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ABSTRACT: We report a comparison of charge carrier dynamics and
device performance for low band gap polymer PBDTTT-CT in blends with
the fullerene acceptor PC,;BM and a PDI derivative with similar electron
affinities. Charge separation and recombination dynamics are found to be
remarkably similar for these two acceptors, with both blends exhibiting
efficient, ultrafast charge separation (time constants of 1.6 and 1.4 ps,
respectively). The lower device performance for the PDI acceptor (1.75%
compared to 3.5% for the equivalent PC,BM device) is shown to result
from slower charge transport, increasing nongeminate recombination losses

during charge collection.

olution processed, bulk heterojunction organic solar cells
(OSC) are attracting significant attention due to their
potential for low-cost and scalable solar energy conversion.
Such devices are typically based on blend films of a polymer
electron donor and a small molecule electron acceptor. To date,
most successful electron acceptors used in these devices are
based on fullerene derivatives, including in particular [6,6]-
phenyl-C71-butyric acid methyl ester (PC,;BM). However, the
challenging synthesis and high cost of fullerene derivatives and
their relatively weak light absorption limit their suitability for
commercial application."”” There is therefore significant interest
in the development of alternative nonfullerene electron
acceptors. Several classes of solution-processable nonfullerene
molecular acceptors have been considered to date® ¢ with, for
example, recent reports of device efficiencies over 4% with
perylene diimide acceptors.”® Such advances in device
efficiencies with nonfullerene acceptors have primarily resulted
from materials design strategies to improve blend nano-
morphology.*” However, despite these advances, the attain-
ment of solution processed organic solar cells employing
nonfullerene electron acceptors with comparable efliciencies to
PC,,BM remains a significant, and to date unfulfilled, challenge
for the technological development of organic solar cells.
Several factors have been identified as enabling the high
efficiencies of OSC’s employing PCBM as an electron acceptor.
These include its structural, optical, charge delocalization,
charge transport, and energetic properties. Most studies to date
addressing the function and optimization of nonfullerene
acceptors in OSC have focused upon blend nanomorphology
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and its impact in particular upon charge collection
efficiency.'®"" An additional consideration is the efficiency
and kinetics of charge separation. Several recent studies have
focused upon the favorable properties of PCBM with regard to
charge separation, including, for example, the potential for
PC,BM’s electron acceptor orbitals to be delocalized over
several neighboring fullerenes, thereby facilitating ultrafast
electron motion away from the donor/acceptor interface.'>"
However, direct comparison of charge separation dynamics
between fullerene and nonfullerene acceptors have been
relatively limited to date.'*'® For example, it has been
suggested by Asbury et al. that when blended with the
crystalline donor polymer P3HT charge separation to PDI
electron acceptors is thermally activated, whereas that of
PC4BM is not.'® Other studies have reported ultrafast charge
separation dynamics for polymer/PDI blend films and that
charge dissociation in such blend films may, for some donor
polymers, be less sensitive to the energetic offset driving charge
separation.17

In this paper we focus upon a comparison of charge carrier
dynamics of blend films of the donor polymer poly[(4,8-bis[S-
(2-ethylhexyl)thiophene-2-yl |benzo[ 1,2-b:4,5-b’ ]dithiophene)-
2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thiophene))-2,6-
diyl] (PBDTTT-CT) with PC,;BM and a soluble PDI
acceptors. The structures of these molecules are shown in
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Supporting Information Scheme S1, as well as their energetics.
This PDI was selected as it exhibits a similar electron affinity to
PC,,BM, thus allowing us to compare charge dynamics in blend
films with different molecular acceptors but similar energy
offsets driving charge separation. PBDTTT-CT is an
amorphous, low bandgap donor polymer, which has been
shown to exhibit promising device efficiencies with both
PC,BM"® and PDI*'"" electron acceptors. Near infrared
(NIR) transient absorption spectroscopy (TAS) covering time
scales from 200 fs—6 ns is employed to monitor the kinetics
and efficiency of charge carrier generation in blend films. These
transient optical studies are complimented by transient
optoelectronic studies of charge collection and nongeminate
recombination and device current/voltage analysis in order to
elucidate the factors determining the differences in device
efficiency between these PDI and PC, BM acceptors.
Absorption and emission spectra of the pristine materials and
blend films are presented in Figure 1. For both acceptors, 1:1

0.35
— PBDTTT-CT:PC”BM 7 100.0
0.30 —— PBDTTT-CT:PDI
= PBDTTT-CT 1 800 -
0.25 °
>
A 0204 1600 B
(@) 2}
0.154 <
1400 &
0.10 £
4 20.0
0.05
0.00 . . : 0.0
400 600 800 1000
A (nm)

Figure 1. Ground state absorption spectra of PBDTTT-CT:PDI (1:1,
red) and PBDTTT-CT:PC,;BM (1:1, blue) blend films and their
corresponding photoluminescence spectra, as well as a PBDTTT-CT
control (black).

blend films were employed. For the photoluminescence data,
an excitation wavelength of 632 nm was employed to achieve
selective optical excitation of the low bandgap donor polymer.
In both blend films, PBDTTT-CT photoluminescence was
strongly quenched relative to the neat polymer film, by 99% in
the blend with PCBM and 90% in the blend with PDI The
slightly lower PL quenching with the PDI acceptor is attributed
to the higher tendency of this PDI to crystallize compared to
PC,BM, resulting in less mixing of the donor and acceptor
species, as evidenced by both high resolution transmission
electron diffraction and X-ray diffraction data (see Supporting
Information).”® Nevertheless, the strong polymer emission
quenching in both blend films is clearly indicative of mixing of
polymer and acceptor species on length scales much less than
the polymer exciton diffusion length and indicates efficient
polymer exciton separation in both blends.

We turn now to the kinetics of charge separation and
recombination in these blend films, as measured using transient
absorption spectroscopy, using 700 nm excitation wavelength
to ensure selective excitation of the donor polymer. Figure 2
shows typical NIR transient absorption spectra of neat
PBDTTT-CT, PBDTTT-CT:PD], and PBDTTT-CT:PC,;BM
blend films on picosecond—nanosecond time scales, with the
corresponding kinetics at a two probe wavelengths (1420 and
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Figure 2. Femtosecond transient absorption spectra of (a) neat
PBDTTT-CT, (b) blend of PBDTTT-CT:PDI (1:1), and (c) blend of
PBDTTT-CT:PC,,BM (1:1), all excited at 700 nm. Neat film excited

with an intensity of 3 yJ cm™ and blends films excited at 1 y4J cm™.

1100 nm) being shown in Figure 3. The NIR transient
absorption for the neat PBDTTT-CT has been assigned
previously to photoinduced absorption from singlet excitons,
peaking at 1420 nm.” A small residual shoulder at ~1100 nm is
increasingly apparent at long times (>50 ps) and assigned to a
low yield of long-lived polarons/triplet states.

For both blend films, the transient absorption spectra at early
times (200 fs) exhibit a broad absorption peaking at #1420 nm
similar to that of the neat film. However, for these blend films,
this spectrum rapidly evolves to a narrower photoinduced
absorption peaking at 1100 nm. This spectral evolution is
analogous to that we have reported previously for blends of
PBDTTT-CT with an amorphous PDI dimer.” As previously, it
is assigned to photoinduced charge separation from polymer
singlet excitons to polarons. The striking similarity between the
spectra observed for both the PBDTTT-CT:PC,BM and
PBDTTT-CT:PDI blend films confirms the photoinduced
absorption over this spectral range is dominated by polymer
exciton and polaron absorption.

Figure 3a compares the PBDTTT-CT exciton decay
dynamics for the two blend films, monitored at the
PBDTTT-CT exciton photoinduced absorption maximum of
1420 nm. In both cases, the decay dynamics are dominated by a
monoexponential decay phase assigned to photoinduced charge
separation, with the small residual signal being assigned to
polaron absorption. It is apparent that both blends exhibit
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Figure 3. Femtosecond transient absorption decays dynamics of
PBDTTT-CT:PDI (1:1, red) and PBDTTT-CT:PC,;BM (1:1, blue)
blend films excited at 700 nm probed at (a) 1420 nm and (b) 1100
nm. The solid lines represent monoexponential (a) and power law (b)
fits to the data.

similar decay dynamics, with decay time constants of 1.4 + 0.2
ps for the PBDTTT-CT:PDI blend and 1.6 + 0.2 ps for the
PBDTTT-CT:PC,;BM blend. Thus, it is apparent that for
these two blends employing acceptors with very different
molecular structures but similar energetics, the kinetics of
charge separation are very similar.

The decay dynamics of the PBDTTT-CT polaron absorption
at 1100 nm are plotted for the two blend films in Figure 3b. At
early times (<2 ps), a rise is observed in this absorption is
assigned to photoinduced charge separation. At longer times,
both blend films show approximately a power law, decay of this
polaron absorption extending to beyond the measurement time
scale (0—6 ns), assigned to polaron recombination to ground.
These dynamics are intensity dependent, accelerating as the
excitation density is increased (see Figure S3, Supporting
Information), indicating they should be assigned to non-
geminate recombination of dissociated polarons rather than
bound polaron pairs. At the lowest excitation density employed
(1 uJ cm™2), the decay dynamics are rather similar (decay half-
times of ~250 and 500 ps with PC,;BM and PD], respectively),
indicative of similar, rather fast, nongeminate recombination
dynamics for the blend films employing the two electron
acceptors.

Our observation of similar charge separation and recombi-
nation dynamics for the for the PBDTTT-CT:PC,;BM and
PBDTTT-CT:PDI blend films of course does not imply that in
general these dynamics are independent of acceptor molecular
structure. Rather it only demonstrates that there in terms of
these dynamics, PCBM is not unique, in that a PDI acceptor
with similar energetics can yield similar dynamics. For example,
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we have previously reported that the dependence of geminate
recombination losses upon donor/acceptor energetics is
different for blends with PCBM and PDI’s."*"® The dynamics
are also expected to be dependent upon film nanomorphology.
Our observation of similar dynamics suggests that although the
PDI employed shows somewhat higher crystallinity than
PC,BM in the blend, this difference is not enough to change
substantially the kinetics of exciton separation and nongeminate
recombination.

We thus conclude that for the PBDTTT-CT:PC,,BM and
PBDTTT-CT:PDI blend films studied herein, the kinetics of
charge separation and recombination monitored in blend films
are remarkably similar. We turn now to the function of these
blend films in photovoltaic devices. A series of photovoltaic
devices employing inverted device architectures—ITO/ZnO/
active layer/MoO;/Ag—were fabricated, consisting of
PBDTTT-CT as donor polymer and either PDI or PC, BM
as acceptor in 1:1 blends. Full device fabrication details are
given in the experimental section. Devices employing PDI as
acceptor showed optimum device efficiencies for rather thin
photoactive layers (40 nm), with both fill factor and short
circuit current decreasing with increased device thickness.
Figure 4a shows current/voltage data for devices with each
acceptor, employing 40 and 50 nm thick photoactive layers for
PDI and PC,;BM acceptors, respectively. It is apparent the
performance of the PBDTTT-CT:PDI device is limited
primarily by a relatively low fill factor, as well as lower short
circuit current, resulting in a device efficiency of 1.7% compared
to 3.5% for the equivalent thickness device employing PC, BM.

The lower fill factor, and strong thickness dependence, of the
photovoltaic performance of the PBDTTT-CT:PDI devices is
strongly indicative of charge carrier collection losses limiting
performance. This conclusion is strongly supported by the light
intensity analysis of Jsc (Figure 4b), which shows that the
PBDTTT-CT:PDI exhibits strongly nonlinear behavior (Jg¢ o
LI” with a = 0.4 for PDI as acceptor and 0.7 for PCBM as
acceptor). This nonlinear behavior is consistent with charge
collection losses due to nongeminate recombination during
transport limiting FF and Jsc with PDI as acceptor. Transient
photovoltage studies of charge carrier lifetimes measured at
open circuit (Figure 4c) showed very similar carrier lifetimes
for both acceptors, indicative of similar nongeminate
recombination for both devices and consistent with our
transient absorption data above (Figure 3b). This suggests
that the poor collection efficiencies exhibited by the PBDTTT-
CT:PDI devices do not derive from faster recombination losses
but rather from slower charge transport. Support for this
conclusion comes from comparison of charge extraction
transients for these two devices, measured at short circuit
following stepped one sun irradiation (Figure 4d). It is
apparent that the charge extraction transient for the
PBDTTT-CT:PDI device is at least an order of magnitude
slower than the PBDTTT-CT:PC,,BM device, and extends out
to tens of microseconds time scales. Bias dependent transient
absorption data (Supporting Information Figure SS) suggests
that field-dependent geminate losses are relatively insignificant
for the devices studied herein (the observation of field
dependent losses by Gehrig et al.”' for a similar material
system may be related to differences in material crystallinity).
Although it is not possible to use the data reported herein to
make a quantitative analysis of nongeminate recombination
losses during charge collection, it is apparent that the charge
extraction kinetics for the PBDTTT-CT:PDI device are on a
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Figure 4. (a) AM L.S current—voltage response of PBDTTT-CT:PDI
(red) and PBDTTT-CT:PC,;BM (blue). (b) Short-circuit current
densities (left axis, solid symbols) and their relative normalized
derivative (right axis, open symbols) with light intensity @ for
PBDTTT-CT:PDI and PBDTTT-CT:PC,;BM. (c) TPV small
perturbation lifetime 7,, at different illumination level @ for
PBDTTT-CT:PDI and PBDTTT-CT:PC,,BM. (d) Charge extraction

transient through SO Ohms resistance at short-circuit under 1 sun
illumination level for PBDTTT-CT:PDI and PBDTTT-CT:PC,,BM.

similar time scale to the nongeminate charge losses measured
by the TPV transients (7 ~ 10 us at one sun), consistent with
such losses significantly impacting upon device performance.

204

We note the nongeminate recombination lifetimes in
PBDTTT-CT:PC,;BM blend films obtained by our TPV
analyses (microseconds) are substantially slower than those
films obtained from our transient absorption studies (pico-
seconds). This contrasts to our studies of P3HT:PCBM blend
films, where under appropriate conditions, similar time
constants were obtained for both techniques.”* This can be
understood as resulting from the relative slow (non-Langevin)
recombination observed for P3HT:PC,BM, resulting in
substantial charge accumulation in such devices under the
open circuit conditions employed for TPV measurements,
similar to the charge densities generated under the pulsed laser
excitation employed in transient absorption studies (typically
1-10 pJ cm™). For PBDTTT-CT blends, nongeminate
recombination is substantially faster, resulting in much less
charge accumulation at open circuit, such that the transient
absorption measurements are undertaken at charge densities
substantially greater than those obtained under operating
conditions. Nevertheless, both measurements allow relative
comparison of nongeminate recombination losses between
equivalent blends with different electron acceptors, as
employed herein. We note that these nongeminate recombi-
nation losses are also likely to be composition dependent, a
consideration beyond the scope of the study reported herein.

In summary, we have compared charge separation and
recombination dynamics as well as device performance for
organic solar cells employing the donor polymer PBDTTT-CT
blended with two electron acceptors, a PDI derivative and
PC,,BM, selected for their similar electron affinities. The lower
device performance of the PBDTTT-CT:PDI is shown to be
due primarily to less efficient charge collection due to slower
charge transport. This conclusion is consistent with previous
nanomorphology studies and our own structural data (see
Supporting Information), which indicate that the performance
of polymer:PDI solar cells is primarily limited by poor transport
in blend due to unfavorable blend microstructure. In contrast,
we find that the charge separation and nongeminate
recombination dynamics of these two blend films are strikingly
similar. As such, we find that PC,;BM does not exhibit
particularly favorable properties as an electron acceptor relative
to PDI in terms of its primary function of enabling charge
separation across a donor/acceptor interface. These conclu-
sions further emphasize the potential for nonfullerene acceptors
to function in efficient organic solar cells.

B ASSOCIATED CONTENT

© Supporting Information

Supporting Information on experimental section and sche-
matics and further figures on cyclic voltammetry, XRD, TEM
and transient absorption decay dynamics and transient
photovoltage of the two systems are available. This material
is available free of charge via the Internet at http://pubs.acs.org.
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