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ABSTRACT: Minimization of open-circuit-voltage (VOC) loss is required to transcend the efficiency limitations on the
performance of organic photovoltaics (OPV). We study charge recombination in an OPV blend comprising a polymer donor
with a small molecule nonfullerene acceptor that exhibits both high photovoltaic internal quantum efficiency and relatively high
external electroluminescence quantum efficiency. Notably, this donor/acceptor blend, consisting of the donor polymer
commonly referred to as PCE10 with a pseudoplanar small molecule acceptor (referred to as FIDTT-2PDI) exhibits relatively
bright delayed photoluminescence on the microsecond time scale beyond that observed in the neat material. We study the
photoluminescence decay kinetics of the blend in detail and conclude that this long-lived photoluminescence arises from
radiative nongeminate recombination of charge carriers, which we propose occurs via a donor/acceptor CT state located close
in energy to the singlet state of the polymer donor. Additionally, crystallographic and spectroscopic studies point toward low
subgap disorder, which could be beneficial for low radiative and nonradiative losses. These results provide an important
demonstration of photoluminescence due to nongeminate charge recombination in an efficient OPV blend, a key step in
identifying new OPV materials and materials-screening criteria if OPV is to approach the theoretical limits to efficiency.

■ INTRODUCTION

For a solar cell absorber to reach its theoretical maximum
efficiency, the following requirements must be met: (1) the
material must generate charge efficiently following the
absorption of light, and; 2) recombination at open circuit
should proceed only via a necessary reciprocal radiative
process.1,2 These arguments, based on the principles of
detailed balance,3 apply to all solar cell materials, from
single-crystal GaAs and hybrid perovskites to organic donor/
acceptor blend systems. Indeed, eq 1 quantifies the maximum
achievable open circuit voltage for a material based on the

external luminescence efficiency for free charge recombination
(ηext):

4

V V
kT
q

ln( )OC OC,ideal extη= +
(1)

This approach, emphasizing the importance of radiative free
charge recombination, has been successfully applied to
enhance open circuit voltages and power conversion
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efficiencies in a wide range of established and emerging
photovoltaic technologies.4−8 The current picture of organic
photovoltaic operation focuses on free charge generation and
subsequent recombination occurring through a manifold of
weakly luminescent states formed at the interface between
electron donor and acceptor phases (so-called “charge transfer”
or “CT” states).9−15

From the analysis above, it follows that in an ideal organic
photovoltaic material, 100% of photoexcitations should result
in harvestable charges, and those photogenerated charges
should recombine nongeminately via the CT state with 100%
radiative efficiency, giving the blend a photoluminescence
quantum efficiency (PLQE) of unity.
However, contrary to the relationship dictated by eq 1, for

over two decades common practice in the field of organic
photovoltaics has been to screen blend materials by evaluating
their photoluminescence quenching efficiency (compared to
the PLQE of their neat components) in contactless thin films,
as the quenching of singlet exciton emission from the donor
and acceptor components of the blend is taken to infer that a
charge transfer event has taken place, based on the assumption
that emission from the CT state is negligible.16,17 While this
method has been very successful for identifying blends that can
efficiently generate charge, one might argue that it has delayed
progress by pushing the field toward pairings of materials such
as fullerene acceptors with intrinsically low PLQE.18 In such
materials, charges inevitably recombine through CT states with
large losses to nonradiative recombination channels, as the
vibrational modes that facilitate nonradiative recombination in
the parent materials can couple with the CT states,19 leading to
large deficits in the maximum achievable open circuit voltage
(VOC).

9,20 Indeed, for polymer/fullerene solar cells with typical
external radiative efficiency values in the range of 10−7−10−4%,
this voltage loss due to nonradiative recombination is

considerable (350−550 mV),20−22 and indeed quite close to
the excess “voltage deficit” these materials exhibit below the
radiative limit as one would estimate from eq 1.20−22 In this
context, much work has focused on understanding and
reducing nonradiative recombination pathways involving CT
states at the interface between polymers and fullerenes.19,20,23

Recently, non-fullerene acceptors, both polymers and small
molecules, have gained increasing attention, especially as their
photovoltaic performance has matched and then exceeded that
of polymer/fullerene blends.24−30 Frequent advantages are
cited in that they exhibit tunable and complementary
absorption spectra that can improve light harvesting, and
that they offer wider and more facile ranges of energy level
tuning compared to fullerene acceptors. However, another
compelling advantage of nonfullerene acceptors is the
possibility that these materials may move the field out of the
local minimum of radiative efficiency that resulted from
optimization on photoluminescence quenching using polymer/
fullerene pairings. Although worries persist that the high
density of vibrational states that classically facilitate non-
radiative recombination in large aromatic organic molecules31

could lead to high rates of nonradiative recombination in an
organic donor/acceptor system, it is encouraging to note that
in the field of organic light emitting diodes similar
intermolecular donor/acceptor exciplex states with very high
photoluminescence quantum efficiency (20%) have been
achieved,32 whose properties can be tuned using a variety of
different molecular engineering approaches.33,34 Furthermore,
recent advances in OPV over the last several years using
nonfullerene acceptor molecules have led to devices with
external electroluminescence quantum efficiencies (EQEEL) on
the order of 10−3−10−2%,7,8 which are high by the standards of
polymer/fullerene blends.20,35 While the EQEEL determines
the nonradiative voltage loss of the solar cell itself,2 the

Figure 1. a Chemical structures of PCE10 and FIDTT-2PDI. b UV−vis absorption spectrum of thin films of PCE10, FIDTT-2PDI, and a 1:1
PCE10:FIDTT-2PDI blend. c The energy states (IE*/IE and EA/EA* for donor and acceptor, respectively)40 estimated based on the
electrochemical energy levels reported in the literature for PCE1041 and FIDTT-2PDI42 and their optical bandgaps (see SI Section S13.2 for
details). Dotted line in b corresponds to AM1.5 global standard solar spectrum (ASTMG173).
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nonradiative recombination currents in a device can be
influenced by parameters such as interface recombination at
contacts36,37 and leakage currents,38 which are not strictly
related to the intrinsic properties of the absorber material.
Therefore, from a materials screening perspective, it is
important to study OPV absorber materials that demonstrate
the process of radiative recombination of photogenerated free
charge.
Herein we study this question using a model blend system

based on the donor polymer poly[[2,6′-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,3-b] dithiophene] [3-fluoro-
2[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]]
(“PCE10”) and a pseudoplanar, small-molecule, nonfullerene
acceptor consisting of an indacenodithieno[3,2-b]thiophene
unit chemically fused with two perylene diimides (“FIDTT-
2PDI”). This blend exhibits close to 80% photovoltaic internal
quantum efficiency (IQEPV) at short circuit, and exhibits
relatively low VOC loss (for organic photovoltaics) due to
nonradiative recombination (ΔVnr) of <300 mV (see below).
Using time-resolved photoluminescence spectroscopy, we
show that this blend exhibits radiative nongeminate recombi-
nation of photogenerated free charges out to microsecond time
scales. Furthermore, we relate the low voltage losses to the
microstructural and molecular properties of the blend and
show that despite an apparently low driving force for charge
transfer, the PCE10:FIDTT-2PDI system generates charge on
early (picosecond) time scales. Together, these results
demonstrate that the combined properties of efficient charge
generation and photoluminescence due to nongeminate
radiative recombination of charge are indeed possible in an
efficient OPV blend, which demonstrates materials selection
metrics that are needed to select OPV blends that will
inherently achieve VOC’s closer to the theoretical limits.

■ RESULTS AND DISCUSSION

Molecular Properties and Device Results. Figure 1a
shows the molecular structure of the polymer donor and small
molecule acceptor we use for these studies. This system
comprises a blend of the widely used low band gap donor−
acceptor alternating copolymer, PCE10, and a small molecule
acceptor based on an acceptor−donor−acceptor (A−D−A)
type structure which we refer to as FIDTT-2PDI. A fused-ring
aromatic indacenodithieno[3,2-b]thiophene (IDTT) unit is
used as a central donor aromatically fused with two electron

withdrawing units of perylene diimide (PDI). The detailed
synthetic route for FIDTT-2PDI is described in the Supporting
Information (see SI Section S13). The IDTT core has been
widely utilized24 and its rigid ladder-type structure has the
advantage of promoting π−π stacking. However, the
introduction of bulky alkyl side chains could lead to the
dominance of intermolecular interactions occurring among the
end groups.28,39 With these factors in mind, we hypothesized
that the aromatic fusing of IDTT and PDI unit could facilitate
more crystalline solid state structures through the pseudopla-
nar configuration of a wide π-plane extended over the IDTT
and PDI units. Figure 1b shows the UV−vis absorption spectra
of thin films of FIDTT-2PDI, PCE10, and a 1:1 PCE10:-
FIDTT-2PDI blend. The FIDTT-2PDI acceptor has an optical
absorption onset around 1.8 eV and strong absorption features
in the range of 2.5−3.0 eV, which complements the absorption
spectrum of the lower bandgap PCE10 and gives the
PCE10:FIDTT-2PDI blend strong spectral absorption in the
range of ∼1.6−3.5 eV.
Figure 2a shows the corresponding photovoltaic external

quantum efficiency (EQEPV) spectrum of a solar cell based on
a 1:1 PCE10:FIDTT-2PDI blend (see Experimental Methods
section for device structure). The device demonstrates a good
incident photon to charge collection efficiency close to 70% at
the absorption maximum of the PCE10:FIDTT-2PDI blend.
Furthermore, the photovoltaic internal quantum efficiency
(IQEPV) is high at ∼70−80% across the full absorption
spectrum of PCE10:FIDTT-2PDI (see SI Figure S3d and
Section S3), which demonstrates that the conversion of
absorbed photons to free charges, and their resulting collection
is efficient in this system. From the EQEPV spectrum, we can
also calculate the short-circuit current (JSC) of the device using
the AM1.5 solar spectrum, which we find to be 13.2 mA/cm2,
in good agreement with the device performance measured
under simulated AM1.5 illumination (Figure 2b).
Moving to examine nonradiative voltage losses, Figure 2a

plots the external electroluminescence quantum efficiency
(EQEEL) as a function of injected current density (Jinj) near the
JSC for the solar cell operating under AM1.5 illumination. This
current density is equivalent to the recombination current in
the solar cell under 1 sun illumination and biased at the open-
circuit voltage (VOC).

9 Figure 2a shows that the EQEEL under 1
sun equivalent injection conditions is approximately 1 ×
10−3%. Although well below values for GaAs and perovskite

Figure 2. a EQEPV spectrum of a 1:1 PCE10:FIDTT-2PDI device (inset: EQEEL of a 1:1 PCE10:FIDTT-2PDI device displayed as a function of
injected current density near 1 sun injection conditions). b Photovoltaic performance of a device based on 1:1 PCE10:FIDTT-2PDI blend
measured under simulated AM1.5 illumination. c EQEPV spectrum of 1:1 PCE10:FIDTT-2PDI measured using sensitive lock-in techniques to
resolve the sub-bandgap absorption tail, along with the normalized electroluminescence spectrum. The blue line shows the EQEPV tail recreated
from the EL spectrum (ϕEL) and blackbody radiation spectrum (ϕBB), demonstrating the reciprocity relationship between the subgap EQEPV and
EL spectrum.
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materials, this value is still among the highest values reported
to date in an OPV device7,8 and corresponds to a nonradiative
voltage loss of only ∼292 meV which is among the lowest
reported for an OPV device.20 A complete understanding of
the VOC loss can be gained by analyzing the sub-band gap
EQEPV spectrum and electroluminescence (EL) spectrum in
the framework of the reciprocity relations between the
photogeneration and radiative recombination of free
charge.2,21,22,43 Following the approach taken by Nelson,21

Kirchartz,22 and Rau,2 we use the electroluminescence
spectrum measured at 1 sun equivalent injection to recreate
and extend the sub-bandgap tail of the EQEPV spectrum
measured using photocurrent spectroscopy to calculate the
nonideal radiative VOC loss arising due to a nonstep-like band
edge (absorption edge broadening).21,22

We first experimentally validate the reciprocity between the
electroluminescence of PCE10:FIDTT-2PDI and the sub-
bandgap EQEPV spectrum by using the EL spectrum measured
at 1 sun equivalent injection conditions (ϕEL) and the
blackbody radiation spectrum at 295 K (ϕBB) to recreate the
tail of the EQEPV spectrum,9,21,44 which is shown by the blue
line labeled as ϕEL/ϕBB in Figure 2c and overlaid on the tail of
the measured EQEPV spectrum (see SI Section S2 for details
on recreating the EQEPV tail). Using the recreated EQEPV
spectrum extended down to low energies, we can then
calculate the radiative saturation current J0

rad to estimate the
nonideal radiative VOC loss (ΔVOC

rad ) using eqs 2 and 3:

J q E E EEQE ( ) ( ) d0,rad 0
PV BB∫ ϕ=

∞

(2)

i

k

jjjjjj
y

{

zzzzzzV
kT
q

J

J
lnOC

rad 0
SQ

0
radΔ =

(3)

Using eqs 2 and 3 we calculate ΔVOC
rad to be ∼68 mV, which

is on the very low end of most OPV systems21,22 and indicates
a sharp absorption edge suggesting a low degree of disorder at
the band edge. Considering a Shockley-Queisser limited VOC
of 1.381 V for a solar cell with a bandgap Eg

PV = 1.655 eV (see
SI Section S1 for determination of Eg

PV), our measured values
for ΔVOC

rad (∼68 mV) and ΔVOC
nonrad (292 mV) account

quantitatively for the experimentally measured VOC of 1.06 V
(see SI Section S2 for full voltage loss analysis).
The collective device results demonstrate several important

points about the PCE10:FIDTT-2PDI system: when incorpo-
rated in a solar cell, PCE10:FIDTT-2PDI shows not only
efficient photoinduced free charge generation (IQEPV), but
also relatively efficient luminescence (EQEEL) due to the
recombination of injected free charge. Furthermore, by
demonstrating the reciprocity between the EL and the
EQEPV spectra in Figure 2c, we conclude that the EL spectrum
also represents the emission spectrum for the recombination of
photogenerated free charge in PCE10:FIDTT-2PDI.2 These
properties make the PCE10:FIDTT-2PDI system well suited
for studying the recombination of photogenerated free charge
in photoluminescence, as we next turn to explore.

Photoluminescence from Radiative Nongeminate
Charge Recombination. We study the radiative decay
kinetics of pristine films of PCE10:FIDTT-2PDI using time-
resolved photoluminescence spectroscopy by selectively
exciting the PCE10 donor at 735 nm (1.69 eV). Importantly,
this blend and excitation scheme allows us to monitor the
decay kinetics of PCE10 polymer excitons and CT states
without any competing kinetic processes due to energy transfer
from FIDTT-2PDI to PCE10. In particular, we chose 735 nm
as the excitation wavelength to selectively excite PCE10
because of the high (∼69%) IQEPV of the PCE10:FIDTT-
2PDI device at this wavelength compared to redder wave-
lengths in the IQEPV spectrum, which maximizes the
probability that charge generation would occur upon photo-
excitation. In Figure 3a, we compare the time-resolved
photoluminescence decay of neat PCE10 with PCE10:-
FIDTT-2PDI over a time window of 50 ns. At early times
(∼0−2 ns), we observe a faster decay in PCE10:FIDTT-2PDI
than neat PCE10, which indicates fast quenching of the initial
excited state (singlet excitons on PCE10) due to charge
transfer, as is typically seen in donor/acceptor OPV
blends.45,46 However, beyond 2 ns, we observe a long-lived
delayed luminescence tail that extends out past the 50 ns time
window in the PCE10:FIDTT-2PDI blend. In contrast, we
observe no such tail in the neat PCE10 f ilm, where the
photoluminescence decays to the noise level at around 10 ns.

Figure 3. a. Time-resolved photoluminescence (PL) decays of neat PCE10 and 1:1 PCE10:FIDTT-2PDI following selective excitation of PCE10 at
735 nm (1.69 eV). The PCE10:FIDTT-2PDI blend exhibits a delayed luminescence tail extending beyond the 50 ns time window, (inset: early time
(0−3 ns) time-resolved PL decay of PCE10 and PCE10:FIDTT-2PDI, showing fast initial quenching of the PCE10:FIDTT-2PDI luminescence).
b. time-resolved PL decay of 1:1 PCE10:FIDTT-2PDI extended into the microsecond time window for two excitation fluences (1.7 μJ/cm2/pulse
and 17 μJ/cm2/pulse), showing that the time-resolved PL tail exhibits fluence dependent kinetics characteristic of nonfirst order recombination. c.
Time-integrated spectra from the time-resolved PL measurements showing that the emission redshifts during the long-time tail of the PL decay
(20−180 ns) compared to the early time spectrum (0−20 ns). The steady-state PL spectrum of neat PCE10 and the EL spectrum of 1:1
PCE10:FIDTT-2PDI are shown overlaid on the 0−20 ns and 20−180s spectra, respectively. We note that the EL spectrum presented here is from
the same data as Figure 2c but is smoothed by a low-pass filter (see SI Section S5 for details).
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Delayed luminescence in neat polymer films has been widely
studied, and is typically attributed to delayed fluorescence due
to triplet−triplet annihilation47−49 or phosphorescence50,51

(the latter being observed only at cryogenic temperatures). On
the contrary, delayed luminescence is less commonly reported
in donor/acceptor blends: more often the photoluminescence
of a donor/acceptor blend is strongly quenched due to charge
transfer (followed by predominantly nonradiative decay),
resulting in a faster observed photoluminescence decay in
the blend than for either neat component.52−54 There have
been a few studies reporting long-time luminescence tails in
organic donor/acceptor blends,45,55−65 which have been
explained almost exclusively as resulting from geminate
recombination from a CT/exciplex state45,55−59,62 or very
rarely as radiative nongeminate charge recombination via a
similar intermediate state.60,61

Here, we consider that the long luminescent tail that we
observe in the PCE10:FIDTT-2PDI blends could arise from
one of these possibilities, notably: (1) it could be the result of
radiative nongeminate recombination of free charges; (2) it
could result from slow geminate recombination of trapped CT
states, or (3) it could result from the interplay of long-lived
triplet states.
To test these possibilities further and distinguish whether

the radiative recombination is due to a geminate or
nongeminate process, we compare the photoluminescence
decays at room temperature as a function of excitation fluence.
Figure 3b shows the photoluminescence decay of the
PCE10:FIDTT-2PDI blend extended out to a 1 μs time
window, for two pump fluences that differ by an order of
magnitude (1.7 μJ/cm2/pulse and 17 μJ/cm2/pulse). The
decay kinetics of the delayed photoluminescence demonstrates
a clear fluence-dependent increase in the decay rate with
increasing pump fluence. A fluence-dependent increase in the
apparent recombination rate is a clear indication of a nonfirst
order process,13,66 which suggests that the delayed photo-

luminescence does not arise from geminate CT recombination
which should otherwise show first order kinetics, and can
therefore be attributed to a nongeminate recombination
process.
Figure 3c shows the time-integrated spectra from the time-

resolved photoluminescence data in Figure 3b during the
prompt (0−20 ns) and delayed (20−180 ns) time ranges. The
prompt emission spectrum (0−20 ns) overlays well with the
steady-state photoluminescence spectrum of PCE10 (black
dashed line in Figure 3c), which is consistent with
comparatively bright initial emission from PCE10 at early
times before quenching occurs (as shown in the inset of Figure
3a). Although the signal-to-noise is low in the delayed
photoluminescence spectrum (20−180 ns), we can see a
clear redshift of the emission during the fluence-dependent
emission tail, with the long-time spectrum showing good
agreement with the electroluminescence spectrum of the
PCE10:FIDTT-2PDI device (red dashed line in Figure 3c). As
demonstrated earlier, the reciprocity between the electro-
luminescence spectrum and EQEPV spectrum (Figure 2c)
implies that the electroluminescence spectrum represents the
emission spectrum for photogenerated free charges.2 We thus
consider the good spectral alignment between the electro-
luminescence and the time-delayed photoluminescence as
evidence that the delayed photoluminescence in PCE10:-
FIDTT-2PDI arises from the nongeminate recombination of
photogenerated charge carriers.
To further test our hypothesis that the delayed photo-

luminescence arises from the nongeminate recombination of
charges, we use transient absorption (TA) spectroscopy to
characterize the intensity-dependent excited state kinetics on
the ns−μs time scale. Figure 4a shows the decay of the
photoinduced absorption feature corresponding to the PCE10
polaron (see SI Section S10 for assignment of the TA feature
and SI Section S8 for details about data processing). The
polaron absorption measured via TA exhibits fluence-depend-

Figure 4. a. Fluence dependent photoinduced absorption decay of the polaron spectral feature from transient absorption (TA) spectroscopy.
Results for the TA decay from the global fits to the TA and PL data sets based on the model in b are shown as black dashed lines. TA data is
numerically smoothed for visual clarity, see SI section S8 for details. b. Schematic of the bimolecular decay model used to globally fit the
photoluminescence (PL) and TA data. c. Fluence dependent time-resolved PL data along with the results for the PL decay based on the global
fitting of the TA and PL data sets.
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ent kinetics on the same time scale as the delayed
photoluminescence when excited at the same wavelength
(735 nm) with comparable pump fluences (3.0 μJ/cm2/pulse
and 18.1 μJ/cm2/pulse). Taken together, this data provides
further evidence for the nongeminate recombination of
photogenerated charge to explain the long photoluminescence
tail.
To compare the TA kinetics to the delayed photo-

luminescence in a more quantitative fashion, we use a
simplified model for bimolecular recombination resulting in
radiative and nonradiative decay to perform global fits of both
the time-resolved photoluminescence data and the transient
absorption data. In this approach, we fit all of the fluence-
dependent TA and time-resolved photoluminescence data sets
simultaneously using a common set of parameters using the
bimolecular recombination model as shown schematically in
Figure 4b.
Briefly, we model the time-dependent free-carrier population

(FC), PCE10 exciton population (S1), and CT state
population (CT), using a set of coupled ordinary differential
equations (see SI Section S4 for more details about the model
and simulation parameters). As shown in Figure 4b, in this
model the luminescent recombination of charge in PCE10:-
FIDTT-2PDI occurs via a CT state, which is consistent with
the observation of a red-shifted electroluminescence spectrum
in the PCE10:FIDTT-2PDI blend compared to either of the
neat components (see SI Figure S5b).
Figure 4a, c shows the results of the global fits to the TA and

time-resolved photoluminescence data. The fits converge with
a bimolecular charge recombination rate of kbi = 2.23 × 10−11

cm3/s, which is of similar order of magnitude for bimolecular
charge recombination rates measured in a wide range of OPV
blends.67 Furthermore, by allowing the radiative and non-
radiative recombination rates of the CT state to vary in the fit,
we extract a monoexponential lifetime τCTmono

for the CT state

of ∼3.97 ns (where τCTmono
= 1/(kCTrad

+ kCTnonrad
)) which is in

good agreement with monoexponential CT lifetimes reported
in the literature,57,63,64 and a PLQE for the CT state of 1.36 ×
10−2%, which is consistent with the value that we estimate for

the CT PLQE based on steady state photoluminescence
measurements (see SI Section S7).
We point out that our model only requires the basic

assumption of second order kinetics for nongeminate charge
recombination (as opposed to many other models in the
literature that require empirical reaction orders to fit
nongeminate kinetics in OPV systems68,69), and based on
this simplified model we consider the global fits to the TA and
photoluminescence data to be very good. We consider that the
agreement between the fit to the polaron decay in the TA data
and the time-resolved photoluminescence data based on a set
of common reasonable parameters, along with the agreement
between the delayed photoluminescence spectrum and the EL
spectrum to be strong evidence in favor of the origin of the
delayed photoluminescence in PCE10:FIDTT-2PDI resulting
from the radiative nongeminate recombination of free charge.
Returning to the possibility that the long nongeminate

photoluminescence tail could arise from the dynamics of triplet
states,47−49,59 we note that Gelinas et al.59 observed fluence-
dependent delayed luminescence in F8BT:PFB polymer/
polymer blends at low temperature (10 K), which they
attributed to triplet−triplet annihilation. We believe that
triplet−triplet annihilation is an unlikely origin for the delayed
photoluminescence observed in our system based on (1) the
stronger delayed photoluminescence tail in the blend
compared to the PCE10 which would be inconsistent with
the formation of triplets via intersystem crossing from the
PCE10 singlet; and (2), the radiative lifetime obtained for the
emissive state in the delayed photoluminescence from our
global fits to the data in Figure 4a, c, which is inconsistent with
the expected radiative lifetime if the emissive state were due to
triplet−triplet up-conversion, regardless of the origin of triplet
formation (see SI Section S9 for a detailed discussion).
We note that Keivanidis et al.60,61 have also observed

delayed luminescence in polymer/small molecule blends of
F8BT:PDI and related systems, which they also attributed to
the nongeminate recombination of charge via exciplex
emission. However, in contrast to the PCE10:FIDTT-2PDI
system studied here, solar cells based on F8BT:PDI systems

Figure 5. a 2D grazing-incidence X-ray diffraction patterns of neat and blend films at optimized conditions and b their 1D line-cuts in out-of-plane
(solid lines) and in-plane (dotted lines) directions. c Thickness normalized and Lorentz-corrected resonant soft X-ray scattering profiles acquired at
283.4 eV. The unfused version of FIDTT-2PDI is included for comparison, which has similar long periods with lower domain purity. d Subgap
EQEPV spectra and e. EQEEL with respect to applied voltage for neat and blend films. Dotted lines in d demonstrates an Urbach energy of 28 meV.
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generally exhibit low charge generation efficiency (EQEPV not
exceeding ∼17%) and poor device performance (PCE <
0.1%),70 raising the possibility that efficient radiative
recombination of nongeminate polarons and efficient charge
separation/extraction might be mutually exclusive processes.
Importantly, we point out that the PCE10:FIDTT-2PDI
system we study here appears to generate photocurrent
efficiently (EQEPV approaching 70%), and exhibits photo-
luminescence due to the radiative nongeminate recombination
of charge. Given that efficient charge generation and radiative
nongeminate recombination of photogenerated charge are
basic requirements needed to approach theoretical efficiency
limits for solar cells, we believe that finding other organic
donor/acceptor systems that exhibit maximum efficiencies for
these processes simultaneously will be an important step
toward selecting materials to realize higher VOC and ultimately
the highest power conversion efficiencies. To further under-
stand the VOC losses in our system, we next turn to examine
the possible molecular and morphological origins related to the
low VOC losses in the PCE10:FIDTT-2PDI blend.
Molecular and Microstructural Aspects of Low

Voltage Loss. To gain further insight into the voltage losses
of the PCE10:FIDTT-2PDI blend with respect to the
molecular properties of the FIDTT-2PDI acceptor, we
investigate the microstructure of both neat acceptor and
blend films, and the physical structure of donor/acceptor
interfaces, using 2D grazing-incidence wide-angle X-ray
scattering (2D GIWAXS) and resonant soft X-ray scattering
(RSoXS).71,72 Figure 5a depicts the 2D GIWAXS patterns of
neat FIDTT-2PDI and the PCE10:FIDTT-2PDI blend films,
and Figure 5b shows their 1D profiles in both the out-of-plane
and in-plane directions. The neat FIDTT-2PDI film exhibits
characteristic diffraction peaks at 0.33 Å−1 (in-plane), 0.42 Å−1

(out-of-plane) and 1.64 Å−1 (out-of-plane). The d-spacings of
these peaks of FIDTT-2PDI are slightly different from those of
the lamellar stacking (0.29 Å−1) and π−π stacking (1.59 Å−1)
of PCE10, respectively. Interestingly, both crystal diffraction
peaks of FIDTT-2PDI are more pronounced in the blend,
along with the formation of preferential face-on orientation of
PCE10 as exhibited by the pronounced (010) peaks in the out-
of-plane direction. This level of molecular order suggests the
molecules in the bulk heterojunction have formed self-
aggregated domains. However, due to the strong intermo-
lecular interactions, it is also possible that unfavorable domains
(larger than the exciton diffusion length) could form, although
in such cases one would expect a decrease in device
performance.
We next probe the domain characteristics of the

PCE10:FIDTT-2PDI blend with resonant soft X-ray scattering
(RSoXS). Figure 5c shows the Lorentz-corrected RSoXS
profile of the blend acquired at 283.4 eV, where the material
contrast is maximum. The average domain purity can be
quantified by a parameter called the mean-square composition
variance, which scales with the area integration of RSoXS
profile normalized by film thickness and materials contrast.71

By comparing the blend morphology of FIDTT-2PDI and its
unfused version, we find that the mean-square variance of the
PCE10:FIDTT-2PDI system is ∼1.5 times of that of its
unfused counterpart. Additionally, the profile in Figure 5c is
well fitted to a single log-normal distribution. Assuming the
samples are globally isotropic in 3 dimensions, the length scale
of domains can be estimated by 2π over q of the scattering
peak. The long period extracted from the profile of the

PCE10:FIDTT-2PDI film is estimated to be 33 nm, which
agrees well with the size scale measured in transmission
electron microscopy showing well-distributed crystal domains
(see SI Figure S12). Consequently, these results indicate that
crystalline domains maintaining reasonable long periods of
approximately 33 nm and relatively higher domain purity are
formed in the PCE10:FIDTT-2PDI blend.
Importantly, the observation of high domain purity and

ordered packing is also well-correlated with the low degree of
disorder-induced broadening of the EQEPV tails in the
PCE10:FIDTT-2PDI blend. Figure 5d compares the subgap
EQE spectra of neat PCE10 and PCE10:FIDTT-2PDI blend
devices. As compared to the EQEPV of neat PCE10, it is clear
that the blend film exhibits only a subtle broadening of the
band edge with an Urbach energy as low as 28 meV, which we
attribute to a narrow density of subgap states in the
PCE10:FIDTT-2PDI blend.15,73 Furthermore, a comparison
of the EL spectra between neat PCE10 and the PCE10:-
FIDTT-2PDI blend (SI Figure S5b) shows that the EL
emission peak in the blend is only ∼45 meV red-shifted
compared to that of neat PCE10. On the basis of these
observations we hypothesize that charge recombination occurs
via a narrow distribution of high energy charge transfer states.
We note that, in the common theory used to analyze CT

state absorption and emission, the peak of the electro-
luminescence spectrum occurs at an energy equal to (ECT −
λ), where ECT is the CT state energy and λ is the
reorganization energy, the latter is related to the geometric
relaxation of the molecule following absorption or emission
between the ground and excited CT complex.43 On the basis of
the position of the EL peak (1.45 eV) in the PCE10:FIDTT-
2PDI blend, and considering that the upper limit of ECT should
not exceed Eg

PV = 1.655 eV (the S1 energy of PCE10), we can
estimate an upper limit on λ of ∼0.2 eV. We take this value for
λ to be a conservative upper limit since the ∼45 meV red-
shifted electroluminescence spectrum suggests that ECT is
several 10s of meV lower than Eg

PV. Indeed, based on fitting the
EQEPV and EL spectra to the model derived by Vandewal and
co-workers43 where the value of λ is further constrained to fit
the width of the EL spectrum and EQEPV tail, we find that λ is
closer to 0.15 eV (see SI Section S10 and Figure S10), which
falls on the very low end of values for λ that have been
reported for polymer/small molecule acceptor blends (λ ≈
0.1−0.4 eV).43,74,75 Both the crystallographic results and CT
state analysis suggest a microscopic origin−specifically low
interfacial disorder and a small reorganization energy−for the
low nonideal radiative voltage loss (ΔVOC

rad ) calculated based on
the EL and EQEPV reciprocity analysis in Figure 2e above.
In addition to affecting the nonideal radiative voltage loss,

recent work has highlighted the role of both high ECT and
small λ in mitigating inherent nonradiative recombination from
the excited state CT complex, originating from the skeletal
chemical bonding.19,20 We can speculate that the small λ for
the CT transition may be associated with the structural rigidity
of the FIDTT-2PDI acceptor due to its aromatically fused
structure, which may be responsible for helping mitigate
nonradiative recombination from the CT state.19,76 Most
obviously, the suppression of nonradiative pathways in films of
neat FIDTT-2PDI is evident from its PLQE of 5%, which
exceeds that of neat PCE10 (PLQE = 3%, see SI Section S6 for
details about PLQE measurements of the neat materials) and is
orders of magnitude higher than PLQE values measured for
fullerenes.18 In addition, the EQEEL of neat FIDTT-2PDI
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(Figure 5e) reaches efficiencies up to 0.1%, which is
comparable to the EQEEL typically measured for crystalline
silicon solar cells21 and for another common acceptor molecule
with a rigid IDTT core, ITIC.75 Therefore, we postulate that
the inherent properties of the neat FIDTT-2PDI molecule that
allow it to achieve high radiative efficiency on its own may be
helping to suppress nonradiative decay pathways via the CT
state in the PCE10:FIDTT-2PDI blend.
Ultrafast Charge Transfer Kinetics. On the basis of the

above analysis we hypothesized that charge recombination
occurs via a narrow distribution of high-energy CT states, in a
highly crystalline, well ordered material. The energetic offset
between the CT state energy and the excited state of the donor
or acceptor,8 and the energetic gradient between carriers in
ordered and disordered regions of the material,77−81 have both
been posited as primary driving forces for charge separation.
However, since the PCE10:FIDTT-2PDI blend minimizes
both of these potential driving forces, it is interesting to
consider the charge transfer dynamics in this blend given its
relatively high IQEPV values.
To understand the kinetics of the initial charge generation

process, we performed femtosecond transient absorption
spectroscopy. Figure 6a, b shows pseudocolor plots of the
evolution of the excited state absorption (ESA) and ground
state bleach (GSB) features. Due to the energetic separation of
their absorption onsets (Figure 1c), FIDTT-2PDI and PCE10
exhibit distinct ground state bleach spectra. On the basis of
preliminary assignments of the spectral features (see Figure 6c

and SI Section S11), we attribute the ESA features at 700 nm,
900 nm, and a broad feature centered at 1500 nm correspond
to the charged species of FIDTT-2PDI, while we assign the
features at 1150 and 1400 nm to the polaron and singlet state
of PCE10,82 respectively. For measurements on the blend
films, we selectively excited PCE10 using 735 nm excitation at
a fluence of 2.7 μJ/cm2/pulse, which corresponds to excitation
densities on the order of ∼1017/cm3. As noted earlier, the
selective excitation of PCE10 below the band edge of FIDTT-
2PDI simplifies interpretation of the data by allowing us to rule
out effects due to energy transfer from FIDTT-2PDI to
PCE10.
The green trace in Figure 6d shows the combined kinetics of

the PCE10 polaron and the tail of broad PCE10 singlet ESA
features. The initial fast decay of the ESA at 1150 nm results
from singlet decay (quenched lifetime of 3 ps), which is then
dominated by decay of the polaron feature (see SI Section S11
and Figure S11.3 for global analysis). The invariance of the
peak position as well as its fluence dependence (see SI Section
S11 and Figure S11.3) indicate that the polaronic feature
becomes charge separated state rather than remaining in the
initial geminate polaron pair.83,84 Therefore, we deduce that
the majority of charges are separated faster than the geminate
decay through CT states (τCT = 3.97 ns based on the modeling
of the delayed photoluminescence, see SI Section S4). The
excited state kinetics in neat PCE10 are included in SI Section
S11 for comparison. Interestingly, the GSB of FIDTT-2PDI
shows an obvious signature of charge transfer, with a

Figure 6. Pseudocolor plot broadband transient absorption spectra of a neat FIDTT-2PDI films and b PCE10:FIDTT-2PDI blend films at
processed optimized conditions. c Initial (2 ps) spectra of photoinduced absorption and bleaching for neat and blend materials excited at 500 nm
pump wavelength. The spectral features are labeled by the assignments. d Kinetic traces of the spectral features in b. The pseudocolor plots are
based on 0.03 isosurface on normalized scale. The FIDTT-2PDI signals are normalized to ΔmOD of −6 and 8 for visible and near IR range,
respectively. The blend signals are normalized to ΔmOD of −20 and 6.5 for visible and near IR range, respectively.
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continuously growing signal until 13 ps. This further
demonstrates that the population of excited states in the
acceptor domain is dominated by the transfer of charges from
PCE10 without any initial population by direct excitation,
where the GSB rise time is the result of a balance between
charge generation and recombination.
These results demonstrate that, despite an apparently low

energetic driving force for charge transfer, efficient charge
transfer occurs on picosecond time scales in the PCE10:-
FIDTT-2PDI blend. This is consistent with time scales for
charge transfer observed in other efficient polymer/non-
fullerene systems,85,86 although we remark that it is slower
than the ultrafast (subpicosecond) charge transfer time scales
observed in polymer blends with fullerene and other
nonfullerene acceptors.14,82 Together with the microstructural
studies discussed above, these data support a picture where
favorable delocalization of CT states through the high local
crystallinity aids in the charge generation process, which agrees
with recent studies that demonstrate the delocalization of
charges away from the interface plays a key role in dissociating
charge transfer states.11,64,84,87−90

■ CONCLUSIONS
We have studied the voltage losses and nanosecond-to-
microsecond scale charge recombination processes in a
nonfullerene acceptor blend of the common donor polymer
PCE10 and a nonfullerene acceptor FIDTT-2PDI, comprising
an IDTT core based A−D−A type molecule with a fully fused
pseudo planar structure. In optimized blends, these materials
exhibit good power conversion efficiencies over 7.5% with
relatively high EQEPV (70% max) and low VOC loss compared
to the Shockley-Queisser limit. This low voltage loss can be
attributed to both a low nonideal radiative loss (∼68 mV) due
to a sharp band edge, and a relatively low nonradiative loss
(292 mV) due to an EQEEL that reaches ∼1 × 10−3%.
Importantly, this blend shows a long-lived tail out to ∼1 μs in
the transient photoluminescence decay. From the analysis of
the intensity-dependent photoluminescence and intensity-
dependent transient absorption kinetics, we conclude that
this long emission tail results from the radiative nongeminate
recombination of photogenerated free charge carriers.
We propose that the low nonideal radiative voltage loss in

PCE10:FIDTT-2PDI can be understood based on a high
degree of interfacial crystallographic order in the blend due to
favorable intermolecular interactions promoted by the
extended π-conjugated structure of FIDTT-2PDI, which
results in a small Urbach energy at the band edge (∼28
meV) that we propose reflects a narrow distribution of high
energy subgap CT states. We also found that the radiative
efficiency of the FIDTT-2PDI molecule itself is good,
exhibiting a PLQE of 5% and EQEEL of 0.1%. On the basis
of these observations, we speculate that the low nonradiative
voltage loss in the PCE10:FIDTT-2PDI blend is related to the
molecular properties of FIDTT-2PDI itself. Recent work has
emphasized the relationship between the radiative efficiency of
the donor/acceptor CT state and the low frequency intra-
molecular vibrational modes of the parent molecules that can
induce structural reorganization which facilitates nonradiative
decay to the ground state via skeletal vibrations.19,76 We
therefore hypothesize that the fully fused rigid structure of
FIDTT-2PDI may be responsible for the good radiative
properties of the molecule itself and the radiative efficiency of
the PCE10:FIDTT-2PDI blend, while the narrowing of the CT

density of states due to the highly crystalline interfaces may
also help to suppress nonradiative recombination from tail sites
with lower CT energies.20

Most importantly, our observation of photoluminescence
due to nongeminate charge recombination in this system has
important implications on the selection and evaluation of
donor/acceptor pairs for future OPV blends. Photolumines-
cence due to the recombination of photogenerated free charge
is a basic prerequisite for achieving maximum theoretical open
circuit voltages in solar cells and is frequently used as a
screening metric for high VOC in crystalline inorganic materials
that undergo band-to-band radiative recombination.91,92

However, photoluminescence due to nongeminate charge
recombination has rarely been characterized in OPV blends
based on the assumption that efficient generation of charge will
be correlated with recombination via pathways that are
predominantly nonradiative. In this sense, we propose that
for the new generation of donor/acceptor systems based on
more highly emissive polymer/nonfullerene acceptor blends, a
new materials screening metric that is based on the efficiency
of nongeminate free charge photoluminescence is necessary to
push researchers in the path toward selecting blends that will
maximize VOC. To this end, selecting materials based on the
photoluminescence quantum efficiency of the individual donor
and acceptor parent molecules may help select blends with
inherently more highly luminescent CT states, ultimately
enhancing the radiative efficiency of free charge recombination.
In addition, comparing photoluminescence due to non-
geminate charge recombination in isolated films versus
completed devices at VOC may be able to help reveal
information about nonradiative charge recombination occur-
ring at contacts. As pointed out by Keivanidis et al.,61 in a
blend where recombination of free charge occurs radiatively,
the absolute intensity of photoluminescence due to free charge
recombination will also scale with the charge generation
efficiency. Therefore, we believe that ultimately, screening
organic photovoltaic blends based on both the efficiency and
intensity of photoluminescence due to nongeminate recombi-
nation of charge will help select blends that can achieve the
highest power conversion efficiencies.

■ EXPERIMENTAL SECTION
Device and Sample Fabrication. Devices were fabricated using

patterned ITO/glass substrates (Thin Film Devices, Inc. Fifteen Ω sq-
1), while samples for spectroscopy were prepared on glass microscope
slides, which were cleaned by sonication consecutively in detergent
solution, DI-water, acetone, and isopropanol, followed by UV−O3
treatment (Jelight 144AX). For devices, a zinc acetate dihydrate (1 g)
solution dissolved in 2-methoxy ethanol (10 mL) and ethanolamine
(280 μL) was spin-coated on the cleaned substrates at 4000 rpm and
sintered at 220 °C for 1 h in air resulting in a 30 nm thick ZnO film.
The PCE10:FIDTT-2PDI solutions were prepared by dissolving a 1:1
wt % ratio of PCE10 (1-Material, Inc.) and FIDTT-2PDI to a total
concentration of 20 mg/mL in anhydrous 1,2-dichlorobenzene with
3% by volume 1-chloronapthalene. Neat polymer solutions were
prepared by dissolving 10 mg/mL PCE10 in anhydrous 1,2-
dichlorobenzene. Neat acceptor solutions were prepared by dissolving
10 mg/mL FIDTT-2PDI in anhydrous chloroform. Solutions in 1,2-
dichlorobenzene were blended at 90−100 °C for 12 h inside of a N2
glovebox, while solutions in chloroform were stirred for several hours
inside the glovebox. PCE10:FIDTT-2PDI blend and neat films were
prepared inside of a N2 glovebox by spin-coating the solutions at
1600−1800 rpm for 2 min on the ZnO/ITO/glass substrates for
devices and on glass substrates for spectroscopy. For devices, 6 nm of
MoOX and 120 nm of Ag were thermally evaporated (<1e-6 Torr,
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Angstrom Engineering EvoVAC) through a patterned shadow mask
to define the electrode pattern. The electrode area for devices defined
by the overlap between the MoOx/Ag and ITO electrodes was
approximately 0.06 cm2. For spectroscopy, the films on glass were
encapsulated inside of a N2 glovebox using epoxy to seal a glass-to-
glass bond between the perimeter of the sample substrate and a glass
cover slide.
Photovoltaic Performance, Quantum Efficiency, and Opti-

cal Absorption Spectroscopy. Photovoltaic performance was
evaluated by measuring the current−voltage characteristics (Keithley
2400) of the PCE10:FIDTT-2PDI solar cell under simulated AM1.5G
illumination using a Class A solar simulator (Solar Light Co. 16S-300)
inside of a N2 glovebox. A calibrated reference silicon photodiode was
used to calibrate the incident light intensity. Photovoltaic external
quantum efficiency (EQEPV) was measured using a custom built split-
beam spectrometer with the device held under dynamic vacuum (<50
mTorr) inside a custom-built vacuum chamber with fused silica
windows for optical spectroscopy. Light from a tungsten-halogen lamp
(Horiba Scientific PowerArc) was spectrally filtered using a
monochromator equipped with an order-sorting filter (Princeton
Instruments SP-2150) and chopped at a frequency of 220 Hz
(Stanford Research Systems SR540). Long pass filters with cut-on
wavelengths at 750, 800, and 850 nm were additionally used to filter
any scattered light from the monochromator. The light was split using
a fused silica optic so that a small fraction of the beam was focused
onto a Si photodiode used to monitor intensity fluctuations from the
incident light, while the remainder of the light focused onto a pixel of
the device through a small area aperture mask. The photocurrent
signal from the device was amplified with a transimpedance amplifier
(Stanford Research Systems SR570) with no input bias, and the signal
was demodulated by a lock-in amplifier (Stanford Research Systems
SR830). The photocurrent from a calibrated Si photodiode (OSI
Optoelectronics) was then measured at the sample position through
the same aperture mask to measure the incident power and calculate
EQEPV. Differences in lamp intensity between the two measurements
were corrected using the signal recorded by the photodiode receiving
the split-beam intensity. To calculate the internal quantum efficiency
(IQEPV) spectra, the complex refractive index spectra (n and k) of all
layers in the device were determined using spectroscopic ellipsometry
(J.A. Woollam Co. M-2000, see SI Section S3 for details) and the
fraction of absorbed light in the active layer was calculated using
transfer-matrix modeling. UV−vis absorbance spectra were measured
on encapsulated samples using a diode array UV−vis spectrometer
(Agilent 8453). A sample consisting of two pieces of glass epoxied
together around the perimeter was used as a blank for UV−vis
absorbance.
Electroluminescence and Steady State Photoluminescence

Spectroscopy. Electroluminescence spectra were measured driving
the device with a DC voltage (Keithley 2400) while held under
dynamic vacuum (<50 mTorr) inside a custom-built vacuum chamber
with fused silica windows for optical spectroscopy. The device was
aligned to the focal point of a custom-built spectrometer based on a f/
3.9 spectrograph (Princeton Instruments SP-2300, slit width = 200
μm) and a f/4 lens system to collect the luminescence. The spectra
were recorded with a LN2 cooled CCD detector (Princeton
Instruments Spec-10) and were corrected for the spectral response
of the system using a calibrated white light source (Ocean Optics HL-
3P-CAL-EXT). Electroluminescence quantum efficiency (EQEEL) was
measured inside of a N2 glovebox using a custom built setup
consisting of a large area calibrated Si photodiode (Hamamatsu
S3204−08), and two source-meters (Keithley 2400 and Keithley 237)
used to simultaneously drive the device and measure photocurrent
due to the photon flux indecent on the Si photodiode. Following
standard procedures for OLED measurements,93 the device was
placed nearly flat on the photodiode with waveguided emission
effectively blocked by the sample holder, while the small device area
(∼0.06 cm2) relative to the detector area (∼1 cm2) ensured that the
measurement was close to the condition of underfilling the detector.
Steady-state photoluminescence spectroscopy was measured using a
custom built set up consisting of a set of f/3 achromatic lenses used to

collect and focus sample luminescence into a fiber optic cable (NA =
0.22) coupled to a compact CCD spectrometer (Ocean Optics, USB
2000+). The sample was excited with either a focused 730 nm diode
laser (Thorlabs HL7302MG) or a collimated 532 nm DPSS laser
(CrystaLaser). Photoluminescence quantum efficiency (PLQE) of
neat FIDTT-2PDI and PCE10 thin films on glass was measured inside
of a N2 glovebox using a modified set up based around a Hamamatsu
C9920−02 integrating sphere system. Briefly, a 532 nm DPSS laser
(CrystaLaser) was fiber coupled into the integrating sphere, and the
laser intensity as well as sample luminescence were simultaneously
measured using a CCD spectrometer (Hamamatsu C10027) that was
fiber coupled to the output port of the integrating sphere. Three
measurements (sample in laser path, sample out of laser path, and
sample removed from sphere) were made and the PLQE was
calculated using the method of de Mello and co-workers.94

Time-Resolved Photoluminescence Spectroscopy. Time-
resolved photoluminescence spectra were measured using a streak
camera with excitation from an ultrafast tunable laser source. In brief,
the fundamental output of a Ti:sapphire amplifier (Coherent, Inc.
Libra-HE, 4.0 mJ, 1 kHz, 50 fs) was used to pump an optical
parametric amplifier (Coherent, Inc./Light Conversion OPerA Solo)
which was used to tune the laser excitation wavelength to 735 nm.
Appropriate long-pass and band-pass filters were used after the OPA
to ensure a clean laser spectrum, and the beam profile was measured
prior to each experiment to quantify the excitation area (Thorlabs
BC106N−UV). Luminescence from the sample was collected using a
set of f/4 lenses which focused the light into a f/3.9 spectrograph
(Princeton Instruments SP-2150, entrance slit width = 200 μm)
coupled to a streak camera (Hammamatsu C10910, slow-sweep unit
M10913−01). The streak camera was operated in photon-counting
mode using maximum gain, and signal levels <5% above the photon
counting threshold were maintained using neutral density filters in
front of the detector to ensure single photon counting statistics. The
time-resolved PL spectra were corrected for the spectral response of
the system by measuring the spectrum of a calibrated white light
source (Ocean Optics HL-3P-CAL-EXT) on the streak camera
operated in focus mode. Appropriate subtraction of dark spectra were
accounted for when correcting the white light and time-resolved PL
spectra. All spectra were additionally corrected for the transmittance
of a long-pass (800 nm) filter and any neutral density filters used on
the detector. The IRF of the streak camera was measured using a
ground glass slide to scatter part of the laser excitation into the
detector with the signal attenuated by nonfluorescing neutral density
filters.

Transient Absorption Spectroscopy. Transient absorption
spectra were measured using a Helios/EOS spectrometer (Ultrafast
Systems) built around the same laser amplifier used for time-resolved
photoluminescence. In brief, the fundamental output of the
Ti:sapphire amplifier (Coherent, Inc. Libra-HE, 4.0 mJ, 1 kHz, 50
fs) was split into two beamlines by an 80/20 beam splitter. Part of the
fundamental beam was used to pump an optical parametric amplifier
(Coherent, Inc./Light Conversion OPerA Solo) which was used to
tune the pump laser wavelength to 735 nm. For femtosecond
transient absorption spectra, the other part of the fundamental beam
was used to generate a white continuum probe using CaF2 or sapphire
plates. The delay between pump and probe pulses was controlled
using a mechanical delay stage. For nanosecond transient absorption
spectra, the white light continuum probe was generated using a
supercontinuum pulsed light source which is electronically delayed
relative to the pump. The ΔOD spectra were collected using fiber-
coupled silicon CMOS and InGaAs array detectors while chopping
the pump light at 500 Hz (for ultrafast measurements) or
electronically modulating the probe at 2 kHz (for nanosecond
measurements) to alternate collection of “pump-on” vs “pump-off”
spectra. Appropriate long-pass and band-pass filters were used to
ensure a clean pump laser spectrum and the beam area was quantified
using a beam profiler (Thorlabs BC106N−UV). The spectra were
processed by subtracting an average of 20 background noise spectra
before time zero, performing chirp-correction and then correcting
time zero. Global analysis was conducted for identifying initial
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overlapping spectral features and kinetics, by decomposing principle
spectra and kinetics using Surface Xplorer software (Ultrafast
Systems) with the corrected spectra in narrow wavelength range
covering desired signals.
Morphological Characterization. Grazing-incidence wide-angle

X-ray scattering (GIWAXS)95 was used to investigate the molecular
packing and crystalline properties. 2D GIWAXS data were acquired at
beamline 7.3.3 at the Advanced Light Source, LBNL. Data were
acquired just above the critical angle (∼0.13°) of the films with a hard
X-ray energy of 10 keV. Ag Behenate (AgB) was used for geometry
calibration. R-SoXS96 measurements were performed at the beamline
11.0.1.2, Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory, following the previously established protocols. R-SoXS
was performed in a transmission geometry with linearly polarized
photons under high vacuum (1 × 10−7 Torr) and a cooled (−45 °C)
CCD (Princeton PI-MTE, 2048 × 2048 pixels) was used to capture
the soft X-ray scattering 2D maps and PS300 was used for geometry
calibration. The raw 2D X-ray data were processed with a modified
version of NIKA into 1D scattering profiles I(q).
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