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Abstract: Fluorination of conjugated molecules has been established as an effective structural
modification strategy to influence properties, and has attracted extensive attention in organic solar
cells (OSCs). Here, we have investigated optoelectronic and photovoltaic property changes of OSCs
made of polymer donors with the non-fullerene acceptors (NFAs) ITIC and IEICO and their
fluorinated counterparts IT-4F and IEICO-4F. Device studies show that fluorinated NFAs lead to
reduced Vo but increased Jsc and FF, and therefore the ultimate influence to efficiency depends on
the compensation of Vo loss and gains of Jsc and FF. Fluorination lowers energy levels of NFAs,
reduces their electronic bandgaps and red-shifts the absorption spectra. The impact of fluorination
on the molecular order depends on the specific NFA, with the conversion of ITIC to IT-4F reduces
structural order, which can be reversed after blending with the donor PBDB-T. Contrastingly,
IEICO-4F presents stronger m—mn stacking after fluorination from IEICO, and this is further
strengthened after blending with the donor PTB7-Th. The photovoltaic blends universally present a
donor-rich surface region which can promote charge transport and collection towards anode in
inverted OSCs. The fluorination of NFAs, however, reduces the fraction of donors in this
donor-rich region, consequently encourage the intermixing of donor/acceptor for efficient charge

generation.
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Introduction

As a promising renewable energy generation source, organic solar cells (OSCs) have attracted
wide attention due to their tunable optoelectronic properties, solution and low-cost fabrication,
mechanical flexibility, and semi-transparence.!"!! The power conversion efficiency (PCE) of binary
single-junction OSCs has been boosted to over 16%!? through designing new photovoltaic materials,
constructing favorable device architecture and optimizing the nanoscale morphology within the

photoactive layer.!*-#

Over the past 4 years, the breakthroughs in design and synthesis of a series of non-fullerene
acceptors (NFAs) have opened up a new landscape for OSCs.'* %23 NFAs usually comprise of an
acceptor—donor—acceptor (A—D—A) structure, where an electron-donating unit (D) constitutes the
core and electron-deficient groups (A) serve as terminal moieties.?*?” Compared with fullerene
derivative acceptors, NFAs show a multitude of advantages including tunable energy levels, strong
absorption in the visible and near-infrared region, as well as high carrier mobility.?® For example,
Zhan et al. reported an NFA ITIC based on a bulky seven-ring fused core (indacenodithieno[3,
2-b]thiophene, IDT) having four 4-hexylphenyl substitutions and terminated with
2-(3-0x0-2,3-dihydroinden-1-ylidene)malononitrile (INCN) groups, >° which delivered a maximum
PCE of 11.2% with PBDB-T serving as the electron donor.>* Hou ef al. reported another IDT-based
NFA named IEICO, which gave a maximum PCE of 8.4% when PTB7-Th was employed as the

donor.3!

To further improve the efficiency of non-fullerene OSCs, the introduction of fluorine (F) atoms
into NFAs has been widely investigated.>*-® The F atom is an electronegative element with a van
der Waals radius of 147 pm only, being 20% larger compared to a radius of 120 pm of the hydrogen
atom. 3° After substituting F atoms on the terminal blocks of ITIC, the new NFA IT-4F shows a
reduced optical bandgap and downshifted energy levels. As a result, the IT-4F-based OSCs
delivered a maximum PCE of 13.1% with PBDB-T-SF as the donor and 13.5% with PM6 as the
donor.*-#! Using this same strategy, IEICO-4F emerged from IEICO, whose bandgap is reduced to
1.24 eV as a result of the enhanced intramolecular charge transfer effect, and the PCE of the

PBT7-Th:IEICO-4F binary OSC reached 10.0%.*

Whilst the effect of fluorination on the optical absorption and energy levels of NFAs has been

well explored, its effects on the molecular order and aggregation in photovoltaic blends are rarely
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investigated. The nanoscale morphology, from molecular and aggregation levels, plays a critical
role in determining PCE of OSCs in both lateral and vertical directions of the photoactive
layers.**#> Unraveling the effects of fluorination on these structural features and understanding the
underlying mechanisms can facilitate the precise control of the nanoscale morphology and enable a
rational design of device architecture to optimize performance. In this work, we have applied
synchrotron-based grazing incidence wide-angle X-ray scattering (GIWAXS), surface energy
analysis and X-ray photoelectron spectroscopy (XPS) depth profiles, to investigate the
three-dimensional morphology of PBDB-T:IT-4F and PTB7-Th:IEICO-4F photovoltaic films, with
PBDB-T:ITIC and PTB7-Th:IEICO films serving as control samples. The three-dimensional
morphology is correlated with photovoltaic properties of OSCs to illuminate the comprehensive
influences of fluorination. We demonstrate that the impacts of fluorination on the molecular
ordering depend on the specific NFA, but fluorination increases donor/acceptor mixing for efficient
charge generation by decreasing the enrichment of donors near film surface, whilst still maintain a

favorable donor-rich region near the anode for effective extraction in inverted OSCs.

Results and Discussion

Device performance

The chemical structures and energy levels of electron donors (PBDB-T, PTB7-Th) and NFAs
(ITIC, IT-4F, IEICO, IEICO-4F) investigated in this work are shown in Figure 1a, b. The highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) levels
of ITIC and IEICO are -5.48/-3.83 eV and -5.32/-3.95 eV, respectively. Their fluorinated
counterparts IT-4F and IEICO-4F show lowered HOMO/LUMO levels, being -5.66/-4.14 eV and
-5.44/-4.19 eV, due to the strong electron-withdrawing ability of F atoms which enhanced the
push-pull effect between the core unit and the terminal groups.’®- 3% 4042 Fluorination therefore
reduces the electronic bandgap of NFAs. The absorption spectra of these pure NFA films are
presented in Figure 1c. The ITIC film shows a primary absorption peak at around 703 nm, and the
IEICO film presents a primary peak at around 802 nm. After fluorination, these absorption spectra
red-shift, with the primary peaks of IT-4F and IEICO-4F films located at 723 and 865 nm
respectively. The pure PBDB-T film displays absorption peaks at 584 and 622 nm, and the pure
PTB7-Th film absorbs light at longer wavelengths (see Figure Slc). Previous work has
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demonstrated that PBDB-T matches ITIC better, and PTB7-Th works with IEICO more
effectively.’! 3
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Figure 1 (a) Chemical structures and (b) Energy level alignments of donors (PBDB-T, PTB7-Th)
and acceptors (IT-4F/ITIC, IEICO-4F/IEICO). (c) Normalized absorbance of ITIC, IT-4F, IEICO
and IEICO-4F films.

In order to investigate the effects of fluorination of ITIC and IEICO on device performance,
we fabricated OSCs in an inverted configuration by spin casting the donor:acceptor solution at their
optimum blending ratios (1:1 w/w for PBDB-T:ITIC/T-4F and 1:1.5 w/w for
PTB7-Th:IEICO/IEICO-4F respectively) on a ZnO electron-transport layer (ETL), followed by
applying a MoOs/Ag bilayer via thermal evaporation under high vacuum. Previous work3?31:41-42
also proved that the addition of 1,8-diiodooctane (DIO) and subsequent thermal annealing (TA)
help to improve the device efficiency of OSCs, and we therefore adopted this recipe to make

devices with high efficiency. The J-V curves of our best-performing OSCs with different
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photoactive layers are displayed in Figure 2a, with the device metrics summarized in Table 1.
When ITIC served as the electron acceptor, the PBDB-T:ITIC OSC gave a maximum PCE (PCEmnax)
of 11.2%, with a fill-factor (FF) of 72.5%, a short-circuit current density (Jsc) of 17.1 mA c¢cm and
an open-circuit voltage (Vo) of 0.91 V. By contrast, the fluorination of ITIC (i.e. IT-4F) helped
increase the Jsc to 19.4 mA c¢cm? and FF to 73.1%. However, the Vo was substantially reduced to
0.67 V, leading to a reduced PCEmax of 9.6%. Previous work has demonstrated that one of the key
design principles to minimize voltage losses, i.e. to get high Vo, is to permit a low energy offset
between donor and acceptor.*® The energy offset, AELumo=Drumo-Arumo increases from 0.42 eV of
PBDB-T:ITIC device to 0.73 ¢V of PBDB-T:IT-4F device, a value that is excessive for exciton
dissociation and deteriorates the device Vo from 0.91 V to 0.67 V. As shown in Figure S1 and
Table S1, when using PBDB-T-2F (HOMO/LUMO=-5.48/-3.64 ¢V)*" as the electron donor to
reduce the energy offset with IT-4F (AELumo=0.5 €V), Vo can be increased from 0.67 to 0.85 V,
leading to a remarkable PCEmax of 13.1%. After fluorination, the changes in device metrics of
PTB7-Th:IEICO-4F OSC fellow previous trends. The Vo was again found reduced from 0.90 to
0.72 eV. The difference in this case is that the huge improvements of FF (from 59.4 to 67.0 %) and
Jse (from 12.5 to 22.1 mA c¢cm2) compensate for the Vo loss, and result in an improved PCEmax from

6.7 to 10.7%.

To verify the accuracy of the J-V measurements, the corresponding external quantum
efficiencies (EQE) of various devices were measured and are shown in Figure 2b. The Js. values
integrated from the EQE spectra (see Table 1) are only ca. 7% less than that those obtained from
J-V scans, therefore confirming the reliability of our J-V measurements. The EQE spectrum
illustrated that the PBDB-T:ITIC device responded in the wavelength range from 300 to 800 nm,
and the EQE spectrum extended to 850 nm when using IT-4F as the acceptor. The intensity of the
EQE spectrum was increased between 700 to 850 nm, which is presumably due to the light
absorption of IT-4F in this spectrum range, leading to slightly increased device Jsc. The fact that the
EQE spectrum was reduced marginally in the wavelength range from 300 to 700 nm suggests that
the nanoscale morphology in PBDB-T:IT-4F was not superior for charge generation and collection
compared to that of the PBDB-T:ITIC system. The EQE spectrum of PTB7-Th:IEICO OSC
exhibited a broader spectral response ranging from 300 to 900 nm, and was further extended to

1000 nm when replacing IEICO with IEICO-4F. Notably, the intensity of the EQE spectrum was



significantly improved in the whole wavelength range from 300 to 1000 nm, and we attribute this to
both the larger energy offset and optimized nanoscale morphology in PTB7-Th:IEICO-4F that

facilitate charge generation and collection.
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Figure 2 (a) J-V characteristics, (b) EQE spectra of PBDB-T:ITIC, PBDB-T:IT-4F,
PTB7-Th:IEICO and PTB7-Th:IEICO-4F OSCs.

Table 1 Photovoltaic parameters of OSCs measured at an illumination of AM 1.5 G, 100 mW cm?2,

The average PCE values and standard deviations were obtained from over 15 individual devices.

Donor:Acceptor FF Jse Calculated Js Voc PCEmax (PCEayg)
[Yo] [mA cm™] [mA cm™] [V] [Yo]
PBDB-T:ITIC 72.5 17.1 16.1 0.91 11.2 (10.9£0.4)
PBDB-T:IT-4F 73.1 19.4 18.4 0.67 9.6 (9.210.5)
PTB7-Th:IEICO 59.4 12.5 11.7 0.90 6.7 (6.010.9)
PTB7-Th:IEICO-4F 67.0 22.1 20.8 0.72 10.7 (10.310.6)

Molecular ordering

We continued to explore the nanoscale morphology in these various photovoltaic blends to
illustrate how the microstructure will affect the photovoltaic properties. We first gained insight into
the lateral morphology related to molecular order and phase-separation between donors and
acceptors. The molecular packing characteristics of the pure and blend films were investigated by
GIWAXS. The 2D GIWAXS patterns and 1D out-of-plane (OOP) and in-plane (IP) profiles of
these films are shown in Figures 3 and 4. Previous GIWAXS measurements have shown that pure

PBDB-T presents the (100) lamellar diffraction peak at g=0.26 A"! and the (010) n—n stacking peak
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at ¢=1.70 A™', in both out-of-plane and in-plane directions, indicating the presence of both face-on
and edge-on molecular orientations.*® In Figure 3a, the broad diffraction peak at g,=1.52 A-!
originates from the face-on n—m stacking of ITIC with a stacking distance of 4.1 A (d=2m/q),
consistent with previously reported values.*” The weak diffraction peaks at qx=0.34, 0.42 and 0.82
A-'in the IP profile were indexed as (001) backbone peak, and (100) and (200) lamellar stacking
respectively. Moreover, ITIC also exhibited bimodal lamellar stacking in both face-on and edge-on
directions, which is evidenced by the appearance of diffraction peaks at both q,=0.48 A" and
Qxy=0.42 A"!. The edge-on lamellar stacking is therefore tighter in the OOP direction (d=13.1 A)
than that in the IP direction (d=15.0 A). After fluorination, neat IT-4F film showed reduced
structural ordering, where no well-defined diffraction peaks were recorded (see Figure 3b), and this
observation is consistent with literature reports.*! After mixing ITIC with PBDB-T, the original
(100) lamellar peaks as well as the (010) n—n stacking peaks of ITIC and PBDB-T both appeared
without obvious changes. After mixing IT-4F with PBDB-T, the blend film showed a n—n stacking
peak at q,=1.70 A"! that is associated with PBDB-T. However, a new diffraction peak locating at
q-=0.38 A"l emerged and can be defined as the (100) lamellar stacking of IT-4F. Thus, the
fluorination of ITIC to IT-4F greatly reduces the structural ordering, which can be reversed after

blending with the donor PBDB-T.
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Figure 3 2D GIWAXS of (a) pure ITIC film, (b) pure IT-4F film, (d) PBDB-T:ITIC blend film and
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(e) PBDB-T:IT-4F blend film. (c) Out-of-plane and (f) in-plane 1D profiles of these films.

For the pure IEICO film, the diffraction peaks located at qx,=0.31 A'and q,=1.80 A! were
indexed as the (100) and (010) peaks, corresponding to the lamellar stacking in the IP direction and
n—n stacking in the OOP direction. Similar phenomena could be observed in the pure IEICO-4F
film (with peaks at qxy=0.29 A'and q,~1.82 A'!), suggesting structural order in both IEICO and
IEICO-4F were preferentially face-on oriented. Figure 4a-c shows that IEICO-4F presented
stronger m— stacking after fluorination.’® After blending them with the donor PTB7-Th, abnormal
structural order changes were observed. It is commonly seen that the similar chemical structures of
polymer donors and NFAs usually resulted in intimate mixing to reduce molecular ordering. Shown
in Figure 4c, a number of additional rings ranging from 0.5 A to 1.5 A appear in the
PTB7-Th:IEICO blend film, with the backbone diffraction peak (001) of IEICO emerged. The
presence of these additional diffraction peaks suggests highly enhanced crystallization of IEICO in
the blend. Similar observations can be found in the PTB7-Th:IEICO-4F blend film, with the
backbone diffraction peak (001) distinguishable in Figure 4e. The enhanced ordering of IEICO and
IEICO-4F by the donor PTB7-Th are also met by the narrowing of their n—n stacking diffraction

peaks. Note here that the fluorination of IEICO didn’t alter its predominant face-on orientation.>!
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PTB7-Th:IEICO-4F based-films. (¢) Out-of-plane and (f) in-plane 1D profiles of these films.
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Our GIWAXS investigation supports that the impact of fluorination on the molecular order
depends on the specific NFA, with the conversion of ITIC to IT-4F reduces structural order whilst
IEICO-4F presents stronger m—m stacking after fluorination from IEICO. Glass transition
temperature ( T, ) is an indication of intermolecular interactions of organic molecules. We have
therefore probed the 7gs of neat ITIC, IT-4F, IEICO and IEICO-4F films via spectroscopic
ellipsometry. 32334 Contrasting T, variations are also observed in the two different systems after
fluorination, with the T of pure IT-4F being reduced to 144 °C from 168 °C of ITIC whilst that of
IEICO-4F being increased from 150°C of IEICO to 157°C. A higher Ty is associated with stronger
n—n stacking intermolecular interactions within ITIC and IEICO-4F, a result that is consistent

with the GIWAXS measurements.

Vertical component distribution

The surface morphology of various photovoltaic blends was revealed via atomic force
microscopy (AFM) and shown in Figure S3a-d. The surfaces of all blend films show at least two
phases appearing bright and dark respectively. However, no more information regarding the size of
the phase separation as well as the material component on the film surface can be concluded
confidently due to the limitation of this characterization technique. We then used XPS with a
gas-cluster etching accessory to extract vertical component distributions in photovoltaic blend thin
films cast on ZnO substrates. During the analysis of XPS data, nitrogen was used as the
characteristic element of acceptors because nitrogen (N) is absent in donors.”® Taking a
PBDB-T:ITIC thin film data as the example, the N (1s) signal represents the content of ITIC, whilst
the S (2p) peak represents the total content of PBDB-T and ITIC. Hence, the N (1s)/S (2p)
peak-area ratio could be proportionally correlated to the ITIC concentration in the blend. We define
here the air interface as thickness 0, and the substrate interface as thickness 1. The ZnO signal starts
to appear and its intensity increases abruptly as the etch penetrates further towards the substrate.*®
As shown in Figure 5Sa, b, both original and the fluorinated photovoltaic blend films present a
donor-rich surface layer. The donor/acceptor ratios of PBDB-T/ITIC and PBDB-T/IT-4F are 3.1
and 1.5 (corresponding to PBDB-T volume contents of 75.6% and 60.0%) respectively. Similar
results are se in the PTB7-Th:IEICO blend thin film, where the donor/acceptor ratio at the film
surface was 3.8 (corresponding to a PBDB-T volume content of 79.2%). Meanwhile, a donor-rich

surface region also present in the PTB7-Th/IEICO-4F blend film, but the ratio reduced dramatically
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to 2.6 (corresponding to a PBDB-T volume content of 72.2%). This is a result of the lower surface
energies (y) of polymer donors. The contact angles (0) and the calculated surface energies of pure
donor or acceptor films are presented in Figure S4. The surface energies of pure ITIC, IT-4F,
IEICO and IEICO-4F films are 29.5, 28.5, 28.2 and 25.3 mN m respectively. Fluorination
therefore decreases the surface energy of NFAs The surface energies of polymer donors are much
lower compared with those of NFAs (22.3 and 21.5 mN m"! for PBDB-T and PTB7-Th
respectively), which drive them to migrate upwards the surface region of the blend film during
solution casting to minimize the total free energy of the blend system. The reduced surface energy
of fluorinated NFAs weakens the vertical stratification, evidenced by the reduced donor/acceptor
ratio in the surface region of PBDB-T/IT-4F and PTB7-Th/IEICO-4F.¢ For inverted devices,
energy levels between donors (PBDB-T, PTB7-Th) and MoOs are closer, thus donor enrichment at
the surface is beneficial for charge transport and collection for inverted OSCs.’” However,
excessive enrichment of donors in this region will reduce the intermixing of donors and acceptors,
and therefore reduce the interfacial area for exciton dissociation, leading to reduced Jsc. Fluorination
reduces the fraction of donors in this region (see schematics in Figure Sc), therefore facilitates
charge generation and the resulting devices have higher Js, as evidenced by our device study
summarized in Table 1. With the progression of XPS etching process to reveal component
information in the bulk of the film, the donor/acceptor ratio began to reduce and reach a plateau
value of 1 after around 10 nm into the blend film, and kept constant throughout the bulk of the
remaining film. Therefore, we can approximately determine that the thickness of surface donor-rich
region is 10 nm. We note that this value of surface region can be reported more accurately if the

step size of our XPS etching could be reduced further.
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NFA:s.

Device physics

The nanoscale morphology in the lateral direction (i.e. molecular order, phase separation)
mainly influences photocurrent generation and recombination, whilst the vertical component
distribution primarily affects charge transport and collection. To assess how the lateral and vertical
morphology of the active layer will impact these optoelectronic processes, we have carried out
further device physics studies. The exciton dissociation and charge collection processes are
evaluated by analyzing the photocurrent (J,n) versus effective voltage (Verr) plots of various devices
(Figure 6a and Table 2). Here, Jpn 1s defined as Jiight- Jaark, Where Jiighe and Jaark are the photocurrent

densities under illumination and in the dark respectively. Vs is defined as Vesr =Vo — Va, where Vo
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is the voltage at the point of J,n = 0 and V.is the applied bias. Here, the Jpn of devices at 1 V has
been selected as the pseudo-saturation photocurrent (Jsar) for equitable comparison. The Jpn/Jsat
values under short-circuit and the maximal power output conditions represent the exciton
dissociation efficiency (Pdiss) and charge collection efficiency (Pcon) respectively.’® It is found that
Jon saturates at large Vesr and the Pgiss values are high for all devices, indicating that all devices have
efficient exciton generation and charge dissociation. In addition, the Pcon values of all IT-4F and
IEICO-4F based devices are generally higher than those of ITIC and IEICO based devices,
suggesting the favorable vertical component distribution in the photovoltaic layer contributes at
least partly to this favorable effect. Dark J-V curves of electron-only and hole-only devices are
shown in Figure S5 and the corresponding electron (pe) and hole (pn) mobilities are summarized in
Table 2. The values of pe/pun are 1.5, 1.0, 0.7 and 1.1 for PBDB-T:ITIC, PBDB-T:IT-4F,
PTB7-Th:IEICO and PTB7-Th:IEICO-4F devices, respectively. After fluorination, pe and pn

haven’t been significantly improved but the . /pn ratio becomes balanced.

(a) 100{—=—PBDBTTIC (b) [=—FBDBTITIC (1.26KT/q)
—=— PBDB-T:IT-4F —=— PBDB-T:IT-4F (1.19KT/q)
—— PBT7-Th:[EICO 1.0 —— PBT7-Th:IEICO (1.30kT/q)
PBT7-Th:IEICO-4F PBT7-Th:IEICO-4F (1.10KT/q)
c?-\ - < /
) S
g 10 vo 0.84 /
£ >
=
_JQ- //_
" 0.6
0.01 0.1 1 100

. 10
Vess (V) Light intensity (mW cm™)

Figure 6 (a) Photocurrent density versus effective voltage curves. (b) Vo versus light intensity of

different blend films.

Table 2 Jsa, Pdiss, Peott, charge mobilities and balance of various OSCs.

Donor:Acceptor Jsat Puiss Peolt Hole mobility  Electron mobility  pe /un
2 [%] [%] (He) cm?V-1S-! (un) cm?V-1S-t
[mMA cm ]
PBDB-T:ITIC 15.4 99.9 85.8 2.8x10* 1.9x10* 1.5
PBDB-T:IT-4F 19.5 99.2 90.4 2.6x10* 2.7x10* 1.0
PTB7-Th:IEICO 12.3 99.1 73.0 2.1x10* 3.1x10* 0.7
PTB7-Th:IEICO-4F 23.2 98.9 81.5 2.7x10* 2.5%10* 1.1
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In order to get insight into the charge recombination process in these OSCs, we have evaluated

the light intensity dependent V.. changes (Figure 6b). Light ideality factor (niq;) values were

obtained by njq)= % %, where q is the elementary charge, K is Boltzmann’s constant, T is the

absolute temperature, and @ is the fractional light intensity normalized to 1 sun.>® The niq; values
were 1.26, 1.19, 1.30 and 1.10 for PBDB-T:ITIC, PBDB-T:IT-4F, PTB7-Th:IEICO and
PTB7-Th:IEICO-4F devices, respectively. It has been suggested that a unity slope (unit of kT/q) is
an indication of bimolecular recombination, while a slope greater than unity suggests that both
trap-assisted and bimolecular recombination processes operate in the devices. Therefore, the smaller
niqy values of PBDB-T:IT-4F and PTB7-Th:IEICO-4F devices are indicative of fewer traps.

Fluorination of NFAs therefore reduces the trap-assisted recombination.

Table 3 Summary of the electrical parameters of PBDB-T:ITIC, PBDB-T-IT-4F, PTB7-Th:IEICO,
and PTB7-Th:IEICO-4F -based OSCs obtained by fitting the Nyquist plots.

Donor:Acceptor Rs R CPE-T CPE;-P R CPE>-T CPEx-P
[€2] [€2] [F] [€2] [F]
PBDB-T:ITIC 73.1  50.7 6.5 E? 0.87 80.9 1.9E® 0.95
PBDB-T:IT-4F 859 379 24E# 0.92 103.9 2.8 E*® 0.98
PTB7-Th:IEICO 80.5 364 1.5E? 0.85 165.2 1.2E*® 0.93
PTB7-Th:IEICO-4F 66.3 24.3 42 E? 0.93 172.1 23E* 0.99

Figure S6 shows the Nyquist plots of impedance measurements of these devices, from which
single characteristic semi-circles are observed. We have applied an equivalent circuit model
consisting of three resistances (Rs, Ri and R») and two constant phase elements (CPE;-T, CPE»-T)
to fit the curves.’® 606! Ry represents resistance in the device due to numerous electrical contacts
and remained largely unchanged for all devices. Ri represents the transport resistance of the
photoactive layer and R> corresponds to the recombination resistance of the photoactive layer, both
could be used to evaluate carrier transport and recombination processes. The fitted data are
summarized in Table 3. Values of R; (ITIC:50.7Q, IT-4F:37.9Q, IEICO:165.2 Q and
IEICO-4F:24.3 Q) and R (ITIC:80.9Q, IT-4F:103.9Q, IEICO: 36.4 Q and IEICO-4F:172.1 Q) from
this model fitting show that fluorination effectively reduced the transport resistances and increased

the recombination resistances. The constant phase element (CPE) is related to the non-ideal
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behavior of a capacitor, and is defined by CPE-T and CPE-P. CPE-T represents the capacitance and
CPE-P corresponds to the inhomogeneous constant.’® If CPE-P equals to 1, CPE is an ideal
capacitor with the elimination of any defects at the donor:acceptor interface. Our data fitting shows
that the CPE-P values of fluorinated NFAs devices increased towards 1, suggesting the interface
capacitance between donor and acceptor become more ideal. What’s more, the average carrier
lifetime (1) of the photoactive layer can be obtained from the equation: 7=RoxXCPE>-T, and a longer
T suggests a lower recombination rate.®”> The t values of PBDB-T:IT-4F and PTB7-Th:IEICO-4F
OSCs are estimated to be 2.9 and 3.9 ps, higher than those in PBDB-T:ITIC and PTB7-Th:IEICO
OXCs (1.5 and 2.0 ps). That is to say, fluorination facilitates charge transport and reduces the
recombination rate, which is also evidenced from our measurements of V. as a function of light
intensity. As a result, devices incorporating fluorinated NFAs always show higher Jsc and FF, results

that agree with our device study shown in the earlier section.

Conclusion

In summary, influences of non-fullerene acceptor fluorination on three-dimensional
morphology and photovoltaic properties of OSCs are investigated in this work. Fluorination of
NFAs is found to reduce the V. due to the lowered LUMO and HOMO energy levels and increased
energy offset between polymer donors, whilst the Jic and FF will be increased instead due to
increased light absorption in the longer wavelength region, as well as improved favorable lateral or
vertical morphology for charge separation and collection. The ultimate device efficiency depends
on the compensation of loss of Vo and gains of Jsc and FF. Therefore the fluorination of ITIC to
IT-4F was found to reduce the device PCE from 11.2% to 9.6%, whilst that of IEICO to IEICO-4F
was found to increase device PCE from 6.7% to 10.7%. The fluorination of ITIC to IT-4F greatly
reduces the structural ordering, which can be improved only after blending with the donor PBDB-T,
therefore the nanoscale morphology in PBDB-T:IT-4F is not superior for charge generation and
collection compared to that of PBDB-T:ITIC system. Contrastingly, IEICO-4F presents stronger
n—n stacking after fluorination from IEICO, and this is further strengthened after blending with the
donor PTB7-Th. The polymer:NFA photovoltaic blends universally present an excessive donor-rich
surface region before and after the fluorination of NFAs, which can promote charge transport and

collection towards anode in inverted OSCs. The fluorination of NFAs however reduces the fraction
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of donors in this donor-rich region, consequently enhances the intermixing of donor/acceptor for

efficient charge generation.

Experimental Section

Materials: PBDB-T, ITIC, IT-4F, PTB7-Th, IEICO and IEICO-4F were purchased from Solarmer

Materials (Beijing) Inc. ZnO precursor solution was prepared following our previous report.5

Fabrication of polymer solar cells: Solar cell devices were prepared with an inverted structure. The
patterned ITO-glass substrates (resistance ca. 15 Q per square) were cleaned and treated following
our previous report.’’->36 The ZnO precursor solution was spin-cast at 4000 r.p.m on the ITO glass,
then dried in air for 30 minutes at 200 °C. The photoactive layer was deposited on ZnO surface in a
nitrogen-filled glovebox by spin-coating from a 14 mg/mL donor:acceptor solution (1:1 weight ratio
for PBDB-T:ITIC/IT-4F and 1:1.5 weight ratio for PTB7-Th:IEICO/IEICO-4F system) with the
addition of DIO (0.5 vol% in ITIC-based solution, 0.75 vol% in IT-4F-based solution, 2 vol% in
IEICO-based solution and 1 vol% in IEICO-4F-based solution), to obtain films around 100 nm in
thickness. After the casting of the photoactive layer, devices were thermally annealed following
previous reports. Then, 10 nm MoO; and 100 nm Ag were thermally evaporated on the top under
high vacuum to finish the device fabrication. The photoactive area is 4 mm? defined by the

overlapping of anode and cathode.

Characterization: Device J-V characterization was performed under AM 1.5G (100 mW cm?)
simulated sunlight using a 3A solar simulator (Newport, USA) in air at room temperature.
Synchrotron grazing incidence wide angle X-ray scattering (GIWAXS) measurements were
conducted at beamline 107 of Diamond Light Source in the UK. Film thickness was measured using
a spectroscopic ellipsometer (J. A. Woollam, USA). The morphology of film surface was
characterized by tapping-mode atomic force microscopy (AFM) (NT-MDT, Russia). Film
absorption spectra were obtained using a UV-Visible spectrophotometer (HITACHI, Japan). T of
thin films was measured via spectroscopic ellipsometry at a heating rate of 3 °C min!, under a
nitrogen flow environment. XPS data were obtained by using a Kratos Axis Supra (Kratos
Analytical, Manchester, UK) using a monochromated Al Ka source and depth profiles were
obtained via etching with 5 kV Arseo" clusters. Water contact angle measurements were carried out

using a contact angle measurement system (Attension Theta Lite, Sweden), and the surface energy
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was calculated using the equation of state. The light intensity was calibrated using a standard silicon
cell that has been previously certified by the National Renewable Energy Laboratory (NREL, USA).
J-V curves were recorded using a J-V sweep software (Ossila, UK) and a Keithley 2612B source
meter unit. External quantum efficiency (EQE) was performed with an EQE system (Zolix, China).
Impedance measurements were measured on an electrochemical workstation (Solartron, U.K.).
During the impedance testing, the device was illuminated with a light intensity equal to 0.1 sun and

the open circuit voltage was also applied with a small perturbation.
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