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Solvent Vapor Annealing-Mediated Crystallization Directs Charge 
Generation, Recombination and Extraction in BHJ Solar Cells 
Maxime Babics,† Ru-Ze Liang,† Kai Wang,† Federico Cruciani,† Zhipeng Kan,† Markus Wohlfahrt, † Ming-Chun 
Tang,† Frederic Laquai,† and Pierre M. Beaujuge*,† 
†Physical Science and Engineering Division, KAUST Solar Center (KSC), King Abdullah University of Science and Technology 
(KAUST), Thuwal 23955-6900, Saudi Arabia 

ABSTRACT: Small-molecule (SM) donors that can be solution-processed with fullerene acceptors (e.g., PC61/71BM), or their “nonfullerene” 
counterparts, are proving particularly promising for the realization of high-efficiency bulk-heterojunction (BHJ) solar cells. In several recent 
studies, solvent vapor annealing (SVA) protocols have been found to yield significant BHJ device efficiency improvements via structural 
changes in the active layer morphologies. However, the mechanisms by which active layer morphologies evolve when subjected to SVA 
treatments, and the structural factors impacting charge generation, carrier transport, recombination and extraction in BHJ solar cells with SM 
donors and fullerene acceptors, remain important aspects to be elucidated. In this report, we show that – in BHJ solar cells with SM donors 
and fullerene acceptors – selective crystallization promoted by SVA mediates the development of optimized morphologies across the active 
layers, setting domain sizes and boundaries. Examining BHJ solar cells subjected to various SVA exposure times, with BDT[2F]QdC as the 
SM donor and PC71BM as the acceptor, we connect those morphological changes to specific carrier effects, showing that crystal growth effec-
tively directs charge generation and recombination. We find that the SM donor-pure domains growing at the expense of a mixed donor-
acceptor phase play a determining role, establishing optimum networks with 10-20nm-sized domains during the SVA treatment. Longer SVA 
times result in highly textured active layers with crystalline domains that can exceed the lengthscale of exciton diffusion, while inducing detri-
mental vertical morphologies and deep carrier traps. Last, we emphasize the field-dependence charge generation occurring upon SVA-
mediated crystallization and link this carrier effect to the mixed phase depletion across the BHJ active layer. 

Introduction 
Solution-processable bulk-heterojunction (BHJ) solar cells re-

lying on small-molecule (SM) donors and fullerene (e.g., 
PC61/71BM) or “nonfullerene” acceptors are gaining attention in 
the field, mainly because high-efficiency figures are now in reach1 
with the prospects of outperforming the more commonly studied 
polymer-based BHJ solar cells.2, 3 Their discrete molecular structure 
and defined molecular weight, their synthetic accessibility and 
scalability, and the absence of batch-to-batch variation, are some of 
the main incentives for using SM donors and acceptors in BHJ solar 
cells.1, 4  When combined with fullerene acceptors, SM donor-based 
BHJ devices can reach power conversion efficiencies (PCEs) 
>11%,5 and swapping fullerenes for “nonfullerene” acceptors yield 
PCEs >10%.6 At the origin of the gradual efficiency improvements 
seen in the past recent years: (i) the rationalization of material 
design and (ii) the systematic optimization of film processing con-
ditions and device structure. More often than not, achieving a fa-
vorable morphology in SM donor-fullerene BHJ solar cells requires 
examining several of these parameters: solvent selection,7 do-
nor/acceptor ratio,8, 9 device configuration and interlayer 
selection,10, 11 processing additives,9, 12 thermal annealing,13 and –
more recently– post-processing “solvent vapor annealing” (SVA).14-

17 In general, interpenetrating networks with 10-15nm-sized do-
mains are considered optimum for charge generation, transport and 
extraction, but other structural factors such as domain purity (often 

paired with crystallinity),18 relative molecular arrangements and 
orientations,19 and vertical phase-separation patterns are also 
known to impact BHJ device performance.20  

Of all optimization protocols known to influence BHJ mor-
phology, SVA treatments are currently being described as being 
especially relevant to SM donor-fullerene BHJ solar cells.1 In those 
instances, the active layer is exposed to an environment saturated in 
solvent vapors that diffuse into the organics, inducing a local 
and/or mesoscale reorganization of the molecular donor and ac-
ceptor counterparts. Factors that affect the effectiveness of the SVA 
treatment include (i) the solubility of the molecular donor and/or 
acceptor, (ii) the partial pressure of the selected solvent, and (iii) 
the time of exposure.14, 16 While SVA protocols are proving useful in 
the optimization of the SM donor-fullerene BHJ morphologies and 
efficiencies,21-23 a better understanding of the direct correlations 
between solvent vapor exposure, morphological changes, crystalli-
zation, and carrier effects across the active layer (i.e. charge genera-
tion, transport, recombination and extraction) should be estab-
lished in order to continue improving beyond currently reported 
efficiencies. 

In our initial work, we described the rational design approach 
that led to the development of the SM donor BDTQdC (Chart 1) 
–a particularly efficient material system in BHJ solar cells with the 
fullerene acceptor PC71BM.24 When subjected to SVA conditions, 
BDTQdC-based BHJ solar cells see their PCE increase from a 
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modest ca. 2.5% (“as-cast” values) to >8%, with some important 
apparent morphological changes.24 In the present contribution, we 
examine the systemic influence of the SVA protocol based on chlo-
roform vapor employed in the optimization of BHJ device perfor-
mance for the model system BDT[2F]QdC:PC71BM and, more 
specifically, the impact of SVA exposure time –which is shown to 
mediate the selective crystallization of the SM donor 
(BDT[2F]QdC) with respect to the fullerene acceptor (PC71BM), 
and sets the lengthscale of the phase-separated network. As the 
morphology evolves across the active layer, we demonstrate that 
SVA-mediated crystallization effects direct charge generation, 
recombination and extraction in the SM donor-fullerene BHJ solar 
cells, to which connects device performance figures. Our systematic 
examinations combine a large span of characterization techniques 
that provide direct insight into morphological and carrier effects, 
including: in-situ UV-vis absorption, high-resolution transmission 
electron microscopy (HR-TEM), atomic force microscopy (AFM), 
photoluminescence (PL) quenching analyses, transient photocur-
rent (TPC) measurements, X-ray diffraction (XRD) and time-
delayed collection field (TDCF).  

Results and Discussion 
Material Properties 

The solution and thin film UV-vis spectra overlaid in Figure 
1a show a significant bathochromic shift on going from solution to 
the thin film –an observation indicating that aggregation, typically 
promoted by π−π interactions, takes place upon solidification of 
the SM donor in films.25, 26 The absorption of the thin films have 
two main spectral features, an absorption band at high energy (cen-
tered around 430 nm) and a lower-energy band consisting of three 
apparent “peaks” (convoluted) respectively at ca. 575 nm, 630 nm 
and 688 nm. Referring to previous work,5, 27, 28 we assign the 688 nm 
peak to the A0-0 transition and the 630 nm peak to the A0-1 transi-
tion. Figure 1b emphasizes the temperature-dependent spectral 
variations observed in thin films of BDT[2F]QdC as the layer is 
subjected to a gradual elevation of temperature (up to 180°C) (cf. 
experimental details in the SI). Looking at the intensity ratio of the 
2 vibronic peaks A0-0 and A0-1: while the film temperature increases, 
the ratio IA0-0 /IA0-1 decreases, and a blue-   
 
Chart 1. Molecular Structures of the SM Donor BDT[2F]QdC and the 
Fullerene Acceptor PC71BM. 

 
 
shift of the A0-0 maximum intensity is observed. The evolution of 
the ratio IA0-0 /IA0-1 combined with the blue-shift observed is con-
sistent with the fact that thermal heating induces molecular disor-
der and weaken π−π stacking interactions.28-30 Considering the 
remarkable variation in UV-vis absorption patterns shown in Figure 
1c for the BDT[2F]QdC:PC71BM blend films (1:1) subjected to 
solvent vapors (SVA), it is evident that molecular reorganization 
effects are occurring across the films. Compared to the neat film, 
the spectrum of the BDT[2F]QdC:PC71BM blend in “as-cast” film 
shows only weak vibronic features and the 0-0 peak around 680 nm 
is absent. In other words, the presence of PC71BM in the blend 
films suppresses the propensity of ordered BDT[2F]QdC aggre-
gates to form. This behavior is consistent with prior reports depict-
ing a reduction in overall crystallinity with the incorporation of 
fullerenes (commonly referred to as “vitrification” process), result-
ing in the formation of disordered mixed phases within the donor-
acceptor blends.31-33 In contrast, upon solvent exposure for 20s, the 
features observed in the UV-vis spectrum of the blend film are 
common to those of the neat film: prominent A0-0 and A0-1 peaks. 
Those observations are consistent with the occurrence of pro-
nounced morphological changes during the SVA process. In light of 
those analyses, we turned to a more involved study of the aggrega-
tion kinetics, performing in-situ UV-vis absorption measurements 
on the BDT[2F]QdC:PC71BM blend films during the first 120 
seconds of solvent exposure. The outcome of this study is present-
ed in Figure 1d (full spectrum in Figure S1). In this experiment, the 
blend film was placed inside the Petri dish saturated in solvent va-
por, and the transmission of a white light passing through the films 
was measured with a time resolution of two spectra per second (cf. 
further experimental details in the SI, section 2; for consistency, the 
setup used was the same as that later employed in the later device 
sections). Here, we note that SVA time is provided on a logarithmic 
scale because most morphological changes occur during the first 20 
seconds. 
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 Figure 1. (a) Superimposed solution and thin-film UV-vis absorption 
spectra for BDT[2F]QdC (normalized). (b) Temperature-dependent 
thin-film UV-vis absorption for BDT[2F]QdC subjected to increasing 
temperatures over the range 25-180°C. (c) UV-Vis absorption of 
BDT[2F]QdC:PC71BM blend films (1:1), “as-cast” and after 20s chlo-
roform (CF) vapor exposure. (d) In-situ absorbance of 
BDT[2F]QdC:PC71BM blend films (1:1) vs. solvent vapor annealing 
(SVA) exposure time. 

 
Within the first 20s, the 0-0 peak emerges, and its maximum peak 
intensity red-shifts to some extent upon solvent exposure. Since the 
intensity of the 0-1 peak increases only slightly during this time, the 
overall ratio IA0-0 /IA0-1 increases substantially, indicating that struc-
tural order is developing in the film, along with π−π aggregation. 
From 20 to 120 seconds, the UV-vis spectrum of the 
BDT[2F]QdC:PC71BM blend film shows only minor changes over 
time, suggesting that any further crystallization may be occurring 
from the merging of existing crystallites. 

Device Examinations  
Solution-processed thin film BHJ solar cells were fabricated us-

ing the conventional device architecture ITO/PEDOT:PSS/ 
BDT[2F]QdC:PC71BM/Ca/Al (device area: 0.1 cm2),  and were 
tested under simulated AM1.5G illumination (100mW/cm2); the 
detailed experimental protocol is provided in the SI (see section 1). 
Table 1 summarizes the figures of merit of the BHJ devices made 
from BDT[2F]QdC and PC71BM, where the active layers are treat-
ed with various SVA times (up to 120 seconds); the J-V curves of 
the corresponding devices are shown in Figure 2a. As shown in 
Table 1, the reference “as-cast” device shows an open-circuit volt-
age (VOC) of 0.96 V and only modest short-circuit current (JSC) and 
fill-factor (FF) values of 6.9 mA/cm2 and 33%, respectively. Within 
the first 20s of SVA treatment, both the JSC and FF increase signifi-
cantly, reaching 11.4 mA/cm2 and 66%, respectively. The power 
conversion efficiency (PCE) upon optimal solvent annealing time  

 
Figure 2. (a) Characteristic J-V curves of BHJ solar cells made from 
BDT[2F]QdC:PC71BM active layers subjected to various SVA times. 
(b) Photocurrent (Jph) vs. effective applied voltage Veff= (V0-V). (c) JSC 
vs. light intensity of BDT[2F]QdC:PC71BM. The solid lines corre-
spond to fits to the data according to JSC ∝ Iα. Analyses performed via 
a white LED with a maximum irradiance of 200 mW/cm2. In account-
ing for spectral mismatch, 70% of the maximum irradiance of the 
white-light LED was used to reproduce the JSC values achieved under 
standard AM1.5G solar illumination (100mW/cm2). 

 

Table 1. Summary of PV device performance parameters for 
BDT[2F]QdC:PC71BM active layers subjected to various solvent va-
por annealing (SVA) times. 

SVA time VOC JSC FF Avg. 
PCEa 

Max. PCE 

[s] [V] [mA/cm2] [%] [%] [%] 

0 0.96 6.9 33 2.2 2.3 

5 0.95 9.5 38 3.4 3.7 
20 0.94 11.4 66 7.1 7.2 

60 0.94 5.5 58 3.1 3.2 
120 0.94 2.1 36 0.7 0.9 

aAdditional device statistics are provided in Table S1 in the Supporting 
Information. 

 
peaks to 7.1% (Avg.; 7.3% Max.). Upon longer solvent exposure 
times, the JSC decreases and drops to 5.5 mA/cm2 after 60s, and 
down to 1.8 mA/cm2 after 120s.The FF also decreases from 66% 
for “optimized” devices to 36% after 120 s. It is worth noting that 
the FF remains as high as 58% after 60s. After 120s of SVA treat-
ment, the PCE drops to 0.7%, and longer solvent annealing times 
result in partial active layer deterioration, leaving partially uncov-
ered areas across the substrate. Clearly, the SVA treatment plays a 
determining role, setting the conditions for high JSC and FF values, 
but can also be detrimental to device operation. Assuming that the 
SVA exposure times directly impacts active layer morphology, an 
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indirect examination of the internal electric field across the BHJ 
solar cells should reveal significant variations in active layers ex-
posed to various SVA times. 

To understand the role of the internal electric field on the de-
vice current we analysed the photocurrent as a function of the effec-
tive voltage;34, 35 data presented in Figure 2b. The photocurrent Jph 
is given by the current measured under light minus the current 
measured in the dark. The effective applied voltage Veff is defined as 
the voltage V0 for Jph=0 minus the applied voltage V. For BHJ de-
vices subjected to 20s and 60s SVA, Jph increases rapidly at low 
voltages and saturates at an effective voltage of ca. 0.3 V. The early 
onset of saturation of the photocurrent observed in those devices 
indicates that the internal electric field plays a minor role during 
charge extraction, and that charges are efficiently extracted at the 
electrodes. The distinct values of saturated current reflect the dif-
ference in JSC between the two devices (see Table 1). In contrast, 
“as-cast” devices do not show this saturation regime as the photo-
current keeps increasing with applied voltage. Interestingly, at 
significantly higher effective voltage (>3V), the “as-cast” device 
and the optimized devices have similar photocurrents, indicating 
that the modest JSC measured for the as-cast device does not origi-
nate from charge generation issues, but rather from a poor extrac-
tion of carrier at the electrode interfaces. If not assisted by a strong 
electric field, the charges recombine before reaching the electrodes. 
The photocurrent measured for the BHJ devices subjected to 120s 
SVA also show a continuous dependence on voltage, with no visible 
saturation regime. In this instance, the photocurrent remains low at 
high voltages (3-4 mA cm-2), even though the electric field increas-
es charge collection to some extent. 

In order to quantify the extent of bimolecular recombination 
occurring in active layers subjected to varying SVA times, we tested 

the BHJ solar cells under various light illumination intensities. It 
has been shown that the extent of bimolecular recombination can 
be estimated looking at the dependency of different illumination 
conditions on the device JSC.36 The dependence of the JSC is de-
scribed by JSC ∝Iα. Here, a value of α close to unity indicates a re-
gime where bimolecular recombination losses can be considered 
negligible, whereas smaller α values indicate a competition between 
recombination and carrier extraction.37 Figure 2c shows the JSC 
versus light intensity data for various SVA times, (all J-V curves are 
provided in Figure S2). For the as-cast device (no SVA treatment) 
the fit yields α	  = 0.81, indicating substantial bimolecular recombi-
nation losses. After SVA exposure for 20s and 60s, α	  = 0.97, sug-
gesting that bimolecular recombination gets significantly reduced. 
Longer SVA treatments of 120s result in α	  = 0.85, indicating that 
bimolecular recombination significantly limits device efficiency for 
longer exposure times as well.  

In several prior studies,14, 16, 23 SVA treatments have been de-
scribed as inducing crystallization and changing the morphology of 
the BHJ blend films. Thus, one may assume that crystallization 
effects occurring in BDT[2F]QdC:PC71BM active layers subjected 
to SVA may also be at the origin of significant macroscopic changes 
in thin-film morphology. Here, active layer morphologies were 
analyzed via bright-field transmission electron microscopy (TEM) 
and atomic force microscopy (AFM); results shown in Figure 3. 
Figure 3 shows the blend morphologies obtained upon exposure to 
SVA treatments of varying duration. Donor- and acceptor-rich 
domains (bright and darker regions, respectively) appear rather 
intermixed in the as-cast films (Figure 3a), and domain sizes can be 
inferred as <10 nm. During solvent exposure, the BHJ reorganizes 
and the size of the domains increases. After 20s, time after which 
the “optimized” thin-film condition is obtained, the size of the do-

 

Figure 3. Bright-field TEM images of the BHJ thin-film morphologies for various SVA times: (a) 0s, (b) 20s, (c) 30s, (d) 60s and (e) 120s. The scale 
bar is 500nm. (f) Photoluminescence quenching (PLQ) of SM:PC71BM blend films obtained from various durations of SVA exposure. Excitation at 
630nm. (g) Specular XRD of the neat SM donor (neat film). Intensity plotted on a log scale. (h) Specular XRD of the SM donor (neat film) and that 
of the blend with  PC71BM for various SVA times (up to 120s). Intensity plotted on a linear scale. 
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mains increases to 15-20 nm –a favorable domain size range allow-
ing excitons to reach D/A interfaces, and favoring carrier genera-
tion and percolation required for efficient transport and extraction. 
Upon further solvent exposure, the donor-rich domains form nee-
dle-like morphologies across the active layer. By direct imaging, the 
widths of these apparent crystalline features can be inferred as ca. 
35, 95 and 600 nm (avg. widths) for SVA-treated films exposed for 
30, 60 and 120s respectively. Large domains (>30nm) are not de-
sirable from a charge generation standpoint, as excitons tend to 
decay before reaching the donor-acceptor interface. After 120s of 
solvent exposure, the SM donor crystallites are overly grown (as 
large as film thickness) and the active layers no longer form BHJ 
networks. These severe aggregation patterns obtained upon pro-
longed solvent exposure have commonly been held responsible for 
the loss of photocurrent.21  AFM images and root mean square 
(RMS) roughness estimates are provided in Figure S3. As-cast BHJ 
thin films are smooth RMS estimates of ca. 0.5 nm. RMS values 
then gradually increase for active layers exposed to longer SVA 
times. For films said “optimized”, RMS values remain low at ca. 1.3 
nm. RMS estimates then rise quickly to values as high as 19.8 and 
45.6 nm for SVA times of 60 and 120s, respectively. Those increas-
es in RMS roughness are consistent with the TEM data indicative 
of a substantial growth of the SM donor-rich domains. 

To examine the effect of domain size on charge generation and 
device photocurrent, we analyzed the propensity of excitons to 
reach the donor-acceptor interfaces via photoluminescence 
quenching (PLQ) measurements. Figure 3f shows the PLQ data for 
films exposed to various SVA times (raw data provided in Figure 
S4). The high PLQ value of 93% measured for the as-cast BHJ thin 
film is consistent with the short domain lengthscale observed for 
the same films via high-resolution TEM (Figure 3), and indicates 
that excitons are effectively reaching the interface. With longer SVA 
times, the SM donor-rich phases grow and the PLQ values drop to 
some extent. It is worth noting that “optimized” films undergo a 
slight reduction in PLQ value of 5-10% compared to as-cast films, 
but here we note that the corresponding devices still show in-
creased current density, suggesting that the somewhat increased 
exciton quenching process does not significantly affect charge gen-
eration at this stage. However, longer solvent exposure times lead 
to significantly larger domain sizes, which in turn substantially de-
crease the PLQ values to 58 and 53 % for 60 and 120s SVA times, 
respectively. These low PLQ values are consistent with pro-
nounced exciton decay reflected in reduced charge generation (in 
agreement with the device current densities of < 3 mA/cm2). Cor-
related with the TEM analyses (Figure 3), the PLQ data is also 
pointing to the high purity of the SM donor crystallites forming on 
longer SVA times (needle-like domains). 

Earlier grazing incidence wide-angle X-ray scattering 
(GIWAXS) experiments showed that the SM donor BDT[2F]QdC 
tends to crystallize in neat films, adopting edge-on orientations 
with respect to the substrate with intermolecular π-π spacings of ca. 
3.68 Å.24 However, in blends with PC71BM, the SM donor does not 
maintain the same degree of structural order and crystallites with 
mixed orientations prevail.24 Solvent exposure induces more crys-
tallinity, as reflected by the higher-order lamellar reflections and 
more pronounced π-π stacking arcs visible in the GIWAXS spectra. 
In Figure 3g,h, we use specular X-ray diffraction to provide further 
insights into the aggregation pattern of the SM donor in both neat 

and blend films with PC71BM subjected to various SVA times. In 
the specular reflection data, out-of-plane diffraction peaks are ob-
served where the (100), (200) and (300) reflections are resolved. 
The specular data is also consistent with the fact that 
BDT[2F]QdC tends to adopt an edge-on configuration, and from 
the data a lamellar spacing of 1.70 nm can be inferred. Figure 3h 
shows that the high crystallinity of the neat films is not maintained 
as BDT[2F]QdC is mixed with PC71BM in as-cast active layers, 
with only a relatively broad first-order reflection showing on the X-
ray pattern, while the corresponding diffraction peak intensity is 
greatly reduced (“vitrification” process). This observation is con-
sistent with the features described earlier from the absorption spec-
tra of the BDT[2F]QdC:PC71BM blend films (Fig. 1c). Upon sol-
vent annealing of the active layer, the intensity of the first-order 
lamellar peak increases and its intensity rises, indicating the coher-
ence length of the SM donor gradually increases during the first 
40s.  After 60s SVA time, the XRD patterns become comparable to 
that of the neat SM donor with high-intensity higher-order reflec-
tions indicative of the significantly higher structural organization 
achieved in the BHJ blend films. 

Important morphological differences between films often cor-
relate with distinct charge transport patterns and, in SM-based BHJ 
solar cells with fullerene acceptors, the occurrence of crystalline 
aggregates –in which carrier transport proceeds by intermolecular 
charge transfer events– only exacerbates the morphological de-
pendence. The carrier mobilities of the various active layers sub-
jected to distinct SVA treatment durations were determined from 
the MIS-CELIV method;38 results reported in Figure 4 (see exper-
imental details in the SI, section 7). As shown in Figure 4, the hole 
and electron mobilities of as-cast devices  

 
Figure 4. Hole- and electron-only MIS-CELIV mobility of the active 
layers exposed to various SVA times. The error bars represent the 
standard deviations (estimated from at least 3 devices). MIS-CELIV 
dark-current transients are provided in Figure S5 (electrons) and Fig-
ure S6 (holes). 

 

are rather modest: 6.5 ×	  10-7 and 5.0 ×	  10-6 cm2V-1s-1, respectively. 
However, those figures increase rapidly within the first 20s of SVA 
treatment. Beyond 20s, the hole and electron mobilities reach 2.8 ×	  
10-5 cm2V-1s-1 and 6.3 ×	   10-4 cm2V-1s-1, respectively –representing 
significant increases of ca. x40 and x140 (respectively) compared 
to the as-cast films. The slight mobility reductions estimated for 
active layers subjected to longer SVA exposure times are likely the 
result of the less continuous BHJ networks as pronounced crystal-
line aggregation takes place in the films. Low and/or unbalanced 
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mobilities correlated to morphological factors can induce space-
charge effects that impact BHJ solar cell performance.21, 39 

To examine the role of morphology-related limiting factors on 
space-charge effects, we turned to transient photocurrent (TPC) 
measurements. In recent work, TPC measurements have been used 
to investigate space-charge effects, carrier trapping and de-trapping 
in polymer-fullerene,40, 41 “all-polymer”42 and hybrid43 BHJ solar 
cells. During the measurement, devices held in the dark are subject-
ed to a long light pulse (200μs) allowing the short-circuit current to 
reach its steady-state value, and various light intensities are scanned 
(the LED intensity corresponding to “one sun equivalent” produc-
es a device current equivalent to the one obtained upon illumina-
tion via solar simulator). In general, the rise/fall behavior of the 
photocurrent is described with respect to two components, a fast 
initial rise/fall component followed by a second component of 
slower dynamics. Figures 5a-d (normalized at 190 μs) and Figure 
S7 (raw data) show the transient short-circuit current for the devic-
es subjected to the various, aforementioned SVA times. In the as-
cast active layers, the rise time (defined as the time taken to go 
from 10 to 90% current intensity) drops from 39 to 1.2μs when the 
light intensity increases from 0.14 to 1.43 sun. With increasing light 
intensity, the fast rise of the current evolves into a transient peak 
before leveling off to the steady state JSC. In parallel, the slow com-
ponent gets suppressed as light intensity increases –an observation 
that can reflect the filling of trap states at higher intensities44 and/or 
charge density-dependent carrier mobility.45 The transient photo-
current peak observed at higher light intensities can be attributed to 
space-charge effects, whereby an accumulation of one carrier type 
occurs under the effect of mobility ratio imbalance after a few μs, 
thus reducing charge generation and increasing recombination.46 In 
contrast, active layers exposed either to SVA treatments for 20s and 
60s exhibit fast rise/fall times almost independent of light intensity, 
indicative of a favorable device behavior for which modest mobili-
ties, carrier traps and space-charge effects are not significant limit-
ing factors. For 120s SVA treatments, the TPC data shows a prom-
inent transient peak within the first 50μs; broad and weak at low 
intensities, the photocurrent peak sharpens and becomes more 

pronounced with increasing light intensity (i.e. as the number of 
carriers increases across the device). Vertical phase segregation and 
carrier-blocking layers forming at interfaces can induce this behav-
ior.47 Here, we think that trapped electron populations in the 
PC71BM-rich domains (higher mobility phase) steadily build up, 
inducing trap-mediated space-charge characteristics that promotes 
recombination and suppresses charge generation. 

The origin of the space-charge effects and the occurrence of 
charge build-ups can be confirmed by examining the voltage de-
pendence of the transient current. By applying a voltage bias, the 
internal field in the device varies; if the internal field increases, the 
drift of the charges is promoted (reverse bias) and if the internal 
field gets reduced, the open-circuit condition is approached and 
carrier recombination increases (forward bias). Figure 5e-h shows 
the corresponding data for 1 sun equivalent (normalized in Figure 
S8); the applied bias being scanned from -0.75V to +0.75V. As 
illustrated in Figure 5, the as-cast device sees its current vary greatly 
(from 2mA to 10mA) upon scanning of the applied bias –
observation consistent with the low FF of the device indicative of a 
notable recombination regime. Given the low carrier mobilities 
estimated earlier for the as-cast device, a large reverse bias effective-
ly promotes the drift of the charges and favors hole collection (sup-
pressing the space-charge effects seen at short-circuit). In contrast, 
near the open-circuit voltage, the internal field is low and carrier 
collection becomes less effective. As holes accumulate (space-
charge), the transient peak becomes more pronounced and the 
collection current is suppressed. On the other hand, devices sub-
jected to 40s and 60s SVA treatments show minimal-to-no depend-
ence on the applied voltage. For those devices, the shape of the 
transient current is practically independent of the applied voltage 
(also see Fig. S8 b-c). Importantly, Figure 5h shows that active 
layers exposed to longer SVA times (here, 120s) suffer from a de-
pendence on the applied bias that resembles that of as-cast devices. 
Those results can be correlated to those discussed earlier from 
Figure 3, showing the occurrence of overgrown crystallites with 
domain sizes far greater than  
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Figure 5.  Transient JSC (normalized) in response to a 200μs white light (LED) pulse for various light intensities (given in sun equivalent) and for BHJ 
active layers subjected to varying SVA exposure times: (a) “as-cast” (0s), (b) 20s, (c) 60s, and (d) 120s. Transient current in response to the 200μs 
white light (LED) pulse at 1 sun equivalent, for various voltage biases applied and for BHJ active layers subjected to varying SVA exposure times: (e) 
“as-cast” (0s), (f) 20s, (g) 60s, and (h) 120s. 

 
the diffusion length of excitons. In this case (120s SVA time), the 
phase-separation lengthscale is such that trapped carriers cannot be 
efficiently extracted even under large reverse voltages. Those ac-
cumulate in the active layer, changing the local electric field, in-
crease recombination effects and suppressing charge generation. 
    To examine the impact of the electric field on geminate recombi-
nation and charge generation, we turned to time delayed collection 
field (TDCF) experiments. In prior studies using TDCF experi-
ments to probe the influence of the electric field on charge genera-
tion: Knipert et al. described a charge generation process inde-
pendent of the electric field in “as-cast” and optimized 
P3HT:PC71BM blend films;48, 49 considering various poly-
mer:PC71BM systems, Albrecht et al. emphasized an apparent in-
terdependence between chemical structure, optimization protocol 
and dependence of charge generation on the electric field;50, 51 Foer-
tig et al. correlated the use of the processing additive DIO, morpho-
logical changes in the blend films, and an apparent suppression of 
the dependence of charge generation on the electric field;52 and 
Proctor et al. related the use of DIO to the reduction of geminate 
recombination in a SM-based blend sytem.53 In TDCF analyses, the 
devices are subjected to a pre-bias (Vpre) and illuminated with a 
short laser pulse. After a certain delay time (td), a large reverse bias 
is applied to the solar cell to collect all the remaining carriers. The 
transient current is integrated to determine the total of collected 
charges (Qtot). The fluence of the laser pulse is low enough that 
non-geminate recombination remains negligible while geminate 
recombination represents the main loss channel. Measuring Qtot as 
a function of the pre-bias can be seen as a direct measurement of 
the voltage dependence of geminate recombination. First, the pulse 
fluence was varied from 0.02 to 1.5 μJ.cm-2 in order to determine 
the regime where the relation between light intensity and the col-

lected charges is linear (Figure S9). The excitation wavelength was 
chosen to be 532 nm, noting that at this wavelength the absorption 
of the blend does not change during the SVA treatment. The meas-
urements were performed with a delay time of 10ns and a Vcoll of -
4V; results shown in Figure 6. Interestingly, for the non-optimized 
as-cast device, Qtot is independent of Vpre. The charge generation is 
independent of the pre-bias voltage. Devices for which the active 
layer was subjected to 20s SVA exposure time show a weak de-
pendence of the charge generation on the pre-bias Vpre. Geminate 
losses at open-circuit condition are 8% higher than the losses in-
curred at -2.5V. For active layers exposed to 60s SVA times, the 
dependence is even stronger with geminate losses 18% higher at 
open-circuit condition compared to the loss incurred at -2.5V. 
Here, it is worth noting that these results differ from those obtained 
earlier by Proctor et al. who found that geminate recombination in 
as-cast devices can be strongly voltage-dependent, whereas “opti-
mized” devices cast using DIO as the processing additive did not 
show the same dependence.53 In their study, the reduced field de-
pendence was correlated to the highly ordered crystalline domains 
obtained in active layers cast with DIO. Since the solvent vapor 
annealing process also increases domain sizes while promoting 
phase crystallinity, a similar trend could have been expected. In 
light of those differing outcomes, we conclude that the relative 
crystallinity of the domains alone cannot explain the voltage-
dependence of charge generation. Other factors difficult to probe 
and beyond the scope of this study could have a contribution to the 
voltage–dependence: (i) molecular orientation at the donor-
acceptor interface, (ii) the concomitance of ordered and disordered 
domains, and (iii) the presence of the so-called “mixed” phase. In 
BDT[2F]QdC:PC71BM active layers, the presence/absence of 
mixed phase may be at the origin of the behavior observed. Based 
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on direct TEM imaging and considering the crystallization process 
of BDT[2F]QdC mediated by SVA treatment, the interface be-
tween the donor  

 
Figure 6. J-V curves (left axis) and voltage dependence of the total 
charge extracted as probed by TDCF experiment (right axis) for BHJ 
active layers subjected to varying SVA exposure times: (a) “as-cast” 
(0s), (b) 20s, (c) 60s.  (d) Total extracted charge data normalized to 
Qtot at -2.5V. The right axis provides the percentage of photogenerated 
carriers lost due to geminate recombination relative to the loss incurred 
at -2.5V. 
 
and the acceptor domains is excepted to be sharp and abrupt –a 
situation likely to result in the reduction of mixed-phase at those 
interfaces. The mixed phase is known to be beneficial to charge 
separation and to suppress carrier recombination in BHJ solar 
cells.19, 54, 55 

Additional Remarks  
As-cast active layers show a high degree of intermixed donor- 

and acceptor-rich domains –a situation that can lessen the level of 
interconnection within donor and acceptor phases through molec-
ular intercalation (e.g. fullerenes isolating SM donors and disrupt-
ing their packing/aggregation propensity) and, in turn, disfavor 
efficient percolation pathways for charge transport. As the UV-Vis 
data (Fig. 1) lacks the footprint of structural order through aggrega-
tion, the XRD pattern of the as-cast blend (Fig. 3h) indicates that 
the structural order present in the neat films of SM donor is not 
preserved in the blend film. In contrast with polymer-fullerene BHJ 
solar cells, where charge transport occurs mainly through π-
conjugated main-chain conduction pathways (including tie-chains 
interconnecting distant domains), carrier transport in SM donor-
fullerene systems is dominated by intermolecular charge transfer 
processes and relies on molecular interconnects. With the low de-
gree of structural order seen in as-cast devices, the carriers mobili-
ties are at their minimum, ~10-7 and ~10-6 cm2 V-1 s-1 for holes and 
electrons, respectively. In the meantime, the small domain sizes 
(<10nm) provide a high density of D/A interfaces, favoring charge 
separation processes across the active layer. In those devices, 
charge generation is efficient and shows no sign of voltage-
dependence. Nevertheless, those same devices suffer from low 
charge collection yields. Given the limited mobilities and the non-

ideal bulk morphology lacking percolation pathways, free carriers 
are not efficiently reaching the electrode interfaces, and tend to 
recombine non-geminately instead. The modest and unbalanced 
mobilities in as-cast devices cause an accumulation of holes (space 
charge effect) across the active layer that further promotes recom-
bination and suppresses charge generation. In contrast, in SVA-
treated active layers, solvent exposure induces the crystallization of 
the SM donor, and both domain size and crystallinity increases, 
impacting device performance. Upon 20s of SVA exposure, the 
morphology transitions from overly mixed to a favorable co-
continuous network with domains sizes of 15-20 nm that are ade-
quate for charge generation and charge collection processes. As 
packing and structural order increase, carrier mobilities improve, 
promoting charge transport and charge collection. Bimolecular 
recombination is greatly reduced in parallel. This condition yield 
the best device efficiency figures, comprising the highest JSC and FF 
values achievable with BDT[2F]QdC:PC71BM active layers. 

On the other hand, exposing the active layer to the solvent for 
more extended periods of time results in a deterioration of device 
performance. In those instances, the SM donor forms larger-sized 
crystals of high purity (needle-like structures) and the morphology 
evolves towards domain sizes larger than the exciton diffusion 
length, affecting charge generation. A significant extent of excitons 
decay before they can reach a D/A interface and the JSC plummets. 
Thus, in 60s-SVA treated devices, while the high FF, high mobili-
ties, fast transient behavior and low bimolecular recombination 
characteristics can be maintained, higher yields of exciton quench-
ing (PLQ data, Fig. 3f) result in an overall drop in efficiency. Be-
yond 120s-SVA times, new morphological effects take place and 
the interpenetrating network model is no longer valid. SM donor 
domains are now sufficiently extended that their lengthscale 
matches the thickness of the active layer, hindering electron collec-
tion at the cathode (amongst other issues). In turn, PC71BM can be 
expected to segregate in the vertical direction across the BHJ 
and/or accumulate at the wrong interface (i.e. anode). Poor charge 
generation and extraction are at the source of the more modest 
efficiencies estimated for those devices, which show lower photo-
currents and the characteristics of charge-trapping effects. 
 

Conclusions 
In summary, our examinations of the time-dependence of sol-

vent vapor annealing (SVA) on SM donor-fullerene BHJ solar cell 
efficiency via a combination of direct morphology imaging and 
spectroscopy techniques establish a fundamental understanding of 
this important device optimization protocol. As SVA treatments 
induce a reorganization of the BHJ morphology from a highly in-
termixed blend with limited structural order to a structurally or-
dered, co-continuous network, with crystalline domains sizes of 15-
20 nm (20s-SVA condition), charge generation and collection pat-
terns dramatically improve. However, our analyses indicate that 
extended SVA times (>60s) can promote excess crystallization and 
undermine device performance, as significant impediments arise 
from larger domain sizes: specifically, increased exciton quenching 
and detrimental extent of phase segregation between SM donor 
and fullerene acceptor. Since SVA treatments tend to reduce the 
density of mixed phase across the active layer, our findings show 
that it is critically important to control SVA exposure times. Over-
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all, SVA protocols represent a particularly useful tool in the optimi-
zation of SM donor-fullerene BHJ solar cells, but our study also 
shows that they are an efficient method to examine morphology-
charge dynamics relationships in BHJ solar cells in general inde-
pendently of intrinsic molecular characteristics when comparing 
two or more molecules. 
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