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Air-Stable Ternary Organic Solar Cells Achieved by Using Fullerene 
Additives in Non-Fullerene Acceptor-Polymer Donor Blends
Elisa Trippodo, a,b,c Vincenzo Campisciano,b Liang-Wen Feng,a Yao Chen,a,d* Wei Huang,a Joaquin M. 
Alzola,a Ding Zheng,a Vinod K. Sangwan,e* Mark C. Hersam,a,e,f* Michael R. Wasielewski,a*  Bruno 
Pignataro,c* Francesco Giacalone, b* Tobin J. Marks,a,e* and Antonio Facchettia,g*

Organic solar cells (OSCs) based on donor-acceptor blends have shown a rapid improvement in power conversion efficiency 
(PCE) now approaching, for small cells, those of the state-of-the art commercial solar modules. However, performance 
degradation remains one of the most critical impediments for OSC technology commercialization. Ternary solar cells where 
a third component, for instance an acceptor, is added to a non-fullerene acceptor–polymer donor blend are an effective 
approach for improving both OSC efficiency and long-term stability. Here, we study the role of two fullerene acceptors, ET18 
and PCBM, as the third component in binary PD:Y6 blends. These fullerene derivatives significantly enhance the cell stability, 
which retained >90% of their initial PCEs (13-14 %) even after storage in air for 6 months, compared to only ~20% retention 
for the binaryv devices. GIWAXS, AFM, in-situ impedance spectroscopy and femtosecond transient absorption spectroscopy 
measurements reveal that the enhanced stability of the ternary devices results from a more robust blend morphology 
reducing charge recombination in the ternary devices during aging.

Introduction
Organic solar cells (OSCs) based on non-fullerene acceptors 
(NFAs) have emerged as a promising alternative for next-
generation renewable energy sources due to several 
advantages such as solution-based low-cost processability, 
mechanical flexibility, and lightweight.1-4 OSCs are also 
preferred over conventional silicon photovoltaics for 
applications involving artificial or diffused light due to large 
power conversion efficiency (PCE) at low illumination 
intensities, thus opening new frontiers for indoor and space 
applications.5-8 Furthermore, there has been considerable 
enhancement in PCE values during the past five years, now 
around 20%, primarily due to the discovery and optimization of 
NFA molecules.6, 9-12 There have also been significant advances 
in understanding degradation mechanisms and improving the 
ambient stability of OSCs.13-15 However, the stability of binary 
blends based on NFAs remains insufficient for 
commercialization. Among the reported stabilization strategies 
of OSC cells and modules,16 the incorporation of additives is a 
viable avenue to further enhance the ambient stability of 
OSCs.16, 17

Conventional bulk heterojunction (BHJ) OSCs based on a blend 
of an electron-donor polymer and a fullerene electron-acceptor 
have failed to reach commercialization mainly due to their 
limited performance.18-23 These BHJ blends films tend to create 
isolated domains acting as exciton recombination sites limiting 
the PCE.24-26  Furthermore, most fullerene-based acceptors also 
suffer from photo-degradation due to dimerization 
processes.27, 28 Recently, NFAs have risen as a promising 
alternative due to broader absorption spectral range, tunability 
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10th Anniversary Statement
During the past 10 years the Journal of Materials Chemistry C has 
become home of several fundamental and applied research 
studies, spanning multiple applications, having chemistry and 
materials science at the core. Considering that applied materials 
chemistry research requires different expertise, the 
interdisciplinary readership of this Journal is best suited to 
appreciate the novelty and impact of the reported studies. Our 
group has published more than 15 papers in JMCC, mostly 
addressing the synthesis of organic semiconductors and metal 
oxides, thin-film processing methodologies and characterization 
as well as fabrication of unconventional optoelectronic devices 
such as organic thin-film transistors, circuits, solar cells, and 
electrochemical transistors. Our work on JMMC has always 
received considerable attention and has been widely cited. We 
look forward to continuing publishing in these exciting areas as 
well as to new bioelectronics and neuromorphic device 
directions.

Page 1 of 10 Journal of Materials Chemistry C



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

of the energy levels for alignment with charge transport layers, 
nanoscale crystallization in the blend, and high carrier mobility 
for dramatic PCE enhancement.29-31 Several kinds of NFAs have 
been developed to address the issues faced by conventional 
fullerenes,32, 33 starting from the pioneering works on 
perylenediimides34 to the most recent fused-ring electron 
acceptors consisting of two π-electron-withdrawing moieties 
linked by a planar π-fused-ring bridge endowed with solubilizing 
side chains.34 Among them, the most successful are the small 
molecule acceptors, ITIC and Y6, and their functionalized 
versions, which have enabled PCEs exceeding 19% in single-
junction cells.34-39 While, solubility and electrical properties of 
Y6-based NFAs can be easily controlled for high-performance 
OSCs,13, 32, 33 further reduction of recombination processes and 
achieving ambient stability, remain outstanding issues.40, 41 

Several studies have shown that OSCs based on ternary 
photoactive blends, also known as ternary solar cells (TSCs), 
where a third donor or acceptor component is added to the 
binary blend in a minor ratio, have resulted in enhanced PCEs 
and ambient stability.42-44 The third component can improve 
PCE by several mechanisms and enhancing one or more of the 
main device parameters such as the short circuit current (Jsc), 
open-circuit voltage (Voc), and fill factor (FF). In addition, the 
third component can broaden the absorption window, thus 
enhancing PCE via increasing Jsc without the need for multiple 
layers as necessary in tandem cells.42, 43, 45, 46 The third 
component usually exhibits intermediate HOMO-LUMO levels 
compared to the major donor and the acceptor materials thus 
affecting energy cascade alignments47, 48 and charge transfer 
mechanisms.49, 50 Thus, Voc can also be increased by the third 
component by promoting energy cascade effects favouring 
efficient charge transfer process.51, 52 Finally, the third 
component can preferentially dissolve in the donor or in the 
acceptor rich phase, co-crystallized with one of them or, more 
frequently, it can be found at the interface between the donor 
and accept domains. Therefore, enhanced performance can 
also originate from blend morphology optimization.53 

Furthermore, the addition of a third component in binary 
cells has been explored to address device stability issues,18, 54-56 
including when processing the blends in air which promotes 
addition/fragmentation/redox reactions, particularly between 
superoxide radical species and NFAs,57 as well as BHJ 
morphological instability.10c, 20 All these deleterious phenomena 
drastically enhance OSC burn-in loss rate and aging effects.58, 59 
Furthermore, it has been shown that a third component can 
stabilize blend morphology by vitrification of the binary 
system.37, 60 For instance, Tang and co-workers incorporated 
PC[71]BM as a ternary component in m-INPOIC:PBDB-T blends 
resulting in an improved PCE value of 14% compared to that of 
12% for binary OSCs.61 Moreover, the TSCs retained >95% of the 
initial PCE value after 20 days in the glove box compared with 
≈84% of the binary cells. He et al.62 used PCBM as a ternary 
additive in PTB7-Th:COi8DFIC cells demonstrating a PCE loss of 
only 5.7% after about 10 months in glove box versus ≈33 % loss 
in the case of control binary cells. Hao and co-workers63, 64 
showed that by adding PDI-2T or DRCN5T as third component 
in PM6:BTP-4Cl blend, the TSCs retained 70.1% and 78.1 %, 

respectively, of their initial PCE (16.32% and 16.83%, 
respectively) after 300 h in a nitrogen filled glovebox while the 
binary control device retained only 61.4% of the initial PCE 
(15.97 %). Recently, Chen et al.65, 66 incorporated PTO2 as the 
third component in PM6:BTP-eC9 blends resulting in improved 
long-term stability in an air-filled glove box. After 1352 h, these 
TSCs retained 82.9% of the initial PCE (18%) outperforming the 
binary blend. Finally, Anthopoulos and co-workers reported 
>17% PCE by n-doping PM6,Y6:PC[71]BM TSCs with benzyl 
viologen and showed that the doped blend also performed 
better against aging with the binary and ternary devices losing 
≈50% and ≈23% of the initial PCE after 1000 hours in the 
nitrogen-filled glove box.67 However, all these important studies 
were conducted with blend films and devices processed in an 
inert environment and the OSC stability results could be very 
different when processing occurs in air.

Figure 1. Chemical structures (a) and HOMO/LUMO energy levels (b) of PBTATBT-
4F (hereafter PD), Y6, ET18, and PCBM. Note, all HOMO energy levels were 
measured by UPS and the LUMO energy levels calculated by using the optical gap 
using the equation ELUMO = EHOMO + Eopt g. (c) Device architecture used in this study. 

Here, we study the addition of different amounts of two 
fullerene acceptors (ET18 or PCBM) to PBTATBT-4F:Y6 blends 
and investigated device performance and stability of the 
corresponding binary and ternary blends and devices (Figure 1). 
By incorporating the fullerene derivatives in the binary blend, 
the long-term stability both in a nitrogen-filled glovebox and, 
more importantly, the ambient stability in the fabrication step 
and aging outperformed the binary control. Most impressively, 
while the binary blend loss in PCE (initial values ≈13-14%) is up 
to ~80%, the ternary blends loss after 6 months in ambient air 
is negligible. Ultrafast transient absorption spectroscopy 
confirms that the ultrafast hole transfer process is preserved in 
the TSC devices. The morphology of the ternary blends was also 
confirmed to remain unchanged after aging as accessed by 
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Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) and 
atomic force microscopy (AFM). Whereas morphology of binary 
blends undergoes dramatic changes during the same time. 
Finally, in-situ integrated photocurrent device analysis revealed 
that performance-limiting device parameters such as 
recombination coefficient and mobility remain unchanged in 
ET18-based TSCs, while these metrics in binary cells suffer 
significantly. Overall, a wide range of characterization 
techniques lead to the same stabilization effects of a fullerene 
additive in NFA OSCs.

Results and discussion
In this section we first describe materials selection, binary and 

ternary OSC fabrication and measurements. Next, we report OSC 
stability as a function of the device fabrication conditions, bend 
composition and storage environment. Finally, we investigate the 
blend film morphology, microstructure, charge transport and 
trapping mechanisms and how they affect device stability.

Device Fabrication and Photovoltaic Characteristics.

For device fabrication we selected a high-performing blend 
consisting of the widely used NFA Y6 and the donor 
difluorobenzothiadiazole-dithiophene-difluorobenzothiazole 
based polymer PBTATBT-4F (hereafter named PD for 
semplicity), which was synthesized according to our previous 
procedure,68 and employed two fullerene derivatives, ET18 and 
PC[60]BM, as the third component (see chemical structures in 
Figure 1a). Fullerene derivative ET18 was previously 
synthesized by Giacalone et al.26 while PC[60]BM (PCBM 
hereafter) is one of the most widely studied fullerene 
acceptor.69 Figure 1b reports the schematic of the energy levels 
of all blend components (for details see SI, Figures S1-3).70 From 
a purely energetic standpoint, addition of the fullerene 
component should not significantly alter light absorption and 
Voc. Binary OSC and TSC devices, without and with ET18 or 
PCBM addition, respectively, having an inverted architecture 
(Figure 1c) were fabricated both in a nitrogen-filled glove box 
and (except for the vapor deposition steps) in air. Device 
fabrication and solar cells measurement details can be found in 
the SI. Briefly, the ZnO precursor solution (zinc acetate and 2-
ethanolamine in 2-methoxyethanol) was spin-coated on ITO-
coated glass substrates. The active layer solution (14 mg/mL 
total concentration in chloroform) was then spin-coated onto 
the ZnO layer and then annealed for 10 minutes at 130 °C. 
Previously, we have demonstrated that PD:Y6 device PCEs are 
almost identical within the D:A weight ratio from 1:1.3 to 
1:1.5.68 To exclude the effects of the D:A ratio to the 
corresponding solar cells efficiency, all binary/ternary devices 
were prepared with a D:A weight 1:1.5. Thus, for the control 
binary cells, PD:Y6 = 1:1.5 wt ratio, while for the TSCs, PD:Y6:A2 
= 1:1.3:0.2 wt (A2 = ET18, PCBM).68 In all cases the photoactive 
layer thickness is approximately 120 nm. Finally, the hole 
transporting layer (MoOx, 10 nm) and the silver electrode (100 
nm-thick) were deposited by thermal evaporation. All devices 
were measured in ambient, without encapsulation, under a 
simulated AM1.5G irradiation conditions. 

Figure 2a reports J-V curves and Table 1 collects all 
performance parameters for pristine binary and ternary cells 
fabricated in the glove box (Entries 1-3) and in air (Entries 4-6). 
Thus, the binary cells (Entry 1) fabricated in glove box exhibit an 
average Jsc of 25.4 mA/cm2, a Voc of 0.798 V, a FF of 65.9% 
resulting in a PCE of 13.4 ± 0.7%. These values are close to our 
previous study when the devices were fabricated without 
solvent additives.68 The corresponding ET18/PCBM based TSCs 
(Entries 2 and 3) exhibit slightly larger average Jsc of 25.7/26.0 
mA/cm2, minimally lower Voc of 0.785/0.779 V and statistically 
identical FF of 65.7/66.7% affording comparable PCEs of 
13.2±0.5/13.3±0.7%. Thus, the addition of the ET18 or PCBM at 
the indicated ratio does not affect performance parameter of 
the pristine devices. This result is in line with the energy level 
diagram above and the pristine morphological characteristics of 
the binary and ternary blend films (vide infra). 

Figure 2. J-V (a) and EQE (b) curves for the indicated devices. D1-D3 devices were 
fabricated in the glove box, D4-D6 devices were fabricated in air. For D1-D6 blend 
composition, see Table 1.

Additionally, we also fabricated OSCs in air (Entries 4-6, 
Figure 2a and Table 1), a procedure compatible with R2R of 
large area OSCs. Interestingly, when these devices were 
fabricated in air, the binary cells (Entry 4) exhibit a slightly lower 
PCE of 12.2±0.2 %, mainly originating by the lower Jsc (23.8 
mA/cm2), whereas the PCEs of the ternary cells (Entries 5 and 6) 
are statistically identical to those of the devices 

Table 1 Solar cell metrics (maximum values reported in parenthesis) for the indicated 
devices fabricated in a nitrogen-filled glove box and air measured in air and measured 
immediately after fabrication. 

Entry Blend Jsc [mA/cm2] Voc [V] FF [%] PCE(%)
Devices fabricated in glove box a

1 PD:Y6 25.4 ± 0.9
(26.9)

0.798 ± 0.006
(0.809)

65.9 ± 0.7
(66.9)

13.4 ± 0.7
(14.3)

2 PD:Y6:ET18 25.7 ± 0.9
(26.8)

0.785 ± 0.002
(0.788)

65.7 ± 0.9
(67.8)

13.2 ± 0.5
(14.0)

3 PD:Y6:PCBM 26.0 ± 0.9
(27.9)

0.779 ± 0.006
(0.787)

66.7 ± 0.9
(68.3)

13.3 ± 0.7
(14.3)

Devices fabricated in air b

4 PD:Y6 23.8 ± 0.2
(24.0)

0.789 ± 0.002
(0.791)

65.3 ± 0.7
(66.9)

12.2 ± 0.2
(12.4)

5 PD:Y6:ET18 26.6 ± 0.4
(27.4)

0.776 ± 0.003
(0.781)

63.7 ± 0.7
(64.9)

13.2 ± 0.3
(13.5)

6 PD:Y6:PCBM 27.7 ± 0.3
(28.3)

0.760 ± 0.009
(0.773)

62.5 ± 0.8
(63.5)

13.4 ± 0.2
(13.7)

aAverage of 10 devices. bAverage of 5 devices. 
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Table 2 Solar cell metrics (maximum values reported in parenthesis) for the indicated 
devices measured after aging in the dark for six months. a

Entry
Blend

Jsc 
[mA/cm2]

Voc [V] FF [%] PCE(%)

Devices fabricated in glove box a

7 PD:Y6
16.0 ± 1.7

(19.0)

0.725 ± 
0.016

(0.750)

38.1 ± 
3.2

(43.9)

4.5 ± 0.9
(5.7)

8 PD:Y6:ET18
26.8 ± 0.8

(28.6)

0.774 ± 
0.007

(0.782)

65.4 ± 
3.0

(68.6)

13.6 ± 
0.4

(14.7)

9 PD:Y6:PCBM
26.5 ± 1.3

(28.3)

0.779 ± 
0.008

(0.790)

65.3 ± 
2.8

(69.1)

13.5 ± 
0.7

(14.7)
Devices fabricated in air b

10 PD:Y6
13.7 ± 1.4

(15.6)

0.623 ± 
0.115

(0.740)

35.5 ± 
6.0

(42.2)

3.2 ± 1.1
(4.9)

11 PD:Y6:ET18
26.2 ± 0.4

(26.7)

0.751 ± 
0.005

(0.757)

61.0 ± 
1.9

(62.9)

12.0 ± 
0.6

(12.7)

12 PD:Y6:PCBM
26.7 ± 0.1

(26.9)

0.755 ± 
0.002

(0.757)

58.0 ± 
1.5

(59.6)

11.7 ± 
0.3

(12.1)

aAverage of 10 devices. bAverage of 5 devices.

fabricated in the glove box. This result suggests that the benefits of 
ET18 or PCBM in term of temporal stability originate from the initial 
stage of the device fabrication.

Photovoltaic Stability Measurements.

Next, temporal stability experiments were carried out for 
both the device fabricated in the glove box (Entries 7-9) and in 
air (Entries 10-12). All devices (without encapsulation) were 
stored in ambient air and in the dark and were tested regularly 
over the period of 6 months. Table 2 collects details of the 
performance parameters for the glove box-processed devices 
after 6 months aging while Figure 3a reports selected PCE 
percentage variations over the same time period. These data 
clearly demonstrate that the PCE of the binary OSCs 
progressively decreases from 13.4% to 4.5% (~70%) as the 
result of severe degradation of both Jsc (25.4  16.0 mA/cm2) 
and FF (65.9  38.1 %). On the contrary both TSC devices were 
found to be fully functional after 6 months with a slight PCE 
enhancement to 13.6 % for ET18 (+ ~3%) and 13.5 % for PCBM 
(+ ~1.5%). 

Remarkably, similarly trends were found for the devices 
fabricated in air (Figure 3b). Thus, the binary OSC exhibit 
dramatic reduction of the PCE from 12.2 % to 3.2% (> - 70% of 
the initial PCE) as the result of strong reduction of all 
performance parameters, including the Voc. Note, the binary cell 
PCE reduces dramatically (~80%) even after 1 month of 
preparation. On the other hand, the ternary OSCs fabricated in 
air also exhibit remarkable stable performance, with negligible 
PCE reduction after 1 month test and, even after 6 months of 
storage in ambient conditions, retaining PCEs of ~12%.

Figure 3. PCE variation in percentage for the indicated cells on the day of 
fabrication and after storage in the air/dark for the indicated time (a), and the light 
soaking stability of devices prepared in glove box (b). 

Finally, we investigated the light stability for the devices 
fabricated in the glove box by carrying out light soaking 
experiments (Figure 3b). These unencapsulated samples were 
exposed to a 5000 K white light source with 100 mW/cm2 
intensity (substrate temperature = 58.8 °C; nitrogen-flushed 
bag with a RH% < 0.5%). The results further corroborate the 
stabilizing effect of the ternary component, with the binary and 
ternary devices losing ~35% and ~15% of the initial PCE after 
240 h of irradiation. Notable is the considerable degradation of 
the binary cells (> -20%) after only ~80 h.

Blend Morphological and Photophysical Characterization

To rationalize device performance variation, atomic force 
microscopy (AFM), grazing incidence wide-angle X-ray 
scattering (GIWAXS) and transient absorption spectra (TA) 
measurements were carried out to investigate the film 
morphology and microstructure of the blends.  First, the surface 
morphology was assessed by AFM. As shown in Figure S4 in the 
Supporting Information, the PD:Y6 blends display a relatively 
smooth surface with a small root-mean-square roughness 
(σRMS) of 1.02 nm. By comparison, the σRMS of the PD:Y6:ET18 
and PD:Y6:PCBM ternary blends are 0.72 and 0.73 nm, 
respectively. After aging in air for 6 months, the PD:Y6 surface 
roughness increases slightly to 1.13 nm. Similarly the 
corresponding PD:Y6:ET18 binary blend film becomes rougher 
with σRMS increasing to 0.79 nm. On the contrary, the aged 
PD:Y6:PCBM film remains smooth (σRMS = 0.59 nm). Overall, all 
blends exhibit smooth surface morphology with slight 
difference after aging. Thus, the AFM characterization could not 
rationalize the PCE variations after aging. 

The aging process is further monitored by grazing-incidence wide-
angle X-ray scattering (GIWAXS). 2D-GIWAXS plots and the 
corresponding linecuts are shown in Figure 4 and Tables S1-2 
summarize details of the diffraction parameters. As shown in the 
Figure 4,all fresh samples exhibit well-defined (100) reflections in 
the in-plane (IP) direction and (010) reflections in the out-of-plane 
(OoP) direction, indicating their preferential π-face-on packing of the 
polymer backbone relative to the substrate surface, which is similar 
to previous finding.68 Thus for the freshly prepared PD:Y6, PD:Y6:ET18, 
PD:Y6:PCBM blends, the reflections located at qxy = ~0.30 Å−1 with 
lamellar d-spacing (dl) of 20.65, 20.72, 20.61 Å, respectively, are 
attributed to the donor polymer (100) alkyl-chain stacking.71 The 
corresponding coherence length (CCL) for the binary PD:Y6 blend 
(54.90 Å) is smaller than that of the PD:Y6:ET18 (69.88 Å) and 
PD:Y6:PCBM (58.40 Å) blends. Additionally, all fresh blends show a 
(010) reflection, located at qz = ~1.75 Å−1 (d = ~3.60 Å) which could 
be ascribed to the polymer π–π stacking. The ternary blend with ET-
18 shows a slightly smaller CCL (28.92 Å) than that of both PD:Y6:ET18 
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(32.46 Å) and PD:Y6:PCBM (32.76 Å) blends. These results suggest the 
additions of fullerene derivatives minimally affect the blend 
microstructure, which rationalize as why all fresh blends exhibit 
similar PCEs. After aging, all blends retain preferential π-face-on 
packing of the polymer backbone relative to the substrate surface 
exhibiting well-defined (100) reflections in the IP direction and (010) 
reflections in the OoP direction. Thus, the aged PD:Y6, PD:Y6:ET18, 
PD:Y6:PCBM blends exhibit a qxy reflection at ~0.30 Å−1 
corresponding a dl of 20.49, 20.72, 20.61 Å, respectively, also 
attributed to the donor polymer (100) alkyl-chain stacking. 
Interestingly, the CCL for the PD:Y6 blend (45.29 Å) is much smaller 
than that of the PD:Y6:ET18 (64.99 Å) and PD:Y6:PCBM (58.10 Å) 
blends.  Also, all aged blends exhibit a (010) polymer π–π stacking 
reflection, located at qz = ~1.75 Å−1 (d = ~3.60 Å). However, those of 
the ternary PD:Y6:ET18 (30.81 Å) and PD:Y6:PCBM (33.12 Å) blends 
exhibit larger CCL than that of PD:Y6 blend (27.48 Å). Interestingly, 

the CCL of the aged PD:Y6 blend decreases (32.46  27.48 Å), while 
that of the ternary blends slightly increases (28.92  30.81 Å for 
PD:Y6:ET18; 32.76  33.12 Å for PD:Y6:PCBM). These results 
indicates that the addition of fullerene derivatives stabilizes the 
microstructure, which could promote the corresponding solar cell 
temporal stability as shown above.

    Transient absorption spectroscopy measurements were 
carried out for selected fresh and aged blend samples. In this 
experiment, the PD:Y6 and PD:Y6:ET18 blends were coated on a 
glass substrate and excited at a wavelength of 760 nm, where 
the donor does not absorb.68 Absorption spectra show that the 
fresh binary blends produce significantly more holes at long 
times (6 ns) than the 10 days aged blend (Figure 5a). This is in 
accordance with the PCE loss due to aging. Therefore, the aged 
blend is not producing free charge carriers nearly as

Figure 4. Grazing-incidence wide-angle X-ray scattering (GIWAXS) of the investigated fresh and aged blends. 2D GIWAXS images for the indicated blends (a-c) and the 
corresponding in-plane and out-of-plane line cuts (d).

efficiently as the fresh blend despite the kinetics of the two 
species are largely similar (Figure 5b). This means that while the 
fresh blend is producing the charge carriers more efficiently, 
they do not necessarily live for a longer period of time. On the 
other hand, the ternary blend absorption spectra change only 
slightly (~670 nm) after 6 ns (Figure 5c) suggesting efficient hole 
generation even after aging. Note that kinetics of polymer 
ground state bleaching (660 nm) remain similar between binary 
and ternary cells (Figure 5d). These results are

 
Figure 5. Transient absorption spectra at 6 ns for the binary (a) and ternary (c) blends 
excited at 760 nm, normalized to the Y6 bleach at 860 nm immediately after excitation; 
Free Charge (FC) decay dynamics were monitored at the polymer ground state bleaching 
(GSB) (660 nm), (b) for binary, (d) for ternary blends.

consistent with the higher recombination, and poor charge 
transport, in the aged binary blend devices possibly due to 
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increased density of sub-band trap states and morphological 
changes.71, 72 However, these deleterious processes are effectively 
suppressed in the ternary blends and show remarkable stability in 
ambient for several months.

Impedance and Photocurrent Measurements

To understand the degradation mechanism, we employed 
Integrated Photocurrent Device Analysis (IPDA) on binary 
(PD:Y6) and ternary (PD:Y6:ET18) cells. We conducted in-situ 
impedance and photocurrent measurements immediately after 
the fabrication of the device and after aging in ambient/dark 
conditions.73-76 The device parameters were extracted from the 
measurements of the photocurrent density (Jpc) and chemical 
capacitance (Cμ) as a function of varying applied voltage (Vapp) 
and illumination intensity (I).
As represented in Figure 6, the logarithm of Jpc plotted versus 
the logarithm of the effective voltage (Veff), given from the 
relation, Veff = Voc – Vapp, shows the qualitative difference in the 

performance of the two blends. Specifically, the onset of 
saturation regime (Vsat) for the binary blend, shifts from 0.2 V 
(day 0) to ≈0.5 – 0.8 V (day 10), suggesting a significant increase 
in the bimolecular recombination (Figure 6a-b). 
Conversely, for the ternary blend with ET18 (Figure 6c-d), the 
Vsat remains constant even after 10 days, suggesting robust 
passivation of the blend (Figure 6d). Next, we study the 
chemical capacitance (Cμ) of cells given from the relation Cμ = 
Ctot – Cd, where Ctot is total capacitance and Cd is depletion 
capacitance measured in the dark at a large negative bias (−2 V) 
using an AC amplitude of 100 mV at 1 kHz. The binary cells show 
a clear broadening of the peak in the Cμ–Vapp plot with 
significantly increased Cμ in the full range of Vapp (from –1 V to 

Voc) cells after 10 days (Figure 6e-f), suggesting the emergence 
of significant sub-bandgap trap states during degradation. On 
the other hand, no significant changes were seen in Cμ – Vapp 
characteristics for ET18 based ternary cells (Figure 6g-h), 
confirming effective passivation. 

Figure 6. Plots of photocurrent density (Jpc) vs effective voltage (Veff) for a binary cell, at different illumination intensities, before (a) and after 10 days of ambient 
exposure (b), respectively. Plots of Jpc vs Veff for an ET18-based ternary cell before (c) and after 10 days of ambient exposure (d). The legend in (a) shows illumination 
intensity as a fraction of 1 Sun (AM 1.5G light in ambient conditions) and corresponds to all plots (a)–(h). The solid lines are linear fits in the log-log scale to determine 
the range of saturating regimes. Plots of chemical capacitance (Cμ) versus applied voltage (Vapp) for the same binary cell at the same intensities before (e) and after 10 
days of ambient exposure (f), respectively. Plots of Cμ versus Vapp for the same ET18-based ternary cell before (g) and after 10 days of ambient exposure (h).

Further experiments were performed under varying 
illumination intensity (0.33 – 1 Sun) to evaluate the relative 
differences in the aging effects in binary and ET18-based 
ternary cells. The light intensity dependence of Jsc is given by the 
relationship Jsc ∝ Iα, where α ≈1, and the deviation of this value 
is attributed to bimolecular recombination.77 First, α for binary 
cells changes from 0.99 to 0.94 after 10 days (Figure 7a), which 
suggests increased bimolecular recombination after 
degradation and correlates well with decreased FF (discussed 
later). Conversely, ET18-based ternary cells show the same α 
value (0.99) even after 10 days (Figure 7a). Second, the intensity 
(I) dependent Voc (∝ β.log(I)) shows a slight decrease in β (from 
0.57 to 0.51 mV) for ET18 based ternary cells after 10 days 

(Figure 7b). Decreasing the value of β closer to 2KBT/e ≈ 50 mV 
indicates that monomolecular recombination and other non-
linear effects seem to ameliorate during the aging of ET18 cells. 
Similar counter-intuitive effects have been recently probed 
using impedance spectroscopy of hybrid organic-inorganic 
perovskite solar cells.78 In contrast, binary cells undergo 
significant deviation from ideal solar cell characteristics and it 
was not possible to extract β from the data after 10 days (Figure 
7b).

Carrier density (n(V)) is calculated by integrating Cμ versus 
Vapp over the range of biases from Vsat to a corrected voltage 
bias across the active layer that is obtained after subtracting 
voltage drop across the interfacial series resistance. Then, we 
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extracted average effective carrier mobilities (μeff = (μe + μh)/2, 
where μe and μh are electron and hole mobilities, respectively) 
from eight devices of each kind, binary and ET18 based ternary 
cells, before and after 10 days (Figure 7c). The calculation of μeff 
at the maximum PCE point (n = nmp) is a direct measure of the 
charge extraction capability of the solar cell during operation (1 
Sun). Binary cells show more than a three-fold decrease in μeff 
while nmp is increased by more than two-fold after 10 days 
(Figure 7c). Note, increased nmp in Y6 cells is consistent with 
increased Cμ at low biases after degradation. On the other hand, 
ET18-based ternary cells show a slight increase in μeff and 
concurrent decrease in nmp after 10 days, consistent with a 
slight improvement in Voc characteristics in Figure 7b. However, 
the bimolecular recombination coefficient (kbr) is increased 
slightly in both kinds of cells after 10 days (Figure 7d). 

The carrier recombination lifetime (τrec) further contrasts 
the aging process in the two kinds of cells. Note, carrier lifetimes 
extracted from impedance measurements of operating solar 

cells (1 Sun) reveal significantly longer values as compared to 
intrinsic decay rates accessed by transient absorption and 
photoluminescence spectroscopy due to underlying differences 
in operating conditions.68, 73, 75, 76 The degraded binary cells 
show 2 – 3 times decrease in τrec while the extraction time 
constant (τex) is increased by a similar factor (Figure 7e). In 
contrast, ET18-based ternary cells again show a similar or slight 
increase in τrec and τex values after 10 days (Figure 7e). Finally, 
the combined effects of recombination and extraction 
processes are more effectively captured in the competition 
factor (θ ~ τex/τrec) that scales inversely with FF in a wide range 
of BHJ solar cells.68, 73, 75, 76 Binary cells show almost an order of 
magnitude increase in θ after 10 days that correlates well with 
a roughly 30% decrease in FF (Figure 7f). ET18-based ternary 
cells, in contrast, do not show any appreciable change in θ and 
FF after 10 days of ambient exposure (Figure 7f). Thus, the 
ternary blend can be considered passivated by the presence of 
ET18 which effectively avoid the recombination processes. 

Figure 7. (a) Log-log plot of short-circuit current density (Jsc) vs illumination intensity (I) in units of 1 Sun for binary and ET18 based ternary solar cells before and after 10 days of 
ambient exposure in dark. The solid lines show fit to log(Jsc) ~α.log(I) and extracted α values are 1.00 (binary day 0), 0.94 (binary day 10), 0.99 (ET18 day 0), and 0.99 (ET day 10). The 
legend in (a) corresponds to all plots (a) – (f). (b) Linear-log plot of open-circuit voltage (Voc) versus intensity for the same binary and ET18 cells before and after 10 days. The solid 
lines show fits to Voc ~β.log(I) and the extracted β values are 55 meV (binary day 0), 57 meV (ET18 day 0), and 51 meV (ET18 day 10). (c) A plot of average effective mobility (μeff) vs 
carrier density (nmp) extracted from IDPA at the maximum PCE point under 1 Sun illumination for binary and ET18 cells before and after 10 days. The error bars show the standard 
deviation for μeff and nmp from 8 devices of each kind. The black arrow shows a decrease in μeff for binary cells after 10 days. (d) A plot of average recombination coefficient (kbr) 
versus nmp extracted from the same analysis of binary and ET18 cells before and after 10 days. (e) A plot of average charge extraction time constant (τex) vs recombination lifetime 
(τrec) for binary and ET18 cells before and after 10 days. (f) A plot of fill factor (FF) versus competition factor (θ) for all 16 of the measured binary and ET18 based ternary blends 
before and after 10 days. 

Conclusions We investigated the stability in ambient of binary and 
ternary OSCs comprising a donor polymer, an NFA and, for the 
latter devices, a fullerene derivative as the ternary component. 
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Our results show that the ternary blends afford far more stable 
devices than the parent binary blend. Thus, the PCE of the 
ternary devices is stable up to 6 months storage in ambient 
while the binary cells exhibit a PCE loss of up to 60% during the 
same timeframe. Ternary cells can also be fabricated in ambient 
conditions and they also exhibit similar PCEs and stability when 
stored in ambient. Ultrafast transient spectroscopy 
measurements show that the hole transfer process in the aged 
ternary blends remains unchanged while the binary cells 
showed significant deterioration. GIWAXS measurements 
confirm that the ternary blends retain the same morphology of 
the as-prepared films while that of the binary cells undergoes 
significant variations. From in-situ impedance and photocurrent 
measurements, the degradation in binary cells was found to 
correlate with increased sub-band traps as well as bimolecular 
and monomolecular recombination rates. On other hand ET18-
based ternary cells did not exhibit any appreciable change in 
these parameters, in agreement with the stable blend 
morphology. Overall, the stabilization role of ET18 in ternary 
solar cells was found to be slightly greater than that of PCBM. 
Thus, the possibility of fabricating organic solar cells in ambient 
with subsequent long-term stability in ambient without 
encapsulation not only encourages further exploration of more 
stable and higher-performing solar cells but also promotes this 
technology towards commercialization. 
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