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ABSTRACT

Indacenodithiophene (IDT) derivatives are kinds of the most representative and widely used cores of
small molecule acceptors (SMAs) in organic solar cells (OSCs). Here we systematically investigate the
influence of end-group fluorination density and position on the photovoltaic properties of the IDT-based
SMAs IDIC-nF (n=0, 2, 4). The absorption edge of IDIC-nF red-shifts with the m-m stacking and
crystallinity improvement, and their electronic energy levels downshift with increasing n. Due to the
advantages of J,c and FF as well as acceptable V., the difluorinated IDIC-2F acceptor based OSCs achieve
the highest power conversion efficiency (PCE) of 13%, better than the OSC devices based on IDIC and
IDIC-4F as acceptors. And the photovoltaic performance of the PTQ10: IDIC-2F OSCs is insensitive to the
active layer thickness: PCE still keep high values of 12.00% and 11.46% for the devices with active layer
thickness of 80 and 354 nm, respectively. This work verifies that fine and delicate modulation of the SMAs
molecular structure could optimize photovoltaic performance of the corresponding OSCs. Meanwhile,
the thickness-insensitivity property of the OSCs has potential for large-scale and printable fabrication
technology.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

As hopeful clean and renewable energy sources, organic solar
cells (OSCs) are suitable for low-cost solution processing technol-
ogy and have some unique advantages, such as light weight,
flexibility, printability and so on [1-5]. Noteworthy development
has been made in the progress of novel and efficient high-
performance OSCs materials and continuously optimized technol-
ogy on the device fabrication. In recent five years, the significant
improvement of OSCs power conversion efficiency (PCE) has been
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achieved by employing the wide-bandgap p-type conjugated
polymers as donor and the narrow-bandgap n-type small molecule
acceptors (SMAs) [6-10]. Compared with traditional OSCs based on
fullerene acceptor, the SMAs have the remarkable merits of
suitable and tunable electronic energy levels, adjustable chemical
structures, high absorption in visible-NIR region, and good
morphology stability. Very recently, the single junction OSCs with
the SMAs have boosted PCE to over 17%, which reached the
threshold for application [11-13].

Indacenodithiophene (IDT) derivatives are kinds of the most
representative and widely used cores of SMAs [7,14-18]. In IDT
acceptors system, there is a general rule that smaller cores increase
the ionization energy and blue-shift the absorption, which lead to
the poorer 7r-7r stacking. In addition, the side-chain and end groups
are the key factors to influence the optical, electrochemical and
photovoltaic properties of SMAs. The first report of IDT-based SMA,
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IDIC and its diverse structural variants have showed potential in
various applications of OSCs, including high-efficiency binary,
ternary bulk junction (BHJ) and tandem OSCs [19-26].

There are three components in the SMAs: fused-ring electron-
donating core, electrophilic end group and extended side chains.
Therefore, in order to obtain the adjustable energy levels, w-7
stacking, crystallinity and spectral absorption etc., the most
effective way is to modify the three parts structures [14-26]. It
is well known that the fluorination of the end groups for the SMAs
could result in optical bandgap decrease (absorption redshift),
electron affinity and electron mobility increase compared with
fluoride-free or mono/di-methylation of the end groups [27-32].
Meanwhile, fluorination is an efficient strategy to improve the -7
stacking and crystallinity, thus regulate the morphology to get high
fill factor and device performance reasonably [33-35]. Fluorination
in SMAs showed good application prospects in different kinds of
0OSCs, hence it is necessary to further study the influence of
fluorination density and position on the photovoltaic properties of
the IDT-based NFAs.

We regulate the end-group fluorination density and position to
verify the relationship between chemical structures and BH]J
photovoltaic properties of an IDT-based SMA series, including IDIC,
IDIC-2F and IDIC-4F (Fig.1) [36,37]. The photovoltaic performance of
the IDIC-nF (n=0, 2, 4) acceptors are investigated by fabricating
single-junction OSCs with the wide-bandgap p-type polymer poly
[(thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline)]
(PTQ10) [37,38] as donor. The UV-vis spectroscopy, thermogravi-
metric analysis (TGA), cyclic voltammetry (CV), atomic force
microscopy (AFM), grazing incidence wide-angle X-ray scattering
(GIWAXS), space-charge limited current (SCLC) mobility measure-
ments are performed to investigate the chemical structure-
morphology-performance relationship of the PTQ10: IDIC-nF blend
films. The results indicate that the number and position of the
fluorination on the IDIC-nF acceptors influence their photovoltaic
performance significantly, and the difluorinated IDIC-2F acceptor
based OSCs achieve the highest PCE of 13%, benefitted from its
higher Jsc and FF.
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The molecular structures of PTQ10 donor and IDIC-nF (n=0, 2,
4)acceptors are shown in Fig. 1. Fig. 2 shows the synthetic routes of
the IDIC-nF acceptors. One-pot reaction of compound 1 with IC,
IC-1F and IC-2F easily generates the three different symmetrical
SMAs: IDIC, IDIC-2F, and IDIC-4F (Scheme S1 in Supporting
information). The detailed synthetic procedures were described in
Supporting information. TGA measurement was employed to
investigate the thermal stability of IDIC-nF, as seen in Fig. S1
(Supporting information). The results revealed that the end-group
fluorination would enhance the thermal stability of the materials,
and the decomposition temperatures (Ty) at 5% weight-loss are 310
°C, 350 °C and 350 °C for IDIC, IDIC-2F and IDIC-4F, respectively
[39]. It indicates that all the three acceptors have good thermal
stabilities for the OSCs fabrication.

The UV-vis absorption spectra of the PTQ10 (for comparison)
and IDIC-nF acceptor films are shown in Fig. S2a (Supporting
information), and the optical absorption properties of IDIC-nF are
summarized in Table 1. IDIC-2F and IDIC-4F acceptor films both
present a main absorption peak at 719 nm with absorption edge at
about 775 nm, which corresponds to an optical bandgap of about
1.60eV. Compared to fluoride-free acceptor IDIC, the fluorinated
IDIC-nF generally red-shifts the absorption profile and Apax,
resulting in lower optical bandgap than IDIC film (E;°P" =1.63 eV).
Fig. 1c shows the energy level diagram of the related materials
calculated from the onset oxidation and reduction potentials
measured by electrochemical cyclic voltammetry. Relative to the
PTQ10 donor, the three IDIC analogue acceptors display reasonable
energy level alignments. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energies of IDIC-nF monotonically down-shift with increasing n,
which is consistent with the electron-withdrawing effect of
fluorine.

In order to evaluate the photovoltaic properties of the IDIC-nF
acceptors, the OSCs with the conventional architecture
(ITO/PEDOT:PSS/PTQ10:IDIC-nF/PDINO/Al) were fabricated. It
should be mentioned that PDINO (perylene diimide functionalized
with amino N-oxide) is a typical cathode interlayer, and PTQ10 was
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Fig. 1. (a) Molecular structures of polymer donor PTQ10 and acceptors (IDIC, IDIC-2F, IDIC-4F). (b) Device structure used in this work. (c) Energy level diagram of the related
materials used in the OSCs.
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Fig. 2. Synthetic routes of IDIC, IDIC-2F and IDIC-4F.

Table 1
Physicochemical properties of IDIC-nF (n=0, 2, 4) acceptors.

Amax (Nm)* )‘«edge (nm)b Egopr (eV)*  Enomo (EV)d Erumo (EV)d
IDIC 702 761 1.63 —5.67 -3.92
IDIC-2F 719 774 1.60 —5.72 -3.99
IDIC-4F 719 775 1.60 —5.78 —4.00

2 Acceptor films on quartz plate cast from chloroform solution.

> Absorption edge of the acceptor films.

¢ Calculated from the absorption edge of the acceptor films: E;°'=1240/Acdge-
4 Calculated according to the equation: Enomojumo = -€ (Eoxjred + 4.36) (eV).

selected as donor because it possesses a suitable energy level and
relatively low-cost synthesis. The fabrication condition of OSCs
was optimized via controlling different donor/acceptor weight
ratio, thermal annealing treatment and so on. The optimized
conditions of OSCs are PTQ10:IDIC-nF (D/A) at weightratioof 1:1 and
thermal annealing at 140 °C (for IDIC-based OSC) or 120 °C (for IDIC-
2F and IDIC-4F based OSC) for 5min [36-38]. The PTQ10:IDIC-nF
blend active layers were spin-coated from chloroform solution
without the use of any additives in nitrogen protected glove box.
The current density-voltage (J-V) curves of the optimized OSCs
based on PTQ10:IDIC-nF under air mass global (AM 1.5G)
simulated solar illumination is presented in Fig. 3a and the
corresponding photovoltaic parameters are listed in Table 2. The
devices based on PTQ10:IDIC without thermal annealing showed a
PCE 0f 9.43% (Vo =0.989V, Joc =16.07 mA/cm?, FF=59.33%), and the

PCE increased to 11.80% (Voc=0.956V, J =17.11mA/cm?
FF=72.15%) after 140°C thermal annealing for 5min, which
matches the values reported in the literature [37]. Thermal
annealing at 120°C for 5 min improved the PCE of the OSCs based
on end-group fluorination acceptors from 11.98% (V,.=0.914V,
Jse = 1854mA/cm?, FF=70.70%) to 13.02% (V,.=0.904V,
Jse = 18.95mA/cm?, FF=75.99%) for IDIC-2F acceptor, and from
9.52% (Voc=0.820V, Jo. = 18.13mA/cm?, FF=64.07%) to 11.10%
(Voc=0.810V, Jo =18.57 mA/cm?, FF =73.78%) for IDIC-4F acceptor,
respectively. It is clearly noted that the V,. decreases with
increasing n (the number of fluorination) in IDIC-nF, which is
consistent with the lower LUMO levels of IDIC-2F and IDIC-4F.
Meanwhile, the Ji. values increase from 17.11 mA/cm? for the OSC
based on IDIC acceptor to 18.57-18.95 mA/cm? for OSCs with the
fluorinated acceptors, benefitted from their lower optical bandgap
and broader absorption. The results of Js. trends are coincident
with the external quantum efficiency (EQE) spectra (Fig. 3b). The FF
values of ~72%—73% for the IDIC-nF based OSCs are very similar,
except for the IDIC-2F-based OSCs with the highest FF of ~75%. Due
to the advantages of Js. and FF as well as acceptable V,, the IDIC-
2F-based OSCs achieve the highest PCE of 13%.

It is important to develop the photovoltaic materials that
tolerate thickness variations of the BH] active layer for large-scale
and printable manufacturing of OSCs [40]. Therefore, the active
layer thickness dependence of the OSCs performance of the PTQ10:
IDIC-2F based OSCs was investigated, and the active layer thickness
changed from 80nm to 354nm. The plots of photovoltaic
performance versus active layer thickness are shown in Fig. S3
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Fig. 3. Photovoltaic performance of the OSCs based on PTQ10: acceptors. (a) J-V curves of the traditional structured OSCs based on PTQ10: acceptors (1:1, w/w), under the
illumination of AM1.5 G, 100 mW/cm?. (b) EQE spectra of the corresponding 0SCs. (c) Jpn versus Ve curves of the optimized devices. (d) Light intensity dependence of Js.
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Table 2

Device performance of the OSCs based on PTQ10: IDIC-nF (1:1, w/w) under AM1.5G 100 mW/cm? illumination.
0SCs devices Voc (V) Jse (mA/cm?) FF (%) PCE (%)
PTQ10:IDIC? 0.989 (0.985 +0.002)¢ 16.07 (15.82 £ 0.38) 59.33 (58.89 +0.27) 9.43 (9.18 +0.23)
PTQ10:IDIC® 0.956 (0.957 + 0.004) 17.11 (16.72 £0.22) 72.15 (70.85 + 1.02) 11.80 (11.33 £ 0.20)
PTQ10:IDIC-2F* 0.914 (0.909 +0.004) 18.54 (18.36 £ 0.29) 70.70 (69.38 +1.11) 11.98 (11.59 +0.23)
PTQ10:IDIC-2F¢ 0.904 (0.899 +0.003) 18.95 (18.74 +0.21) 75.99 (74.64 +0.58) 13.02 (12.57 +0.20)
PTQ10:IDIC-4F* 0.820 (0.817 +£0.003) 18.13 (17.69 + 0.38) 64.07 (63.28 +1.15) 9.52 (9.15+0.23)
PTQ10:IDIC-4F¢ 0.810 (0.811 +0.004) 18. 57(18.25 +0.28) 73.78 (72.59 +0.96) 11.10 (10.74 £ 0.25)

@ As-cast film.
b Thermal annealed at 140 °C for 5 min.
¢ Thermal annealed at 120 °C for 5 min.

4 The values in parentheses are average values obtained from more than 15 devices.

(Supporting information) and photovoltaic parameters of the
corresponding OSCs are presented in Table S1
Information). The V,. and FF values reveal a decreasing tendency
with the increase of active layer thickness, and the downward
trend of FF is more obvious, while the J;. value of the OSCs increases
with the increase of the active layer thickness. The OSC reached the
highest PCE of 13.02% with the active layer thickness at 120 nm. It is
necessary to mention that the PCE of the OSCs based on PTQ10:
IDIC-2F still keep high values of 12.00% and 11.46% with active layer
thickness of 80 and 354 nm, respectively. The thickness-insensitive
PCE of the OSCs verifies that the PTQI10:IDIC-2F OSCs have
potential for large-scale and printable fabrication technology.

In order to systematically study the exciton dissociation and
charge collection behavior of the OSCs with different SMAs, the
dependence of photocurrent density (Jpn) versus the effective
voltage (Vegr) of the optimized devices was measured. Fig. 3¢ shows
the Jp, versus Vg plot of the OSCs, where Jp, is defined as Ji—Jp and
Vegr is defined as Vp—Vpias. J and Jp are the photocurrent densities
under illumination and in the dark condition, and Vj is the voltage
at which J,,=0 and Vy,s is the applied bias [41,42]. The charge
dissociation probability P(E, T) can be calculated from the value of
JpnlJsa Where Jso¢ is the saturated Jp, value when Veg > 2 V. Under
the short circuit condition, the P(E, T) value are 96.32% for the IDIC,
97.78% for IDIC-2F and 97.19% for IDIC-4F based OSCs, respectively.
In general, the highest P(E, T) values of the IDIC-2F based OSCs
represent the efficient exciton dissociation and charge collection.
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Steady state photoluminescence (PL) quenching experiment was
carried out to confirm the exciton dissociation and charge transfer
behavior in the blends. As shown in Fig. S4 (Supporting
information), comparison to neat PTQ10 film, PL spectroscopy of
all the three blend films show quenching efficiencies of over 99%,
indicating effective exciton dissociation and charge transfer
between PTQ10 and IDIC-nF, thus resulting in the high FF [43-45].

To further illustrate the charge carrier recombination behavior
in the OSCs with the different SMAs, the dependence of Js. on light
intensity (Pjign:) was measured. The relationship of Jsc and Piign can
be described by the formula of Jsco<(Pjign¢)”, where « is a parameter
related to the recombination degree [46-48]. If the value of «
approaches 1, bimolecular recombination in the BHJ blend films
could be ignored. As seen in Fig. 3d, the index « is 0.941, 0.950 and
0.945 for the IDIC, IDIC-2F and IDIC-4F based OSCs, respectively
(Fig. 3d). The results of « value illustrate that less bimolecular
recombination occur in the IDIC-2F based OSC device compared
with the IDIC and IDIC-4F based OSCs.

The electron mobility (/4.) and hole mobility (i) of the PTQ10:
IDIC-nF active layers were measured using the space-charge
limited current (SCLC) method [49]. The structure of electron-only
and hole-only devices are ITO/ZnO/PTQ10:IDIC-nF/PDINO/AI and
ITO/PEDOT:PSS/PTQ10:IDIC-nF/Mo0Os/Ag, respectively. Fig. S5
(Supporting information) shows the plots of the measurement
results, and the obtained . and py, values of the PTQ10:IDIC-nF
active layers and the polymer and SMA pure films are listed in

e 09 83 10
W

85 18
alky

Fig. 4. 1D line-cuts and 2D patterns of the GIWAXS measurements. (a) Neat acceptor films, (b) as cast PTQ10:acceptor blend films and (c) thermal annealed PTQ10:acceptor
blend films. (d,g,j) GIWAXS patterns of three acceptor films, (e,h,k) GIWAXS patterns of as cast PTQ10: acceptor blend films. (f,i,]) GIWAXS patterns of thermal annealed PTQ10:
IDIC-nF acceptor blend films. The sample names are labeled on the figures.
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Table S2. The electron mobilities of IDIC-nF are 5.64 x 10~ cm?
V! s7! for IDIC, 1.67 x 103 cm? V! s! for IDIC-2F and 1.08 x 10
3cm? VIs! for IDIC-4F. Among the IDIC-nF, IDIC-2F has the
highest electron mobility which is comparable to the SMFs
used for the most efficient OSCs [13]. The electron mobilities of
the blend active layers of the acceptor with PTQ10 donor are in
the range of 6.16-8.96 x 10~*cm? V-! s71. For the PTQ10-based
0SCs without any post-treatment, the up/ue ratios are 0.09, 0.15
and 0.1 for the IDIC, IDIC-2F and IDIC-4F-based devices
respectively. After thermal annealing under corresponding con-
ditions for 5min, the wup/pe ratios of the corresponding OSCs
increase to 0.13, 0.16 and 0.15 respectively. The OSCs based on IDIC-
2F show the most balanced charge mobility with /e of 0.15
and 0.16 for the devices without and with thermal treatment,
which could be one reason for the higher PCE of 11.98% (as-cast
device) and 13.02% (thermal annealing device) for the IDIC-2F
based OSCs.

To investigate the end-group fluorination effects on aggregation
morphologies of active layers, the atomic force microscopy (AFM),
and transmission electron microscopy (TEM) measurements were
conducted [50,51]. Grazing incident wide-angle X-ray diffraction
(GIWAXS) measurement was also performed to further investigate
the molecular orientation and packing behavior in solid state. The
plots and 2D patterns of GIWAXS measurement are displayed in
Fig. 4 and Tables S3 and S4 (Supporting information). According to
the 2D patterns, all neat IDIC, IDIC-2F and IDIC-4F acceptor films
show predominant face-on orientation, mainly due to their similar
skeletal structures. In the corresponding line-cuts, the neat IDIC
film exhibits the (010) m-m stacking distance of 3.523A and
coherence length of 31.821 A in the out-of-plane (OOP) direction.
With increasing the fluorination substitutions in the end-groups,
the OOP (010) -7 stacking distance and coherence length values
are 3.507 A and 49.438 A for neat IDIC-2F film and 3.570A and
57.224 A for neat IDIC-4F film, respectively. It is noted that the neat
IDIC-2F film presents the tightest w-m stacking with moderate
coherence length value. Upon blending with the PTQ10 donor
polymer, the OOP 7-7t stacking coherence length values of all three
blend films are comparable. After TA treatment, compared to the
coexistence of face-on and edge-on orientation in PTQ10:IDIC
blend film, the favorable face-on orientation was mostly retained
in both PTQ10:IDIC-2F and PTQ10:IDIC-4F films, which is desirable
for the vertical charge transport in devices. Especially, the PTQ10:
IDIC-2F blend film shows closer OOP (010) rr-7r stacking, indicating
the suitable miscibility between donor and acceptor components
in blend, which benefits for the exciton dissociation and charge
transfer in devices [52-54]. The improvement of molecular
packing could be beneficial for the higher performance of the
0OSCs with the TA treatment. Meanwhile, the results are correlated
well with the device performances mentioned above.

Fig. S6 (Supporting information) presents the AFM images of
PTQ10: IDIC-nF blend films, and the relatively uniform morphology
and smooth surface with a root-mean-square (RMS) roughness of
0.89nm for IDIC, 0.87 nm for IDIC-2F and 1.27 nm for IDIC-4F.
Fig. S7 (Supporting information) shows the TEM images of PTQ10:
IDIC-nF blend films. The obviously refined fibrillary networks are
found in all the PTQ10:IDIC-nF blend films both in as-cast and
thermal annealed films. The domain size decreases with the
increase of n of IDIC-nF SMAs after thermal annealing treatment.
From corresponding relationship between devices performance
and domain size, too large or too small domain sizes are not
beneficial for the efficient exciton dissociation and charge
transport. The AFM and TEM results all indicate that an appropriate
phase separation and domain size are useful to improve devices
performance.

In conclusion, in order to study the fluorination effects on IDT-
based SMAs, three IDT-based SMA series IDIC-nF are designed and

synthesized with n=0, 2, 4 fluorine atom(s). The absorption edge of
IDIC-nF red-shifts with the improved 7r-7r stacking and crystallini-
ty, and the energy level of IDIC-nF downshifts with increasing n.
Due to the higher J,c and FF as well as acceptable V. the
difluorinated IDIC-2F acceptor based OSCs achieve the highest PCE
of 13% in comparison with the OSC devices based on IDIC and
IDIC-4F. And the photovoltaic performance of the OSCs based on
PTQ10:IDIC-2F is insensitive to the active layer thickness: PCE of
the PTQ10:IDIC-2F OSCs still keep high values of 12.00% and 11.46%
with active layer thickness of 80 and 354 nm, respectively. The
results indicate that fine and delicate modulation of SMAs
molecular structure is an effective way to improve photovoltaic
performance of the OSCs.
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