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Correlating Emissive Non-Geminate Charge Recombination
with Photocurrent Generation Efficiency in Polymer/
Perylene Diimide Organic Photovoltaic Blend Films

Panagiotis E. Keivanidis,* Valentin Kamm, Weimin Zhang, George Floudas,
Frédéric Laquai, lain McCulloch, Donal D. C. Bradley, and Jenny Nelson

Evidence for a correlation between the dynamics of emissive non-gemi-
nate charge recombination within organic photovoltaic (OPV) blend films
and the photocurrent generation efficiency of the corresponding blend-
based solar cells is presented. Two model OPV systems that consist of
binary blends of electron acceptor N’-bis(1-ethylpropyl)-3,4,9,10-perylene
tetracarboxy diimide (PDI) with either poly(9,9-dioctylfluorene-co-
benzothiadiazole) (F8BT) or poly(9,9-dioctylindenofluorene-co-benzo-
thiadiazole) (PIF8BT) as electron donor are studied. For the F8BT:PDI
and PIF8BT:PDI devices photocurrent generation efficiency is shown to
be related to the PDI crystallinity. In contrast to the F8BT:PDI system,
thermal annealing of the PIF8BT:PDI layer at 90 °C has a positive impact
on the photocurrent generation efficiency and yields a corresponding
increase in PL quenching. The devices of both blends have a strongly
reduced photocurrent on higher temperature annealing at 120 °C.
Delayed luminescence spectroscopy suggests that the improved effi-
ciency of photocurrent generation for the 90 °C annealed PIF8BT:PDI
layer is a result of optimized transport of the photogenerated charge-
carriers as well as of enhanced PL quenching due to the maintenance

of optimized polymer/PDI interfaces. The studies propose that charge
transport in the blend films can be indirectly monitored from the recom-
bination dynamics of free carriers that cause the delayed luminescence.
For the F8BT:PDI and PIF8BT:PDI blend films these dynamics are best
described by a power-law decay function and are found to be temperature
dependent.

1. Introduction

Bulk heterojunctions (BHJ) of donor—
acceptor blends have attracted consider-
able attention as functional layers for
flexible, lightweight, and low-cost pho-
tovoltaic devices that might serve in the
future as power sources for portable
electronic products. Reported power con-
version efficiencies (PCEs) of polymer/
fullerene OPV devices have recently
exceeded 8%l! and are thus approaching
the 10% value that is considered necessary
for successful commercialization. Other
technological targets for device stability
and cost of module fabrication will, of
course, also need to be met.

For solution-processed organic pho-
tovoltaics (OPVs) the best research-cell
PCEs have been obtained from devices
with photoactive layers consisting of
fullerene-based n-type acceptors, namely
[6,6]-phenyl-C61 butyric acid methyl ester
(PC61BM) and [6,6]-phenyl C-71 butyric
acid methyl ester (PC71BM), blended with
various p-type polymer donors.>* Despite
the impressive progress in PCE values
that has been obtained during the last few
years, a conclusive picture of the sequence
of processes that lead to photocurrent
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generation has not yet been established. Meanwhile, it has
become clear®! that photocurrent generation in OPVs can be
limited by an unfavourable photoactive layer microstructure for
certain systems. This impedes efficient separation of photogen-
erated interfacial geminate pairs.

For some systems, the geminate pairs form equilibrated
charge transfer (CT) states, sometimes termed exciplexes that
can be identified by a characteristic CT photoluminescence (PL)
band. The CT state energy typically corresponds to the diagonal
energy-gap between the frontier orbitals of the donor and the
acceptor components of the blend.®* For other systems, a
stabilized ground-state CT character has been suggested!!>16l
and photocurrent can also be generated after direct excita-
tion of the CT absorption.'”] In fact, the open-circuit voltage
(Voc) of OPV cells correlates well with the CT energy absorp-
tion of some OPV layers.'®1% However, the role of CT states
for photocurrent generation and the influence of electric field
dependent charge separation on the shape of the OPV device
current-voltage curve remains controversial.l?22l CT PL experi-
ments that probe the CT state manifold after thermalisation
of the geminate pair and the probability for the activation of
CT PL indicate that both appear to be material specific. Recent
steady-state PL studies in model OPV blends with increasing
CT state energies have shown that the intensity of the CT emis-
sion and the efficiency of short-circuit photocurrent generation
in the corresponding OPV devices are anti-correlated: as the CT
intensity increases, the photocurrent decreases.?3 This observa-
tion was assigned to differences in the blend morphology that
promotes formation of CT-states and geminate recombination
at the expense of free charge-carrier generation. Inconsistent
experimental results have been published regarding the effect
of externally applied electric fields on the CT luminescence
intensity and on the subsequent photocurrent generation effi-
ciency. For polymer/small molecule OPV blends the electric
field-induced quenching of steady-state or nanosecond-resolved
CT PL does not contribute to either free charge-carrier forma-
tion!'? or photocurrent generation.['3! In contrast, a clear corre-
lation has been presented between electric field-induced steady-
state CT luminescence quenching and photocurrent generation
in polymer/polymer blend-based OPV devices.?*l More recently
a report demonstrated an electric field independent photo-
generation for a (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopen-
ta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(PCPDTBT):PC71BM photovoltaic system,*! while others
argued that the current—voltage characteristics of the same
system can be described by the Onsager-Braun model assuming
field-dependent splitting of interfacial CT-states.l26:27]

There is ongoing development of alternative n-type materials
for OPV technologies to substitute the commonly used fullerene-
type acceptors.?®311 One interesting class of these materials is
the perylene diimide (PDI) derivatives due to their strong absorp-
tion and favourable charge transport properties.’>’] Steady
improvement in the PCE values of organic solar cells based
on PDI derivatives has led to a best-to-date PCE of 2.85% for a
bulk heterojunction consisting of a benzothiadiazole-containing
vinylene compound mixed with a perylene-anthracene diimide
electron acceptor.?¥#% Despite this progress in device efficiency,
the mechanism of photocurrent generation in PDI-based OPV
blends remains less clear than in the case of fullerene-based
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systems. This is due in part to the fact that fullerenes are pseu-
dospherical geometrical objects, whereas PDI molecules are
rigid planar structures that tend to form aggregates and that can
readily support the formation of intermolecular excited states,
also termed excimers.?”! The impact of the photoactive layer
microstructure on photocurrent generation in PDI-based OPV
devices seems to deviate from the observations that are gener-
ally reported in fullerene-based OPV systems.*!l In particular,
the device external quantum efficiency (EQE) of PDI-based pho-
toactive layers does not improve upon increasing the local order
of the PDI domains of the blend film.*? Unlike the case for
fullerene-containing solar cells, enhanced packing of the elec-
tron acceptor results in a severe reduction of both the exciton
dissociation and photocurrent generation efficiencies*?#3! due to
exciton and electron confinement in the enlarged PDI domains
of the photoactive layer.?2* Nonetheless, this observation may
be not be applicable to all polymer/PDI composites and the spe-
cific polymer—PDI interactions could be tuned by suitable poly-
meric systems that favor intrafacial mixing.

Recent theoretical studies have suggested that the charge
recombination in PDI/polythiophene blends is faster than
in fullerene/polythiophene blends.*’] The process of recom-
bination can be radiative even for the case of non-geminate
charge recombination.**#’] Very recently we have shown!!’]
that PDI-based OPV blends exhibit delayed luminescence in
the microsecond timescale. This emission was quenched by
the application of a moderate external electric field applied
1 us after optical excitation. In combination with the sublinear
dependence of the CT emission on the excitation intensity,*!
our conclusion was that the CT emission originated from non-
geminate recombination, a process that can be suppressed by
applying electric fields that promote charge transport to the col-
lection electrodes.

In this work we explore the relationship between the
dynamics of the emissive non-geminate charge recombination
and the efficiency of photocurrent generation for PDI-based
OPV blends, as a function of the photoactive layer structure.
For our study we use the PDI derivative (N’-bis(1-ethylpropyl)-
3,4,9,10-perylene tetracarboxy diimide) as electron acceptor and
either poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT) or
poly(9,9-dioctylindenofluorene-co-benzothiadiazole) (PIF8BT) as
electron donor. The photophysical and the electrical properties
of these two PDI-based blends are reported. PDI dispersed in
poly(styrene) (PS), a photophysically inactive matrix, was used
as a reference for the photophysical studies. The structures of
the materials studied are shown in Scheme 1.

2. Results

Figure 1 presents the UV-Vis spectra of as-spin-coated and
annealed layers of PS:PDI, F8BT:PDI, and PIF8BT:PDI blend
films.

For all three systems the emergence of a low-energy absorp-
tion band at around 590 nm is observed upon thermal annealing
at 90 °C for a period of 30 min in a vacuum oven. This spectral
feature has been previously assigned to the formation of well-
ordered PDI aggregates in binary-blend polymer/PDI films.*
Wide-angle X-ray scattering experiments on the F8BT:PDI system
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Scheme 1. The chemical structures of the materials used in the study.

(see Supporting Information) further suggest increased order
(with a monoclinic unit cell) and the presence of PDI aggregates
after thermal treatment. Clearly, both PS:PDI and F8BT:PDI
blend films are prone to PDI crystallization upon annealing. In
contrast, the PIF8BT:PDI blend film is found less affected by the
thermal annealing at this temperature, as indicated by the com-
paratively small increase in oscillator strength at 590 nm.

Absorption

Absorption

0.75-

0.50+

Absorption

0.254

0.00 . - . :
400 450 500 550 600 650

Wavelength / nm

Figure 1. UV-Vis absorption spectra of blend films of: a) as-spin-coated
(open squares) and 90 °C annealed (filled squares) PS:PDI; b) as-spin-
coated (open circles) and 90 °C annealed (filled circles) F8BT:PDI, and,
c) as-spin-coated (open triangles) and 90 °C annealed (filled triangles)
PIF8BT:PDI
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Figure 2. External quantum efficiency (EQE) spectra for: a) F8BT:PDI
devices (filled symbols), and, b) PIF8BT:PDI devices (open symbols). In
both cases, data are shown for devices with layers as-spin-coated (squares),
annealed at 90 °C (circles), and annealed at 120 °C (triangles).

In order to assess the efficiency of photocurrent generation
in the OPV binary blends we measured the EQE of a set of
F8BT:PDI and PIF8BT:PDI photodiodes. Firstly, we determined
the optimum thickness of the active layer that corresponds to
maximum photocurrent generation (see Supporting Informa-
tion). Subsequently, we studied the dependence of the device
EQE on annealing temperature.

Figure 2 presents the EQE spectra of the as-spin-coated and
annealed F8BT:PDI and PIF8BT:PDI devices.

In agreement with previous observations,*? thermal treat-
ment negatively impacts the EQE of the F8BT:PDI device,
despite the fact the F8BT batch used in this study has a mole-
cular weight that is almost double the one previously used. In
contrast, the PIF8BT:PDI device showed an improved photo-
current generation efficiency, when the photoactive layer was
annealed at 90 °C. Annealing the PIF8BT:PDI device at 120 °C
results, however, in a significant reduction in EQE, as observed
for F8BT:PDI devices.

We have previously shown that the efficiency of photocur-
rent generation in the F8BT:PDI devices is positively correlated
to the efficiency of PL quenching of the F8BT:PDI layer.*?l To
investigate the reason for the increased EQE of the PIF8BT:PDI
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Figure 3. Left side: PL spectra for photoexcitation at 420 nm of: a) as-spin-coated (filled right-
triangles) and annealed (open right-triangles) F8BT:PDI, and, b) as-spin-coated (filled left-
triangles) and annealed (open left-triangles) PIF8BT:PDI. The spectra are corrected for the
absorptance (1-T) of the films at 420 nm. Right side: PL spectra for photoexcitation at 530 nm
of: c) as-spin-coated PS:PDI (filled squares), F8BT:PDI (filled circles), and PIF8BT:PDI (filled
triangles), and, d) annealed PS:PDI (open squares), F8BT:PDI (open circles), and PIF8BT:PDI
(open triangles). In all cases films were annealed at 90 °C. All spectra were recorded with
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tribution in the PL spectra, whereas the
shoulder at 615 nm indicates a weaker PDI
emission intensity. Therefore we conclude
that in the as-spin-coated blend films the PL
quenching of PIF8BT is not as efficient as
that of F8BT.

Figure 3a also indicates that thermal
annealing was detrimental to the PL
quenching of the F8BT component. The PL
spectrum of the annealed F8BT:PDI film
shows a recovery of the F8BT luminescence
in the spectral region below 575 nm. It is
also shown that the intensity of the PDI com-
ponent at 620 nm remains unaffected after
annealing, suggesting that thermal treat-
ment of the F8BT:PDI system (at 90 °C) is
not affecting the long-range energy transfer
from F8BT to PDI, but is only affecting the
PCT process that quenches the F8BT exciton.
Moreover, the long-wavelength spectral con-
tent of the PDI emission sharpens, losing
intensity beyond 650 nm, suggesting a reduc-
tion in the concentration of the low-energy
F8BT-PDI exciplex species after annealing.
In contrast, Figure 3b shows that thermal
treatment (at 90 °C) of the PIF8BT:PDI blend
uniformly decreases the PL intensity of the
overall luminescence.

100 ms integration time.

devices after thermal treatment, we performed PL quenching
studies on the as-spin-coated and annealed polymer/PDI blend
films. For both as-spin-coated and annealed blend films, the PL
spectra of F8BT:PDI and PIF8BT:PDI were measured as a func-
tion of excitation wavelength. Figure 3 presents the PL spectra
recorded for photoexcitation at 420 nm (Figure 3a,b), in a spec-
tral range where the polymer donor and PDI acceptor both
absorb.

Taking into account the absorption strength of F8BT and
PIF8BT relative to PDI, we expect that the majority of primary
excitations will be formed in the polymer donor component of
the blend. We can not exclude however that the PDI component
is also directly photoexcited. Previous studies have determined
the value of the PLQY efficiency of PS:PDI 60 wt-% to be in
the level of 20%,*?l whereas we have determined the PLQY effi-
ciency values of F8BT and PIF8BT used in this study to be 50%
and 70%, respectively.

The photoexcitations that are formed in the polymer com-
ponents can undergo both Forster resonant energy transfer
(FRET) and photo-induced charge transfer (PCT) processes
with the PDI component. Figure 3a shows that, in the as-spin-
coated F8BT:PDI system, the F8BT emission centred at 540 nm
is weak compared to the PDI excimer emission at around 620
nm.*?l The vanishing emission of F8BT indicates that the FRET
and/or PCT processes is very efficient in the as-spin-coated
F8BT:PDI layer. Moreover, the shoulder seen in the spectral
region beyond 650 nm indicates the presence of the F8BT-PDI
exciplex that emits at 680 nm.['”! In the case of the PIF8BT:PDI
system, the PIF8BT emission at 550 nm is the dominant con-
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We repeated the PL quenching experi-
ments by exciting the PDI component of
the blend films at 530 nm. Under these conditions no energy
transfer can take place from the PDI to the polymer matrices.
All photoexcitations formed in PDI can now either hole transfer
to the polymer components or directly relax to the ground state
by radiative and/or non-radiative pathways. Figure 3c,d depicts
the 530 nm excited PL spectra of PS:PDI, F8BT:PDI, and
PIF8BT:PDI blend films before and after thermal treatment at
90 °C. The spectra comprise a superposition of the PDI excimer
luminescence at approximately 610-630 nm*? and the CT
luminescence of the PDI/polymer exciplex!'”! at longer wave-
lengths, peaking around 680 nm.

The PCT-induced PL quenching efficiency (@, in the
F8BT:PDI and PIF8BT:PDI blend films was deduced as pre-
viously described, i.e., by comparing the spectral integral of
the PDI emission in these two blends with the corresponding
spectral integral of PDI in PS:PDI blend films*? (see non-
normalized PL spectra in the Supporting Information). In the
case of F8BT:PDI and PIF8BT:PDI as-spin-coated films, the PL
quenching efficiencies were found to be @ (F8BT:PDI) = 82%
and @ (PTF8BT:PDI) = 86%. After annealing, we determined
@, (F8BT:PDI) = 38% and @,(PIF8BT:PDI) = 57%. In the case
of the F8BT:PDI system, thermal annealing reduced the spec-
tral width of the CT luminescence band. This reduction was
observed to a smaller extent for the PIF8BT:PDI blend film.

We next investigated the relationship between the photo-
physics of the CT luminescent state and changes in the mor-
phology of the photoactive polymer/PDI blend layers, as
inferred from changes in the 590 nm absorption peak of the PDI
component. In particular, we performed delayed luminescence
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X shows, in the annealed F8BT:PDI blend film
1.00- a) 1.00+ the relative intensity of the CT lumines-
cence is significantly reduced whereas the
0.751 0.751 short wavelength region near 620 nm gains
0501 0504 PL intensity. For the case of the annealed
PIF8BT:PDI blend (Figure 4f) the relative
0.25- 0.25- amplitudes of PL in the short and the long
wavelength spectral regions remain virtually
® 0.00 ® 0.00 unaffected.
2 2 1.00- The delayed luminescence dynamics of the
@ [ F8BT:PDI and PIF8BT:PDI systems reflect
o @ 0.751 the dynamics of non-geminate charge-carriers
= = that recombine emissively.'”! Therefore, these
— — 0.50- . o s
o o dynamics can be used as an indirect probe
€ £ 0.25] for the efficiency of charge transport in each
S S of the blend layers. The easier the transport
< Z 0.00

600 650 700 750 800 850
Wavelength / nm

1.54

1.0

0.5

600 650 700 750 800 850

Wavelength / nm

Figure 4. 530 nm excited, time-gated PL spectra for: a) as-spin-coated PS:PDI, b) annealed
PS:PDI, c) as-spin-coated F8BT:PDI, d) annealed F8BT:PDI, €) as-spin-coated PIF8BT:PDI, and
f) annealed PIF8BT:PDI blend films. For each blend, data are presented at 10 ns after excita-
tion integrated over 10 ns gate time (in black) and at 1 us after excitation integrated over a
500 ns gate time (in red). No delayed luminescence was detectable in the ps time range for

the PS:PDI samples.

experiments (in the microsecond timescale)
on the F8BT:PDI and PIF8BT:PDI blend
films. For reference purposes we also charac-
terised a PS:PDI blend film. Figure 4 depicts
time-gated PL spectra of as-spin-coated and
annealed samples.

PL spectra were recorded for two time
regimes, one corresponding to the nano-
second timescale (prompt fluorescence) and
one corresponding to the microsecond times-
cale (delayed luminescence).

No delayed luminescence could be detected
for the PS:PDI blend after photoexcitation
at 530 nm. The F8BT:PDI and PIF8BT:PDI
blend films clearly exhibit the typical red-
shifted CT emission at around 680 nm inde-
pendent of the time domain probed. For the
as-spin-coated PIF8BT:PDI blend film (Figure
4e), a residue of the PDI emission was also
observed at 620 nm. Thermal annealing of
the blend films (Figure 4b,d,f), did not result
in spectral changes to the prompt fluores-
cence spectra. However, obvious differences
are observed in the delayed luminescence
spectra of the annealed F8BT:PDI system in
the microsecond time range. As Figure 4d

wileyonlinelibrary.com

of mobile carriers in the layers, the more fre-
quent will be the encounter of non-geminate
pairs on the polymer/PDI interfaces for
forming the emissive CT species. Conse-
quently the layer that exhibits accelerated
exciplex dynamics on the microsecond times-
cale is expected to also exhibit a better charge
transport, which could be beneficial for device
structure. Figure 5 compares the dynamics of
the exciplex emission (645-730 nm) of the as-
spin-coated F8BT:PDI and PIF8BT:PDI blend
films in the microsecond timescale.

For each blend we also measured the decay
kinetics for the short-wavelength region (585—
640 nm) of the delayed emission spectra in
order to look for differences that might arise
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Figure 5. Delayed luminescence decay kinetics in the microsecond timescale for the short
(open symbols) and long (filled symbols) wavelength regions of the emission spectra for: a)
as-spin-coated F8BT:PDI, b) 90 °C annealed F8BT:PDI, c) as-spin-coated PIF8BT:PDI, and d)
90 °C annealed PIF8BT:PDI blend films. The dash lines are power-law fits to the data (see
Table 1 and text for details).
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Table 1. Fit exponents of the power-law kinetics for as-spin-coated and
90 °C annealed F8BT:PDI and PIF8BT:PDI blend films. Note that for the
as-spin-coated F8BT:PDI blend film a fast and a slow component is iden-
tified in the kinetics of both short and long wavelength regime. The cor-
responding device EQE,,,, values, from Figure 2, are also given.

Blend Film Power law exponent Power law exponenent EQE, .y
Structure [585-640 nm] [645-730 nm] [%]
As-spin-coated -1.07 £0.04/ -1.02 £ 0.04/ 7.98+0.31
F8BT:PDI -1.52+0.02 -1.48 £0.02

90 °C annealed -1.17£0.01 -1.12£0.01 7.54+0.40
F8BT:PDI

As-spin-coated -1.25+0.01 -1.00 +£0.01 5.55+0.33
PIF8BT:PDI

90 °C annealed -1.60+0.02 -1.57+0.01 7.67 £0.69

PIF8BT:PDI

from the recombination of charges in isolated PDI domains
that would lead to delayed emission via re-population of the
emissive state of the PDI excimer.*® Fitting of the obtained
decay dynamics in the time range from 500 ns to 10 us was
performed using a power law of the form I(t) oc t ~®.[4950]

Table 1 summarizes the values of the exponent o of the
power-law fits, as determined for both the short- and long-wave-
length regions of the delayed luminescence spectra of as-spin-
coated and annealed F8BT:PDI and PIF8BT:PDI blend films.
To link the emissive charge recombination dynamics with the
photocurrent generation of each system, the maximum EQE
values are also presented for the corresponding devices. Particu-
larly for the as-spin-coated F8BT:PDI film, the decay kinetics of
both the short- and the long-wavelength spectral region exhibit
two components of a slow and a fast recombination.

3. Discussion

From the above it is clear that thermal annealing has a dif-
ferent impact on the photophysical properties of PIF8BT:PDI
and F8BT:PDI blend films and the photocurrent generation
efficiency of their corresponding photodiodes. We assign the
annealing-induced changes in the photophysical properties of
the two systems to differences in the changes that take place
in their blend structure after thermal treatment; these are the
changes in the phase segregation of the blend components, in
the increased long-range order of the PDI domains and in the
quality of the polymer/PDI interfaces.

The weak increase in the intensity of the 590 nm absorption
peak in the the UV-Vis spectra of the annealed PIF8BT:PDI
blend film (Figure 1c) clearly indicates that, unlike the case of
the F8BT:PDI blend, thermal annealing of PIF8BT:PDI does not
promote extensive formation of well-ordered, phase-separated
PDI aggregates. The different behaviour of the two blends upon
thermal annealing is likely to result from the different thermal
and structural properties of the F8BT and PIF8BT polymers./*!
The magnitude of the thermally induced PDI crystallization in
the two blends also influences the impact of thermal treatment
in the PL quenching of the films, for both cases where optical
excitation was at 420 nm or at 530 nm.

Adv. Funct. Mater. 2012, 22, 2318-2326
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In the case of the 420 nm photoexcitation (Figure 3a,b)
the results show that in contrast to the F8BT:PDI blend case,
thermal annealing of the PIF8BT:PDI blend results in a reduc-
tion of the PIF8BT PL intensity. Therefore, thermal treatment
enhances the quenching of the PIF8BT excitons, suggesting
that after annealing a larger fraction of the PIF8BT excitons dis-
sociates efficiently at the PIF8BT/PDI interfaces. The increased
PL quenching of PIF8BT in the annealed PIF8BT:PDI film is in
line with the increased EQE of the corresponding PIF8BT:PDI
device. The observed increase in EQE (Figure 2b) takes place in
the spectral range that corresponds to the spectral region of the
PIF8BT absorption.l'”] We interpret this observation as evidence
that thermal annealing improves the quality of the PIF8BT/PDI
interfaces where the PIF8BT excitons can dissociate more effi-
ciently. In the case of the PIF8BT matrix, thermal annealing at
90 °C may optimize the electronic interaction of PIF8BT and
PDI in their interface through a better electronic wavefunc-
tion overlap. We exclude the option that the increased EQE in
this spectral region is a result of an increase in the absorption
strength of the annealed PIF8BT:PDI film. Only a marginal
increase (2%) in the optical density at 475 nm was seen in the
annealed film of PIF8BT:PDI, in respect to the non-annealed
film (not shown).

For optical excitation at 530 nm, the PCT-induced PL
quenching efficiency (@) is found to be reduced in both
PIF8BT:PDI and F8BT:PDI systems after annealing, but the
reduction is smaller in the case of the PIF8BT:PDI blend.
The relatively small increase in the UV-Vis absorption of the
annealed PIF8BT:PDI blend films at 590 nm indicates that even
after thermal treatment at 90 °C the optimum blending of the
PIF8BT and PDI components is maintained in the layer struc-
ture of the PIF8BT:PDI system.

In contrast, thermal annealing of the F8BT:PDI layer results
in a reduction of the F8BT/PDI interface area due to the
demixing of the F8BT and PDI component that is driven by the
coalescence of PDI into larger and better ordered grains.l The
thermally induced PDI crystallization in the F8BT:PDI layer
results in a large reduction of the PL quenching, for both exci-
tation wavelengths of 420 and 530 nm, and in a reduced device
EQE.

We now focus attention on the delayed luminescence spec-
troscopic data of Figure 4 and discuss the possibility for cor-
relating the process of emissive non-geminate recombination
and the strength of the concomitant polymer/PDI exciplex
emission with the efficiency of photocurrent generation. The
quality of the polymer/PDI interface in the studied systems not
only influences the efficiency of prompt dissociation of excitons
that are initially formed in the polymer and PDI domains but
also affects the efficiency of the emissive non-geminate charge
recombination at this interface. Concurrently, we expect that the
system with the most optimized polymer/PDI interfaces will
exhibit not only a higher photocurrent generation device effi-
ciency but also a higher exciplex strength that will be activated
by non-geminate recombination in the microsecond timescale.

In our discussion we define the exciplex strength as the rela-
tive ratio between the delayed luminescence intensities of the
exciplex (680 nm) and PDI (630 nm) species in Figure 4. Both
emissive species are observed in the microecond timescale in
the spectra of the F8BT:PDI and PIF8T:PDI systems as the
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products of emissive non-geminate recombination. The exci-
plex delayed PL emission is generated by the one-step diagonal
recombination of the non-geminate pair at the polymer/PDI
interface. In contrast, the PDI delayed emission is generated by
a two-step mechanism that involves i) the thermally activated
back hole-transfer from the HOMOgggr to the HOMOypp;, and,
ii) the emissive recombination of the regenerated PDI excited
state. High exciplex strength is implied by the dominance of
the one-step mechanism when the quality of the polymer/PDI
interface is optimum.

Figure 4c,e shows that the exciplex strength of the as-spin-
coated blend films in the microsecond timescale is higher for
the F8BT:PDI than in the PIF8BT:PDI system. This finding is
in agreement with the trend seen in the EQEs of the as-spin-
coated F8BT:PDI and PIF8BT:PDI devices. From Figure 2,3 we
have found that thermal treatment severely affects the inter-
faces and the EQE of the F8BT:PDI blend film but not those
of the PIF8BT:PDI blend film. Accordingly, the delayed lumi-
nescence spectra in the microsecond timescale exhibit a strong
reduction of the exciplex strength for the case of the F8BT:PDI
system but not for the case of the PIF8BT:PDI system. There-
fore delayed luminescence spectroscopy further confirms that
the layer structure of the annealed PIF8BT:PDI systems main-
tains a good mixing of the PIF8BT and PDI components. We
note that thermal annealing could possibly alter the exciplex
strength in the F8BT:PDI and PIF8BT:PDI blends by differently
influencing the non-radiative recombination rates of the CT
state and the PDI state in each system. We exclude this option
based on the results shown in Table 1. We found that after the
thermal annealing of the F8BT:PDI and PIF8BT:PDI layers, the
kinetics of the PDI (short wavelength) and the CT emission
(long wavelength) peaks change in similar fashion, excluding
the possibility that the exciplex strength of each system is
affected by different changes in the non-radiative recombina-
tion upon annealing.

We now discuss the correlation between the non-geminate
recombination dynamics (Figure 5) and the photocurrent gen-
eration of their corresponding devices (Figure 2). The kinetics
of the delayed exciplex emission in the microsecond times-
cale can be employed as an optical probe for monitoring the
depletion of free charge density that has been created after
exciton dissociation. The emissive bimolecular recombination
is expected to accelerate with the increase of charge concentra-
tion in the systems and with the increase of the recombination
coefficient. Previous results have shown that the magnitude
of PL quenching in the F8BT:PDI system positively correlates
with the device photocurrent* and therefore with the initial
number of free charges in the photoactive layer. Based on these
findings, a first estimation on the initial number of photo-
generated charges in the as-spun and annealed F8BT:PDI and
PIF8BT:PDI systems is possible based on the PCT-induced PL
quenching measurements (Figure 3d). After thermal annealing
of the F8BT:PDI blend, the concentration of the charges is
reduced (reduced PL quenching efficiency) whereas the delayed
luminescence kinetics are decelerated (reduced power law
exponents, see Table 1). In contrast, after thermal annealing
of the PIF8BT:PDI blend, the concentration of the charges is
reduced (reduced PL quenching efficiency) but the delayed
luminescence kinetics are accelerated (increased power law

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterlalsVIews.com

exponents, see Table 1). We therefore suggest that annealing
does not severely affect the recombination coefficient in the
F8BT:PDI system but it increases the recombination coefficient
in the PIF8BT:PDI system. Despite the inferred increase in the
recombination rate constant in the annealed PIF8BT:PDI layer,
the observed increase in the EQE of the corresponding device
suggests a beneficial effect of thermal treatment on the device
performance. Table 1 shows that the power-law exponent is
increased by more than 50%, correlating well with the increase
in short-circuit photocurrent for the corresponding device. Sim-
ilarly, in the case of the F8BT:PDI layer the decreased exponent
of the power-law decay of the delayed CT-state fluorescence on
annealing is in line with a reduced short-circuit photocurrent
for the corresponding device. These correlations suggest that
the device photocurrent and consequently the charge transport
properties are not directly linked to the recombination coef-
ficient of the rate law that dictates the charge recombination
reaction in the PDI-based blends, but rather to the overall order
of the rate law of this reaction. Our findings are in agreement
with previous transient spectroscopic studies of non-geminate
charge recombination that have shown a positive correla-
tion between the order of charge recombination kinetics, the
charge transport properties, and the photocurrent generation in
fullerene-based OPV systems.’2>4

We have found that the decay kinetics of the delayed exci-
plex emission accelerate with increasing excitation power (see
Supporting Information). It was shown previoulsy that the
CT intensity of the F8BT:PDI system has a sublinear depend-
ence on the excitation pulse energy,'”) and that the EQE of the
F8BT:PDI devices are strongly dependent on reverse bias and
active layer thickness.’! Therefore, it appears that charge trans-
port limits the device EQE of thick F8BT:PDI layers and it is
conceivable that emissive non-geminate charge recombination
involves trapped charges.[32°]

Our proposal, that the delayed emissive recombination is
trap-assisted, is further supported by the delayed fluorescence
dynamics observed at low temperature for as-spin-coated
F8BT:PDI blend films (see Table S1 in the Supporting Informa-
tion). There is a clear deceleration of the power-law kinetics at
77 K. This is not the case for the annealed FS8BT:PDI where,
with respect to the room temperature kinetics, an increased car-
rier recombination rate is observed at 77 K. A similar increase
is seen for both the as-spin-coated and annealed PIF8BT:PDI
blend films. The observed acceleration of the delayed lumi-
nescence decay dynamics at low temperature requires further
experimental investigation. At this stage we can only suggest
a plausible explanation. The carrier mobility decreases signifi-
cantly at low temperature so that the probability for Coulomb
capture increases. Moreover the recombination of free charges
is an exothermic process and an enhanced recombination of
the charges is expected at low temperatures.”® This could be
the case if deep energetic traps are absent, so that the necessity
for endothermic carrier detrapping can be neglected.

Finally it is worth mentioning that although the triplet state
of PDIB78 lies at energies much lower than the energy of the
emissive CT state of the studied polymer/PDI blends (Tpp; =
1.2 eV, Ect = 1.8 eV), the EQE values of these PDI OPV sys-
tems can reach values as high as 20%.°°° This situation is in
contrast to the models proposed for polymer/fullerene blends
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that predict severe photocurrent losses when the fullerene tri-
plet state lies at lower energy than the CT state, especially when
charge-carrier mobility is low.[*¢!l This difference in behaviour
will be important to better understand in order to eventually
provide general guidelines for materials selection.

4, Conclusions

In summary, we have studied the relationship between emissive
non-geminate charge recombination and photocurrent genera-
tion efficiency in F8BT:PDI and PIF8BT:PDI OPV blend films.
For the case of the F8BT:PDI system, thermal treatment at
90 °C results in an extensive phase separation of PDI from the
F8BT matrix, in the crystallization of the PDI domains and in
a reduction in the area of the F8BT/PDI interfaces, where both
prompt exciton dissociation and non-geminate charge recombi-
nation occur. In contrast, thermal treatment of the PIFSBT:PDI
blend results in only partially crystallized PDI domains, a
lower degree of phase separation of the PDI from the PIF8BT
matrix, and leads to more efficient prompt exciton dissociation
and non-geminate charge recombination than in the case of
F8BT:PDI. Both systems exhibit delayed exciplex luminescence
in the microsecond timescale, the strength and the dynamics of
which appear to correlate well with the photocurrent generation
efficiency of the corresponding solar cell devices. In agreement
with previous transient absorption spectroscopic studies of sim-
ilar OPV systems, our results have shown that the value of the
power law exponent of the delayed luminescence kinetics can
be a useful parameter for validating the charge transport prop-
erties of OPV photoactive layers. We therefore suggest delayed
luminescence spectroscopy as a suitable optical non-destructive
probe for the correlation of non-geminate recombination
kinetics with the charge transport capabilities in OPV systems.
Further structural studies are required to elucidate the dif-
ferent packing motifs in the two blends studied herein. Nev-
ertheless, the time-integrated UV-Vis absorption, external
quantum efficiency, steady state PL, and delayed luminescence
spectroscopy data all support the notion that thermal treatment
of the PIF8BT:PDI layer results in a layer structure where the
PIF8BT and the PDI components remain relatively well-mixed.
Our results emphasize the importance of identifying the
specific donor—-acceptor interactions as well as the donor and
acceptor local packing in OPV blends by thermal and struc-
tural means. Moreover, they suggest that delayed luminescence
spectroscopy of OPV blend films can be a simple spectroscopic
technique for the selection of processing protocols that lead to
high-quality donor/acceptor interfaces and to blend layer micro-
structures that support efficient photocurrent generation.

5. Experimental Section

Materials: The protocol for the synthesis of PIF8BT has been
described elsewhere.'”l The number average molecular mass M, and
the polydispersity (D) of F8BT and of PIF8BT were determined by gel
permeation (size exclusion) chromatography (GPC), using PS as a
standard, M,(PS) = 400 kD. We found M,(F8BT) = 171.3 kD, D(F8BT) =
1.84, M, (PIF8BT) = 15.4 kD, and D(PIF8BT) = 2.48. The deduced M,
values are expected to be significant overestimates due to the rigid rod
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nature of the polymer backbones!®? but they give a reasonable comparative
measure. F8BT was provided by the Sumitomo Chemical Company Ltd.
and used as received. PDI was purchased from Sensient Technology and
further purified by column chromatography fractionation.

Solution  Preparation: Solutions of F8BT:PDI and PIF8BT:PDI
containing polymer and PDI in a weight ratio of 40:60 were prepared
in CHCI3 with a 7.5 mg mL™" polymer mass concentration. The 60 wt%
PDI content was chosen according to the previously optimized F8BT:PDI
formulation.*?

Thin Film and Device Fabrication: Thin films of the F8BT:PDI and
PIF8BT:PDI blends were prepared by spin-coating. Reference blend films
of PDI in PS were prepared in an identical fashion. Bulk heterojunction
devices were prepared for the F8BT:PDI and PIF8BT:PDI blends with
as-spin-coated, annealed at 90 °C, and annealed at 120 °C photoactive
layers. In all cases device annealing took place in a N,-filled glovebox
for a period of 15 min after cathode deposition. The device structures
comprised glass/ITO/poly(ethylene)dioxythiophene:poly(styrene)
sulphonate (PEDOT:PSS)/polymer donor:PDI acceptor blend /Al

Device Characterization: The external quantum efficiency (EQE)
characterization of all devices was performed under the protection of an
N, atmosphere. The light output from a Xe lamp was monochromated
by a Digichrom 240 monochromator and the short-circuit device
photocurrent was monitored by a Kethley electrometer as the
monochromator was scanned. A calibrated Si photodiode (818-UV
Newport) was used as a reference in order to determine the intensity
of the light incident on the device, allowing the EQE spectrum to be
deduced.

Photophysical Characterization: UV-vis absorption spectra of all blend
films were recorded with a Jasco UV-vis spectrophotometer. Time-
integrated and time-gated delayed luminescence (DL) measurements
of the blend films were performed as previously described.”l DL
measurements were performed at 77 K with the use of a home-built liquid
N, cryostat. Photoluminescence quantum yield (PLQY) measurements
on the F8BT and PIF8BT films on quartz substrates were performed as
previously described.[®?]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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