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ABSTRACT: We study charge recombination via triplet excited
states in donor/acceptor organic solar cells and find that, contrary to 20
intuition, high internal quantum efficiency (IQE) can be obtained in
polymer/fullerene blend devices even when the polymer triplet state
is significantly lower in energy than the intermolecular charge transfer
(CT) state. Our model donor system comprises the copolymer
PIDT-PhanQ: poly(indacenodithiophene-co-phenanthro[9,10-b]-
quinoxaline), which when blended with phenyl-C,;-butyric acid s
methyl ester (PC,;BM) is capable of achieving power conversion
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efficiencies of 6.0% and IQE ~ 90%, despite the fact that the polymer

triplet state lies 300 meV below the interfacial CT state. However, as we push the open circuit voltage (V) higher by tailoring
the fullerene reduction potential, we observe signatures of a new recombination loss process near Vo = 1.0 V that we do not
observe for PCBM-based devices. Using photoinduced absorption and photoluminescence spectroscopy, we show that a new
recombination path opens via the fullerene triplet manifold as the energy of the lowest CT state approaches the energy of the
fullerene triplet. This pathway appears active even in cases where direct recombination via the polymer triplet remains
thermodynamically accessible. These results suggest that kinetics, as opposed to thermodynamics, can dominate recombination
via triplet excitons in these blends and that optimization of charge separation and kinetic suppression of charge recombination
may be fruitful paths for the next generation of panchromatic organic solar cell materials with high V¢ and Jsc.

B INTRODUCTION

Although significant progress' ™ has been made to increase the
power conversion efficiency of organic solar cells (e.g, #p =
10.6% for tandem cell architectures),* the molecular design
rules for achieving efficient systems are still unclear. General
principles such as the importance of maximizing open circuit
voltage (Voc) by minimizing energy losses associated with
exciton dissociation are widely recognized, yet discussions of
the fundamental limits that might be realistically achieved are
largely empirical. > For instance, both Veldman et al.” and Faist
et al.® have argued that the maximum V¢ should be equal to
the optical gap (Eopt/qe) minus ~0.60—0.66 V. Others have
shown that V¢ correlates well with the energy of the
Coulombically bound interfacial charge transfer (CT) state
between the hole on the donor and the electron on the
acceptor,”’™"> an energy that can be altered by controlling the
reduction potential of the acceptor and the oxidation potential
of the donor. However, pinpointing the mechanistic details of
the loss processes that limit #p is of critical importance to
improving organic solar cell performance.

To this end, the roles of both triplet states and
interfacial charge transfer”'®'”~' (CT) states as mediators of
recombination losses have been highlighted by a number of
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authors. In particular, charge recombination via the donor
triplet™ has been identified as a process that can limit attainable
Jsc whenever the energy of the interfacial CT state is raised
above that of the donor triplet state.”'>'97??

Here, we study losses via the triplet manifold and show that
efficient photocurrent collection at short circuit, as well as
reasonable fill factors, can be maintained even in cases where
the lowest interfacial CT state is several hundred meV higher in
energy than the triplet state of the donor polymer PIDT-
PhanQ (a copolymer of indacenodithiophene and phenanthro-
[9,10-b]quinoxaline derivatives shown in Figure 1a) when this
donor material is blended with phenyl-C,,-butyric acid methyl
ester (PC,;BM). As we alter the fullerene reduction potential to
raise V¢, we ultimately do observe increased recombination
loss and polymer triplet formation, but it appears that the
fullerene triplet serves as the key intermediate when the CT
state and the fullerene triplet state become nearly degenerate in
energy. These observations point toward the importance of
device optimization strategies that transcend simple energy
level matching, such as the design of molecular motifs for
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Figure 1. (a) Schematic depiction of the solar cell device structure
employed here, consisting of a blended polymer:fullerene active layer
with PIDT-PhanQ_as the donor. Fullerene acceptors 1—6 used in this
study are also depicted. (b) Photocurrent density as a function of
voltage for the device structure in (a) using fullerenes 1—4 as acceptor
materials, measured under simulated AM1.5G solar illumination at 1
kWm™. (c) External (upper panel) and internal (lower panel)
quantum efficiency for devices in (b).

kinetic optimization of charge separation efliciency and
suppressed recombination.

B MATERIALS AND METHODS

Indene-fullerene bis-adducts®*™>® and adduct 5% were synthesized
according to literature procedures. Methano—PCGlBM 6 was
synthesized as described previously,”® as was PIDT-PhanQ.*
PC,BM of >98% purity (ADS, American Dye Source, Quebec,
Canada), poly(3,4-ethylenedioxy-thiophene):poly(styrene sulfonate)
(PEDOT:PSS, Baytron P VP AI 4083, H. C. Stark. Chemicals) were
purchased from commercial sources and used as received.

Device and Spectroscopic Sample Fabrication. PIDT-
PhanQ:fullerene mixtures (1:3 w/w) were dissolved in 1,2-
dichlorbenzene (Aldrich) and stirred on a hot plate at 90 °C overnight
under inert atmosphere. We found this blending ratio to yield optimal
device performance (cf. Supporting Information Figure S10b). Solar
cells were fabricated in the conventional geometry. ITO coated glass
substrates (15 Q per square) were solvent cleaned followed by oxygen
plasma treatment for 30 s. PEDOT:PSS (50 nm) was spin-coated on
clean ITO substrates and annealed at 140 °C in ambient, followed by

spin-coating the active layers on PEDOT:PSS coated ITO from
filtered (0.20 ym PTFE) PIDT-PhanQ:fullerene solutions. Thin film
optical samples were prepared under identical conditions on clean
glass substrates free of ITO or PEDOT:PSS.

Device Testing. Device J—V measurements were performed under
a nitrogen atmosphere using a Keithley 2400 source meter. A KGS
filtered silicon photodiode, calibrated at the National Renewable
Energy Laboratory (NREL), was used to calibrate the simulated solar
illumination intensity (1 kWm™) from a 450 W xenon arc lamp
(Oriel) equipped with an AM 1.5G filter. Spectral photocurrent was
recorded in room atmosphere under monochromated illumination
from a 450 W xenon lamp, unless otherwise noted. The incident beam
was chopped with a mechanical chopper, and the photocurrent was
recorded with a lock-in amplifier (Stanford Research Systems SR830)
with EQE calculated based on measurements from an NREL calibrated
silicon photodiode. Within the short time frame (less than 10 min) of
our spectral photocurrent experiment we obtain EQE values that are
nearly identical (less than $% relative difference) to measurements
performed on devices without aerobic exposure (cf. Supporting
Information Figure S10).

Spectroscopic Characterization and Microscopy. All thin film
photoluminescence measurements were performed on a home-built
spectrometer using a Si/InGaAs two-color photodiode, frequency
modulated illumination from a 455 nm LED (Luxeon), and standard
lock-in techniques. Spectral correction was performed using a
calibrated light source (OceanOptics). PL measurements in frozen
anaerobic solution were performed at 80 K in a quartz EPR tube under
illumination from a 375 nm diode laser (PicoQuant) and collected
using a CCD camera (Princeton Instruments, Spec-10) following
dispersion onto the grating of a monochromator. EPR measurements
were performed on solid PIDT-PhanQ:fullerene solutions prepared in
a quartz EPR tube by vacuum concentration from liquid o-DCB
solutions identical to those used for PIA. LEPR measurements were
performed on a Bruker ES80 X-Band EPR Spectrometer at 120 K and
the resulting LEPR signal plotted as the difference in microwave
absorbance in the presence and absence of illumination from a 455 nm
LED (Luxeon, SW). PIA spectra were collected as previously
described* using conventional lock-in detection methods>' employing
a 455 nm LED (Luxeon, SW) excitation source modulated at 200 Hz
unless otherwise specified. Measurements were performed in trans-
mission mode on glass substrates in vacuum at room temperature or at
low-temperature in a Janis continuous flow cryostat. The optical
constants of the polymer:fullerene films were measured using a
variable angle spectroscopic ellipsometer (J. A. Woollam Co. M-2000).
Absorption in the active layer of each device was calculated using the
transfer matrix approach outlined in the literature®* to account for
interference. The layer structure used to represent the device in the
optical model comprised Glass/ITO(110 nm)/PEDOT:PSS(3S nm)/
Active Layer (X nm)/Ca (20 nm)/Al (100 nm), where the active layer
thickness, X, was determined by atomic force microscopy (AFM) for a
representative active layer film cast onto a clean glass slide and
assuming ca. 10 nm metal diffusion during electrode deposition.*®
Surface topography images were collected on a Veeco multimode
AFM with a Nanoscope III controller.

B RESULTS AND DISCUSSION

We chose to study recombination losses in indacenodithio-
phene-based®*™*" polymer devices, specifically PIDT-PhanQ:-
fullerene blends, because such devices have achieved both hlgh
efficiency and high Ve (7p = 6.0% and Vo = 0.86 V)** an
because they exhibit clean spectroscopic signatures that allow
us to probe CT energies as well as charge and triplet
populations optically (see below). We altered the energy of
the blend CT state by changing the electron affinity of the
acceptor upon replacing PCBM with each fullerene in the series
of derivatives 1—6 shown in Figure la. We find the half wave
reduction potentials for compounds 1—6, respectively, to be
—1.07, —1.26, —1.07, —1.24, —1.123 and —1.22 V vs ferrocene/
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ferrocenium. These results are in agreement with literature
reports, with PCBM derivatives having the least negative
reduction potentials and both Cg, and C,, indene-fullerene-bis-
adducts (ICBA) having reduction potentials ca. 170—190 mV
more negative than their PCBM counterparts.”>>° Figure 1b
compares the impact on Jc, Vo, and FF in the extreme cases
of using either PCBM or ICBA acceptors. Previous reports of
poly(3-hexylthiophene) (P3HT)** ?® with ICBA have shown
significant enhancements in V¢ values compared to PCBM
blends, with Jsc being maintained in the ICBA-based device.
Similar V5 enhancements have been attributed to destabiliza-
tion of the CT state when using fullerenes that are more
difficult to reduce.** Figure 1b and Table 1 show that

Table 1. Performance Metrics for PIDT-PhanQ:fullerene
Devices under Illumination®

Device® Jsc (mA/cm?) Voc (V) FF 1o (%)
PC,,BM 10.8 0.86 0.64 6.0
PC,BM 7.30 0.86 0.63 40
IC4BA 5.69 1.0 0.49 2.9
IC,,BA 4.60 1.0 0.39 1.8

“Simulated 1 sun (1 ka_Z) AMI1.5G. bGlass/ITO/PEDOT:PSS/
PIDT-PhanQ:fullerene/Ca/Al, where fullerene denotes the acceptor
material listed in the “Device” column.

switching to ICBA also increases V¢ for our PIDT-PhanQ
blends. The value of Vo = 1.0 V for the ICBA blends is 140

mV larger than that for the PCBM-based devices (V¢ = 0.86
V). However, our devices exhibit a marked trade-off between
Jsc and V. This trade-off is in contrast to what has been
observed for P3HT:ICBA devices compared to P3HT:PCBM
but is consistent with reports from some other high-
performance polymer/PCBM blends like the carbazole-based
donor—acceptor polymer PCDTBT.*

Since the smaller #;, for both ICBA derivatives is due in part
to substantial losses in Jg, we examined both the external
(EQE) and internal (IQE) quantum efficiencies for these
devices. Figure 1c plots EQE and IQE values for these blends as
a function of wavelength. The upper panel of Figure 1c shows
that the trend in EQE coincides with the trend in Jsc (PC,;BM
> PC¢,BM > IC4BA > IC,,BA). The IQE values plotted in the
lower panel of Figure lc were determined using the transfer
matrix approach to calculate the active layer absorption®” from
optical constants obtained by variable angle spectroscopic
ellipsometry. Significantly, the IQE values for the PCBM
derivatives are quite high, with the IQE for PC,BM exceeding
90% over much of the visible region.

These high IQE values underpin the strong device
performance of the PIDT-PhanQ:fullerene system, and place
these blends among the highest performing materials
reported.**>*® The IQE values for the ICBA-based devices
are lower than for the PCBM devices, indicating that their
lower Jsc cannot be attributed solely to diminished photon
absorption. We believe the high IQEs, and the changes
observed upon fullerene derivatization, are noteworthy given
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Figure 2. (a) Room temperature photoluminescence (PL) spectra of PIDT-PhanQ (red circles) with 17% fluorescence quantum yield. Fluorescence
quenching is observed when PIDT-PhanQ is blended (solid traces) with any of fullerenes 1—6 in Figure 1a. (b) Normalized PL spectra measured at
80 K for each fullerene 3—6 in Figure la blended with PIDT-PhanQ. (c) Normalized PL measured at 80 K for neat PIDT-PhanQ_(unfilled black
circles) or IC4BA dispersed in polystyrene (filled blue circles). (d) Energy of the charge transfer (CT) state emission peak (unfilled circles) for
blends in (b) as a function of fullerene reduction potential and least-squares fit (dashed black line with respective slope and intercept of —0.79 eV/V
and 0.46 V) used to estimate the CT state energy for the PIDT-PhanQ:IC4,BA (filled red circle). The triplet energy of IC4BA, obtained from the
fullerene phosphorescence peak maximum, is also included (blue asterisk), along with exciton energies (solid gray lines) for both blend components.
All spectra were collected using 455 nm excitation. Note that the energy of the triplet emission peak maxima for Cy, derivatives related to PC4;BM

(Er = 1.50 €V) that have been reported in the literature”**

19663

are very close to the IC¢BA triplet emission energy that we measure (E = 1.48 eV).
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the driving forces for recombination to form triplet excitons in
these blends. Below, we explore the limits of the PIDT-
PhanQ:fullerene system in more detail by modulating the
energy of the CT state and correlating the resulting device
performance with spectroscopic signatures for various
recombination pathways. To investigate charge recombination
pathways in our ICBA OPVs we employed photoluminescence
(PL), photoinduced absorption (PIA) spectroscopy, and light-
induced EPR (LEPR) spectroscopies. We focus our discussion
on the optical spectroscopy of the Cg, blends exclusively
because the PIA spectra of the C;, blends are more complex,
due to the overlap of the C,; and polymer excited state features
(Supporting Information Figure S1).

Figure 2a compares the room temperature photolumines-
cence spectra for the pure PIDT-PhanQ polymer and blends of
the polymer with each of the fullerenes 1—6 (Figure 1a). The
photoluminescence of the pristine polymer is completely
quenched by every fullerene that we have studied, indicating
that a lack of exciton quenching is not responsible for the
decreased photocurrents observed in the ICBA blends. The
near-complete quenching of the native polymer photo-
luminescence in the PIDT-PhanQ:fullerene blends is advanta-
geous because it allows us to determine the energies of the
relevant CT states directly from their photoluminescence peaks.

Figure 2b shows the photoluminescence from each blend
measured at 80 K, and Figure 2c shows the photoluminescence
from the neat polymer and from ICBA dispersed in
polystyrene, also measured at 80 K. In all cases new emission
bands appear in the blends (Figure 2b) that are distinct from
the fluorescence of the individual components (Figure 2c),
while the spectrum of the pure fullerene is consistent with
previous reports of fullerene fluorescence.*”*® The new peaks
in the blends appear at lower energy than the S,—S, emission
from either the polymer or the fullerene and we assign these
peaks (except in the case of PIDT-PhanQ:ICBA) as emission
from intermolecular CT states based on two observations. First,
with the notable exception of the PIDT-PhanQ:ICBA blend,
these peaks exhibit unstructured PL bands characteristic of
intermolecular CT emission.*”*® Second, excluding the
structured peak observed in the PIDT-PhanQ:ICBA blend,
the peak positions of these CT bands shift linearly with the
fullerene half-wave reduction potentials with slope and
intercept of —0.79 eV/V and 0.46 eV, respectively (Figure
2d). Similar CT state emission has been observed for many
donor/acceptor heterojunctions,”*' ™ with linear correlations
between Ecpr and Vg giving slopes near unity, but CT
emission from an entire series of structurally related fullerene
acceptors is uncommon.® Figure 2d compares the relative
energies of the relaxed CT states in these blends with the
energies of the singlet and triplet excited states for both the
polymer and fullerene. We determined the relative CT state
energies based on the PL emission peak maxima (Figure 2b),
following the conventions of Tvingstedt et al.>* and Veldman et
al.” The relative energies of the S, states for the polymer and
tullerene and the fullerene T, state were taken as the PL peak
maxima (Figure 2c and Figure 4b).’® We place an upper limit
on the polymer T, energy at ca. 1.01 eV, based on predictions
made using quantum chemical computational methods
(Supporting Information Table S1) and in accord with
reported exchange energies for other conjugated polymers.>” =%

Notably, the energies of the CT states in all of the PIDT-
PhanQ:fullerene blends we studied lie well above the polymer
T, state. Even in the PIDT-PhanQ:PC,,BM blend with one of

the lowest CT state energies (Ecr = 1.31 eV, Supporting
Information Figure S2a) the CT state is at least 300 meV above
the T, state of PIDT-PhanQ. Nevertheless, this blend converts
absorbed photons to photocurrent with an internal quantum
efficiency of over 90% across most of the visible. Previous work
has suggested that the relative positions of the polymer T, and
CT states constrain Vo (without Jgc loss) in organic
photovoltaics.”® While strong evidence for substantial recombi-
nation losses via the polymer T, state have indeed been
observed in many high Vi systems,”'719192022 our data
suggest that the position of the polymer T state need not limit
Jsc in organic solar cells. Apparently, kinetics can permit
efficient charge separation in some systems even when a
thermodynamically favorable recombination pathway exists.

Next, we use photoinduced absorption (PIA) spectroscopy
to probe the long-lived excited states that are formed following
photoexcitation of PIDT-PhanQ blends with different full-
erenes. PIA is a pump—probe technique measuring changes in
optical transmission (AT) due to formation of long-lived
excited states (e.g, polarons or triplets with lifetimes on the
order of T ~ ps — ms).” 30301704 Assuming there are no
changes in reflection, normalized differential transmission (AT/
T) may be plotted in terms of the differential absorption
coefficient Aad = -In[1+AT/T] (d being film thickness).
Figure 3a shows the PIA spectra for neat PIDT-PhanQ at room
temperature (dashed red trace) and at 80K (red filled circles),
and for IC4BA dispersed in polystyrene at room temperature
(dashed black trace) and at 80K (black unfilled circles). As
expected, the room temperature spectra of the pure
components show almost no PIA signal: very few polarons
are formed in a pure polymer, and at room temperature the
triplet lifetime is too short to accumulate a significant
population. The PIA spectrum at 80K consists primarily of
triplet—triplet absorption in the IC4BA film. This fullerene
triplet spectrum is consistent with triplet absorption spectra for
other Cg, derivatives reported in the literature.*> However, the
PIDT-PhanQ PIA spectrum at 80K is broad and structured,
with a peak near 4 = 1100 nm and a shoulder tailing out to 4 =
1400 nm. As we show in Figure 3b, the PIDT-PhanQ PIA
features at 1400 nm (gray shaded region labeled T} in Figure 3a
and unfilled circles label T, in Figure 3b) exhibit a weaker
dependence on modulation frequency than the PIDT-PhanQ
PIA peak near 1100 nm (gray shaded region labeled P+ in
Figure 3a and red filled circles labeled P+ in Figure 3b). This
difference in modulation frequency dependence is consistent
with our assignment of the peaks to separate species. As we
discuss below, we assign the PIDT-PhanQ photoinduced
absorption in the 1400 nm T, region to PIDT-PhanQ _triplet
excitons based on their modulation dependence, temperature
dependence, and spectral line shape (cf. Supporting Informa-
tion Figure S3 and Figure S4).

Figure 3c shows PIA spectra measured at room temperature
for PIDT-PhanQ blended with PC4BM or IC4BA. Compared
to the pure polymer film, the PIDT-PhanQ:PC4BM blend
(black dashed trace in Figure 3c) exhibits a distinct peak (gray
region labeled P+) centered at 1070 nm that has a different line
shape and modulation dependence from the triplet peak
observed in the pure polymer. We observe an identical PIA
peak at 1070 nm (Supporting Information Figure S4) when
PIDT-PhanQ is blended with fullerenes S, 6, bis-PC4;BM, or
PC,BM. Although anion absorption for Cg, derivatives
typically occurs between 1000 and 1100 nm depending on
functionalization,*® we assign this 1070 nm feature as the

dx.doi.org/10.1021/ja306110b | J. Am. Chem. Soc. 2012, 134, 19661—19668
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Figure 3. (a) Photoinduced absorption (PIA) spectra of isolated
PIDT-PhanQ at T = 80 K (filled red circles) overlaid with that for
IC4,BA (unfilled black circles). Spectra acquired at room temperature
are also included (dashed red trace = neat polymer, dashed black trace
= fullerene). (b) PIA Modulation frequency dependence for neat
PIDT-PhanQ measured in the T, and P+ spectral regions shown in
Figure 3a. Data measured at T = 80K. Black lines represent dispersive
fits to the data described in Supporting Information. (c) Normalized
PIA spectra of PIDT-PhanQ:fullerene blends collected at room
temperature showing PIDT-PhanQ polaron absorption (P+) at 1070
nm when blended with PC;BM (dashed black trace) and PIDT-
PhanQ_triplet (T,) absorption when blended with IC4BA (solid red
trace). The gray regions labeled T, and P+ signify the spectral
positions of the polymer triplet and the positive polymer polaron,
respectively. Note: PIA features corresponding to anion formation on
the fullerene Cy, cage typically occur at ca. 1100 nm. However, we are
unable to resolve this feature in these particular blends, due to overlap
with the polymer cation (P+).

absorption of the polymer polaron, both because the fullerene
anion absorption is typically weaker than the polymer
absorption by a factor of 10, and because the 1070 nm peak
occurs at the identical position and shape for all (except ICBA)
of the fullerenes we have studied, including PC,;BM, where the
anion absorption is known to occur at 1350 nm.”’ In agreement
with this assignment, we observe a light-induced electron
paramagnetic resonance (LEPR) spectrum for PIDT-
PhanQ:PC4BM that is consistent with photoinduced polaron
formation (dashed black trace in Supporting Information
Figure S11).

In contrast, the PIA spectrum of the IC4BA blend at room
temperature (solid red trace in Figure 3c) shows a line shape
different from that observed for polaron formation in PIDT-
PhanQ:PC4;BM and all other PIDT-PhanQ:fullerene blends

that we have examined (Supporting Information Figure S4). In
addition, the modulation dependence of the blend spectra
(Supporting Information Figure S3b) indicate that the species
observed in the ICBA blend is much shorter-lived than the
polaron signature observed in the PCBM blend. Indeed, the
room temperature IC4BA blend PIA spectrum (Figure 3c)
overlays the pristine polymer spectrum collected at 80 K
(Figure 3a), showing a peak at 1400 nm. We thus assign this
feature in the ICBA blend to the PIDT-PhanQ polymer triplet
absorption. In support of this assignment, we also observe
stronger temperature dependence for this T feature compared
to the P+ polaron feature in our PIDT-PhanQ:PCgBM blends
(cf. Supporting Information Figure S4c and S4d).

Taken together, the photoluminescence and PIA data
indicate that the polymer singlet excitons are completely
quenched in all of the PIDT-PhanQ:fullerene blends and that
in blends of the polymer with any fullerene except ICBA the
primary species observed at room temperature are polymer
polarons. In contrast, we observe a high density of polymer
triplets in PIDT-PhanQ:ICBA blends at room temperature.
These data suggest that polymer triplets are efficiently formed
in the PIDT-PhanQ:ICBA blend, likely as a result of polaron
pair recombination, as observed in numerous donor/acceptor
systems.”">192%% Since the CT state at the D/A interface in
our systems lies 300 meV or more above the polymer triplet
energy for all of the studied blends, we believe it is unlikely that
the small increase in reduction potential of the fullerene in
moving from fullerene 6 to ICBA (a change in reduction
potential of only ca. —20 mV) would be sufficient to turn on
recombination directly from the CT state to the polymer triplet
in the ICBA blend but not in the other blends.

Instead, Figure 4a presents a proposed energy level diagram
and recombination scheme that is consistent with all of our
experimental data. Quenching of the S, states of the polymer
(1.61 eV) or the fullerene (1.69 eV) leads to either free charges
or population of the lowest energy charge transfer state (CT; =
1.44 V), which is nearly degenerate with the ICBA T; state at
1.48 eV. We propose that the fullerene triplet state may serve as
an important intermediate in the recombination process in
PIDT-PhanQ:IC4,BA blends and may decay either by Dexter
energy transfer to the polymer T, state (1.01 eV), or by direct
decay (both radiative and nonradiative) to the fullerene ground
state. We therefore return to consider the PL spectra in Figure
2b in more detail. We noted earlier that the PL spectrum for
the PIDT-PhanQ:ICBA blend exhibited structure that was
inconsistent with CT state emission. We propose that this
structured emission band instead represents fullerene phos-
phorescence, since the peak energy is consistent with reported
triplet emission for Cg, derivatives.**%%~7>

To test this hypothesis, we measured heavy-atom-sensitized
IC4BA phosphorescence at T = 80 K. Figure 4b shows the
sensitized ICBA phosphorescence obtained in ethyliodide:2-
methyltetrahydrofuran (C,H;:MeTHF, 50:50 by volume)
overlaid with the low-temperature PL from the PIDT-
PhanQ:ICBA blend. From the similarity between the sensitized
phosphorescence (T, peaks at 840 and 955 nm) and the blend
PL in the spectral region between 800 and 1000 nm we
conclude that the unusual blend PL signal is triplet emission
from the ICBA. We note that the blend phosphorescence is
surprisingly intense: it is brighter than the unstructured CT
state emission of the other polymer:fullerene blends. Indeed,
under similar conditions, the IC4BA phosphorescence in the
blend is at least six times more intense than that of the

dx.doi.org/10.1021/ja306110b | J. Am. Chem. Soc. 2012, 134, 19661—19668



Journal of the American Chemical Society

20
F.r 1.69

1.61 k.. ==
_ 1.5 Sy — CT1 1.44 ‘_::__ 1.48 T:
= 1.01 '
§ 1.0 — T, —2 k kNR k.‘i‘un’
8 DET st st
w

[=] =]
o n
I
- AAARAANS
G

a) PIDT-PhanQ Blend CT ICBA

T T T T B 600
1.0k —e-- MeTHF:ICqBA
iy ? = MeTHF:C,Hsl:ICgBA - 500 -
E., 0.8F w— PhanQ:ICg BA | o
= 400 3
g 06rg {300 2
2 1 x
5 0.4r 4200 3
& o02f 4100
(0. Q= 1 ie__1 0
700 800 900 1000 1100
b) Wavelength (nm)

Figure 4. (a) State energies and proposed recombination pathways for PIDT-PhanQ:IC¢BA charge recombination from the charge transfer state
(CT)) to the triplet state (T,) of either the polymer or the fullerene, and fullerene triplet generation occurring via this route with rate constant k. .-'".
Decay from the fullerene T, state may occur via phosphorescence with rate constant kg%, Dexter excitation transfer to the polymer T state with
rate constant kpgr, and nonradiative relaxation with rate constant kg;™". The CT| energy for the blend was determined using the correlation between
PL peak maximum and reduction potential in Figure 2d, the upper limit for the polymer T was estimated relative to the S, peak maximum based on
quantum chemical calculations and recognizing common empirical singlet—triplet splittings of AEgy = 0.60—0.75 eV>"~% for many reported
conjugated polymers. The fullerene T, energy was determined using the phosphorescence peak in (b). (b) PL spectra for IC4BA in frozen 2-
methyltetrahydrofuran (MeTHF) in the presence (solid gray trace = phosphorescence + fluorescence) and absence (filled blue circles =
fluorescence) of C,H;l are overlaid with the PIDT-PhanQ:IC4,BA blend PL (solid red trace), all measured at 80 K.

fluorescence signal observed from an IC4BA:polystyrene film
of comparable optical density (Supporting Information Figure
SS), suggesting that the fullerene triplet state is populated more
rapidly in the blend than by native singlet-to-triplet intersystem
crossing on the fullerene alone. Previous studies have shown
that changes in film morphology can affect the ratio of polarons
to triplets produced in blended donor:acceptor films.”>~"
While we cannot exclude the possibility that the low FF in our
ICBA devices may be due to differences in morphology, we can
exclude morphological coarsening as the cause of the increased
triplet population observed in the ICBA blend. In previous
work focused on controlling morphology of PIDT-PhanQ:ful-
lerene blends’® we observed no increase in triplet generation as
the length scale of phase separation was tuned from ~20 nm to
~1 pm with solvent additives. This observation suggests that
the origin of the increased triplet yield is not inherently
morphological in character.

We conclude that the increased polymer triplet yield
observed in the PIA spectroscopy of the PIDT-PhanQ:ICBA
blend is the result of Dexter energy transfer from the fullerene
triplet to the polymer triplet. The CT, state in this blend is
nearly degenerate with the fullerene T state (consistent with
the IC4BA phosphorescence observed in the blend), but below
the S, states of the polymer and the fullerene (fluorescence
quenched in the blend). Given the observed phosphorescence
from the polymer:ICBA blend, and the rapid nonradiative
decay of fullerene triplets, it is likely that only a fraction of the
triplets undergo energy transfer to the polymer. Nevertheless,
this population is much higher than the triplet population
encountered in a pristine polymer.

The lower IQE in our ICBA devices could be due to a
number of factors. For example, in theory, a decrease in the
dissociation rate of bound CT states into polarons or an
increase in CT state recombination rate could account for a
drop in IQE (cf. Supporting Information Figure S12).
However, recent results suggest that rapid charge separation
leading to efficient photocurrent collection appears to proceed
through higher lying CT states.”” In the latter case, the IQE is
dictated by the rate at which the system reaches delocalized
charge separated states relative to the formation rate of
localized CT states at the D/A interface. Similarly, we believe
that in certain systems low-lying triplet states need not limit
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efficient photocurrent collection in organic solar cells (e.g,
PIDT-PhanQ:PCBM), since the process of charge separation
may kinetically outcompete other loss processes. Additionally,
anomalously high triplet populations may not always form most
rapidly via the lowest energy triplet state, but rather through
other higher-lying triplet states that may be more kinetically
accessible (e.g., PIDT-PhanQ:ICBA). Our results demonstrate
the importance of (1) reevaluating the mechanisms by which
free charges, bound CT states, and triplets are formed and (2)
understanding how these processes influence design principles
for rational optimization of organic semiconducting materials.

B CONCLUSIONS

In summary, we observe internal quantum efficiencies of up to
95% in polymer:fullerene blend solar cells for which the driving
force for direct recombination from the relaxed CT), state to the
polymer triplet state is ~300 meV. This result is in contrast to
both intuition and successful empirical guidelines”'>'*~>* for
device optimization that suggest recombination should proceed
through the polymer triplet state under such circumstances. On
the other hand, as the charge transfer state energy is raised via
fullerene derivatization, we do observe evidence for large triplet
populations on both the polymer and fullerene, but only after
the energy of the charge transfer state is raised close to the
energy of the fullerene T), indicating that the fullerene is the
gateway to the triplet species we observe at room temperature
in the photoinduced absorption spectroscopy for this blend. It
is unclear if the increased triplet population in the ICBA blend
is the cause, or merely a symptom, of the failings of this blend.
Nevertheless, we find the correlation an interesting one that
may warrant study in the future.

We believe these observations are compatible with reports
that charge separation occurs primarily from higher lying “hot”
CT states.”” In that scenario, the escape of charge carriers from
the donor/acceptor interface would predominantly occur prior
to localization into the relaxed CT state, making the energy of
the cooled CT state relative to the polymer triplet less
important than the kinetics of carrier escape from the D/A
interface relative to those of cooling to the relaxed CT state.
Increased triplet yields would then result either from
bimolecular recombination of photogenerated carriers, or
from relaxation of a cooled CT state (geminate or bimolecular),
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via the most kinetically accessible triplet state. While our results
suggest that nearly 100% internal quantum efliciency can be
achieved in OPV systems where photocurrent collection can
kinetically outcompete recombination via low-lying polymer
triplet excitons, we note that we do expect bimolecular
recombination via polymer triplet states under a resistive
load, where charge carriers are not extracted quickly or at open
circuit.

These results suggest two important considerations for the
optimization of organic solar cells. First, as noted before, the
fullerene triplet can serve as an important recombination
intermediate, especially in blends where a substantial portion of
the light is absorbed by the fullerene.'*'®”® Second, and more
importantly, photocurrent losses via triplet states may be
avoided kinetically as a result of either slow triplet formation or
fast carrier escape from the interface. We speculate that kinetic
strategies such as modulating local dipole moments, tailoring
dielectric constants, optimizing interfacial electronic coupling,
and controlling reorganization energies might be fruitful
approaches to overcome losses when attempting to maintain
high photocurrents in high V¢ organic solar cells.
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