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Organic solar cells (OSCs) are one of 
the most promising cost-effective tech-
nologies for utilizing solar energy with a 
short energy payback time and in semi-
transparent applications.[1–3] Bulk hetero-
junction OSCs comprising a donor and 
acceptor blend as the photoactive layer 
have achieved impressive improvements 
in power conversion efficiencies (PCEs) 
over the past 25 years.[4–7] Owing to the 
rapid development of high-performance 
non-fullerene small molecular acceptors 
(SMAs), PCE of over 15–17% has been 
achieved in various systems.[8–12] These 
promising results make non-fullerene 
OSCs competitive with other types of 
next-generation solar technology. Among 
start-of-the-art non-fullerene SMAs, the 
fused-ring electron acceptor named ITIC, 
comprising a indacenodithieno[3,2-b]-thio-
phene core and 2-(3-oxo-2,3-dihydroinden-
1-ylidene)malononitrile end-groups, 
represents the most extensively studied 
SMA that achieved high performance with 
various donor polymers.[13–15] A family of 
high-performance ITIC derivatives was 
then designed and synthesized to modify 
the energy levels, light absorption, and 
molecular packing of the materials, as 

well as the morphology of the devices, which significantly 
boosted the performance of non-fullerene OSCs.[16–18] Gen-
erally, design rules for modifying energy levels and optical 
properties exist, but design rules for miscibility and stability 
are largely missing,[19–22] yet they are of vital importance to 
guarantee a long operational lifetime. While some conceptual 
understanding exists that stability must be related to the glass 
transition of the SMA and the polymer,[19,23–25] the relation of 
molecular design to the glass transition and crystallization, in 
general, is unknown and complex, due in part to the complex 
amphiphilic nature of the materials.

One of the most widely used chemical modification 
approaches to modulate non-fullerene SMA characteristics is 
the introduction of electron-withdrawing halogen atoms, which 
has generated a number of high-performance acceptors.[26,27] 
Given that fluorine has the highest electronegativity, fluorination 
can effectively modify the highest occupied molecular orbital of 
organic semiconductors without introducing undesirable steric 
hindrance like other, more bulky electron-deficient groups.[28–30] 

With power conversion efficiency now over 17%, a long operational lifetime 
is essential for the successful application of organic solar cells. However, 
most non-fullerene acceptors can crystallize and destroy devices, yet the 
fundamental underlying thermodynamic and kinetic aspects of acceptor 
crystallization have received limited attention. Here, room-temperature 
(RT) diffusion coefficients of 3.4 × 10−23 and 2.0 × 10−22 are measured 
for ITIC-2Cl and ITIC-2F, two state-of-the-art non-fullerene acceptors. 
The low coefficients are enough to provide for kinetic stabilization of the 
morphology against demixing at RT. Additionally profound differences 
in crystallization characteristics are discovered between ITIC-2F and 
ITIC-2Cl. The differences as observed by secondary-ion mass spectrometry, 
differential scanning calorimetry (DSC), grazing-incidence wide-angle X-ray 
scattering, and microscopy can be related directly to device degradation 
and are attributed to the significantly different nucleation and growth rates, 
with a difference in the growth rate of a factor of 12 at RT. ITIC-4F and 
ITIC-4Cl exhibit similar characteristics. The results reveal the importance 
of diffusion coefficients and melting enthalpies in controlling the growth 
rates, and that differences in halogenation can drastically change 
crystallization kinetics and device stability. It is furthermore delineated 
how low nucleation density and large growth rates can be inferred from 
DSC and microscopy experiments which could be used to guide molecular 
design for stability.
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Furthermore, non-covalent intermolecular interactions such 
as F···H, F···S, and F···π generated from fluorine can exert 
great influence on the molecular packing of the fluorinated mate-
rials in the thin-film devices.[31–33] These unique properties con-
tribute to intensive research activities to exploring fluorination 
in non-fullerene SMAs, and many excellent fluorinated small 
molecules such as ITIC-4F,[34] IEICO-4F,[35] IHIC,[36] and Y6[9] 
have been developed. Chlorination represents another common 
strategy utilized in adjusting the energy levels and molecular 
packing of organic semiconductors and achieved many prom-
ising results.[37–43] Compared with fluorine, the electronegativity 
of chlorine is weaker, however, chlorination has a stronger ability 
in modifying the materials energy levels owing to its empty 3d 
orbital.[44] Furthermore, the introduction of chlorine could impact 
molecular packing and thermal properties differently than fluori-
nation due to chlorine’s bigger atomic radius. Additionally, it 
is relatively easier to introduce chlorine into organic semicon-
ductors.[44] These unique proprieties enable a great potential in 
developing chlorinated high-performance donor or acceptor 
materials.[45–47]

Although considerable trial-and-error progress has been 
made with respect to device stability in general, a molecular-
level understanding is missing, and a direct comparison of 
fluorination and chlorination on crystallization instability has 
rarely been investigated. Generally, the lifetime of a device is 
controlled by the choice of the photoactive layer and can be 
affected by several factors, such as oxygen and water, irradiation, 
mechanical stress, and so on.[24,48,49] Here, we mainly focus on 
the thermodynamic drivers that govern the morphology insta-
bility due to crystallization. It has been shown recently that two 
major factors dominate the morphological stability:[19,50] i) SMA 
aggregation/crystallization and depletion of the mixed domain 
to the liquidus composition, ii) donor–acceptor demixing 
through binodal/spinodal phase separation. There is a limited 
indication that other parameters such as molecular orientation 
or changes in charge transfer docking sites take the leading role 
in device instability.[51] One example of spinodal demixing is the 
high-performance PffBT4T-2OD:PC71BM blend system, where 
quenched domains demix even at room temperature (RT) 
leading to severe burn-in degradation.[50,52] We surmise that the 
kinetics of SMA diffusions and crystallization must also greatly 
influence stability. If sufficiently low, even unstable systems 
might last for a considerable time.

To elucidate underlying thermodynamic and kinetic pro
perties of SMAs on device stability and simultaneously explore 
the impact of differences in halogenation, we combine two 
sets of non-fullerene SMAs including the fluorine-containing 
acceptors (ITIC-2F and ITIC-4F) and chlorine-containing accep-
tors (ITIC-2Cl and ITIC-4Cl) with a high-performance wide 
band-gap donor material FTAZ. FTAZ was deliberately chosen 
because it is a very ductile, viscoelastic material that generally 
exhibits poor shelf-life stability with low Tg acceptors.[19,53] It 
thus allows us to investigate the intrinsic contributions of the 
small molecule to limitations in stability. Absolute efficiencies 
achieved are not important in our fundamental study, and the 
relative PCE is simply used as a proxy for morphology changes. 
Although FTAZ is ductile, the devices were very stable at RT 
due to low diffusion coefficients, and accelerated stress tests 
have been used to infer the relative long-term stability of the 

systems investigated. The chlorinated devices were more stable 
than fluorinated devices, which can be mainly attributed to that 
ITIC-2Cl having a significantly higher crystallization density 
and lower growth rate than the corresponding ITIC-2F. The 
high nucleation density of ITIC-2Cl results in many nanocrys-
tals that are not very detrimental, whereas ITIC-2F creates 
a small number of large crystals that likely short the device. 
These differences in kinetics can be directly correlated to the 
smaller melting enthalpy and smaller diffusion coefficient of 
the chlorinated materials. The result was further confirmed 
with ITIC-4F and ITIC-4Cl, suggesting that introducing chlo-
rine atoms into SMAs is indeed a generally applicable design 
to enhance the stability of OSCs. Simple differential scanning 
calorimetry (DSC) and optical microscopy measurements can 
be used to screen materials for stability.

We first investigated the thermal stability of FTAZ:ITIC-2Cl 
and FTAZ:ITIC-2F based devices with an inverted device archi-
tecture as depicted in Figure 1a. The chemical structures of the 
polymer donor (FTAZ) and non-fullerene SMAs (ITIC-2F and 
ITIC-2Cl) used in this work are shown in Figure  1a. The nor-
malized ultraviolet–visible (UV–vis) absorption spectra of the 
neat materials are shown in Figure  1b. The chlorinated SMA 
film exhibits a clear red-shifted absorption when compared to 
the fluorinated counterpart, and both of these two SMAs show 
complementary absorption with the donor polymer. The current 
density–voltage (J–V) and external quantum efficiency (EQE) 
curves under one sun irradiation of AM1.5G spectrum of the 
best-performance devices (annealed at 160 °C) are presented in 
Figure 1c,d, and the averaged performance parameters are sum-
marized in Table S1, Supporting Information. Overall, the as-
cast FTAZ:ITIC-2F and FTAZ:ITIC-2Cl devices give a compa-
rable efficiency of 7.5%. The best efficiencies of 9.5% and 9.6% 
are achieved for FTAZ:ITIC-2F and FTAZ:ITIC-2Cl, respec-
tively, with the devices annealed at 160 °C (close to the Tg of the 
NFAs, a common optimization condition).[12] It is noted that the 
relatively low absorption at wavelength below 400  nm of non-
fullerene OSC can deliver an EQE about 30%, which has been 
observed in other reports and is likely due to the efficient exciton 
dissociation and charge collection and absorption of 40–50% of 
the incident photons in actual devices.[54] The short-circuit cur-
rent density (JSC) estimated from EQE is 16.7 and 17.9 mA cm−2 
for 160 °C annealed FTAZ:ITIC-2F and FTAZ:ITIC-2Cl devices, 
respectively, which are in a good agreement with the obtained 
Jsc from J–V curves. The open-circuit voltage (VOC) increases 
after thermal annealed at evaluated temperatures, which is 
probably due to the increased built-in potential and reduced 
recombination that increases the current density in the device 
and the electrochemical potential of the charges.[55] In contrast, 
aggressive annealing will create crystals that will reduce VOC.[19] 
It is noted that as the annealing temperature passes 160 °C, the 
FTAZ:ITIC-2F based device experiences a dramatic decrease  
in device performance. An efficiency loss of ≈20% and ≈60% 
are observed upon thermally annealing at 180 and 200  °C  
for a short period of 10 min (Figure 2a), respectively. The PCE 
loss is a result of decreases in all three photovoltaic parame-
ters, indicating a distinct phase organization and catastrophic 
failure at such high annealing temperatures.[56] In contrast, the 
FTAZ:ITIC-2Cl based solar cells do not show an obvious device 
performance degradation upon thermally annealing at 180 °C, 
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and the PCE loss is only 15% after annealing at 200  °C for 
10 min. Further annealing at 220 °C leads to a PCE drop of 84% 
and 30% for FTAZ:ITIC-2F and FTAZ:ITIC-2Cl based devices, 
respectively. These results demonstrate that FTAZ:ITIC-2Cl 
based solar cells exhibit greater thermal stability compared to 
the corresponding FTAZ:ITIC-2F based devices.

Next, the devices were stored in the dark under N2 atmos-
phere for device shelf-life stability testing. Normalized PCE of 
the devices versus time is shown in Figure 2b and Table S2, 
Supporting Information. Here, we only compare the shelf-
life stability of the as-cast solar cells and devices annealed 
at 160  °C, which give the best performance. Figure  2b 
exhibits that both FTAZ:ITIC-2Cl and FTAZ:ITIC-2F based 
solar cells show excellent shelf-life stability. Specifically, the 

efficiency of the as-cast and 160 °C annealed FTAZ:ITIC-2Cl 
and FTAZ:ITIC-2F based solar cells only decreased by less 
than 2% and 5%, respectively, after 1000 h. The larger effi-
ciency loss in the devices annealed at temperatures of 160 °C 
comes mainly from losses of JSC and FF, which we attribute 
to thermally induced crystals of non-fullerene SMA and 
their growth over time. We note that the relative degradation 
between as-cast and annealed devices is smaller for ITIC-2Cl 
than that of ITIC-2F based devices. In the following sections, 
we will study the major factors (crystallization, demixing, 
and diffusion coefficients) that governor the morphological 
stability.

To delineate the reasons behind the observed differences 
in stability, we first determine the Flory–Huggins interaction 
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Figure 1.  a) Schematic diagram of device structure and chemical structures of FTAZ, ITIC-2F, and ITIC-2Cl as used in this work. b) Normalized 
UV–vis absorption spectra and of these three materials in thin-film. c,d) Current density versus voltage characteristics and EQE of the OSCs based on 
FTAZ:ITIC-2F and FTAZ:ITIC-2F annealed at 160 °C for 10 min.
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Figure 2.  a) Thermal stability behavior of FTAZ:ITIC-2F and FTAZ:ITIC-2F based devices as a function of annealing temperature. Active layers were 
annealed at each corresponding temperature for 10 min. b) Normalized PCE of non-fullerene SMA based solar cells after long-term storage.
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parameter and diffusion coefficients for the fluorinated and 
chlorinated non-fullerene SMA based systems. Here we use a 
bilayer interdiffusion experiment[57,58] (Figure 3a) that is moni-
tored with time-of-flight secondary-ion mass spectrometry 
(SIMS) to measure the diffusion coefficients of non-fullerene 
SMAs into the polymer network. It should be noted here that 
we use HTAZ, which has the same chemical structures with 
FTAZ but hydrogen instead of fluorine atoms, as the polymer 
in all these SIMS measurements (due to similar molecular 
fragmentation patterns between FTAZ and ITIC-2F, SIMS 
cannot provide a reliable inter-diffusion data for ITIC-2F into 
FTAZ). The diffusion concentration profiles C(x,t) at different 
temperatures T (Figure  3) are fitted using the 1D solution of 
Fick’s second law, C(x,t) = C(0)erfc[x/(2sqrt(πDt)], where x is 
the distance from the interface, t is time, and D is the diffu-
sion coefficient. From the fit of the diffusion concentration pro-
files (details on the data fitting can be found in the Supporting 
Information), we can extract the fitting parameter C(0), which 
corresponds to the equilibrium volume fraction of the non-
fullerene SMA in the polymer-rich layer at a certain tempera-
ture. The C(0) at 120, 140, 160, and 180 °C are found to be 2.5%, 
4.6%, 18.0%, and 31.0%; and 1.8%, 2.6%, 9.0%, and 18.1% for 
ITIC-2F and ITIC-2Cl based bilayer thin films, respectively. The 
Flory–Huggins interaction parameter (χ) for polymer:ITIC-2F 
and polymer:ITIC-2Cl are derived to be χ(T) = −10.7 + 5305/T 
and χ(T) = −11.2 + 5757/T, respectively, where T is the absolute 
temperature. The equilibrium composition of SMA in polymer 
or C(0) increasing with T is indicative of an upper critical solu-
tion temperature phase behavior. Furthermore, a miscibility 
at RT can be inferred that is well below the assumed percola-
tion threshold of ≈20–30% SMA in the polymer, making both 

systems an unstable hypo-miscible blend. Given that the dif-
ferences between HTAZ and FTAZ are subtle and only related 
to differences in π–π molecular packing but not the interaction 
with fullerene,[59] we assume that the interaction of the SMAs 
with FTAZ is similar to that with the HTAZ. The low misci-
bility provides a strong thermodynamics driver for demixing 
and over-purification of the mixed domains and thus strong 
burn-in degradation would be expected as the morphology 
has to be quenched during casting with a composition of the 
mixed domains close to or above the percolation threshold.[50,60] 
However, our results show that both FTAZ:ITIC-2Cl and 
FTAZ:ITIC-2Cl show excellent shelf-life stability when stored 
in the dark in a glovebox. This stability should be due to  
kinetics.

To reveal the reason for the RT stability of FTAZ:ITIC-2F and 
FTAZ:ITIC-2Cl based solar cells, we extract the diffusion coef-
ficients of these systems from the Fickian fits. As shown from 
the fits for ITIC-2Cl and ITIC-2F as illustrated in Figure S3, 
Supporting Information. At 180  °C, these two systems have 
diffusion coefficients of 1.5 × 10−14 and 2.5 × 10−14 cm2 s−1 for 
ITIC-2Cl and ITIC-2F, respectively. The slightly larger diffu-
sion coefficient of ITIC-2F suggests that it is likely to be a con-
tributing factor that leads to the difference in thermal stability 
between ITIC-2Cl and ITIC-2F based devices. By extending the 
temperature-dependent diffusion coefficients (Figure  3d), we 
also estimate a D of 3.4 × 10−23 and 2.0 × 10−22 for ITIC-2Cl and 
ITIC-2F at RT, respectively. This means it would take more than 
10 years for these non-fullerene SMA to diffuse 20 nm in the 
blend film at RT. The very low diffusion coefficients of ITIC-2Cl 
and ITIC-2F in the donor polymer suggest that the demixing of 
the mixed-phase that could lead to device burn-in degradation 
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is kinetically hindered,[19] which explains the shelf-life stability 
of solar cells based on these materials.

To reveal a possible origin of the efficiency loss (particularly 
at high T) due to crystallization rather than domain demixing, 
we performed grazing-incidence wide-angle X-ray scattering 
(GIWAXS), at beamline 7.3.3[61] of the Advanced Light Source. 
The 2D patterns of the blend films are shown in Figure  4, 
and the corresponding 1D profile is shown in Figure S1, Sup-
porting Information. From the GIWAXS profiles, the as-
cast FTAZ:ITIC-2Cl and FTAZ:ITIC-2F blend films exhibit a 
well-defined and broad π–π stacking peak in the out-of-plane 
direction and complementary in-plane (100) peaks for both of 
the FTAZ and SMAs indicating a face-on preferential orien-
tation relative to the substrates of these materials. It is worth 
noting that sharp peaks indicative of crystals or aggregates 
are not observed for all as-cast blend films. However, when 
the thermal annealing temperature of these blend films is 
160  °C, some aggregation signature can be observed for both 
ITIC-2Cl and ITIC-2F based blends. After thermally annealed 
at 180 °C, GIWAXS patterns show multiple peaks of the non-
fullerene SMA indicative of excellent molecular packing for 
SMAs annealed at 180  °C. In order to quantitatively analyze 
the molecular packing, we have analyzed a number of the low 
q-peaks and calculated the corresponding g-parameter, where 

π
≈ ∆1
2

g dq h , Δq and dh are the full width at half maximum 

and the interplanar spacing of the diffraction peak of interest, 
respectively, assuming para-crystallinity as the dominating con-
tribution to the line width. Generally, the smaller g indicates the 
better ordering of the materials.[62,63] Through peak fitting of 
the 1D GIWAXS profiles of FTAZ:ITIC-2F and FTAZ:ITIC-2Cl 
based blend films (Figure S2, Supporting Information), we 

consistently find that that the ITIC-2F has a smaller g-parameter 
than ITIC-2Cl (Table S3, Supporting Information). Specifically, 
the g-parameters at q = 0.44 Å−1 are found to be 9.6% and 10.5% 
for 180  °C annealed FTAZ:ITIC-2F and FTAZ:ITIC-Cl based 
blends, respectively, indicating improved molecular packing of 
ITIC-2F and possibly larger crystals than that of ITIC-2Cl if the 
peak width is not dominated by lattice disorder.

It has been widely demonstrated that the formation of crys-
tals of either fullerene or non-fullerene SMA in the blend 
film would lead to device degradation.[19,64] When considering 
FTAZ:ITIC-2F, the fast performance degradation of 180  °C 
compared to 160 °C annealed films can likely be attributed to 
the presence of highly ordered ITIC-2F SMA crystalline phases 
in FTAZ:ITIC-2F films annealed at the higher temperature. In 
contrast, for FTAZ:ITIC-2Cl based devices annealed at 180 °C, 
no obvious device degradation is observed compared to  
those solar cells annealed at 160  °C, even though defined 
peaks are detected in the GIWAXS patterns at 180  °C and 
there seems to be overall more ordering at 180  °C when 
compared to the FTAZ:ITIC-2F. The GIWAXS results sug-
gest that the crystallization of the material partially contrib-
utes to the device degradation of high temperature (≥180 °C) 
annealed FTAZ:ITIC-2F samples, while the FTAZ:ITIC-2Cl 
based devices exhibit excellent thermal stability even though 
some materials aggregation/crystallization takes place. The 
contrasting observations between the two SMAs are likely 
related to the relative size of the crystals, which cannot be 
easily determined in the presence of lattice disorder, as well 
as the volume fraction of the crystals. The GIWAXS data is 
thus inconclusive on its own and we resort below to the use 
of thermal analysis and microscopy to elucidate crystallization 
behavior further.

Figure 4.  a,b) 2D GIWAXS patterns of FTAZ:ITIC-2F (a) and FTAZ:ITIC-2Cl (b) samples annealed for 10 min at elevated temperatures as indicated. The 
GIWAXS measurements were done 3 days after the films’ preparation annealed. Line cuts and g-parameter analysis are provided in the Supporting 
Information.
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To better understand the differences in thermal stability 
between ITIC-2F and ITIC-2Cl based devices, the thermal 
proprieties of the neat polymers and non-fullerene SMAs are 
investigated by DSC. From the DSC data (Figure 5a), the donor 
polymer FTAZ does not show any clear transition peaks, which 
can be attributed to its amorphous or disordered nature. In 
contrast, ITIC-2F and ITIC-2Cl exhibit pronounced exothermal 
peaks (cold crystallization, Tc) at 209 and 186  °C, respectively, 
suggesting the amorphous volume fraction of these materials 
starts to reorganize at these temperatures.[65] Additionally, 
ITIC-2F and ITIC-2Cl also exhibit a well-defined melting peak 
(Tm) at 336 and 358 °C, with the enthalpies of fusion of 56.8 and 
32.2 kJ mol−1, respectively. The observed higher Tm of ITIC-2Cl 
than ITIC-2F should be attributable to the larger dipole moment 
of carbon-chlorine bond than the carbonfluorine bond. The 
cold crystallization enthalpies of 35.4 and 19.5 kJ mol−1 are large 
fractions of the melting enthalpies, suggesting that the majority 
of the SMAs are disordered even when the samples are drop 
cast even as the non-fullerene SMAs have more time to order 
when compared to spin-coating. Importantly, the Tc peak of 
ITIC-2F is narrower than that of ITIC-2Cl, and one of the nar-
rowest Tc peaks observed so far. Furthermore, ITIC-2F exhibits 
a glass transition (Tg) at about 175 °C and the Tc of ITIC-2F is 
considerately above its Tg. In contrast, ITIC-2Cl does not exhibit 

the same thermodynamic properties. Instead, the cold crystalli-
zation is likely at or just above the Tg and obscures the observa-
tion of a glass transition. The difference in width and location 
of the cold crystallization with respect to the Tg is likely related 
to the nucleation rate and crystallization kinetics.

To confirm differences in the relative crystallization behavior 
and nucleation density of ITIC-2F and ITIC-2Cl, we acquired 
visible light microscope (VLM) images of these two materials. 
We first anneal the films at 180 °C to create crystals as indicated 
by GIWAXS and then use solvent vapor annealing (SVA) to 
assist the further crystallization of these materials by increasing 
the diffusion coefficient. We note that SVA by itself does not 
introduce crystals, but simply amplifies the presence of small 
crystals by furthering their growth. In this way, the observation 
allows inferences about the nucleation density at 180  °C. The 
VLM images (Figure  5b) exhibits a few large size (>100  µm) 
crystals for ITIC-2F based thin film, while only numerous 
small crystals with size near the optical detection limit can 
be observed for ITIC-2Cl based film. Again, large differences 
in crystallization characteristics are observed between the two 
SMAs.

When considering the GIWAXS, DSC, and VLM data, a self-
consistent picture emerges. ITIC-2F has a much lower nuclea-
tion rate and density than ITIC-2Cl. The latter rapidly forms 

Figure 5.  a) DSC thermograms of FTAZ, ITIC-2F, and ITIC-2Cl, collected from the first heat cycle with a 40 °C min−1 heating rate. To maximize the crys-
tallization, these materials are processed with solvent vapor annealing for 2 days using chlorobenzene before the DSC measurement. b) Visible light 
microscopy images of ITIC-2F and ITIC-2Cl after being thermally annealed at 180 °C for 10 min and then using solvent vapor annealing for a certain 
time as indicated, respectively. c) Schematic illustration of Gibbs free energy of the liquid and crystalline state, Gl and GC, and the difference in Gibbs 
free energy as a function of T given the heat of fusion of the ITIC-2F (red) and ITIC-2Cl (blue). d) Temperature-dependent crystallization growth rate 

defined by growth rate = D0(T) × exp 
E
kT

−

 


 ×A − − ∆











G
kT

1 exp lc .
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many small, local aggregates or crystals of variable size near 
its Tg, leading to a broad Tc peak at low T. These nanocrystals 
can be readily observed by GIWAXS. In contrast, due to just a 
few nucleation sites in ITIC-2F, significant growth is required 
before ITIC-2F crystallization can be detected in GIWAXS and 
DSC. This growth requires large distances and can only occur 
when there is significant diffusion, a condition that only hap-
pens well above the Tg of ITIC-2F. The nucleation of ITIC-2Cl 
results in a high nucleation density and in many nanocrystals 
that are not very detrimental to performance, whereas ITIC-
2F creates a small number of large crystals that are very detri-
mental to performance, likely creating shunt-pathways in the 
devices.[66] For the nanocrystals to lead to shunting failure, they 
have to grow by Ostwald ripening, which is a very slow process 
as the chemical potentials of the various crystals are not very 
different.

In order to establish a relation between crystallization and 
the differences in melting enthalpy and diffusion coefficients, 
we consider the crystallization theory of a single material. We 
note that quantitative measurement of the overall crystalliza-
tion rate of these non-fullerene SMA requires complex mod-
eling and characterizing that is outside the scope of the current 
work, but insightful and novel inferences can be made none-
theless. The rate of nucleation and growth of a crystal is given 
by the following equations:[67,68]

Nucleation rate exp
16

3
lc
3

lc
2

πγ( )∝ × −
∆









D T

kT G
� (1)

Growth rate 1 exp lc( )∝ × − − ∆













D T
G

kT
� (2)

where D(T) is the diffusion coefficient, γlc is the interfacial 
energy associated with the surface of the nucleus and ΔGlc is 
the difference in free energies of liquid and crystalline states 
(Figure 5c). The latter can be expressed by Equation (3):

∆ = ∆ × − = ∆ −





1
T

lc m
m

m
m

m

G H
T T

T
H

T �
(3)

where ΔHm is the enthalpy of fusion, and Tm is the melting 
temperature. Based on the DSC data, the ΔGlc for ITIC-2F and 
ITIC-2Cl is calculated to be 14.5 and 9.1  kJ mol−1 at the tem-
perature of 180 °C, respectively, as an example. Unfortunately, 
we do not know  γlc and quantitative predictions of the growth 
to nucleation rates or between the nucleation rates are impos-
sible. We can, however, conclude the growth rate of ITIC-2F 
and ITIC-2Cl based on Equation  (2), and that the growth rate 
of ITIC-2F is larger than that of ITIC-2Cl by a factor of 3 at 
180  °C, and the difference increases with the decreasing tem-
perature to a factor of 12 at RT (Figure  5d). This is largely 
driven by the differences in diffusion coefficients. We can also 
infer that the interfacial energy of ITIC-2F is likely larger than 
that of ITIC-2Cl in order to account for the large differences in 
nucleation density observed. Irrespective of the limited knowl-
edge of these details, Equations (1) and (3) translate the differ-
ences between nucleation rate observed at 180 °C to RT, where 
the differences in nucleation rates are generally smaller and 

crystal grow rates are likely dominating. Consequently, ITIC-2F 
devices are expected to be more prone to crystallization failure 
than ITIC-2Cl devices at operating temperatures, underscoring, 
and validating the utility of accelerated thermal stress testing 
and knowledge of thermal and diffusion characteristics.

To test the generality that chlorinated non-fullerene SMAs 
give better performance under thermal stress, we investigate 
the devices based on FTAZ:ITIC-4F and FTAZ:ITIC-4Cl. The 
device performance under different annealing temperatures 
are summarized in Table S4, Supporting Information, it can be 
seen that in the case of ITIC-4Cl, similar to ITIC-2Cl, chlorina-
tion of SMA exhibit better thermal stability. The large device 
degradation (>50% drop of PCE) of FTAZ:ITIC-4F under higher 
thermal stress mainly comes from the loss of all of the photo-
voltaic parameters, suggesting the materials strongly crystal-
lized in the blend films, which is evidenced by the GIWAXS 
patterns (Figure S4, Supporting Information). On the other 
hand, solar cells based on FTAZ:ITIC-4Cl give a PCE of 7.7% 
when annealed at 160 °C, which is comparable to that of ITIC-
4F based devices processed under the same condition. While 
the PCEs increase when the annealing temperature was 
increased to 180  °C even though the crystallization of ITIC-
4Cl is detected (Figure S4, Supporting Information), and then 
slightly decrease after further increasing the annealing tem-
perature. DSC (Figure S5, Supporting Information) of ITIC-4F 
shows two endothermic peaks (probably due to polymorphism) 
at 129 and 330  °C with the enthalpy of fusion of 66.0 and 
60.0  kJ mol−1, respectively. However, ITIC-4Cl only gives one 
endothermic peak at 174  °C with a low enthalpy of fusion 
(15.7 kJ mol−1) with likely sublimation at high temperature or a 
Tm above the degradation temperature. The results suggest, in 
complete analogy to the ITIC-2F and ITIC-2Cl comparison, that 
the growth rate of ITIC-4F as predicted by the difference in free 
energy ΔGlc should be significantly higher than that of ITIC-4Cl 
and that the nucleation density of ITIC-4F is much lower. This 
is confirmed by VLM images (Figure S6, Supporting Informa-
tion) that ITIC-4F exhibits larger size crystals than that of ITIC-
4Cl based thin film. These encouraging results suggest that the 
introduction of chlorine atoms into non-fullerene acceptors can 
achieve a much more stable performance than modification of  
the molecular by fluorination, owing to the significantly low-
ered melting enthalpy. Importantly, DSC and optical micro
scopy can be used to infer relative crystallization characteristics 
and thus long-term device stability.

Overall, the propensity to suffer long term failure due to large 
crystals penetrating the film has been inferred. The GIWAXS, 
diffusion, DSC, and SVA annealing measurements reveal a 
consistent picture that shows that ITIC-2F has a lower nuclea-
tion rate compared to ITIC-2Cl, yet higher growth rate due 
to higher diffusion coefficient that is leading to fewer, larger, 
and more ordered crystals. This implies that if there are any 
crystals of ITIC-2F as a result of the film processing protocol, 
ITIC-2F would more rapidly lead to large crystals that destroy 
the devices. In contrast, ITIC-2Cl forms numerous nanocrystals 
with only minimal impact on devices. Similar observations have 
been made for ITIC-4F and ITIC-4Cl, respectively. The design 
considerations for non-fullerene SMA synthesis designed to 
avoid device degradation due to crystallization would thus be:  
1) Use of materials with low melting enthalpy, 2) use of materials 
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with the interfacial energy  γlc as small as possible, and 3) use 
materials with low diffusion coefficients. While molecular 
design guidelines should be developed before synthesis com-
mences, our results indicate that the parameters that control 
device stability are melting enthalpy, glass transition tempera-
ture, and melting temperatures, and interfacial energies and 
that at least the melting enthalpy and melting temperature can 
be readily checked with DSC post-synthesis. A suitable method 
to directly measure interfacial energies of crystal nuclei would 
still have to be found. In the meantime, the impact of interfacial 
energy has to be inferred from the difference between Tc and Tg 
in DSC measurements or by the observation of the crystal den-
sity with microscopy. In terms of fabrication strategy, it is likely 
beneficial if a high density of small aggregates can be induced 
that prevent large crystal formation as is the case for the 
FTAZ:ITIC-2Cl devices optimized at 160 °C. Given that chlorine 
is heavier and bulkier than fluorine, there is likely a systematic 
relation of chemical structure to the relevant thermodynamic 
quantities. However, melting enthalpy, melting temperatures, 
and interfacial energy are often difficult to predict in general, 
not just for semiconducting materials. Fortunately, molecular 
dynamics simulations are becoming increasingly sophisticated 
and should be able to assess at least relative characteristics. In 
the absence of sophisticated simulations before synthesis, our 
results indicate that determining Tg, Tc, Tm, and ΔHm can pre-
dict relative crystallization characteristics and device stability 
that can be confirmed through direct observation of the nuclea-
tion density.

In summary, through a systematical study of the device per-
formance based on fluorinated or chlorinated ITIC, it is found 
that the introduction of chlorine atoms into the small molecule 
electron acceptors appears to be an effective strategy to obtain 
a device with better operational stability. Furthermore, consid-
ering the relatively low cost in synthesizing the chlorinated mate-
rials compared with their fluorinated counterparts, chlorinated 
organic semiconductors have a bright future in the development 
of OSCs. By revealing the molecular interaction parameter, crys-
tallization, and diffusion coefficients, our research here demon-
strates explicitly that a hypomiscible system can still be stable as 
long as the diffusion coefficients and crystallization rates can be 
kept sufficiently low. More importantly, our results demonstrate 
that the crystallization characteristics as revealed by the differ-
ence diffusion properties and in Gibbs free energy between 
liquid and solid phase and the nucleation density as revealed 
indirectly by a difference between the glass transition and recrys-
tallization temperature can explain and qualitatively predict the 
operational stability of crystallizable non-fullerene SMA based 
solar cells. These proxy metrics accessible with DSC measure-
ments and optical microscopy of crystallization characteristics 
should be able to predict stability beyond the time frame that 
is readily testable in the research laboratory at RT (even when 
SIMS measurements are not available) and supports the use of 
accelerated stress tests.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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