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Abstract
Reaching device efficiencies that can rival those of polymer-fullerene BHJ solar cells
(>10%) remains challenging with the “All-Small-Molecule” (All-SM) approach, in part because of
(i) the morphological limitations that prevail in the absence of polymer and (ii) the difficulty to
raise and balance out carrier mobilities across the active layer. In this report, we show that
blends of the SM donor DR3TBDTT (DR3) and the nonfullerene SM acceptor O-IDTBR are
conducive to “All-SM” BHJ solar cells with high open-circuit voltages (VOC) >1.1 V and PCEs as
high as 6.4% (avg. 6.1%) when the active layers are subjected to a post-processing solvent
vapor-annealing (SVA) step with dimethyl disulfide (DMDS) –a low-partial-pressure solvent
found to markedly impact the structural development of the BHJ network. Combining electron
energy loss spectroscopy (EELS) analyses and systematic carrier recombination examinations,

This article is protected by copyright. All rights reserved.
2

we show that SVA treatments with DMDS play a determining role in improving charge transport
and reducing non-geminate recombination for the DR3:O-IDTBR system. Correlating our
experimental results and device simulations, we find that substantially higher BHJ solar cell
efficiencies of >12% could be achieved if the IQE and carrier mobilities of the active layer

could be increased to >85% and >10-4 cm2 V-1 s-1, respectively, while suppressing the
recombination rate constant k to <10-12 cm3 s-1.
1. Introduction

In solution-processable bulk-heterojunction (BHJ) solar cell developments, the approach
consisting in blending small-molecule (SM) donors with SM acceptors (other than the fullerene
[6,6]-phenyl-C61 (or C71)-butyric acid methyl ester (PC61BM/PC71BM)) is notoriously challenging
for structural reasons.[1-3] Specifically, the morphological factor plays a determining role in “AllSM” solar cells,[4-7] since donor-acceptor networks that form across the BHJ active layers should
be such that domain sizes remain within exciton diffusion length limits (i.e. 5-20 nm; depending
on carrier mobilities, amongst other important aspects) –an outcome difficult to reach with SM
donor and acceptor counterparts that tend to yield relatively large domain sizes.[4, 7-9] As a result,
BHJ solar cell developments have long been centered on the use of at least one polymer
component in order to facilitate the formation of a co-continuous donor-acceptor network on
the principle of phase separation between the polymer and a SM counterpart (e.g. PC61/71BM[1014]

or, more recently, a SM acceptor alternative[15-19]). However, a few recent studies are pointing
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to several SM donor and acceptor combinations particularly promising for the prospect of
achieving efficient All-SM solar cells that can rival those of polymer-fullerene BHJ solar cells
(>10%).[20-23] SM systems being well-defined, monodispersed (in size and molecular weight),
and readily scalable with batch-to-batch consistency, those stand out as promising alternatives
to their polymer counterparts. For synthetic access, purity and cost-related reasons, it should
also be mentioned that “nonfullerene” SM acceptors are logical alternatives to PC61/71BM. While
the design principles leading to the selection of an appropriate pair of SM donor and acceptor
counterparts have not yet been determined, it is clear that not all SM systems are amenable to
efficient All-SM solar cells, and that material design aspects impact BHJ device efficiency
patterns.[20-21, 23]

In this study, we demonstrate that All-SM solar cells fabricated with the SM donor
DR3TBDTT (DR3)[24] and the nonfullerene SM acceptor O-IDTBR[19, 25] (Figure 1a) can achieve
power conversion efficiencies (PCEs) as high as 6.4% (avg. 6.1%) and open-circuit voltages
(VOC) >1.1 V, upon specific device post-processing annealing steps. In particular, we find that
exposing the active layer to a solvent vapor annealing (SVA) protocol relying on the low-partialpressure solvent dimethyl disulfide (DMDS) impacts the structural development of the BHJ
network formed between DR3 and O-IDTBR favorably. Our device fabrication protocol results
in a doubling of the PCE compared to the “as-cast” reference All-SM device (max. 3.4%), and a
ca. six-fold improvement relative to DMDS-treated All-SM devices exposed for non-optimum
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periods of time (e.g. 600 s, max. 1.1%). Combining (i) electron energy loss spectroscopy (EELS)
analyses in scanning transmission electron microscopy (STEM) mode, (ii) grazing incidence Xray scattering (GIXS) measurements, (iii) carrier transport measurements via “metal-insulatorsemiconductor carrier extraction” (MIS-CELIV) methods, and (iv) systematic recombination
examinations by light-dependence, transient photocurrent (TPC), transient photovoltage (TPV),
and time-delayed collection field (TDCF) analyses, we systematically characterize the benefits
and limitations of SVA treatments subjected to the DR3:O-IDTBR active layer. While
“optimized” All-SM solar cells show particularly high short-circuit current densities (JSC) >10
mA/cm2 and fill-factor values (FF = 50%) considering the absence of polymer and fullerene
counterpart, our device modeling analyses predict that notably higher JSC and PCE values of 15
mA/cm2 and 12% can be expected upon further active layer optimizations with DR3 and OIDTBR (noting that both DR3 and O-IDTBR are visible absorbers). Approaching the
theoretical limits, our model shows that a concurrent improvement of IQE to >85%, carrier
mobilities to >10-4 cm2 V-1 s-1, and recombination rate constant k to <10-12 cm3 s-1, are

required conditions to attain device PCEs >12% – emphasizing the importance of
improving carrier transport and suppressing recombination in All-SM solar cells.
2. Results and Disscusion

2.1. Material Properties
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The thin-film UV-Vis absorption spectra of DR3 and O-IDTBR (neat films; normalized
spectra) are superimposed in Figure 1c. The presence of distinct spectral features/shoulders
with different relative peak intensities in the thin-film spectra suggests that both DR3 and OIDTBR are prone to aggregate. Figure 1c further emphasizes the complementarity between the
UV-Vis spectra of DR3 (main absorption: 500-650nm) and O-IDTBR (main absorption: 600nm730nm) –an important characteristic in the fabrication of efficient BHJ solar cells (discussed in
later sections). The absorption plots for the polymer donor P3HT (commonly used in the field)
and the fullerene acceptor PC71BM are overlaid in Figure 1c, stressing the fact that DR3 and OIDTBR have spectral absorptions that are significantly red-shifted, absorbing at longer
wavelengths where the photon flux is the most prevalent (beneficial under 1 sun when
compared to the P3HT:PC71BM blend system). Figure 1d gives a schematic representation of the
energy band edge pattern expected for the various molecular systems being discussed. The
optical bandgaps (Eopt) are inferred from the onset of the thin-film UV-vis absorption spectra: ca.
1.71 eV for DR3 and ca. 1.63 eV for O-IDTBR. The ionization potentials (IPs) of SM donor and
acceptor were determined via photoelectron spectroscopy in air (PESA, cf. details in SI): 5.11 eV
for DR3 and 5.56 eV for O-IDTBR; inferred by subtracting IP and Eopt values, the extrapolated
electron
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Figure 1. Molecular structures of (a) the SM donor DR3 (top) and (b) that of the SM acceptor OIDTBR (bottom). (c) Normalized thin-film UV-vis absorption spectra of DR3 and O-IDTBR; the
spectra of the polymer donor P3HT and that of the fullerene acceptor PC71BM are provided for
comparison. (d) PESA-estimated ionization potentials (IP) and electron affinity (EA) for DR3
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and O-IDTBR; the values for P3HT and PC71BM are provided for comparison. EA values inferred
by subtracting IP and Eopt values; optical bandgaps estimated from the onset of the UV-vis
absorption spectra (films).

affinity (EA) values are 3.4 eV for DR3, and 3.93 eV for O-IDTBR. Considering energy band
alignments, Figure 1d hints at a higher expected VOC for the DR3:O-IDTBR than that for the
P3HT:PCBM model system, which would favorably impact PCE in an “All-SM” solar cell.

2.2. Device Testing and Characterizations

Solution-processed Thin-film BHJ solar cells were fabricated with the conventional
structure ITO/PEDOT:PSS/DR3:O-IDTBR/ETL/Al (device area: 0.1 cm2), and tested under
simulated AM1.5G sun illumination (100 mW/cm2); detailed experimental protocols are
provided in the SI. Table 1 summarizes the figures of merit of optimized BHJ devices made from
blends of DR3 and O-IDTBR, with and without SVA treatment with the low-partial-pressure
solvent dimethyl disulfide (DMDS); further device statistics are provided in the SI (Tables S1–
S6). In a few prior studies, SVA treatments with solvents such as dichloromethane (DCM),
tetrahydrofuran (THF) and carbon disulfide (CS2), have been shown to improve the blend
morphologies of BHJ solar cells made with SM donors and PCBM acceptors and, in turn, device
PCEs.[26-28] It is important to note, however, that solvents inducing morphological variations to
the active layers can also result in reduced device performance figures, and that the outcome of
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these tentative optimization steps remain SM system-dependent. As described in Table 1, “ascast” devices made from DR3:O-IDTBR yield concurrently modest short-circuit current (JSC) and
fill-factor (FF) of 7.7 mA/cm2 and 39%, respectively. Upon SVA treatment via DMDS for 30s (cf.
SVA optimization study in SI, Table S4), the device JSC and FF increase dramatically from 7.7
mA/cm2 to 11.3 mA/cm2 and from 39% to 50%, suggesting that favorable morphological effects
are occurring in the BHJ active layer. In turn, the BHJ solar cells achieve PCEs as high as 6.4%

(avg. 6.1%), the best value for “nonfullerene” All-SM BHJ solar cells with VOC > 1 V
reported to date.[1, 6-7, 20-22] The high VOC of ca. 1.1 V is in agreement with the PESAestimated IP of DR3 (ca. 5.11 eV), considering the EA value of 3.93 eV for the SM
acceptor O-IDTBR.
Considering the best FF values achieved of 50% (SVA via DMDS, for 30s), whereas
polymer-fullerene BHJ solar cells are commonly amenable to FFs of 65% (e.g.
P3HT:PC71BM)[29] and some can reach higher FFs of 70-80%,[30-31] the morphology of the
active layer may not yet be fully optimum (e.g. existence of domains non adequate in
size[45]). In an attempt to further influence thin-film morphology, SVA exposure time was
extended to up to 600s (Table 1; cf. additional conditions in the SI, Table S4): however,
here the device FF dropped to 40%, accompanied by significant JSC and VOC losses to 2.1
mA/cm2 and 0.93 V, respectively. As a result, BHJ solar cells exposed to DMDS for 600s did not
reach efficiencies higher than 1.1%, indicating that longer SVA exposure times can be
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detrimental to device performance (effects on morphologies discussed in later sections).

Interfacial layer selection and carrier extraction effects are another possible source of
limitation on device FF. In Table 1 and Figure 2a, the intercalation of a thin layer of
calcium (Ca) at the cathode is shown to effectively

Figure 2. (a) Characteristic J-V curves, (b) EQE spectra and (c) average EQE and IQE values
obtained from devices subjected to various SVA treatments with DMDS (wavelength range used
for the QE averaging: 350-720 nm). (d) Jph vs. Veffective for BHJ solar cells fabricated from DR3 and
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O-IDTBR (processing conditions detailed in Table 1); AM1.5G solar illumination (100 mW/cm2).
Integrated EQEs are in agreement (± 0.3 mA/cm2) with the JSC values reported in Table 1.

improve the FF and overall PCEs to 4.5%, compared to reference cells made without Ca
interlayer (cf. in SI, table S5). It is interesting to note however that the corresponding JV curves shown in Figure 2a describe the occurrence of a S-shape behavior for the cells
made with Ca interlayers, pointing to an unfavorable interface (e.g. energy level
mismatch, space charge effects, trap states, etc.). As also shown in Table 1, the
intercalation of a thin layer of phenyl(2-naphthyl)diphenylphosphine oxide (DPO)
instead of Ca suppresses the S-shape behavior and improves both JSC and FF values,
resulting in the best PCE values achievable with DR3 and O-IDTBR in Table 1.
Energy losses (Eloss) characterized in the difference between the optical gap of the BHJ and
the VOC of the solar cell cause major PCE deficits. In fullerene-based BHJ solar cells, Eloss typically
amounts to 0.7–1 eV, thus drastically limiting the VOC.[32-34] While a few recent studies have
described donor-acceptor PCBM-based systems with VOC values nearing 1 V, several
nonfullerene BHJ couterparts have met with Eloss values as low as 0.5-0.7 eV, and VOC values
exceeding 1 V.[7, 22-23] Here, in All-SM solar cells with DR3 and O-IDTBR, Eloss can be estimated
from Eloss= Eoptmin – eVOC (with Eoptmin the smallest optical gap of either donor or acceptor) using
the VOC of 1.12 V and the optical gap of 1.63 eV for O-IDTBR, yielding 0.51 eV –one of the
lowest reported Eloss values to date for BHJ solar cells (comparable to that for perovskite-based
This article is protected by copyright. All rights reserved.
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solar cells).[34-36]

The spectral complementarity of O-IDTBR in the long-wavelengths range (600-750 nm)
can be expected to contribute to the high JSC values achieved by the optimized All-SM solar cells.
Our transfer matrix simulations (cf. details in the SI, including Figure 5a) indicate that a
maximum theoretical JSC of ca. 18 mA/cm2 is achievable for BHJ devices made with O-IDTBR and
DR3 (assuming 100% IQE; thickness: 100 nm). The significantly higher JSC for optimized

Table 1. PV Performance of the All-SM DR3:O-IDTBR Pair in Direct BHJ Devices.a

BHJ

DR3:OIDTBRb

aAdditional

DMDS
SVA Time
(s)

Interfacial
layer

JSC

VOC

FF

Avg. PCEc

Max. PCE

[mA/cm2]

[V]

[%]

[%]

[%]

0

DPO

7.7

1.12

39

3.1

3.4

30d

DPO

11.3

1.12

50

6.1

6.4

600

DPO

2.1

0.93

40

0.8

1.1

30

Ca

9.6

1.13

42

4.3

4.5

device statistics are provided in the SI (Tables S1-6). bDevices with optimized

DR3:O-IDTBR ratio of 1:1 (wt/wt) solution-cast from chloroform (CF). cAverage values across
>20 devices (device area: 0.1 cm2). dOptimized device conditions and device architecture.

DR3-based BHJ devices compared to those obtained with “as-cast” and “600s-SVA” (Fig.
2a) are consistent with the external quantum efficiency (EQE) spectra across all three
conditions (Fig. 2b). Thus, optimized DR3-based BHJs show an average EQE value of
43% across the range 340-740 nm (peaking at ca. 46% in the region of DR3), which is a
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significant departure from 31% for “as-cast” BHJs and from 6% for “600s-SVA” BHJs.
Meanwhile, the EQE responses of DR3-based devices exposed to SVA times of 120s and
longer remain under 20% across the same range, in agreement with the modest JSC
values measured from the J-V plots (Fig. 2a). Integrated EQEs in Fig. S4 are in agreement
(± 0.3 mA/cm2) with the Jsc values discussed above and reported in Table 1 and S7.
The dependence on the effective optical absorption of the active layer is removed
in comparing the internal quantum efficiency (IQE) spectra of three conditions shown in
Figure 2c and S3; see experimental details in the SI. The IQE spectra parallel the EQE,
with IQE values >60% across the range 350-720 nm in “optimized” active layers (SVA
time: 30s), <50% and <10% across the same range for as-cast and for active layers
subjected to extended SVA times (600s). Overall, our IQE measurements suggest that
DR3-based All-SM solar cells suffer from substantial recombination and/or exciton
quenching events that limit the photocurrent; although, these effects appear to be
significantly more pronounced in BHJ devices for which the active layer is subjected to
extended SVA treatment times that they are in “optimized” devices treated for 30s with
DMDS. It is worth noting that the aforementioned IQEs are in agreement with IQEs estimated
from the experimental JSC divided by the maximum theoretical JSC calculated by transfer matrix
modeling (see details in SI, Table S7) – an observation confirming the accuracy of our optical
simulations. Despite expectations of comparable JSC values for DR3-based All-SM device based
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on the optical model (cf. earlier discussion), the moderate EQE/IQE as well as the FF < 60%
point to significant charge collection limitations in actual BHJ solar cells. To characterize the
underlying losses, we analyzed the evolution of photocurrent density (Jph) as a function of
effective voltage (Veff) in optimized BHJ devices; results shown in Figure 2d and S5. Here, Jph is
defined as: Jph = JL - JD, where JL and JD represent the photocurrent densities under light
illumination and in the dark, respectively. Veff is given by: Veff = V0 - Vapp, where V0 is the
compensation voltage when Jph = 0 V, and Vapp is the applied voltage. Here, the characteristic
photocurrent of DR3-based BHJ devices for which the active layer was subjected to an extended
SVA treatment of 600s shows a pronounced field-dependent behavior across the entire Veff
range (0-8V). In contrast, the characteristic photocurrent of optimized DR3-based BHJ devices
does not follow the same slope across the same Veff range as it rapidly reaches high current
values at lower biases (comprising those relevant to solar cell operation; e.g. 10.3 mA cm-2 at 1 V
vs. 1 mA cm-2 in 600s condition) and then follows a distinct, less pronounced field-dependent
behavior beyond 1V. These results suggest that charges can be relatively efficiently separated
and extracted in optimized BHJs, whereas BHJs subjected to extended SVA times (600s) remain
hindered by notable extraction limitations at all voltages.

Non-geminate carrier recombination can be characterized via light-intensity dependence
measurements, examining the JSC inferred from J-V curves as a function of light intensity (Fig.
S3a-d and S6-8). In those experiments, a white-light LED (200 mW/cm2; spectral mismatch
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accounted for; cf. experimental details in the SI) is used to reproduce the JSC values normally
obtained under standard AM1.5G solar illumination (100 mW/cm2). In general, the relationship
between JSC and incident light intensity can be described as: JSC ∝ Iα, whereby α = 1 suggests that
all dissociated free carriers are swept out prior to recombination and α < 1 implies a
dependence of JSC on bimolecular recombination (i.e. carriers recombine prior to extraction).[37]
From the JSC vs. light intensity data reported in Figure S6a and the corresponding fitting data of α
values for various SVA times with DMDS shown in Figure 3a, the fits yield α values of 0.99 for the
BHJ solar cells prepared from SVA exposure times of 10s, 30s and 60s –indicating that none of
these devices suffer from a significant extent of bimolecular recombination losses under shortcircuit conditions. In parallel, the dependence of Jph/Jsat on light intensity described in Figure 3c,
(with Jsat taken as -2V) also points to negligible bimolecular recombination for
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Figure 3. (a) α vs. DMDS SVA time extracted from the plot of JSC vs. light intensity, (b) n
(kT/q) vs. DMDS SVA time extracted from the plot of VOC vs. light intensity, (c) Jph/Jsat vs. light
intensity at short-circuit, and (d) Charge densities vs. light intensity; carrier densities
determined from charge-extraction (CE) measurements (cf. details in the SI). (e) Non-geminate
recombination rate constant krec, extracted from τ and n, as a function of n. (f) J−V characteristics
(left scale) compared to the total charge Qtot measured by TDCF using a fluence of 0.1 μJ cm-2 for
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varying pre-biases (right scale) for as-cast films and active layers treated with 30s and 600s SVA
exposure times. Qtot is scaled to match the current under illumination at a bias of −1 V. (g)
Normalized Qtot vs. V; all Qtot data are normalized to the point at -1 V, and the right scale provides
the percentage of photogenerated carrier loss resulting from geminate recombination at JSC (0 V)
relative to that at -1 V. (h) Photoluminescence (PL) quenching data for the SM donor DR3 (blue)
and the nonfullerene acceptor O-IDTBR (red) in the presence of their donor/acceptor
counterpart for active layers treated with DMDS for various SVA exposure times (cf. details in
the SI).

the aforementioned device prepared from the 30s SVA condition at short-circuit: i.e. nongeminate recombination losses are not apparent considering the relative independence of Jph/Jsat
on device illumination conditions. Thus, the 23% photocurrent loss (at 1 sun) inferred from
prior analyses for optimized active layers (30s) may arguably be tied to geminate recombination
processes. Meanwhile, considering the fitted α values obtained for BHJ layers in as-cast and 600s
SVA conditions (Fig. 3a): 0.93 and 0.89, respectively, the extent of bimolecular recombination in
the corresponding BHJ devices is non-negligible. Here, the photocurrent losses are more than
55% higher for the later device (600s), suggesting that both significant geminate and nongeminate recombination take place concurrently. To quantify the contribution of non-geminate
recombination losses (relative to all recombination losses), the Jph/Jsat ratios are compared at
high and low light intensities. In active layers treated with DMDS for 600s, non-geminate
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recombination accounts for ca. 17% and ca. 26% of all recombination losses at 1 and 1.2 sun at
short-circuit (Fig. 3c).

Since bimolecular recombination is significantly reduced upon controlled and relatively
short SVA exposure times, but becomes prominent again for extended treatment times,
understanding the recombination process may shed light on the correlations between SVA
treatment time and BHJ morphology. The bimolecular recombination losses present primarily in
the as-cast and 600s-SVA condition BHJs may stem from trap-assisted recombination processes.
To probe this hypothesis and confirm the main recombination pathway, we turned to an
examination of the variations of VOC with light intensity –data plotted in a natural log scale in
Figure 3b and S6b; data fitted to VOC ∝ nkT/q ln(I), where k, T, and q are the Boltzmann constant,
temperature in Kelvin, and the elementary charge, respectively. The parameter n (usually in the
range of 1 to 2) reflects the presence/absence of carrier traps across the active layers or at
interfaces with the electrodes. Any deviations from n = 1 (trap-free condition) point to the
existence of recombination effects and, more specifically, to the existence of trap-assisted
recombination.[37] In Figure 3b, the VOC vs. light intensity data for “as-cast” DR3-based devices
describes a slope of n=1.54 kT/q, pointing to a significant extent of trap-assisted recombination
near VOC. Considering the “optimized” condition (30s-SVA time), the data shown in Figure 3b
indicates a significantly reduced slope value of 1.18, suggesting that trap-induced losses are
suppressed across the active layer. As the SVA time is extended from 60s to 600s, the slope value
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increases from 1.4 to >2 – a regime in which the corresponding devices become greatly
impacted by trap-assisted losses. Those prominent losses in both as-cast and 600s-SVA-treated
devices correlate with the reduced JSC and FF detailed in Table 1. Thus, controlled and relatively
short SVA exposure times lead to reduced trap-assisted recombination, but more extended SVA
times correlate with significant increases in trap-assisted recombination. These trends may be
due to a reduction in trap states as domains become more ordered, but to an increase in carrier
trapping as domains become larger than the exciton diffusion length (see GIXS analysis and
discussions below).

Further insights into charge recombination across the BHJ active layers with respect to
SVA exposure time can be inferred from transient photovoltage (TPV) measurements (cf.
experimental details in the SI). Carrier lifetimes (τ) in Figure S8a (open-circuit condition) were
extracted from the TPV decay dynamics using mono-exponential fits for a broad range of light
intensities (2-100% of max. LED intensity), in consistency with prior studies. Figure S8a shows
that the DR3:O-IDTBR active layers possess similar τ values (1 µs-3 µs) at 1 sun. Here, we note
that, in comparing τ values, it is important to estimate the corresponding carrier densities in
parallel. To this end, charge-extraction (CE) measurements were performed (on the same
devices) upon exposure to various light intensities, and the carrier densities were inferred from
these measurements. Figure 3d and S8b depict the evolution of τ with carrier densities for BHJ
solar cells with active layers exposed to several SVA conditions (including as-cast reference
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device). As shown in Figure 3d, carrier densities values decrease on going from “optimized”
(30s), to as-cast, and to 600s-SVA condition BHJ layers –a trend in agreement with the relative JSC
values measured for the corresponding BHJ solar cells under steady state conditions (Table 1,
Figure 2a). The higher carrier densities for the “optimized” active layer (30s) may stem from
higher exciton dissociation processes as discussed in prior studies.[38] Furthermore, the
comparable τ values in the aforementioned devices and the higher carrier densities in
“optimized” DR3:O-IDTBR BHJs compared to that of as-cast and 600-SVA condition BHJs
indicate that lower carrier recombination rates prevail in optimized (30s) devices. The
bimolecular recombination rate constants krec were then inferred from the lifetime values and
carrier densities according to krec=1/(λ+1)nτ, where λ is the recombination order determined
from the analyses presented in Figure 3d. As shown in Figure 3e, at all given carrier densities,
krec for the 600s-SVA condition BHJ layer is substantially larger than the corresponding values
for the as-cast and 30s-SVA condition BHJ layers. Overall, these results and experimental
observations point to important non-geminate recombination losses in BHJ solar cells for which
the active layer is subjected to longer SVA exposure times, while these occur to a negligible
extent in as-cast and “optimized” (30s) devices.

The variations of device FF on going from as-cast films to 600s SVA-treated active
layers may involve another loss mechanism during free carrier generation, and timedelayed collection field (TDCF) measurements can be employed to probe the efficiency
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of free-carrier formation and the extent of recombination occuring within the active
layer.[39-40] In this measurement, charges are generated with a nanosecond laser pulse
(excitation wavelength: 532nm) at various voltages (pre-bias, Vpre) in a working device.
After a 10 ns delay time, a constant reverse-collection bias (Vcol) of -4 V is applied to
extract all laser-generated charges that did not undergo recombination or were not
extracted during the given delay time. The pulse fluence was varied from 0.03 to 1.73 μ
cm-2 in order to determine the regime where the non-geminate recombination is
negligible (where the fluence linearly follows the collected charges). The integration
over the transient currents produced during the Vpre and Vcol yields the total charge
(Qtot). In Figure 3f, the as-cast device shows evident field-dependent behavior,
generating ~4.6 x 10-11 C of Qtot at short circuit. For the “optimized” (30s SVA-treated)
device, a larger value of Qtot of ~6 x 10-11 C at short circuit is observed with fielddependent behavior, which is in line with the JSC increase shown in Table 1. Considering
the device exposed to SVA with DMDS for 600s, charge generation becomes independent
of voltage across the whole range of Vpre, and a lower value of Qtot of ~2.8 x 10-11 C is
recorded at 0 V. To quantify the relative geminate current loss for all BHJ active layers,
the Qtot data was normalized to the point at -1 V and the percentages of geminate loss in
each BHJ active layer are the relative values inferred with respect to those at -1 V. As
illustrated in Figure 3g, the as-cast device suffers ca. 23% geminate loss at JSC, whereas
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geminate loss at JSC in the 30s SVA-treated device is found to be less than 18%. In the
600s SVA-treated device, the geminate recombination loss at short circuit is further
reduced to ~10%. It is also worth noting that geminate losses when approaching the VOC
condition show the same trends in the aforementioned active layers: ~50%, ~40% and
~20%, respectively. Overall, the TDCF analyses indicate that current losses caused by
geminate recombination effects within the devices are suppressed when the active
layers are subjected to SVA treatments. Importantly, while the 600s SVA-treated device
may suffer from nongeminate recombination for the most part (as discussed in Fig. 3a-b,
α = 0.89 & n > 2), as-cast and “optimized” (30s SVA) devices with FFs of 39% and 50%,

respectively, are not exempted from non-negligible geminate losses.
In order to probe the efficiency of exciton diffusion and charge transfer at the
donor-acceptor interfaces between SM donor- and acceptor-rich domains, we turned to
an examination of the BHJ active layers subjected to various SVA treatment times in a set
of photoluminescence (PL) quenching experiments. Since the spectral absorption and
photoluminescence (PL) patterns of DR3 and O-IDTBR lie in regions of distinct
wavelengths, the donor and acceptor components can be individually excited at different
wavelengths (see Fig. S9; excitation wavelengths: 550 nm and 700 nm, respectively).
Note: since some overlap exists between the UV-vis absorption spectra of DR3 and OIDTBR, their PL responses (neat films) must be linearly combined and compared to
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iterative plots produced from different ratios of the donors and acceptor counterparts
(cf. example in Figure S9c), then one selects the PL curve that resembles the most the
experimental PL spectrum collected for the DR3:O-IDTBR blend films subjected to
various SVA exposure times. Taking Figure S9c to illustrate the process, the relevant
DR3:O-IDTBR ratio for as-cast films is found to be 0.08:0.92 in comparing the iterative
plots and the experimental PL spectrum (cf. Figure S9d as an example of deviation from
the experimental PL) and this ratio yields the actual relative contributions of the donor
and acceptor components to the experimental PL quenching data. This analysis is
important to ascertain that both electron and hole transfers are occurring quantitatively
across the BHJ active layers. In order to obtain the aforementioned information of
exciton dissociation efficiency, the steady-state PL spectroscopy is employed for the SM
blends, compared with the neat SM donors and acceptor. As illustrated in Figure 3h,
comparing the steady-state PL data for the neat films of the SM donor and acceptor
counterparts, and that for the various BHJ films, the excitation of the SM donor-rich
domains in the BHJs leads to PL quenching efficiencies ranging from 82% for the as-cast
film to >90% for the SVA treated films. Meanwhile, probing the SM acceptor-rich
domains (data overlaid in Fig. 3h), the PL quenching efficiencies remain ca. 90% for
“optimized” (30s) active layers, and <75% in as-cast, 240s and 600s SVA-treated active
layers. These observations suggest that exciton diffusion and charge transfer at the
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donor-acceptor interfaces occur relatively effectively within the SM donor-rich domains,
but that these processes are not as effective within SM acceptor-rich regions. The
evolution of the PL quenching in the O-IDTBR-rich phases as SVA time is extended
parallels the changes in trap-assisted recombination, suggesting that SVA treatments
mainly affect the presence of traps in O-IDTBR-rich regions. These PL quenching
experiments indicate that SVA treatments subjected to the BHJ active layers for appropriate
periods of time (here, 30s) contribute to improving charge transfer processsed at D/A
interfaces, whereas overly extended SVA treatment times (here, 120s-600s) would yield lower
PL quenching efficiencies (likely due to incomplete exciton diffusion and morphological
impediments[41]), reflecting only partial charge transfer yields.

In light of the PL quenching study, morphology-related parameters are likely to be
affecting device operation in the All-SM devices prepared from active layers subjected to various
SVA treatment times. In BHJ solar cells, morphological effects tend to prevail and can also
critically influence carrier transport/recombination patterns and device efficiency figures. More
specifically, in “nonfullerene” All-SM solar cells, one may also expect that both the length scale of
phase separation between SM donor and acceptor counterparts, and their vertical distribution
across the active layer can influence device performance; however, here we note that the
number of reports detailing the morphologies of nonfullerene BHJ solar cells remains limited to
date and the specific morphological issues inherent to All-SM devices have yet to be described in
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details. Having established fundamental differences in the carrier recombination patterns of
DR3:O-IDTBR active layers treated via various SVA conditions, we now inspect the BHJ
morphologies and possible correlations between the lengthscale of the donor-acceptor network
and the distinct carrier recombination patterns obtained for some of these SVA conditions.
Considering standard transmission electron microscopy (TEM) techniques, it should be noted
that SM acceptor alternatives to the fullerene PCBM do not typically provide the sufficient
contrast that would

Figure 4. Morphology analyses for DR3:O-IDTBR BHJ active layers subjected to various SVA
exposure times: (a,d) as-cast film, (b,e) 30s (“optimized”) and (c,f) 600s. (a-c) Dark-field STEM
images of the BHJ active layers. (d-f) Corresponding EELS maps depicting the phase-separation
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patterns between SM donor-rich (green) and nonfullerene acceptor-rich domains (red). Scale
bars: 500 nm; Note: ca. 70-nm thick films were used for these analyses to improve spectral
resolution and reduce domain overlap when projected through the film thickness.

allow for a convincing examination of the phase separation between the donor and the acceptor
components (in such films, heterogeneities observed by TEM may also result from the
superimposition of domains and/or from film-thickness and roughness variations (see Fig.
S13)) and, therefore, supporting techniques such as a combination of electron energy-loss
spectroscopy (EELS) and scanning TEM (STEM) (Figure 4) analyses should be used to provide
insights into the thin-film morphologies.[42-44] Figure S12 examines the film surface variations by
atomic force microscopy (AFM), indicating that as-cast and “optimized” (30s) active layers are
relatively smooth, with root-mean-square (RMS) roughness values <2 nm, whereas films
subjected to a SVA exposure time of 600s exhibit RMS values >15 nm. STEM coupled with EELS
analyses shown in Figure 4 indicate that the donor-acceptor network are forming on various
lengthscales. The EELS spectra pertaining to DR3 and to O-IDTBR (range: 2-10 eV) are shown
in Figure S14-15, allowing distinguishing between the SM donor and nonfullerene acceptor
across the BHJ active layers. Note: ca. 70-nm thick films were used for these analyses to improve
spectral resolution and reduce domain overlap when projected through the film thickness; for
ca. 10-20 nm domain sizes, projections averaging is not expected to interfere with data
interpretation. In the dark-field STEM mode, our EELS analyses provide a map of the SM donor-
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(green) and acceptor-rich (red) domains, as well as the lengthscales of the phase-separated
domains (scale bars: 500 nm) (also see neat films of the SM donor and acceptor counterparts in

Figures S14-15). In Figure 4d, small-sized SM donor- and acceptor-rich domains (up to
ca. 50 nm) can be observed across the as-cast film. In Figure 4e, the “optimized” (30s) blend
film shows a coarser network of SM donor- and acceptor-rich phases (up to ca. 70 nm),
indicating that the solvent-annealing treatment effectively impacts the lengthscale of the donoracceptor network formed (also see Fig. S15, scale: 1μm). In Figure 4f, blend films exposed to an
extended 600s-SVA time condition exhibit larger-sized SM donor and acceptor regions of ca. 800
nm and beyond (also see Fig. S15, scale: 1μm; neat materials in the blends in Fig. S15c,d,g,h).
These large-size domains are conducive to the significantly lower photocurrent values [45] and
efficiency figures (Table 1) discussed earlier for devices subjected to the 600s-SVA condition.

While STEM-EELS indicates domain growth in both materials upon SVA treatment
(which eventually limits PL quenching), the more pronounced changes to O-IDTBR
quenching compared to DR3 imply that SVA treatments have a larger impact on domain
purity in O-IDTBR than in DR3 (eliminating trap states within O-IDTBR-rich domains).
Thus, charge collection is improved by balancing domain size and domain purity of OIDTBR, both of which increase as SVA time extends.
To determine the microstructural composition and degree of ordering of the SM donorand acceptor-rich phases across the active layer, we turned to a systematic GIXS
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characterization[46-47] of the blend films subjected to the various aforementioned SVA exposure
conditions. As shown in Figures 5 and S16, we first examined the effect of SVA on the two neat
materials separately, allowing accurate assignment of scattering peaks in the blend film. The
DR3 scattering pattern is dominated by alkyl peaks in the out-of-plane direction (at qz= 0.34,
0.68, 1.06 A-1, Fig. 5a, S17, and Table S8-9), and a π-π stacking peak in the in-plane direction (at
qxy= 1.77 A-1). Those reflections show an edge-on packing structure with an alkyl distance of
18.5 A and a π- π stacking distance of 3.55 A. Solvent annealing for 30s and 600s gradually
increases the scattering intensity of these peaks and slightly shifts the alkyl stacking peak to
higher q values, indicating that material crystallinity increases, while the packing structure
becomes more compact (Fig. 5b-c). Furthermore, the broad amorphous scattering resolves into
well-defined scattering peaks after 600s of SVA, further supporting an increase in crystallinity.
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Figure 5. GIXS analyses for (a-c) neat films of the SM donor DR3, (d-f) neat films of the SM
acceptor O-IDTBR, and (g-i) DR3:O-IDTBR BHJ active layers subjected to various SVA exposure
times: (a,d,g) as-cast film, (b,e,h) 30s (“optimized”) and (c,f,i) 600s. The intensity scales are all
identical.

The O-IDTBR scattering pattern has an alkyl peak in the in-plane direction (at qxy= 0.36 A-1,
corresponding distance= 17.5 A) and a π-π stacking peak in the out-of-plane direction (at qz=
1.86 A-1, corresponding distance= 3.38 A), indicating a face-on packing structure. Annealing for
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30s has a similar effect on O-IDTBR and on DR3, with an increase in scattering intensity and
slightly closer alkyl packing. After 600s SVA, O-IDTBR undergoes a dramatic transition to a new
crystalline packing structure with a lower alkyl and π-π stacking distance (14.0 A and 3.26 A,
respectively), and a large number of scattering peaks.

For blend films, GIXS data was collected from a larger set of SVA times, as shown in
Figure S16 and S17. The blend film scattering appears to be an overlap of scattering from the
neat DR3 and neat O-IDTBR counterparts, indicating that the two materials do not form a
finely-mixed structure (here, we note that a disordered “mixed phase” may also exist). Up to 60s
SVA time, only small changes to the integrated scattering are observed (See Figure S17). After
120s there is an abrupt change in the O-IDTBR contribution that reflects the transition to a new
crystal structure seen in the neat material. In addition, the O-IDTBR alkyl and π-π stack peaks
become anisotropic, indicating a lack of orientation in this component after prolonged SVA of
the blend. These results are summarized in Table S8-9. As discussed earlier, our EELS analyses
shown in Figure 4d-f show that a gradual coarsening occurs, tied to an increase in domain sizes
with increasing SVA time. At the same time, the GIXS scattering intensity for the blend films does
not change significantly between as-cast and 60s SVA films. This implies that the smaller
domains in as-cast films and the larger post-60s SVA domains are comprised of material with
largely the same degree of crystallinity. Any changes to device parameters up to 60s SVA are
therefore likely not directly caused by changes in the SM packing. Interestingly, the sudden
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change of crystal structure seen in O-IDTBR between 60s and 120s SVA time correlates with an
abrupt reduction in the PL quenching efficiency of O-IDTBR (discussed earlier from Figure 3e).
This result suggests that despite the higher crystallinity and closer packing structure, the large
domain sizes of DR3 and O-IDTBR may inhibit exciton migration to material boundaries and/or
exciton dissociation processes.

Given the significant changes in molecular packing occurring upon SVA treatments
longer than 60s, carrier transport across the BHJ active layers subjected to various SVA exposure
times may differ to a significant extent, in turn impacting BHJ solar cell performance. To
estimate the carrier mobilities across the All-SM blends, we turned to “metal-insulatorsemiconductor carrier extraction” measurements using linearly increasing voltage transients
(MIS-CELIV; cf. experimental details in the SI).[48-50] The results of those analyses are provided in
Figure 6a (also see supplementary data in Fig. S18-S19 and Tables S10). Figure S18-19 shows
the dark J-V characteristics (at room temperature) for BHJ active layers cast from the various
aforementioned SVA conditions in hole-only MIS diodes (ITO/MgF2/DR3:O-IDTBR/MoO3/Ag)
and electron-only MIS diodes (ITO/MgF2/DR3:O-IDTBR/DPO/Al). The thick layers of MgF2 (ca.
80 nm; cf. experimental details in the SI) deposited on ITO are intended to block a specific
carrier type (holes or electrons) while only the oppositely-charged carrier is extracted and
analyzed. Our analyses summarized in Fig. 6a and Table S10 indicate that hole (μh) and electron
(μe) mobilities for the neat films of DR3 and O-IDTBR are 2.3 x 10-5 cm2 V-1 s-1 and 3.9 x 10-6 cm2
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V-1 s-1, respectively. In “optimized” (30s) active layers, μh and μe values increase to ca. 4.6 x 10-5
cm2 V-1 s-1 and 2.4 x 10-5 cm2 V-1 s-1 (values that remain relatively modest). Upon extending the
SVA time to 600s, μh and μe further improve by one order of magnitude: to ca. 3.1 x 10-4 cm2

Figure 6. (a) MIS-CELIV-inferred hole/electron mobility for DR3:O-IDTBR BHJ active layers
subjected to various SVA exposure times with DMDS (see experimental details in the SI, and Fig.
S18-19). (b) Superimposed experimentally determined device JSC (squares), transfer-matrix
simulated JSC (assumptions: IQE= 65%; triangles), and simulated JSC (R= 0; circles) vs. active layer
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thickness for DR3:O-IDTBR BHJ solar cells. The simulation of the solution-processed DR3:OIDTBR BHJ devices for concurrent influence of (c) IQE and recombination rate constant k on
device PCE (active layer thickness: 110nm), and concurrent influence of (d) active layer
mobilities (here, µ= μn= μp) and k on device PCE (active layer thickness: 220nm).

V-1 s-1 and 4.4 x 10-4 cm2 V-1 s-1, respectively. Considering all aforementioned SVA conditions, μh
and μe are shown to be comparably balanced (Fig. 6a and Table S10); nevertheless, the more
modest EQE/IQE, severe non-geminate recombination and low PL quenching efficiencies
discussed earlier from Fig. 2-3 all profoundly affect solar cell efficiency (outlined earlier in Table
1): PCEs of ca. 3.4% for as-cast devices vs. 6.4% for 30s-SVA-treated devices vs. <2% for 600sSVA-treated devices. We also note that the rapidly growing characteristic XRD peak (see 600sSVA condition) reflecting pronounced thin-film crystallinity in Fig. S10-11, and the low PL
quenching (low exciton dissociation yields) in the acceptor-rich region (see as-cast condition)
are the marks of inadequate (coarse) morphologies that can limit the device JSC; interpretation in
agreement with the figures of merit outlined for as-cast and 600s-SVA-treated BHJ solar cells in
Table 1: low JSC values <8 and <2 mA/cm2, respectively.

Thus far, our experimental device optimizations and systematic characterizations
demonstrate that PCEs as high as 6.4% (avg. 6.1%) can be achieved with the All-SM DR3:OIDTBR system; in earlier sections, we have also discussed the several parameters inherent to
the DR3:O-IDTBR active layers that limit these efficiency figures. However, other device and
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morphology optimizations (e.g. alternative solvents for SVA treatments, concurrent/sequential
thermal annealing procedures, alternative interfacial layers to promote carrier extraction prior
to recombination, Etc.) could arguably bring further performance improvements and, therefore,
a determination of the practical efficiency limits for the All-SM DR3:O-IDTBR blend would
provide important guidance for future work with this system. In general, examining BHJ device
parameters (JSC, FF and PCE) and carrier recombination effects over various active layer
thicknesses can help identify the handles for further BHJ solar cell efficiency improvements.
Here, integrating spectral absorption input parameters obtained from transfer matrix modeling
(cf. modeling details and methodology provided in the SI) and the MIS-CELIV-inferred carrier
mobilities determined from prior experiments (Tables S10), our device simulations for the
DR3:O-IDTBR system shown in Figure 6b and S20 provide the predicted variations in BHJ
device performance with active layer thickness. The 1D drift-diffusion model used for those
simulations (see details in the SI) accounts for carrier recombination effects, thus improving FF
predictions from the simulated J-V curves compared with earlier models relying on a higher
level of simplifying assumptions. The recombination rate constant k inferred as 2 x 10-12 cm3 s1

was determined by inputting prior experimental values into the model (IQE, mobilities and

krec) and by fitting iterations between the experimental and simulated J-V curves for
optimized active layers (those for which the best experimental PCE is achieved).[27, 51] The

model sets the recombination rate R as R = knp, where n and p represent the electron
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and hole densities; the optical generation efficiency was taken as 0.65 on the basis of
our experimental IQE measurements. Figure 6d compares experimental JSC (square),
simulated JSC (triangle; k = 4 x 10-12 cm3 s-1; IQE= 65%) and JSC modeled in the absence of
recombination effects and considering an IQE of 100% (circular; R = 0). While
experimental (Fig. 6b) and simulated data agree well for active layer thicknesses ranging
from ca. 50-120 nm, the experimental JSC departs from the model for thicker devices
(>100nm). Figure S20 providing the variations in FF and PCE with film thickness determined
from actual BHJ devices with DR3:O-IDTBR (experimental data) shows that the substantial

JSC losses predicted for device thicknesses >100nm parallel a gradual reduction in device
FF. These concurrent losses in JSC and FF values for optically thick devices point to
carrier recombination and/or extraction impediments that do not occur to the same
extent in the thinner, optimized BHJ devices (30s). It is also worth noting from Figure 6b
that thicker films that can absorb more light are not expected to produce more
photocurrent due to the moderate IQE of 65%, correlated with the experimental JSC.
These results confirm that the trends for simulated JSC and experimental JSC for 50 to
120nm-thick devices are in good agreement.
The moderate experimental FF and IQE of 50% and 65% in “optimized” DR3:O-IDTBR
BHJ solar cells imply the occurence of carrier recombination and extraction limitations. In

order to clarify the extent to which device efficiency would improve if the IQE could be
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raised (e.g. by suppressing recombination in further optimization steps or refined
molecular design efforts), additional simulations must be performed with emphasis on
the examination of the relationships between IQE, k and PCE. The IQE of several stateof-the-art fullerene- and nonfullerene-based BHJ devices have been shown to top ca.
90% in recent studies, with negligible dependence on the electrical bias. The modeling
data in Figures 6c and S21 indicate that, with IQE and k values of 80% and 1 x 10-12 cm3
s-1, respectively, DR3:O-IDTBR BHJ devices would approach PCEs of 10% -in line with
some of the recently reported work on high-efficiency “nonfullerene” BHJ solar cells.[2021]

If the IQE could be raised to >85% and if k could be concurrently suppressed to less

than 1 x 10-13 cm3 s-1, the PCEs would significantly improve to achievable values of 13%,
with FF and JSC values >68% and >15 cm3 s-1, respectively. These results suggest that
suppressing recombination and enhancing the IQE can significantly contribute to PCE
improvements, even when μh and μe remain in the range 10-5-10-6 cm2 V-1 s-1. Since recent
studies have also stressed that balanced carrier mobilities can be beneficial to device FF and
PCEs, we further examined the competition between carrier transport/collection vs. free

carrier recombination for solution-processed All-SM systems; results presented in
Figure 6d (input IQE: 90%, and active layer thickness: 220nm -absorbing over 85%
incident light, also see Fig. S22). In the model, the work-functions of the metal
electrodes are assumed to be aligned with the Fermi levels of the hole/electron
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transport layers (see experimental details in the SI). As shown in Figure 6d, a reduction
of k to <10-13 cm3 s-1 and a concurrent increase in charge mobility >10-4 cm2 V-1 s-1 would
notably increase the FF and JSC, leading to predicted efficiencies of ca. 17% and stressing
the relevance of the All-SM device approach (whereby both SM donor and acceptor
absorb in the visible) to achieve high PCEs. Intuitively, one may think that concurrently
reducing k and raising carrier mobilities would result in continuous BHJ solar cell
performance improvements (note that k is independent of the mobility in our
simulations because we do not use the Langevin recombination model). However, Figure
6f shows that when k <10-12 cm3 s-1, raising carrier mobilities beyond ca. 10-3 cm3 s-1 can
be expected to gradually reduce the device VOC –predictions in agreement with several
prior studies examining the dependence of the VOC on dark currents (although, here, we
note that the detailed examination of those parameters via simulation are beyond the
scope of this report). Overall, our device simulations indicate that “nonfullerene” All-SM
solar cells (with visible absorbers) have the potential to outperform fullerene-based BHJ
solar cells in terms of PCE values if (i) the IQE can be >80%, (ii) the recombination rate
constant k is <10-12 cm3 s-1, and (iii) carrier mobilities can be raised to >10-4 cm2 V-1 s-1.
3. Conclusion

In summary, our examinations demonstrate that the solvent vapor annealing (SVA)
approach is particularly well suited to the optimization of BHJ solar cell morphology and
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efficiency for the “nonfullerene” All-SM system DR3:O-IDTBR. Using DMDS in the postprocessing SVA treatment subjected to the BHJ active layers, we showed that the All-SM solar
cells can achieve PCEs of up to ca. 6.4% (avg. 6.1%), with a VOC of 1.12V – one of the highest VOC
obtained for All-SM devices to date (with a correspondingly low Eloss of ca. 0.51 eV). Combining
light intensity-dependence, TPC, TPV, and TDCF measurements, we showed that SVA treatments
can induce significant performance improvements correlated to a reduction of non-geminate
and geminate recombination across the BHJ active layer (seen from α values nearing 0.99, low
1.18 kT/q coefficients, the better propensity for charge extraction at 1 sun, and ~5-10%
reduction of geminate current loss). Importantly, in 600s-SVA-treated devices (extended SVA
time), we found that higher crystallinity results in notably increased carrier mobilities –
estimated by MIS-CELIV at 10-4 cm2 V-1 s-1 vs. 10-5 cm2 V-1 s-1 for optimized devices (30s-SVA
condition) – whereas the impact of the coarser D/A phase separation observed by AFM, TEM
and EELS analyses in STEM mode (SM-rich domains as large as ca. 800 nm) prevails and
lowers BHJ solar cell PCEs. Thus, an important tradeoff exists between charge transport and
domain size in All-SM devices subjected to SVA treatments. Lastly, correlating our experimental
results and device simulations for the All-SM system DR3:O-IDTBR, it is critically important to
note that substantially higher BHJ solar cell efficiencies (>12%) could be achieved if the IQE

and carrier mobilities of the active layer could be increased to >85% and >10-4 cm2 V-1 s1,

respectively, while suppressing the recombination rate constant k to <10-12 cm3 s-1.
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Our work here highlights the intrinsically high VOC and practically achievable PCEs
for nonfullerene “All-SM” solar cells. Since those figures have been met in polymerfullerene BHJ solar cells in recent years, it can be expected that further morphological
improvements in “nonfullerene” All-SM solar cells will leverage efficiencies approaching
the predictions.

Supporting Information

Experimental methods, characterization, and additional figures and tables. Supporting
Information is available from the Wiley Online Library or from the authors.

Acknowledgements

This publication is based upon work supported by the King Abdullah University of Science and
Technology

(KAUST)

Office

of

Sponsored

Research

(OSR)

under

Award

No.

CRG_R2_13_BEAU_KAUST_1. The authors acknowledge concurrent support under Baseline
Research Funding from KAUST. The authors thank KAUST ACL for technical support in the mass
spectrometry analyses. V. S. acknowledges financial support from the NDSEG fellowship. Use of
the Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, is

This article is protected by copyright. All rights reserved.
39

supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences
under Contract No. DE-AC02-76SF00515.

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

References:

[1]

A. Sharenko, C. M. Proctor, T. S. van der Poll, Z. B. Henson, T. Q. Nguyen, G. C. Bazan, Adv.

Mater. 2013, 25, 4403.

[2]

Y. X. Chen, X. Zhang, C. L. Zhan, J. N. Yao, Phys. Status. Solidi. A 2015, 212, 1961.

[3]

J. H. Huang, X. Wang, X. Zhang, Z. X. Niu, Z. H. Lu, B. Jiang, Y. X. Sun, C. L. Zhan, J. N. Yao,

ACS Appl. Mater. Interfaces 2014, 6, 3853.

[4]

O. K. Kwon, J. H. Park, D. W. Kim, S. K. Park, S. Y. Park, Adv. Mater. 2015, 27, 1951.

[5]

Y. Lin, J. Wang, T. Li, Y. Wu, C. Wang, L. Han, Y. Yao, W. Ma, X. Zhan, J. Mater. Chem. A

2016, 4, 1486.

[6]

V. V. Brus, C. M. Proctor, N. A. Ran, T. Q Nguyen, Adv. Energy Mater. 2016, 6, 1502250.

This article is protected by copyright. All rights reserved.
40

[7]

W. Ni, M. M. Li, B. Kan, F. Liu, X. J. Wan, Q. Zhang, H. T. Zhang, T. P. Russell, Y. S. Chen,

Chem. Commun. 2016, 52, 465

[8]

G. T. Feng, Y. H. Xu, J. Q. Zhang, Z. W. Wang, Y. Zhou, Y. F. Li, Z. X. Wei, C. Li, W. W. Li, J.

Mater. Chem. A 2016, 4, 6056.

[9]

A. Namepetra, E. Kitching, A. F. Eftaiha, I. G. Hill, G. C. Welch, Phys. Chem. Chem. Phys.

2016, 18, 12476.

[10]

L. K. Jagadamma, M.; El-Labban Al-Senani, I. Gereige, G. O. N. Ndjawa, J. C. D. Faria, T. Kim,

K. Zhao, F. Cruciani, D. H. Anjum, M. A. McLachlan, P. M. Beaujuge, A. Amassian, Adv. Energy
Mater. 2015, 5, 1500204.

[11]

J. A. Bartelt, J. D. Douglas, W. R. Mateker, A. El Labban, C. J. Tassone, M. F. Toney, J. M. J.

Frechet, P. M. Beaujuge, M. D. McGehee, Adv. Energy Mater. 2014, 4 , 1301733.

[12]

C. Dyer-Smith, I. A. Howard, C. Cabanetos, A. El Labban, P. M. Beaujuge, F. Laquai, Adv.

Energy Mater. 2015, 5, 1401778.

[13]

J. Zhao, Y. Li, G. Yang, K. Jiang, H. Lin, H. Ade, W. Ma, H. Yan, Nat. Energy 2016, 1, 15027.

[14]

Y. Liu, J. Zhao, Z. Li, C. Mu, W. Ma, H. Hu, K. Jiang, H. Lin, H. Ade, H. Yan, Nat. Commun.

2014, 5, 5293.

This article is protected by copyright. All rights reserved.
41

[15]

H. Yao, R. Yu, T. J. Shin, H. Zhang, S. Zhang, B. Jang, M. A. Uddin, H. Y. Woo, J. Hou, Adv.

Energy Mater. 2016, 6, 1600742.

[16]

W. Zhao, S. Li, H. Yao, S. Zhang, Y. Zhang, B. Yang, J. Hou, J. Am. Chem. Soc. 2017, 139,

7148.

[17]

S. S. Li, L. Ye, W. C. Zhao, S. Q. Zhang, S. Mukherjee, H. Ade, J. H. Hou, Adv. Mater. 2016, 28,

9423.

[18]

B. Kan, H. R. Feng, X. J. Wan, F. Liu, X. Ke, Y. B. Wang, Y. C. Wang, H. T. Zhang, C. X. Li, J. H.

Hou, Y. S. Chen, J. Am. Chem. Soc. 2017, 139, 4929.

[19]

D.; Baran, R. S. Ashraf, D. A. Hanifi, M. Abdelsamie, N. Gasparini, J. A. Rohr, S. Holliday, A.

Wadsworth, S. Lockett, M. Neophytou, C. J. Emmott, J. Nelson, C. J. Brabec, A. Amassian, A. Salleo,
T. Kirchartz, J. R. Durrant, I. McCulloch, Nat. Mater. 2017, 16, 363.

[20]

H. Bin, Y. Yang, Z. G. Zhang, L. Ye, M. Ghasemi, S. Chen, Y. Zhang, C. Zhang, C. Sun, L. Xue, C.

Yang, H. Ade, Y. Li, J. Am. Chem. Soc. 2017, 139, 5085.

[21]

L. Yang, S. Zhang, C. He, J. Zhang, H. Yao, Y. Yang, Y. Zhang, W. Zhao, J. Hou, J. Am. Chem.

Soc. 2017, 139, 1958.

[22]

N. Liang, D. Meng, Z. Ma, B. Kan, X. Meng, Z. Zheng, W. Jiang, Y. Li, X. Wan, J. Hou, W. Ma, Y.

Chen, Z. Wang, Adv. Energy Mater. 2017, 7, 1601664.

This article is protected by copyright. All rights reserved.
42

[23]

S. Badgujar, C. E. Song, S. Oh, W. S. Shin, S.-J. Moon, J.-C. Lee, I. H. Jung, S. K. Lee, J. Mater.

Chem. A 2016, 4, 16335.

[24]

J. Y. Zhou, Y. Zuo, X. J. Wan, G. K. Long, Q. Zhang, W. Ni, Y. S. Liu, Z. Li, G. R. He, C. X. Li, B.

Kan, M. M. Li, Y. S. Chen, J. Am. Chem. Soc. 2013, 135, 8484.

[25]

S. Holliday, R. S. Ashraf, A. Wadsworth, D. Baran, S. A. Yousaf, C. B. Nielsen, C. H. Tan, S. D.

Dimitrov, Z. Shang, N. Gasparini, M. Alamoudi, F. Laquai, C. J. Brabec, A. Salleo, J. R. Durrant, I.
McCulloch, Nat. Commun. 2016, 7, 11585.

[26]

K. Wang, R.-Z. Liang, J. Wolf, Q. Saleem, M. Babics, P. Wucher, M. Abdelsamie, A.

Amassian, M. R. Hansen, P. M. Beaujuge, Adv. Funct. Mater. 2016, 26, 7103.

[27]

R.-Z. Liang, K. Wang, J. Wolf, M. Babics, P. Wucher, M. K. A. Thehaiban, P. M. Beaujuge,

Adv. Energy Mater. 2017, 1602804.

[28]

B. Kan, M. M. Li, Q. Zhang, F. Liu, X. J. Wan, Y. C. Wang, W. Ni, G. K. Long, X. Yang, H. R.

Feng, Y. Zuo, M. T. Zhang, F. Huang, Y. Cao, T. P. Russell, Y. S. Chen, J. Am. Chem. Soc. 2015, 137,
3886.

[29]

G. J. Zhao, Y. J. He, Y. F. Li, Adv. Mater. 2010, 22, 4355.

[30]

X. Guo, C. Cui, M. Zhang, L. Huo, Y. Huang, J. Hou, Y. Li, Energy Environ. Sci. 2012, 5, 7943.

This article is protected by copyright. All rights reserved.
43

[31]

A. Baumann, K. Tvingstedt, M. C. Heiber, S. Väth, C. Momblona, H. J. Bolink, V. Dyakonov,

APL Mater. 2014, 2, 081501.

[32]

D. Di Nuzzo, G. J. A. H. Wetzelaer, R. K. M. Bouwer, V. S. Gevaerts, S. C. J. Meskers, J. C.

Hummelen, P. W. M. Blom, R. A. J. Janssen, Adv. Energy Mater. 2013, 3, 85.

[33]

J. A. Bartelt, Z. M. Beiley, E. T. Hoke, W. R. Mateker, J. D. Douglas, B. A. Collins, J. R.

Tumbleston, K. R. Graham, A. Amassian, H. Ade, J. M. J. Fréchet, M. F. Toney, M. D. McGehee, Adv.
Energy Mater. 2013, 3, 364.

[34]

D. Baran, T. Kirchartz, S. Wheeler, S. Dimitrov, M. Abdelsamie, J. Gorman, R. S. Ashraf, S.

Holliday, A. Wadsworth, N. Gasparini, P. Kaienburg, H. Yan, A. Amassian, C. J. Brabec, J. R.
Durrant, I. McCulloch, Energy Environ. Sci. 2016, 9, 3783.

[35]

J. Liu, S. Chen, D. Qian, B. Gautam, G. Yang, J. Zhao, J. Bergqvist, F. Zhang, W. Ma, H. Ade, O.

Inganäs, K. Gundogdu, F. Gao, H. Yan, Nat. Energy 2016, 1, 16089.

[36]

K. Kawashima, Y. Tamai, H. Ohkita, I. Osaka, K. Takimiya, Nat. Commun. 2015, 6, 10085.

[37]

S. R. Cowan, A. Roy, A. J. Heeger, Phys. Rev. B 2010, 82, 245207.

[38]

X. Guo, N. Zhou, S. J. Lou, J. Smith, D. B. Tice, J. W. Hennek, R. P. Ortiz, J. T. L. Navarrete, S.

Li, J. Strzalka, L. X. Chen, R. P. H. Chang, A. Facchetti, T. J. Marks, Nat. Photonics 2013, 7, 825.

This article is protected by copyright. All rights reserved.
44

[39]

S. Albrecht, S. Janietz, W. Schindler, J. Frisch, J. Kurpiers, J. Kniepert, S. Inal, P. Pingel, K.

Fostiropoulos, N. Koch, D. Neher, J. Am. Chem. Soc. 2012, 134, 14932.

[40]

S. Albrecht, K. Vendewal, J. R. Tumbleston, F. S. U. Fischer, J. D. Douglas, J. M. J. Frechet, S.

Ludwigs, H. Ade, A. Salleo, D. Neher, Adv. Mater. 2014, 26, 2533.

[41]

D. M. Stoltzfus, J. E. Donaghey, A. Armin, P. E. Shaw, P. L. Burn, P. Meredith, Chem. Rev.

2016, 116, 12920

[42]

S. Lopatin, B. Cheng, W. T. Liu, M. L. Tsai, J. H. He, A. Chuvilin, Ultramicroscopy 2018, 184,

109.

[43]

R.-Z. Liang, M. Babics, A. Seitkhan, K. Wang, P. B. Geraghty, S. Lopatin, F. Cruciani, Y.

Firdaus, M. Caporuscio, D. J. Jones, and P. M. Beaujuge, Adv. Funct. Mater., DOI: 10.1002/adfm.
201705464.

[44]

Y. Firdaus, L. P. Maffei, F. Cruciani, M. A. Müller, S. Liu, S. Lopatin, N. Wehbe, G. O. N.

Ndjawa, A. Amassian, F. Laquai, P. M. Beaujuge, Adv. Energy Mater. 2017, 1700834.

[45]

C. M. Proctor, M. Kuik, T.-Q. Nguyen, Prog. Polym. Sci. 2013, 38, 1941.

[46]

X. D. Gu, H. P. Yan, T. Kurosawa, B. C. Schroeder, K. L. Gu, Y. Zhou, J. W. F. To, S. D.

Oosterhout, V. Savikhin, F. Molina-Lopez, C. J. Tassone, S. C. B. Mannsfeld, C. Wang, M. F. Toney, Z.
A. Bao, Adv. Energy Mater. 2016, 6, 1601225.

This article is protected by copyright. All rights reserved.
45

[47]

S. D. Oosterhout, V. Savikhin, J. X. Zhang, Y. D. Zhang, M. A. Burgers, S. R. Marder, G. C.

Bazan, M. F. Toney, Chem. Mater. 2017, 29, 3062.

[48]

A. Armin, G. Juska, M. Ullah, M. Velusamy, P. L. Burn, P. Meredith, A. Pivrikas, Adv. Energy

Mater. 2014, 4, 1300954.

[49]

G. Juska, N. Nekrasas, K. Genevicius, J. Non-Cryst. Solids 2012, 358, 748.

[50]

J. J. Peng, X. Q. Chen, Y. N. Chen, O. J. Sandberg, R. Osterbacka, Z. Q. Liang, Adv. Electron.

Mater. 2016, 2, 1500333.

[51]

J. A. Bartelt, D. Lam, T. M. Burke, S. M. Sweetnam, M. D. McGehee, Adv. Energy Mater.

2015, 5, 1500577.

This article is protected by copyright. All rights reserved.
46

Carrier Transport and Recombination in Efficient “All-SmallMolecule” Solar Cells with the Nonfullerene Acceptor IDTBR
Ru-Ze Liang, Maxime Babics, Victoria Savikhin, Weimin Zhang, Vincent M. Le Corre, Sergei Lopatin,
Zhipeng Kan, Yuliar Firdaus, Shengjian Liu, Iain McCulloch, Michael F. Toney, and Pierre M.
Beaujuge*
Keywords: small molecule solar cells, charge transport, carrier recombination, nonfullerene
acceptor, solvent vapor annealing.

Table of contents entry:

Nonfullerene “All-Small-Molecule” BHJ solar cells with the SM donor DR3TBDTT and the
nonfullerene SM acceptor O-IDTBR yield high open-circuit voltages >1.1V and power conversion
efficiencies >6% when the active layers are subjected to solvent vapor-annealing protocols.
Experimental results correlated with device simulations show that substantially higher BHJ
solar cell efficiencies of >12% may be achievable with the DR3TBDTT:O-IDTBR system.
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