithography
(SANIL) technique that allowed the formation of nanos-
tructured F8TBT/P3HT all-polymer bilayer devices with
an outstanding power conversion efficiency of 1.9%."
They compared BHJ, flat bilayer, and nanopatterned
bilayer all-polymer devices with feature sizes up
to 25 nm on a 50 nm pitch. A direct correlation
between enhanced donor—acceptor interfacial area
and #»(EQE) was found for the bilayer devices. Finally,
it has been shown that the simultaneous enhance-
ment in short-circuit current density (Js.) and the
overall device efficiency (i), extracted from standard
current—voltage measurements (J—V measurements),
is directly correlated to the enhancement in interfacial
area.

In this work, we present new bottom-up, solution
processed, nanoembossed donor—acceptor hetero-
structures for organic solar cells. We investigate a
nanostructured bilayer system consisting of the p-type
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polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) and
the n-type polymer poly(IN,N'-bis(2-octyldodecyl)naph-
thalene-1,4,5,8-bis(dicarboximide)-2,6-diyll-alt-5,5'-(2,2'-
bithiophene)) (P(NDI20D-T2))."*~'® This material com-
position serves as a well-known model system. Recently,
the n-type polymer P(NDI20OD-T2) has shown impressive
efficiencies up to 5.7% in combination with a near-IR
donor polymer.'® Most importantly, the complementary
absorption of P(NDI20OD-T2) and P3HT facilitates the
elucidation of the donor and acceptor contributions
in spectrally resolved measurements. Furthermore, the
tendency of P(NDI20OD-T2) to form aggregates even in
solution, the necessity to use a mixture of solvents,
and special temperature treatments to realize sufficient
BHJ solar cells are removed through the bilayer model
system.?® A distinct donor—acceptor interface in this
bottom-up solution process is realized via photo-
cross-linking of the P(NDI20D-T2) network and the sub-
sequent deposition of P3HT from solution. Anodized
aluminum oxide (AAO) membranes, featuring self-
organized hexagonally nanopore arrays of different
sizes, are used in a nanoimprint lithography (NIL) process
to tailor the topography of the P(NDI2OD-T2) layer.2"** In
addition to the common local real space characterization
techniques, like scanning electron microscopy (SEM) and
atomic force microscopy (AFM), a statistically averaged
reciprocal space analysis method, namely, grazing inci-
dence resonant soft X-ray scattering (GI-RSoXS), is ap-
plied to probe the quality of the nanoimprinting process
and the final interdigitating structure.

For this investigation, nanostructured bilayer de-
vices were shown to have a direct correlation between
enhanced donor—acceptor interfacial area and an
enhancement in EQE. As found from EQE spectra, both
excitons generated in the donor as well as in the
acceptor polymer equally contribute to the relative
enhancement. The enhancement in EQE is subse-
quently visible in the corresponding J—V measure-
ments with an increased Js.. More importantly, we
focus on the influence of an enhanced donor—acceptor
interfacial area on polaron recombination processes for
different solar cell working regimes. For this purpose,
our fundamental study encloses complementary
measurement techniques, such as diode dark current
characteristics, transient photovoltage (TPV), and im-
pedance spectroscopy (IS). Furthermore, our investi-
gation shows that the controlled enhancement of
donor—acceptor interfacial area on a nanometer
scale is beneficial for the harvesting of photoexci-
tons, while simultaneously enhancing the undesired
polaron recombination losses in excitonic solar
cells. Finally, the measured enhancement in polaron
recombination, correlated to the donor—acceptor
interfacial area, potentially limits the efficiency
of organic solar cells featuring the theoretically hy-
pothesized comb-like and perfectly ordered hetero-
structure morphology.'"'?
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RESULTS AND DISCUSSION

A workflow description for the bottom-up synthesis
of nanostructured donor—acceptor junctions employed
in this study is illustrated in Figure 1. The method
is generally applicable to arbitrary polymer—polymer
(n-type/p-type) combinations that energetically form
a type Il heterostructure. Furthermore, the technique
can be employed with the previous requirement for
additional material compositions, such as polymer—
fullerene combinations in a regular solar cell configura-
tion.2® However, when using a fullerene acceptor as the
second layer, it is important to consider possible inter-
diffusion of fullerenes into the polymer layer.*~2° It is
necessary that the bottom layer consists of a polymer
material in order to successfully maintain the patterned
layer after photo-cross-linking.

In a NIL process, a polymer layer can be structured
in situ and thermally developed under the influence of
heat and pressure due to the temperature-dependent
viscosity of polymers.?” During molding, the polymer
layer is softened and flows into the adjacent stamp
structure. Subsequently, the polymer crystallizes during
the cool down process, and the inverse master mold
structure is transferred to the topography of the poly-
mer film. The photo-cross-linking methodology is based
on the usage of sterically hindered bis(fluorophenyl
azide)s (sFPAs), whose dominant reaction is the alkyl
side-chain insertion.”® The semiconducting properties
of the polymer are virtually unaffected due to the
dominant alkyl side-chain insertion of the sFPA and
the simultaneous suppressed insertion into s-conju-
gated cores. Additionally, Png and co-workers showed
that the photo-cross-linking of polymers is more effec-
tive for high-molecular-mass polymers since statistically
one sFPA molecule is necessary to cross-link two poly-
mer chains.?® The photo-cross-linking efficiency is de-
termined by measuring gel curves that are plots of film
retention as a function of cross-linker concentration.?>2®

The workflow description in Figure 1 illustrates the
specific material processing steps that are necessary
to realize a solution processed all-polymer bilayer.
A solution of the n-type high-molecular-weight poly-
mer P(NDI20D-T2) together with the sFPA additive is
spin-coated on top of a glass/ITO/TiO, electron selec-
tive bottom support (Figure 1a). Such a device config-
uration, where electrons are extracted through the ITO
layer, is regarded as an inverted device structure.?*3°
For our system, we chose a stiff photo-cross-linked
P(NDI20D-T2) network with around 95% film retention
(Supporting Information Figure S2). Next, the glass/
ITO/TiO,/P(NDI20D-T2) plus imprinting mold sand-
wich structure is placed into a mechanical hotpress.
The imprinting process and an additional inside view
during molding are sketched in Figure 1b,c. The ther-
mally softened P(NDI20OD-T2) flows into the adjacent
master mold structure, which is locked into the final,
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a) P(NDI20D-T2) layer
with photo-crosslinker

b) Imprint with AAO
membrane

c) Inverse stamp
structure is
transferred

R

d) Activation of sFPA f) Application of P3HT;
crosslinker with DUV Nanostructured D/A
light all-polymer interface

e) Solvent wash

Figure 1. lllustrative workflow description of nanostruc-
tured bilayer solar cells. (a) P(NDI20D-T2) layer containing
sFPA additive is spin-coated on an electron selective glass/
ITO/TiO, bottom support. (b) AAO membrane is used as a
master mold structure in a NIL process. (c) Inside view
during molding; the inverse stamp structure is transferred.
(d) Activation of the sFPA photo-cross-linker with deep
ultraviolet (DUV) light. (e) Removal of un-cross-linked and
low-molecular-weight fractions in a solvent spin rinse step;
denoted as solvent wash. (f) P3HT spin-coating.

topographical, inverse replica of the master mold
once cooled. However, at this stage, the structured
n-type layer is still vulnerable and can be lost during
the spin-coating of the second polymer layer. An
insoluble bottom layer is fabricated by activating the
sFPA cross-linker additives with deep ultraviolet light
(Figure 1d). Subsequently, un-cross-linked and low-
molecular-weight fractions are removed by a solvent
rinse step, denoted as solvent wash in Figure Te. The
well-ordered interdigitating all-polymer morphology is
finalized by spin-coating P3HT on top of the P(NDI20OD-
T2) nanocolumns. Not shown in the schematic illustra-
tion of Figure 1 is the last preparation step, the thermal
evaporation of a hole selective WOs/Ag top contact.
In this work, we investigate the influence of the
controlled enhancement of donor—acceptor interfacial
area on fundamental processes in organic solar cells. For
this purpose, a comparison of a flat unstructured and
two nanoimprinted architectures with an increasing
donor—acceptor interface is performed. A summary of
extracted geometries is given in Figure 2. SEM pictures
of two different AAO membranes which serve as master
mold structures in the NIL process (Figure 1b,c) are
shown in the first column of Figure 2. The AAO surface
formation is based on an electrochemically driven self-
organizing process. The period of the highest packing
density honeycomb structure can be tuned in a range
of 60—500 nm through the subsequent processing
conditions, and the specific pore diameter is finally
tuned in an isotropic chemical etching process under
controlled conditions.?' For this study, we chose two
master structures, both with the same lattice period
of 100 nm, whose processing conditions only differed in
terms of the final chemical etching process, thus yield-
ing 35 nm pore diameter (Figure 2a) versus 75 nm pore
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Figure 2. Comparison of extracted topographies. The 35 nm structures are shown in the first row, and the 75 nm structures
are shown in the second row. Each column offers a direct comparison of the respective nanostructures. (a,d) SEM pictures of
the master mold structures used in the NIL process. Both AAO membranes feature a honeycomb lattice with a periodicity
of 100 nm and only differ from each other in terms of the specific pore diameter. (b,e) AFM topographic height profiles of
imprinted P(NDI20D-T2) films. (c,f) Corresponding AFM line sections are representatively shown. (g) Simplified model to give
a quantitative starting point for the difference in surface area of the two employed master mold structures. The 75 nm
structure is estimated to feature 36% surface enhancement over the 35 nm structure.

diameter (Figure 2d). Corresponding AFM topogra-
phic height profiles of the resulting nanopatterned
P(NDI2OD-T2) films are shown in the same row
(Figure 2b,e), respectively. The right-hand side of each
AFM picture shows the corresponding AFM line sections
(Figure 2¢f). By assuming a simple geometrical model
(Figure 2g), we give a quantitative starting point for
the difference in surface area of the 35 nm and the
75 nm nanopore master mold structure (Figure 2a,d,g).
The 100 nm periodicity of the honeycomb lattice also
is the maximum diameter of one unit cell (Figure 2g).
The shape of a nanopore (Figure 2a,d) is assumed tobe a
hemisphere due to the nature of the isotropic etching
process. The surface area (S) of one unit cell scales
quadratically with the length (L) of the 1D surface line
(Figure 2g) of a unit cell. This length was determined
from a simple one-dimensional consideration taking the
specific pore diameter and the width of the unit cell into
account. By relating S, to S; (Figure 2g), the geometrical
correction factors due to the 1D to 2D transition cancel
out and a difference in total surface area of 36% is
estimated for the 35 and 75 nm master mold structure.
Liu and co-workers showed that a good solvent causes a
cross-linked polymer network (P3HT with sFPA) to swell
and expand.” Consequently, an exact value for the height
of a nanocolumn in our final interdigitating donor—
acceptor network is hard to determine, but the solvent
wash (Figure 1e) is estimated (AFM) to cause around
65% reduction in nanocolumn height with respect to
the structure size before washing (Figure S1). By spin-
coating P3HT (Figure 1f) on top of the nanostructure, the
film swells and expands again. Opposite to the case after
solvent washing (Figure S1), the swelled nanostructure is
filled with P3HT, which prevents the nanotopogra-
phy from contracting. Accordingly, the final nanocolumn
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height at the donor—acceptor interface is expected to
be smaller than measured before the solvent treatment
(Figure 2b,c,e,f) but taller than the contracted topogra-
phy after solvent washing (Figure S1). Further measure-
ments like transmission electron microscopy (TEM) cross
sections or TEM tomographic studies could give access
to the donor—acceptor interface pattern of the final
architecture, although the similarity of the two inter-
digitating compounds is expected to limit the con-
trast at the polymer—polymer interface. Nevertheless,
even nanocolumn heights down to a few nanometers
have a strong impact on the donor—acceptor interface
physics since the exciton diffusion length of typical
semiconducting polymers commonly does not exceed
10 nm.2"3? Additionally, the overall interfacial area
enhancement is affected by both the size of a single
nanocolumn and the NIL large-area processability.

The previous section on local real space charac-
terization focused on the dependency of donor—
acceptor interface enhancement on the shape of single
nanopillars (Figure 2). The overall surface enhance-
ment due to the structuring of the P(NDI2OD-T2) layer
is additionally determined by the large-area processa-
bility due to the NIL process. Finally, the preservation of
the distinct donor—acceptor interface after solution
casting of the second polymeric layer is crucial for the
overall device performance. Advanced scattering tech-
niques like grazing incidence small-angle scattering
(GISAXS) give access to statistically averaged structure
information on an illuminated real space area compar-
able to the size of our organic solar cells.>® In this study,
we characterized structured P(NDI20OD-T2) layers featur-
ing the 75 nm structure (Figure 2) with GI-RSoXS and
GISAXS.>*3* Measurements were performed at the syn-
chrotron beamlines 11.0.1.2 and 7.3.3 of the Advanced
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Light Source (ALS) in Lawrence Berkeley National Lab
(USA) and offer the possibility to probe samples at
material specific resonant scattering features.>> 3’
Hard X-ray GISAXS measurements statistically verified
the large-area processability due to the NIL process
when investigating imprinted P(NDI20D-T2) films
without a P3HT capping layer.>® However, the buried
interdigitating donor—acceptor interface after deposi-
tion of the second polymeric layer could not be resolved
(Figure S7).

RSoXS shares many advantages with GISAXS in
characterizing the morphology of a large variety of
materials.>>3°"*® For characterizing the structure
of organic soft matter with hard X-rays, the contrast
of scattering between two materials relies on the
difference in electron densities in the first and second
material.>3 In the case of P(NDI2OD-T2):P3HT, this elec-
tron density difference gives insufficient contrast be-
tween the materials.** With RSoXS and the possibility
of varying the energy of the soft X-rays, one can yield
chemical contrast between the two components near
the absorption edge for specific elements.394%4>~47
This contrast arises due to differences in the chemical
structures reflected as the complex refractive indices of
P(NDI2OD-T2) and P3HT. Traces of the resonant first-
order scattering feature (Figure 3c) that coincides with
the first-order feature of the structured P(NDI20D-T2)
without P3HT on top (Figure 3a) could be observed
by minimizing diffuse scattering from the P3HT—
air(vacuum) interface.”® The strongest contrast was
found at an energy of 283.8 eV. The comparably weak
scattering signal shown in Figure 3c is attributed to a
weak contrast between P(NDI20OD-T2) and P3HT rather
than a structural damage of the nanopattern upon
solution coating. In order to verify this, a polystyrene
(PS) homopolymer, instead of P3HT, was solution-
coated on the P(NDI20OD-T2) structure. The difference
in refractive index between P(NDI20OD-T2) and PS is
higher in comparison to P(NDI20OD-T2) and P3HT at an
energy of 283.8 eV. Samples with PS on P(NDI20D-T2)
show resonant first- and second-order scattering fea-
tures (Figure 3b) due to the honeycomb structured
interface and significantly more contrast. This becomes
apparent when exemplarily comparing the ampli-
tudes of the first-order scattering feature for the three
samples without capping layer, with P3HT and with
PS in the horizontal cut plot summary of Figure 3d.
Hexagonal scattering is observed up to the third order,
which is strong evidence for a good ordering over the
whole illuminated area, that is, the large-area processa-
bility due to the NIL process. Each point, and thereby
each scattering peak position of the nanostructured
P(NDI20OD-T2) (shown in Figure 3d and summarized
in Table 1), corresponds to a set of lattice planes in
the real space that are represented for the master
mold structure in Figure 3e. From the spacing of the
real space planes, the pillar-to-pillar spacing of 103.7 nm
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Figure 3. GI-RSoXS reciprocal space analysis of the hexa-
gonally structured polymer—polymer interface. Scattering
patterns originating from the imprinted P(NDI20D-T2) film
without capping layer (a), with solution-coated PS homopoly-
mer on top (b) and with solution-coated P3HT on top (c). The
logarithmic scale of the scattering intensity is in arbitrary units.
Red represents low intensity, and blue represents high inten-
sity. A horizontal cut summary of the three different architec-
tures with the corresponding Miller indices is given in (d) and
further summarized in Table 1. The (10) and (11) scattering
planes originating from the 2D AAO honeycomb master mold
structure are highlighted in (e). A period of 103.7 nm is
calculated from the (10) scattering plane (inset of e).

TABLE 1. Reciprocal Scattering Peaks (g), Real Space Lattice
Parameters (D) of the Imprinted 2D Honeycomb Lattice, and
the Ratio of Higher-Order Peak Positions Corresponding to
a 2D Hexagonal Packing (2D HXP) Arrangement®

[hK] Mool (111 [201[02] [21[12] [30}103] [311,113]
gim™ 0070 0121 0140 0185 0210 0252
D [nm] 8976 5183 4488 339 2992 2489
2D HXP ratio 1 V32 V1 3 V13

“ Scattering features up to the third order (Figure 3) are measured by GI-RSoXS on
nanostructured P(NDI20D-T2) layers that feature a 75 nm topography (Figure 2e,f)
with a spacing of 103.7 nm calculated from the scattering results according to
Figure 3e.

(inset of Figure 3e) is calculated from scattering along
the (10) lattice axis.
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Figure 4. Representative J—V and EQE characteristics of comb-like bilayer devices featuring an enhancement in interfacial
area. (a) J—V characteristics recorded under simulated AM 1.5G solar illumination. (b) Diode dark current characteristics
emphasizing polaron recombination in forward direction. (c) Corresponding EQE of nanostructured devices. (d) Relative EQE

enhancement: [EQE(structured) — EQE(flat)]/EQE(flat).

Results from the GI-RSoXS characterization of the
nanostructured bilayer architectures show that the
NIL process of the first polymer layer in combination
with solution casting of the second layer is successful
over the whole imprinted surface. At the same time,
the absence of contrast in hard GISAXS scattering
(Figure S7) is indicative of two important aspects. First,
it is direct evidence that the filling of the P3HT into the
nanostructured P(NDI20D-T2) is complete. Addition-
ally, it demonstrates that the periodic patterning of
the polymer/polymer interface is not transferred to
the P3HT/air(vacuum) interface, indicating that the
geometry of the Ag back-electrode is independent of
the patterned bilayer interface. Note that air enclosures
both at the interface and the structured P3HT/air-
(vacuum) interface would dramatically increase coher-
ent scattering reflected in strong scattering features.

The performance of excitonic solar cells is drastically
influenced by the spatial ordering, a type Il hetero-
structure energy level alignment of donor and accep-
tor, and the total donor—acceptor interfacial area.
In this work, we prepared nanoembossed bilayer,
all-polymer solar cells with a distinct and enhanced
donor—acceptor interface (Figures 1 and 2). The com-
plementary absorption (Figure S3) of the n-type
P(NDI20OD-T2) and the p-type P3HT together with the
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TABLE 2. Characteristic Solar Cell Parameters Recorded
under Simulated AM 1.5G Solar Irradiance”

Voc (mV) Jic (mA em™?) FF (%) 7 (%)
flat 515 —0.59 58 0.18
350m 501 —0.73 57 0.21
75 nm 506 —0.80 58 0.3

“The values are extracted from the J—V/ characteristics shown in Figure 4a.

well-ordered, bicontinuous morphology featuring a
controlled enhancement in interfacial area allows the
investigation of the influence of the donor—acceptor
interfacial area on fundamental polaron generation
and recombination processes in our model system
for a comb-like all-polymer device. Different comple-
mentary solar cell characterization techniques, focus-
ing at different working regimes of the excitonic solar
cells, are presented and discussed in the following
sections.

The results of the J—V and the EQE measurements
are plotted in Figure 4. Inverted all-polymer solar cells
featuring a flat, a 35 nm, and a 75 nm pore diameter
structure were examined (Figure 2). The results of rep-
resentative J—V measurements under simulated AM
1.5G solar illumination are plotted in Figure 4a, and the
corresponding characteristic solar cell parameters are
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summarized in Table 2. Additional results for nano-
structured bilayer solar cells, BHJ devices, a comparison
to literature values, and details on data evaluation are
given in the Supporting Information.

There are three different working regimes of the
solar cells shown in Figure 4a. Starting at negative bias,
the crossing point of a J—V characteristic with the
vertical current density axis is denoted as short-circuit
current density J,.** At zero bias, in good approxi-
mation, no charge carriers are injected through the
electrodes and only photogenerated charge carriers
contribute to the measured current. The origin of the
Jsc in excitonic solar cells is the photoinduced charge
transfer across the donor—acceptor heterojunction.*
The generated photocurrent in our model system is
directly correlated to the enhancement in donor—
acceptor interfacial area, the origin of which will be
discussed in more detail with the spectrally resolved
EQE measurement.

The area covered by the fourth quadrant of the J—V
plot is the regime where a photovoltaic device gen-
erates power.*® The crossing point of an J—V charac-
teristic with the horizontal bias axis is denoted as the
open-circuit voltage V,.*® The origin of the V. is still
a hot topic in the organic solar cell community, but
a detailed discussion of theoretical approaches that
describe the V. is beyond the scope of this paper.
However, from a device point of view, the value of the
Vo that is extracted from a J—V measurement mirrors
the point at which the device is in a dynamic steady
state between photogenerated charge carriers and
charge carriers that are injected through the electrodes
since there is no net current in the electrical circuit.
Values of the V.. for the different geometries are
summarized in Table 2. The flat reference shows the
highest V,. of 515 mV and a significantly lower slope
in the forward direction (bias larger than the V) than
the 35 and 75 nm structure. This is a first indication
of enhanced recombination in the nanostructured
devices since a dependency of the V,. on dynamic
processes like interface recombination is already
known from literature.>®~>2 It is important to note that
the effect of enhanced photocurrent and increased
recombination is indicative for an enhanced donor—
acceptor interfacial area. A similar trend in J—V char-
acteristics (Figure S4 and Table S1) was found by tuning
the interfacial area via back-infiltration of P3HT into
P(NDI20OD-T2) devices following the procedure of
Liu et al.?®

In order to simplify the discussion of the nanostruc-
tured bilayer devices at the V.. and further focus on
the forward bias working regime, photogenerated
charge carriers are excluded by measuring the diode
dark current characteristics (Figure 4b). If a forward
bias larger than the injection barrier is applied, the
electrodes effectively inject charges into the organic
bilayer device. If these injected charges (i.e., polarons)
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recombine radiatively, the device works as a LED.>* The
higher the slope of the diode characteristic in forward
direction, the higher the polaron recombination yield
(radiative and nonradiative) in the device. The diode
dark current characteristics shown in Figure 4b mirror
a direct correlation between polaron recombination
and an enhancement in interfacial donor—acceptor
area due to the NIL process. It has to be stressed that
the difference in device performance is not induced by
the NIL process itself but by the effectively enhanced
interfacial area (Figure 4a vs Figure S4) that is main-
tained after the processing route (Figure 1). Further-
more, the direct correlation between the enhanced
interfacial area and polaron recombination in the for-
ward direction appears to be insensitive on the align-
ment of the donor—acceptor interface (parallel or
perpendicular) with respect to the external electric field.
This becomes obvious considering that the projection
of the interface perpendicular to the external field is
identical for the flat and the nanostructured interfaces.
However, it is not verified so far whether the dominant
interface recombination channel is trap-assisted recom-
bination or bimolecular recombination.*>*

From a theoretical point of view, the EQE of a nano-
structured bilayer heterojunction solar cell can be
expressed according to eq 1. The measurement is
performed under short-circuit conditions; no charge
carriers are injected through the electrodes, and the
photogenerated current is spectrally resolved. The EQE
measurement illustrated in Figure 4c shows a direct
correlation between donor—acceptor interfacial area
and 7(EQE). The direct relation between the spectrally
resolved photogenerated current density (Figure 4c)
and the J,. (Figure 4a) is verified. By assuming
n(absorption) being independent of the donor—
acceptor interface texturing, the enhancement in
7n(EQE) can be directly addressed at an enhancement
in 7(IQE), that is, enhanced harvesting of photoexci-
tons from exciton diffusion to charge carrier collection
(eq 1). Steady-state photoluminescence (PL) mea-
surements (Figure S8) show reduced radiative recom-
bination of excitons correlated to the enhancement
in donor—acceptor interfacial area. The integrated PL
signal for the 35 and 75 nm structure relative to the flat
reference structure is 84 and 74%, respectively, when
exciting P3HT at 510 nm.

The relative EQE enhancement (Figure 4d), together
with the knowledge of the complementary absorption of
our model system (Figure S3), allows for the interpretation
of the fundamental processes of exciton separation that
exclusively occurs at the nanostructured P(NDI20OD-T2):
P3HT heterojunction. The relative EQE enhancement is
wavelength-independent, and all three absorption fea-
tures the characteristic P(NDI20OD-T2) (at around 400 and
700 nm) and the P3HT (at around 550 nm) equally
contribute and directly correlate with the enhancement
in interfacial area. Enhanced photoexciton harvesting,
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originating from both P(NDI20D-T2) and P3HT, contri-
butes to the enhancement in #(EQE) (Figure 4c) and
consequently to the increased J;. shown in Figure 4a. The
Jsc (Table 2) for the 75 and 35 nm device is 35 and
24% higher than for the flat reference device, respectively.
This is consistent with the measured 26 and 16% lower
photoluminescence signal (Figure S8) with respect to
the flat interface sample. When directly comparing the
75 and 35 nm devices, a surface enhancement of 36%
(Figure 2) enhances the overall PL quenching by 11% and
the Js. by 9%.

The results of the transient photovoltage (TPV) mea-
surements are shown in Figure 5. The technique allows
for the investigation of the influence of the enhanced
donor—acceptor interfacial area on polaron recombi-
nation kinetics directly in the time domain. A schematic
illustration of the measurement technique is given in
Figure 5a. Devices are illuminated using a 100 mW-cm 2
AM 1.5G solar simulator (“light-biased”), and a quasi-
open-circuit condition is established by suppressing a
net current flow in the electrical circuit due to the 1 MQ
termination resistance of the oscilloscope.®® A laser pulse
(Figure 5a) introduces a small optical perturbation,
polarons are generated, and the disturbed system is
simultaneously forced to equilibrate since additionally
generated polarons recombine in the active layer of the
device due to the high termination resistance, which
does not allow charge collection via the external elec-
trodes. Time-resolved polaron recombination is deter-
mined by monitoring the TPV decay rate with an
oscilloscope. The results of the polaron recombination
kinetics are plotted in Figure 5b. The inset summarizes
the monoexponential fit to the extracted polaron
decay kinetics (with the recombination rate (k) as a fit
parameter). The inverse value of the estimated k is
denoted as the polaron lifetime (7).>” Results of the
TPV measurements are summarized in Table 3. By
increasing the donor—acceptor interfacial area, the cor-
responding polaron lifetime under quasi-open-circuit
conditions is decreased from 13.0 us (flat reference) over
11.6 us (35 nm structure) to 9.98 us (75 nm structure).
The controlled enhancement in interfacial area causes
increased polaron recombination rates, which consis-
tently outbalance the increased charge carrier genera-
tion rates under open-circuit conditions, where there is
no net current generation.>®

Impedance spectroscopy gives experimental access
to characterize our model system under working con-
ditions. The bias region around the maximum power
point is of greatest interest since all dynamic excitonic
and polaronic processes—generation, transport, and
recombination—contribute to the overall device per-
formance. For this purpose, devices are illuminated
and the frequency-dependent impedance is recorded
for a range of dc applied biases that cover the power
generation regime of the nanostructured bilayer de-
vices. A cole—cole plot (Figure 6a) is a complex plane

PFADLER ET AL.

a) sEEmEEEsEEs—_-= TSI S
4 solar simulator

.1 oscilloscope |,

| 1
| |
, solar cell |
I ] I
I |
1MQ|: |
| 0 I
I 1 1 |
-------------------------------- \ l
N e e e - - ‘/
b) 10' -
S
£ 10 3
o)
)
£
S =77200s" 1
m=86000 s

=100200s"
m

10 20 0 50

30
Time (ps)

Figure 5. (a) Schematic illustration of the TPV setup. Devices
are “light-biased” using a 100 mW-cm~2 AM 1.5G solar simu-
lator, a small optical perturbation is introduced (532 nm laser
pulse) and subsequent polaron recombination kinetics back to
equilibrium is monitored with an oscilloscope. (b) TPV mea-
surements correlated with an enhancement in donor—acceptor
interfacial area. The inset summarizes the results of the mono-
exponential fits.

TABLE 3. Fitted TPV Decay Rates k and Corresponding
(r = k') Polaron Lifetimes 7

k(s 7 (us)
flat 77200 13.0
35nm 86000 1.6
75 nm 100200 9.98
“The measurement is shown in Figure 5.
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Figure 6. IS on nanostructured all-polymer devices. (a) Re-
presentative cole—cole plot of acquired frequency-dependent
impedance data (symbols) with corresponding fits (solid line).
(b) Equivalent circuit model that is used to fit the data points
and an overview of important measurement parameters.

representation of the imaginary (Z”) and the real part
(Z') of the impedance response. The measurement
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conditions and a representative cole—cole plot are
summarized in Figure 6. The equivalent circuit
(Figure 6b) that is used to fit (solid lines in Figure 6a)
the experimental data needs to be highlighted since
the dependency of the donor—acceptor interfacial
area on recombination kinetics is based on discussing
the electrical components of this circuit (Figure 7).
The simple equivalent circuit shown in Figure 6b that
is used to model the acquired data consists of a resis-
tor (Rs) in series with a geometrical capacitor (Cgeo), @
resistor (Ry), and a constant phase element (CPE) in
parallel. In general, the most fundamental model that
can be applied to describe a solar cell is known to be a
resistor in series with an R—C element.>® Leever and co-
workers successfully applied this simple model to an
organic single-layer (P3HT) solar cell and further devel-
oped it to model P3HT:PCBM BHJ devices.?° The model
we employ to describe all-polymer bilayer devices is the
simplest one extended by a CPE in parallel to the R—C
element (Figure 6b). The additional CPE is necessary to
accurately model low-frequency (w) data points shown
in the cole—cole plot (Figure 6a). The R; circuit element
represents resistive losses due to the electric contacting
and charge transport through the electrodes. The capa-
citor Cyeo is determined to be a geometrical capacitor
whose value is calculated by assuming the equation for
a simple parallel plate capacitor. The capacitance of the
three thin-film solar cells with different interface geo-
metry is calculated to be 3.7 nF by taking the device area
of 0.168 cm?, the spacing between ITO and Ag (50 nm
TiO,/60 nm P(NDI20D-T2) and 60 nm P3HT), a dielectric
constant (¢) of 31 for the anatase TiO,, and a dielectric
constant () of 3 for the organic bilayer into account.5'
Note that the geometry of the polymer—polymer inter-
face does not influence the geometrical capacitance
due to the (supposedly) identical dielectric constants in
the materials. Since the nanoimprint only introduces an
ordered structure to the interface but maintains the
volume of both P(NDI20OD-T2) and P3HT, the combined
capacitance of the polymer layer stack would not
change even for differences in the dielectric constants.
The calculated value of 3.7 nF coincides with the values
extracted from impedance fits shown in Figure 7a. Cyeo
is essentially independent of both bias and polymer—
polymer interface structuring that is additionally con-
sistent with the idea of a purely geometrical origin of
this capacitor in the equivalent circuit. In correlation
with the GISAXS measurements (Figure S7), the similar-
ity of Cyeo for the flat and the structured devices gives
additional experimental evidence that the geometry of
the Ag back-electrode is independent of the patterned
bilayer interface. The extracted key parameter of the IS
measurement is the recombination resistance (R,) that
describes polaron recombination under working con-
ditions. The recombination resistance as a function of
the applied bias ranging from 0.20 to 0.45 V covering
the power generation regime (compare to Figure 4a) is
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Figure 7. Electrical components of the equivalent circuit that
corresponds to the IS measurement summarized in Figure 6.
The geometrical capacitance Cgy, (a) in parallel with the
recombination resistance R, (b). The geometrical capacitance
is essentially independent of the polymer—polymer textur-
ing that is indicative for two important aspects: the volume of
the active material is conserved, and the interface structuring
is not transferred to the Ag back-electrode.

shown for the different donor—acceptor interface pat-
terns. As seen in the figure, the recombination resistance
decreases for increasing interfacial area for all bias
voltages around the maximum power point. This finding
is in good accordance with the TPV results describing the
situation at open-circuit conditions, where polaron ex-
traction is suppressed as well as with dark J—V measure-
ments characterizing the polaron injection regime.

The extracted polaron lifetimes from the TPV mea-
surement under quasi-open-circuit conditions ranging
from 13 to 9.98 us are within the range of non-
optimized P3HT:PCBM BHJ solar cells under working
conditions varying from 7.8 to 22 us that is known from
literature.®®

CONCLUSION

The presented synthesis strategy for all-solution
processed nanostructured bilayer solar cells allows the
controlled enhancement of donor—acceptor interfacial
area in all-polymer devices. This enables the investiga-
tion of fundamental exciton separation and polaron
recombination processes in a comb-like donor—accep-
tor architecture that has often been considered as ideal
for excitonic solar cells. Our bottom-up synthesized
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devices feature nanopatterned donor—acceptor inter-
faces with very good control over the size of the
employed nanostructures. Anodized aluminum oxide
membranes are used in a nanoimprint lithography
process to tailor the topography of the organic bottom
layer. The nanostructured bottom layer is developed via
photo-cross-linking, which allows the subsequent solu-
tion processing of the second polymer. Nanostructure
topographies have been consistently characterized
both locally and globally using SEM/AFM and GI-
RSoXS/GISAXS, respectively. The origin of an improve-
ment in device performance of nanostructured over flat
bilayer devices is directly correlated to the enhance-
ment in donor—acceptor interfacial area. Furthermore,
due to complementary spectral features of the em-
ployed model donor and acceptor polymers, it is possi-
ble to conclude from EQE results that exciton separation
across the donor—acceptor interface due to both elec-
tron transfer to the acceptor as well as hole transfers to
the donor equally contributes to a relative enhance-
ment in photocurrent. Apart from improved exciton
harvesting upon nanopatterning of the polymer—
polymer interface, there is significant enhancement of
polaron recombination correlated to the enhanced
interfacial area supposedly owing to an increased num-
ber of interface states.®> Several complementary char-
acterization techniques focusing on different working
regimes of the solar cells were employed to investigate
the influence of the interface enhancement. Dark diode
current characteristics show an enhanced recombina-
tion yield of injected polarons that has strong impact on
the shape of the J—V characteristics. Additionally, the
recombination of injected polarons in the forward
direction exclusively depends on the total interfacial
area and seems to be insensitive to the interface align-
ment with respect to the external electric field. TPV
measurements consistently show that enhanced polar-
on generation rates are outbalanced by enhanced
polaron recombination rates at the V. Increased re-
combination is found not only in forward bias and at
open-circuit voltage but also under solar cell working
conditions around the maximum power point as in-
ferred from impedance spectroscopy results. According
to the findings of Mandoc and co-workers who investi-
gated recombination mechanisms in all-polymer BHJ
devices, we assume that the dominant recombination

METHODS

Device Preparation (lllustrated in Figure 1). ITO substrates (PGO,
10 Q O") were cleaned by ultrasonic bath using deionized water
with dishwashing detergent, acetone, and isopropyl alcohol
for at least 5 min each followed by 7 min O, plasma cleaning
(Diener Femto). Approximately 50 nm of TiO, was deposited via
spray pyrolysis of a titanium diisopropoxy bisacetonate precursor
(Sigma-Aldrich) solution diluted 1:10 (vol/vol) in ethanol. Clean
substrates were heated to 450 °C with a ramp rate of 30 °C/min.
The precursor solution was then deposited using a spray nozzle,
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Figure 8. lllustration of the perfect comb-like morphology
for a high efficiency excitonic solar cell (eq 1). A vertically
optimized spacing guarantees optimized 7(absorption),
whereas a horizontal spacing of the donor—acceptor
interfaces with respect to the exciton diffusion length
guarantees optimized 7(exciton diffusion). Beside the bi-
continuous spatial optimization (a), the perfect morphology
needs to be energetically optimized (b). In the ideal energy
landscape both holes and electrons are funneled away from
the interface immediately after exciton splitting through
slight steps in the HOMO and LUMO levels of donor and
acceptor, respectively. This can for instance be realized via
changes in the local crystallinity or different phases as
discussed by Jamieson and Burke and co-workers for poly-
mer—fullerene bulk heterojunctions.®>%°

mechanism (at 1 sun) in our system is bimolecular
recombination.>® However, a detailed study of light-
intensity-dependent current—voltage curves, which
was not in the scope of this fundamental study, could
give access to the exact order of the recombination.

The investigation of our model system shows that
polaron recombination not only limits the efficiency of
BHJ solar cells but also limits the efficiency of well-
ordered heterostructure devices, as well.®* In efficient
polymer—fullerene BHJ solar cells, the issue of interface
recombination is partly solved due to different phases
(amorphous and crystalline, mixed and pure phases).5®
As discussed by Jamieson and co-workers, pure crystal-
line fullerene domains can act as energetic sinks for
photogenerated charge carriers, which allow efficient
charge collection and hinder polaron recombination.®®

This in combination with our findings implies that
the often postulated ideal comb-like donor—acceptor
morphology is indeed spatially optimized (Figure 8a) in
terms of absorption, exciton diffusion, and direct
charge percolation pathways toward the external elec-
trodes, but the proposed ideal morphology ignored
the energy landscape (Figure 8b) which has the po-
tential to limit recombination. Therefore, a perfect
morphology for an excitonic solar cell is a multiphase
(or multilayer) system as discussed by Burke et al. but
includes the spatial arrangement, such as a comb-like
geometry (Figure 8).%°

annealed at 450 °C for 15 min, and cooled naturally. A layer of
approximately 60 nm of the n-type polymer P(NDI20D-T2)
(Polyera Corporation, My, 100—150 kDa) layers (10 mg mL~",
dissolved in xylene) containing 5 wt % sFPA additive (synthesized
according to Png et al) was spin-coated (45 s/1500 rpm, 15 s/
2000 rpm) in a nitrogen-filled glovebox on clean glass/ITO/TiO,
substrates.?

Nanoimprint lithography of P(NDI20D-T2) films was per-
formed with a mechanical hotpress (Collin GmbH) for 5 min
at 60 °C under a pressure of 350 x 107 Pa. Accordingly, flat
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(unpatterned) P(NDI20OD-T2) films were placed on a hot plate
(5 min at 60 °C) in order to maintain comparable thermal
processing. The sFPA photo-cross-linker was activated by ex-
posing the samples with a DUV (254 nm) and an approximate
dose of 300 mJ cm~2 under controlled conditions (oxygen
content below 3 ppm).

Solvent washing was realized by solvent soaking (200 uL
drop) and subsequent spin-coating (1 min, 2000 rpm) of pure
toluene. Solvent-washed films were kept overnight in a nitro-
gen-filled glovebox, equipped with a solvent absorber system.
An approximately 60 nm thick layer of the p-type polymer
P3HT (Merck, 10 mg mL™", dissolved in toluene) was spin-
coated (45 s/1500 rpm, 15 s/2000 rpm) on top of the dried
P(NDI20D-T2) films.

Finally, a thermally evaporated top contact of 5 nm WO5/
150 nm Ag top electrodes was added to device. Evaporation
was carried out at a base pressure below 5 x 107 Pa.

Device characterization: J—V and EQE spectra were re-
corded using an automated LabView program controlling
a Keithley 2400 sourcemeter. J—V characterization under illu-
mination was acquired using a 150 W Xe lamp solar simulator.
A Frauenhofer Institute certified Si reference solar cell equipped
with a KGS5 filter was used for calibration. Dark diode character-
istics were similarly recorded, but the devices were shielded
from illumination. Spectrally resolved EQE measurements were
performed using a xenon white light source focused into
a grating monochromator (LOT-Oriel Omni 150) equipped with
a set of appropriate edge pass filters. Cells were illuminated
through a shadow mask with an illuminated area of 0.125 cm?
according to the device characterization guidelines by Snaith.*®
For transient photovoltage measurements, a pulsed (10 Hz,
532 nm) laser with approximately 4 ns pulse length was focused
onto the solar cells. Devices were background-illuminated with
a solar simulator (LOT-Oriel LS0106) with an AM 1.5G solar
spectrum and a light intensity of 100 mW-cm 2. Signals were
recorded with a digital oscilloscope (Tekscope DPO 7254) and
a termination resistance of 1 MQ was used. Impedance spectra
were recorded with an Ecochemie Autolab Potentiostat/
Galvanostat. Devices were illuminated with a white light diode
with approximately 100 mW-cm ™2 (adjusted using a silicon
reference diode), characterized at different applied biases
(0.2 V - 045 V) and frequencies (1 MHz—10 Hz). PL measure-
ments were performed with a Horiba Yvon Fluorolog spectro-
meter with a 500 W halogen lamp.

GI-RSoXS was used at the synchrotron beamline 11.0.1.2
of the Advanced Light Source (ALS) at the Berkeley National
Laboratory (LBNL) in Berkeley (USA). The measurement setup
is under high vacuum due to the high absorption of soft X-rays
in air. The energy of the X-rays was stepwise altered around
the resonant scattering of carbon from 283 to 284 eV (4.381 to
4.366 nm) with a step size of 0.1 eV. Anincident angle o; = 5° was
chosen for all measurements. The strongest contrast between
P(NDI2OD-T2) and P3HT near the carbon K edge was found
to be at 283.8 eV. The scattering signal was collected by a CCD
camera with a size of 2048 pixels x 2048 pixels (pixel size of
13 um x 13 um). The measuring time was 20 s.

GISAXS measurements were performed at the beamline
7.3.3. at the ALS at the LBNL in Berkeley. The sample—detector
distance was chosen to be 3549.24 mm using an evacuated
flight tube and a Pilatus 1 M detector. The X-ray energy was
10 keV, and the incident angle was varied 0.01° from 0.1 to 0.4°.
Typically, an angle of 0.16° is used under these conditions for
polymeric systems.
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