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Abstract
For several years, climate changes and energy 
crisis have pushed the scientific community to 
develop sustainable and environmentally friendly 
technologies. This has notably given rise to the 
field of organic electronics aiming at exploiting 
organic materials as active layers in devices such 
as field-effect transistors (OFETs), photovoltaic 
devices (OPVs) or the well-marketed light-
emitting diodes (OLEDs). The OPV technology 
is considered as a promising candidate to 
contribute to the energy transition although 
the devices still need to be improved in terms 
of performance and stability, especially via the 
development of new materials. In this context, we 
report here a joint theoretical and experimental 
characterization of the highly promising Y6 
molecule used as acceptor in the last generation 
of devices.  We demonstrate in particular that 
the solvent used for depositing the active layer 
(here chloroform versus chlorobenzene) strongly 
impacts their morphology, and in turn the solar 
cell performances. 

1. Introduction

Over the past 40 years, climate changes and the 
resulting energy crisis have been steadily growing 
[1-3]. This phenomenon has been originating from 
the Industrial Revolution, a period characterized by 

an excessive increase in demand and consumption 
of energy as well as an extreme dependence on 
fossil fuels (gas, coal, oil, petroleum) [3-4]. Today, 
this demand is still increasing mainly due to the 
population growth and rapid development of 
technology [2-3]. However, the use of fossil fuels 
to fulfil this demand generates greenhouse gas 
emissions, such as the release of carbon dioxide 
(~35 billion tons in 2021) [5-6] which directly 
impacts environment and climate [2]. Moreover, 
fossil fuel resources are becoming limited and 
are likely to get exhausted soon, thus leading to 
possible socio-political conflicts, discontinuity or 
interruption of supply and sudden fluctuations of 
prices as we are currently facing [2]. On the basis 
of this emergency, a rethinking of our production 
methods as well as of our daily energy consumption 
is undoubtedly necessary to ensure the survival of 
the human race and all other living species of the 
planet in an ideally carbon-neutral future.

One well-accepted solution to promote the energy 
transition is the use of renewable resources. 
These technologies have the advantages to be 
sustainable, clean, abundant and to emit limited 
quantities of CO2 during their life cycle; they 
can be easily developed in areas far away from 
cities and exhibit low operating and maintenance 
costs compared to more conventional fossil fuel 
technologies [2]. Among renewable energies, the 
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solar energy is the most significant exploitable 
energy source [3,7]. Indeed, the actual available 
capacity of solar energy on the surface of Earth 
is estimated at 600 TW [8], which is larger than 
our annual energy consumption of 13 TW [7-8] 
and much larger than those estimated for all other 
renewable technologies, such as hydroelectricity 
(0.5 TW), geothermal energy (12 TW) or wind 
energy (2 to 4 TW) [7-8]. Therefore, even if 
solar energy is intermittent, it represents an 
inexhaustible and universal energy source which 
exploited in different ways including solar thermal 
(e.g., solar tower or solar parabolic trough), 
bioenergy (photosynthesis), solar photovoltaic or 
photocatalytic applications [2-3].

1.1. The photovoltaic technology

Solar energy is typically collected with 
photovoltaic devices (PVs) that convert light into 
electricity. The physical phenomenon responsible 
for this conversion is called the “photovoltaic 
effect” discovered in 1839 by the French physicist 
Edmond Becquerel [3,9-10]. The original version 
of PVs, accounting for over 90% of the actual 
market [3,11], includes monocrystalline or 
polycrystalline silicon wafers [11-12]. Although 
their actual conversion yield, called “Power 
Conversion Efficiency” (PCE or η) reaches 
27.6% at the laboratory scale [13], silicon solar 
cells (Si-SCs) have many drawbacks such as poor 
light absorption [14-15], high weight due to the 
large thickness of the layers required to absorb 
enough light [14-15] and high energy-consuming 
production steps due to purification processes 
required to ensure an efficient operation of the 
devices [14,16]. Such limitations have motivated 
the scientific community to elaborate other 
technologies, notably through the development 
of new alternative materials to substitute silicon 
in photovoltaic modules. To date, the intensive 
efforts have led to two additional generations 
of PV cells: (i) thin-film solar cells in which 
the dominant materials are amorphous silicon, 
cadmium telluride (CdTe) or copper indium 
gallium diselenide (CIGS) and (ii) an emerging 
category of devices including dye-sensitized 
solar cells (DSSCs), perovskite solar cells (PSCs) 
or organic solar cells (OSCs) [11-12].

Organic solar cells integrate semiconducting 
polymers or small organic molecules in the 
light absorbing layer [16-18]. They have been 
receiving an extensive interest due to their 
numerous advantages including: (i) light weight 
(~10 times lighter than Si-SCs) [17,19-20], 
allowing their use on any vertical support; (ii) 
good mechanical flexibility [17,19] allowing 
their deposition on any surface (for example, 
corrugated support or textile); and (iii) the 
possibility to fabricate semi-transparent devices 
[20-21]. OSCs can also be produced by simple, 
solvent-compatible and low-cost processes 
[17-19] thanks to the high solubility of organic 
materials in various solvents. Their processing 
typically carried out by printing techniques (e.g., 
spin-coating, slot-die, inkjet, roll-to-roll…) [18], 
can cover large surfaces with a small quantity 
of material (~1 g/m2) [20], while maintaining 
high efficiencies and limiting the amount of CO2 
emitted during their manufacturing. OSCs are 
therefore emergent actors for the development 
of a highly efficient, environmentally friendly 
and large-scale technology in the field of organic 
electronics.

1.2. Device architecture  
and operating principle of OSCs

OSCs are typically made of an organic photoactive 
layer containing one electron accepting material 
(typically small molecules referred abusively as 
n-type in analogy with Si- SCs) and one electron 
donating material (typically polymers often 
described as p-type). They are deposited as two 
juxtaposed layers or as a bulk heterojunction. The 
active layer is sandwiched between two electrodes, 
typically aluminium and the transparent and 
metallic indium tin oxide (ITO) deposited on glass 
or plastic substrates [18,22-24], see Figure 1.

The general working principle of a bilayer solar 
cells, presented in Figure 2, can be divided into 5 
main steps: (1) photon absorption and generation 
of an electron-hole pair, referred to as exciton; 
(2) exciton diffusion towards the donor-acceptor 
interface; (3) formation of an interfacial charge-
transfer state and its dissociation into free charge 
carriers; (4) charge transport to the corresponding 
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electrodes; and (5) charge collection at each 
electrode [25-27]. To efficiently convert light into 
electricity and achieve high performances, organic 
solar cells should meet several requirements in 
order to optimize each of these steps.

The use of a single organic material does not 
allow for the generation of a photocurrent. 
Indeed, the high stability of the excitons formed 
within organic materials makes their dissociation 
difficult under ambient conditions. The binding 
energy of excitons (Eb) results from the strong 
Coulomb attraction between the photogenerated 
hole and electron. Due to the low dielectric 
constant (εr) of organic materials, typically 

between 2 and 4, Eb is typically larger than 0.3  eV 
in semiconducting polymers and can reach up to 
1 eV in small molecules due to charge spatial 
confinement in a small volume [28-29].

The binding energy is thus much higher than the 
thermal energy at room temperature (~25 meV), 
thus preventing the dissociation of excitons 
within the bulk of a single organic material [28-
29]. This is why it is necessary to introduce a 
second organic material in the active layer with 
a proper positioning of the HOMO and LUMO 
levels of the two components to promote free 
charge carrier generation [28,30]. The donor 
molecule will be characterized by a smaller 

Figure 1: Architecture of (A) a bilayer solar cell and (B) a bulk heterojunction (BHJ) solar cell (B). 
The red and blue colors denote respectively the acceptor and donor material.

Figure 2: General working principle of a bilayer solar cell (h+ stands for hole and e- for electron).
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ionization potential (lower HOMO level) and the 
acceptor by a stronger electron affinity (deeper 
LUMO) [25-28]. Therefore, if the exciton is 
generated on the donor compound, the energy 
difference between the LUMO of the acceptor 
and that of the donor (DELUMO) must be large 
enough to exceed the Coulombic attraction and 
ensure a photoinduced electron transfer, but not 
too large to avoid the loss of too much energy. 
Similarly, for an excitation on the acceptor, the 
photoinduced hole transfer is favorable if the 
energy difference between the HOMO of the 
donor and the HOMO of the acceptor (DEHOMO) is 
strong enough to overcome the binding energy of 
the exciton, as figured out in Figure 3.

Although bilayer solar cells are the simplest to 
produce, their architecture endows only one 
planar D-A (donor-acceptor) interface for exciton 
dissociation, leading to cut short efficiencies 
[22,28,30]. Indeed, due to its short lifetime (< 
1 ns), the diffusion length of an exciton is typically 
limited to a few tens of nanometers [22,25,28] 
and only excitons generated near the D/A 
interface can contribute to the charge generation 
[28]. This major drawback has led to the concept 
of bulk heterojunction (BHJ) [18,25,28] in 

which the active layer can be described as an 
interpenetrating network of donor and acceptor 
materials at the nanoscale [22,25]. Accordingly, 
most of the generated excitons can thus rapidly 
reach an interface before their recombination to 
be dissociated into free charge carriers that will 
then be transported through percolation pathways 
toward the respective contacts for collection 
[22,25]. On the negative side, this structure 
requires a precise control of the morphology 
to reach the most appropriate phase separation 
[22,25], which is still a huge current challenge.

In the BHJ device structure, thin inorganic or 
organic intermediate layers can be introduced 
between the active layer and electrodes to facilitate 
charge transport and charge collection, as shown in 
Figure 4 [22,25,31-33]. These extra layers allow 
avoiding direct contact between the photoactive 
material and electrode, thus preventing exciton 
recombination at the contacts [32-33] and dictate 
the charge collection direction (i.e., polarity of 
the device) by blocking selectively holes at the 
cathode and electrons at the anode [22,24,32]. 
Two architectures are actually conceivable: the 
conventional or direct structure in which electrons 
are collected at the aluminium electrode and the 

Figure 3: Schematic representation of photoinduced electron transfer (upper figure) and photoinduced hole transfer (lower figure) when the exciton 
is formed on the donor or on the acceptor respectively. In both cases, an interfacial charge transfer state is created with a hole on the HOMO of the 
donor and an electron on the LUMO of the acceptor.
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inverted structure in which electrons are collected 
at the ITO contact [23]. The blocking layers also 
prevent damaging chemical reactions or metallic 
ions diffusion at the electrode/organic interface 
[22,33-34], thus helping to increase the stability and 
hence lifetime of the devices. It is worth stressing 
that the choice of interlayers is limited to a few 
materials because these must offer simultaneously 
good charge transport properties, adapted 
electronic level matching at the photoactive layer/
electrode interface, good chemical stability and 
high transparency to the visible solar irradiation 
[22,24]. The widely-used hole blocking layers 
(HBLs) / electron-transporting layers (ETLs) 
are LiF, TiOx, ZnO and SnO2 while electron-
blocking layers (EBLs) / hole-transport layers 
(HTLs) are often WO3, V2O5, MoO3 and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) [3,23-25,31].

1.3. Device characterization

The photovoltaic performances are estimated 
from current density-voltage (J(V)) curves 
obtained both under illumination and in the dark, 
see Figure 5 [3,30].

By convention, the illuminated curve must be 
recorded under 1 sun Air Mass 1.5 (AM~1.5  1000 
W/m2) conditions [8,30,35-36] in which the light 
source simulates the sun irradiation on Earth at 
an angle of about 48° from the zenith [30,36]. 

From J(V) curves, it is possible to extract the 
power conversion efficiency, denoted PCE [16,30] 
expressing the amount of electrical power (Pout) 
produced by the solar cell relative to the power 
of the incident light radiation (Pin) [16,30]. Pout is 
given by the product of three parameters namely 
the short-circuit current (JSC), open-circuit potential 
(VOC) and fill factor (FF) [16,30]. Obtaining high 
efficiency OSCs requires maximizing these three 
key parameters (JSC, VOC, FF).

The short-circuit current (JSC) corresponds to the 
current density that flows through the illuminated 
solar cell when no electrical potential is applied 

Figure 4: Architecture of conventional (left figure) and inverted (right figure) BHJ organic solar cells. HTL [HBL] denotes Hole Transport 
[Blocking] Layer and vice versa for electrons.

Figure 5: Typical current density-voltage (J(V)) curves obtained from 
OSCs characterization. The illuminated and dark curves are plotted in 
red and black, respectively.
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[22,28,30]. JSC depends on the efficiency of light 
absorption, the mobility of charge carriers and 
is reduced by charge recombination phenomena 
[16]. The open-circuit potential (VOC) represents 
the value of the bias at which there is no current 
in the device [28,30]. The maximum value of VOC 
matches the energy difference between the LUMO 
of the acceptor and the HOMO of the donor 
[18,33,37], but is further reduced with the charge 
recombination phenomena occurring in the active 
layer. The fill factor (FF) is defined as the ratio 
of the maximum power actually delivered by the 
device (area of the blue rectangle, Pmax = Jmax x Vmax) 
and the ideal maximum power output (area of grey 
rectangle) obtained when Pmax = JSC x VOC, see 
Figure 5 [30,38]. This FF parameter is affected 
by two types of resistance across the device: the 
series resistance (RS) and the parallel resistance 
(RSh) [22,37]. RS depends on the interface contact 
resistance between the stacking layers and the bulk 
resistance of each material [39]. This resistance 
can be estimated from the slope of the J(V) curve 
near VOC and must be as low as possible (RS�0) 
[37,39]. The RSh parameter is impacted by any 
current leakage from the edge of the cell and from 
pinholes in the film or by the presence of energy 
traps typically associated to energetic disorder 
among the transport levels. This resistance should 

be as high as possible (RSh� ∞) to increase FF and 
is estimated from the slope of the J(V) curve near 
the JSC [37,39].

1.4. The birth of NFA molecules 

The first generation of OSCs was based on active 
layers including donor polymers, such as the well-
known poly(3-hexylthiophene) (P3HT), combined 
to the prototypical fullerene-type acceptor 
molecule (FAs) 1-(3-methoxycarbonyl) propyl-
1-phenyl[6,6]C61 (PC61BM) [17,40-41]. Although 
PCBM presents interesting isotropic charge 
transport properties and a high electron affinity 
[17], devices involving them exhibited limited 
conversion efficiency, between 5% and 11% [40-
41], mainly due to the poor absorption properties 
of fullerenes, chemical stability problems and 
morphological instability linked to the spherical 
shape of the fullerene compounds [19,26,40,42]. 
Tremendous molecular design efforts have thus 
been carried out to develop new classes of non-
fullerene acceptor molecules (NFAs). Among 
them, the most extensively studied compounds 
feature an A-D-A structure as represented by the 
ITIC-series that appeared in 2015, as well as an 
A-D-A’-D-A-type structure such as in the Y-series 
developed in 2019 (Figure 6) [17,19].

Figure 6: Molecular structure of ITIC and Y6 NFA. The distinctive domains are highlighted: 
acceptor unit (blue), donor unit (red) and side chains (green).
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Today, NFAs have pushed the power conversion 
efficiency (PCE) beyond 15% at the laboratory 
scale after full device optimization and adequate 
choice of additives [19,43-44]. This boost in 
photovoltaic performances can be undoubtedly 
attributed to the key assets of NFAs compared to 
FA derivatives, such as a significant absorption 
of the solar emission or a very modular structure, 
which allows for fine tuning the solid-state 
packing and electronic/optical properties driving 
the efficiency of the different steps in solar 
conversion [19,26,40,42,45]. Developing new 
materials with enhanced performance definitively 
requires now the establishment of structure-
properties-device performance that are often 
overlooked when searching for formulations 
yielding the highest power conversion efficiency.

In this paper, we contribute to this endeavor by 
reporting a fundamental study of the electronic, 
optical and morphological properties of the 
molecular electron acceptor Y6 currently 
considered as a rising star in the field. By 
combining theoretical modelling, experimental 
characterizations and device fabrication, we 
highlight some factors explaining why this NFA 
material leads to higher conversion efficiencies 
compared to the pristine FA compounds and 

propose different guidelines for the development 
of new compounds.

2. Results and discussion

2.1. Theoretical modelling

The first part of our study starts with a theoretical 
investigation of the structural, electronic and 
optical properties of the Y6 molecule. We 
performed here quantum-chemical calculations 
at the DFT (Density Functional Theory) 
level using the LC-ωHPBE functional and a 
6-31G(d,p) basis set [46-48], as implemented in 
Gaussian 16 (revision A.03) [49]. All alkyl side 
chains in the molecular structure were replaced 
by methyl groups (-CH3) to reduce calculation 
time [50-51]. Changing the length of the side 
chains does not affect the properties of isolated 
molecules and should not strongly impact the 
structural properties of the conjugated central 
core inferred in presence of the methyl groups. 
The optimized molecular geometry obtained with 
an adjusted ω value of 0,1068 Bohr-1 is presented 
in Figure 7. The molecule adopts a U-shaped 
geometry with a permanent dipole moment of 1.7 
Debye along the Z-axis. This structural change, 
compared to the previous S-shaped ITIC-series 

Figure 7: Optimized structure of Y6 obtained from LC-ωHPBE/6-31G(d,p) DFT calculations.
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with no dipole, is likely to impact intermolecular 
interactions between molecules in the condensed 
phase (i.e., the molecular packing) and hence the 
charge transport properties [26,52]. In spite of 
a slight central twist of 12.7° induced by steric 
hindrance between the inner alkyl groups, Y6 
exhibits a pronounced molecular flatness which 
is favorable to extent π-electron delocalization 
over the molecular backbone.

The shape of the frontier orbitals (FOs) has also 
been computed, while considering solvent effects 
via a Polarizable Continuum Model (PCM); 
we consider here chloroform (ε = 4.71) and 
chlorobenzene (ε = 5.69) commonly used in the 
literature due to their excellent dissolution ability 
of NFAs [53-55]. Since the results obtained are 
similar in both solvents, the following discussion 
is only focused on the results obtained in 
chloroform. As shown in Figure 8, the LUMO of 
Y6 is completely delocalized all along backbone 
while its HOMO is mostly localized on the center 
[51,56].

This high delocalization of the LUMO level is 
an interesting feature to promote intermolecular 
electron transport between adjacent molecules in 
the condensed phase.

A Mulliken population analysis, presented in 
Figure 9, has been conducted to study the donor/
acceptor character of the molecular domains.

The terminal groups, thienothiophene core units 
and the BT group fused to the neighboring pyrroles, 
as highlighted in Figure 10, have a respective 
charge of -0,4 |e|, +0,6 |e| and -0,2 |e|. Moreover, the 
Mulliken analysis points to attractive interactions 
between the positive charge on the sulfur atom 
of one thiophene of the core (+0.38 |e|) and the 
negative charge on the adjacent oxygen atom 
located on the terminal group (-0.47 |e|). This S-O 
coulombic attractive interaction (dS-O ~ 2.7 Å) might 
trigger a conformational blocking favoring further 
the coplanarity of the molecule [44,57].

In order to investigate the impact of end-group 
halogenation on the optoelectronic properties 
in existing Y derivatives, similar theoretical 
calculations were carried out on the optimized 
structures of the non-halogenated and chlorinated 
derivatives of Y6, respectively Y5 (BTP) and 
Y7 (BTP-4Cl). The optimized value of ω is also 
0,1068 Bohr-1 for both molecules. Halogenation 
of terminal groups does not significantly impact 
the electronic gap (EGap = EHOMO - ELUMO) as 
illustrated in Figure 11, or frontier orbital 
localization whatever the solvent employed but 
lowers progressively the energy of the frontier 
electronic levels when going from Y5 to Y7. 
Therefore, the terminal group halogenation 
appears to be an effective strategy to modify the 
VOC parameter in OSC devices without impacting 
the absorption spectra of the molecules.

We have finally simulated the absorption spectrum 
of Y6 and its derivatives in chloroform and 
chlorobenzene, see Figure 12. All graphs are 
plotted with a full width at half-maximum (FWHM) 
of 0.25 eV. In spite of the small permanent dipole 
moment, an interesting observation is the lack 
of solvatochromism effect (shift of the lowest 
absorption band by only 6 nm ~ 0.02 eV between 

Figure 8: HOMO/LUMO wavefunction distribution in Y6 obtained 
from LC-ωHPBE/6-31G(d,p) DFT calculations taking into account 
solvent effect of chloroform. The wavefunction sign is represented by 
red (positive) and green (negative) colors.
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Figure 9: Mulliken population analysis for the Y6 molecule, as obtained at the LC- ωHPBE/6-31G(d,p) DFT level.

Figure 10: Terminal groups (blue), thienothienophene core units (red) and BT group fused to the neighboring pyrroles (green) on Y6 molecule.

Figure 11: HOMO and LUMO energies obtained from LC-ωHPBE/6-31G(d,p) DFT calculations for Y5, Y6 
and Y7 in chloroform (left figure) and chlorobenzene (right figure).
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the two solvents) which points to a weak impact of 
solvent on the optical transitions of the molecules. 
As expected from the previous considerations, the 
halogenation of the terminal group has a minimal 
impact on the optical band gap whatever the solvent 
used. Indeed, the lowest optical absorption band, 
corresponding to a transition between the ground 
state (S0) to the first excited state (S1), is located at 
615 nm (2.01 eV), 625 nm (1.98 eV) and 635 nm 
(1.95 eV) for Y5, Y6 and Y7 in chloroform while 
they lie at 621 nm (2.00 eV), 631 nm (1.97 eV) and 
641 nm (1.93 eV) in chlorobenzene, respectively. 
The calculated molar absorption coefficient (ελ) is 
about 1 105 M-1 cm-1 for each derivative, denoting 
the very good absorption properties of these 
compounds compared to fullerene derivatives 
(ελ ˂ 0.5 105 M-1 cm-1) [58]. An overlap factor (ϕs) 
between the hole density (ρh) and electron density 
(ρe) associated to first excited state (S1), mostly 
described by a HOMO  → LUMO transition, has 
been determined to be 0.62 [56,59]. This points to 
a good compromise between the charge-transfer 
state character of S1 (ϕs→ 0) which facilitates 
exciton dissociation and a local character (ϕs→ 1) 
required for efficient optical absorption [59].

2.2. Optical properties

The experimental UV-visible normalized 
absorption spectra of Y6 as well as the electron 
donor polymer PM7 in both host solvents are 
presented in Figure 13.

The absorption maxima are located at 604 nm 
(2.05 eV) and 732 nm (1.69 eV) for PM7 and Y6 
respectively in chloroform [60-61] while they 
lie at 605 nm (2.05 eV) and 729 nm (1.70 eV) 
in chlorobenzene, thus reflecting the absence of 
solvatochromism, as predicted by our theoretical 
study. From Beer-Lambert’s law (Αλ = ελ.L.C) [62-
63] with  the absorbance value at a given wavelength, 
L the optical path length (cm) and C the molar 
concentration of absorbing species in solution (mol 
L-1 or M), the molar absorption coefficients (εmax) at 
lmax are determined to be 1.75 105 M-1cm-1 for Y6, 
in deep consistency with the theoretical estimates 
yielding values around 105 M-1cm-1.

UV-Vis spectroscopy analyses on PM7 and Y6 
thin films on glass substrate, see Figure 14, show 
a red-shifted absorption compared to the spectra 
obtained in solution.

Figure 12: Simulated absorption spectra obtained from TD-DFT/LC-
ωHPBE/6-31G(d,p) calculations for Y5, Y6 and Y7 in chloroform and 
chlorobenzene.

Figure 13: Normalized absorption spectra of Y6 and PM7 in CF and CB 
solution (C = 6.25 10-3 mg/mL).

Figure 14: Absorption spectra of PM7 and Y6 films prepared from 
chloroform and chlorobenzene.
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For the PM7 polymer, the S0 → S1 absorption 
peak is shifted by 3 nm (0.01 eV) in both solvents, 
while this shift is more pronounced in the case of 
Y6 with the absorption peak in film located at 819 
nm in chloroform (shift ~ 0.18 eV) and 848 nm in 
chlorobenzene (shift ~ 0.24 eV). The unusually 
large bathochromic shift observed in the case of 
Y6 is likely to originate from pronounced π-π 
and/or electrostatic interactions [51,61]. From 
the formula α = (  ) ln (  ), where d represents 
the film thickness (cm) and T the transmittance 
[64], the average absorption coefficient (α) in 
the neat films of Y6 is estimated to be 2.81 105 
cm-1. Such a high absorption coefficient and the 
high complementarity with the PM7 polymer 
absorbing in the 600 nm-900 nm range are highly 
beneficial to maximize the collection of photons 
in the visible range of wavelengths of the solar 
spectrum, and hence to increase the value of the 
JSC parameter [26,51].

2.3. Morphological properties

The surface morphology of non-annealed PM7 
and Y6 thin films prepared from the two host 
solvents as well as of non-annealed PM7:Y6 
blend in the [1:1] weight ratio typically used 
in the active layer was investigated by Atomic 
Force Microscopy (AFM). The surface of the 
PM7 film, shown in Figure 15, exhibits a similar 
smoothness in both solvents, with the presence of 
30-70 nm-long fiber-like aggregates [65-66].

The root-mean-square surface roughness (Rq) is 
1.0 nm and 0.6 nm in chlorobenzene (CB) and 
chloroform (CF), respectively. Concerning the Y6 
neat films, see Figure 16, large grains with a size 
between 40 nm and 110 nm are visualized with 
both solvents. More aggregation effect is observed 
in the case of the CB-processed film, translating 
to a higher Rq value of 5.1 nm compared to CF-
processed film with Rq = 2.8 nm; this is mostly 
likely due to a lower solubility of Y6 in CB.

AFM image of a 100-nm PM7:Y6 [1:1] blend, 
see Figure 17, shows different morphologies as a 
function of the solvent used for their processing. 
The films prepared from CB exhibit a granular 
morphology similar to Y6 films. A high Rq of 4.7 nm 
points to strong aggregation of the Y6 molecules 
in the mixture. This large domain separation is 
detrimental for exciton dissociation in the device 
[43,65]. In contrast, a 100-nm thin film of PM7:Y6 
[1:1] prepared from CF shows a morphology quite 
similar to that of PM7 films alone without grain 
formation. The Rq is significantly reduced down to 
0.9 nm, thus attesting of the good miscibility of the 
two components.

2.4. Device fabrication and characterization   

To evaluate the photovoltaic performances of the 
100 nm-thick PM7:Y6 [1:1] active layer deposited 
from chlorobenzene or chloroform, a series of 
non-optimized OSCs with an inverted device 

Figure 15: AFM images (2x2 μm2) for PM7 pure films prepared from chlorobenzene (left) and chloroform (right). 
Their thickness are 150 nm and 170 nm, respectively.
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architecture of the type Glass/ITO/Al/SnO2/Active 
layer/MoO3/Al were fabricated and characterized. 
In this device architecture, deposition of a thin Al 
layer on the ITO electrode allows for a reduction 
of the series resistances (Rs) of the devices. The 
SnO2 HBL is deposited from a solution containing 
0.5 mL of stock solution (2.5 wt% crystalline SnO2 
diluted in butanol) added in 2.6 mL of butanol. This 
solution was deposited by spin coating at a rotation 
speed of 3000 rpm for 30 seconds and annealed 
on a hot plate for 30 min at 150°C. The active 
layer was spin-coated in both solvents under inert 
conditions (Nitrogen Glovebox) at a speed of 1500 
rpm during 60 seconds and annealed at 100°C for 
10 min. The MoO3 EBL was deposited by thermal 
evaporation as well as the Al counter electrode. 
All manufacturing steps (A), the energy diagram 
of the device (B) [25,44,67-68] and the thickness 
of each layer (C) are shown in Figure 18.

Table 1 summarizes the main characteristics of the 
fabricated solar cells with an active illuminated 
zone of 2.56 mm2, as systematically averaged over 
5 devices (Dx with x = 1, 2, …, 8) built from the 
same active layer (see red squares in Figure 18-
A). Devices made of PM7:Y6 [1:1] deposited from 
chloroform show the highest performances with an 
averaged Jsc of 14.04 mA/cm2, VOC of 0.87 V and 
FF of 56.46 % leading to a PCE of 6.91 %. When 
using the chlorobenzene, we obtain a much lower 
current density of 10.43 mA/cm2 but a higher FF 
of 61.44 %, leading together to a lower PCE of 
5.25 %. The significant drop in JSC can be mainly 
attributed to the granular morphology associated 
to a lower solubility of Y6 in chlorobenzene. The 
domain sizes (~ 50 to 150 nm) are indeed larger 
than the average exciton diffusion length (around 
10-20 nm) [22], and hence not favorable for the 
exciton dissociation process and free carrier 

Figure 16: AFM images (2x2 ) for neat films of Y6 prepared from chlorobenzene (left) and chloroform (right) solutions. 
Their thickness is 60 nm for Y6 in chlorobenzene and 90 nm in chloroform.

Figure 17: AFM images (2x2 μm2) for blend films of PM7:Y6 prepared from chlorobenzene (left) and chloroform (right) solutions. 
Their thickness is 105 nm in chlorobenzene and 98 nm in chloroform.
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generation.  The VOC value is conserved around 
0.8 V, indicating that the morphology changes do 
not drastically affect the efficiency of the charge 
recombination processes.

All blends yield small values of series resistances 
(RSeries) both in the dark and under illumination, 
thus pointing to good charge extraction and 
electrical contacts in the device. The slightly 
lower values in the case of chlorobenzene reflect 
a lower interface resistance between layers in the 
devices or a lower bulk resistance in the active 
blends [39]. Concerning the shunt resistances 
(RSh), all blends present a quite high value which 
points to the absence of significant leakage 

Figure 18: Manufacturing steps for the fabrication of the ITO/Al/SnO2/PM7:Y6/MoO3/Al of the eight devices D1 → D8 in parallel (A), energy 
diagram of the electronic structure of the different layers illustrating the device operation from the charge generation to the charge collection (B) 
and side view (C) of the inverted OSCs device.

currents in the dark [39]. Under illumination, 
these values sharply decrease around 400-500 
Ohm cm2: this likely originates from the presence 
of energetic disorder (and hence charge carrier 
traps) that defines specific percolation pathways 
and prevent a homogeneous extraction of the 
charges from the active layer [39].

3. Conclusion

To sum up, we performed a combined theoretical 
and experimental study of the structural, 
optoelectronic and morphological properties 
of the widely used NFA Y6. The theoretical 
exploration points to a high LUMO delocalization, 

Table 1: Solar cell parameter values averaged over 5 devices on a single substrate.
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in spite of the A-D-A’-D-A structure, which 
should favor intermolecular charge transport 
properties. The theoretical results also indicate 
that the halogenation of the terminal groups 
constitutes a very good strategy to modulate the 
open-circuit potential in OSCs without strongly 
impacting the absorption signature of NFAs. The 
comparison of simulated spectra in two solvents 
widely used experimentally (CF and CB) 
evidences a negligible solvatochromism effect 
on optical transitions, which has been further 
confirmed by experimental spectra. Spectroscopy 
analyses of Y6 films show an unexpectedly 
large bathochromic shift compared to solution, 
most probably as a result of pronounced π-π 
and/or electrostatic interactions in the solid 
state, whatever the host solvent used. Moreover, 
the high absorption coefficients of Y6 and its 
complementary with PM7 are highly beneficial 
to improve the JSC parameter and by extension 
the PCE of OSCs. Concerning the morphology 
investigations of Y6 films, large grains are 
visualized from both solvents, but the higher 
roughness measured for CB films suggests 
that Y6 is less soluble in this solvent. A similar 
grain morphology is observed for the PM7:Y6 
blend deposited from CB whereas a filament-
like morphology is displayed in CF. A granular 
morphology in the PM7:Y6 blend is detrimental 
for the exciton dissociation processes, leading to 
lower values of JSC and by extension to a lower 
PCE, as confirmed by the device characteristics. 
Altogether, this work has highlighted the high 
potential of the Y6 NFA for organic solar cells and 
in particular the importance of carefully choosing 
the solvent used for processing to optimize the 
morphology of the active layers, which plays a 
crucial role in defining the OSC performances.
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