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Abstract

The development of semiconducting polymers is imperative to improve the performance of polymer-
based solar cells (PSCs). In this study, new semiconducting polymers based on naphtho[1,2-c:5,6-
c’]bis[1,2,5]thiadiazole (NTz)-based polymers, PNTz4TF2 and PNTz4TF4, having 3,3'-difluoro-2,2'-
bithiophene and 3,3',4,4'-tetrafluoro-2,2"-bithiophene, respectively, are designed and synthesized. These
polymers possess a deeper HOMO energy level than their counterpart, PNTz4T, which results in higher
open-circuit voltages in solar cells. This concequently reduces the photon energy loss that is one of the
most important issues surrounding PSCs. Whereas the PNTz4TF4 cell exhibits up to 6.5% power
conversion efficiency (PCE), the PNTz4TF2 cell demonstrates outstanding device performance with as
high as 10.5% PCE, which is quite high for PSCs. We further discuss the performances of the PSCs
based on these polymers by correlating the charge generation and recombination dynamics with the
polymer structure and ordering structure. We believe that the results would provide new insights into the
design of semiconducting polymers, and that there is still much room for improvement of PSC

efficiency.



Introduction

Polymer solar cells (PSCs), in which the active layer typically consists of semiconducting polymers
and fullerene derivatives as p-type (hole transporting or electron donor) and n-type (electron
transporting or electron acceptor) materials, respectively, have attracted considerable attention because
of their solution-processability, which enables low-cost and low-environmental-impact productions.'
PSCs also feature light-weight, flexibility, and semi-transparency, which potentially differentiate them
from inorganic-based solar cells.*” A vast number of performance improvement studies have been
conducted over the past decades, which have resulted in power conversion efficiencies (PCEs) beyond
10% in single-junction cells.®°

One of the most important approaches toward PCE improvement is the development of new
semiconducting polymers, typically donor—acceptor (D-A) polymers wherein electron-rich (donor; D)
and electron-deficient (acceptor; A) units are combined.*** A narrow optical band gap (Eg) and a deep
highest occupied molecular orbital (HOMO) energy level (En) are required for maximizing the short-
circuit current density (Jsc) and the open-circuit voltage (Voc), and thus PCE.® It is also desirable that
the polymers have high charge carrier mobility and thus a highly crystalline structure and a favorable
backbone orientation, namely, the “face-on” motif where the polymer backbones lie flat on the
substrate.*®'” Such ordering structures allow use of thick active layers, which is beneficial for light
harvesting and process control.®

A prime example of the high-performance polymer systems is naphtho[1,2-c:5,6-
¢'|bis[1,2,5]thiadiazole (NTz)-based polymers, wherein NTz act as the A unit.%%24 Of particular interest
among the NTz-based polymers is the quaterthiophene—-NTz polymer (PNTz4T) that we have previously
developed (Figure 1).2° PNTz4T possesses a narrow Eq of 1.56 eV and an Ey of —5.14 eV, and forms a
relatively highly crystalline structure and face-on orientation in blend films with [6,6]-phenyl-Ce:-
butyric acid methyl ester (PCs1BM) or [6,6]-phenyl-C7:-butyric acid methyl ester (PC7:.BM). As a result,

PNTzAT demonstrates as high as 10.1% PCE, particularly with an inverted cell architecture.® Although



the PNTz4T cell exhibits high Jscs of around 19 mA cm™2, which is high for PSCs, Voc is limited to
0.71-0.74 V due to the moderately deep En and the large photon energy loss (Eioss = Eg — €Voc) of 0.82—
0.85 eV, which is typical of PSCs.? These results have motivated us to further pursue the development
of new PNTz4T-related polymers with reduced Ejoss, i.e., with similarly narrow Egs and deeper Ens.

Recently, it has been reported that the fluorine atom is a powerful functional group for
semiconducting polymers.2532 Given its strong electron-withdrawing nature, the introduction of fluorine
into the polymer backbone can deepen Ex while minimally changing Eg, resulting in the enhancement of
Voc. It is also believed that the fluorine atom offers non-covalent attractive interactions between the
hydrogen or sulfur atoms (F---H or F---S), which may contribute to enhancing the coplanarity of the
polymer backbone and therefore the crystallinity. All these features are expected to improve PSC
performance.

In this work, we synthesized two new NTz-based polymers by introducing two and four fluorine
atoms on the bithiophene moiety of PNTz4T, and called them PNTz4TF2 and PNTz4TF4, respectively.
Whereas the PNTz4TF4 cell exhibited moderate PCE of up to 6.5%, the PNTz4TF2 cell yielded as high
as 10.5% PCE. We also investigated the effects of the fluorine substitution on the electronic structure,

ordering structure, photovoltaic properties, and charge generation and recombination dynamics.

PNTz4T PNTz4TF2 PNTz4TF4

Figure 1. Chemical structures of the polymers based on NTz studied in this work.



Results
Synthesis and thermal properties of the polymers.

The key to accessing the designed polymers is the synthesis of fluorinated bithiophene compounds
(Scheme 1). 5,5-Bis(trimethylstannyl)-3,3'-difluoro-2,2'-bithiophene (4), the monomer of PNTz4TF2,
was synthesized with a similar method that was published during our study.?® As for the synthesis of
5,5'-bis(tributylstannyl)-3,3',4,4'-tetrafluoro-2,2'-bithiophene  (11), first, the a-positions of 3,4-
dibromothiophene (5) were protected with the triisopropylsilyl (TIPS) group by lithiation using
diisopropylamide (LDA) followed by treatment with chlorotriisopropylsilane to give 6 in nearly
quantitative yield. Then, 6 was difluorinated to give 7 by repeating five times the lithiation with n-BuL.i
and the following treatment with N-fluorobenzenesulfonimide® in one-pot with a reasonably high yield
of 88%. 7 was monoiodinated (8) with iodine monochloride (ICI), and then 8 was dimerized (9) via
lithiation with n-BuLi followed by the oxidative coupling with copper(ll) chloride (CuCl,). 9 was
desilylated with tetrabutylammonium fluoride (TBAF) to give 10, which was then stannylated via
lithiation with LDA and treatment with tributyltin chloride to afford 11. Note that although the
stannylation of 11 was also successful with trimethyltin chloride, the trimethyltin moiety was easily
cleaved off from the resulting compound under ambient conditions.

The fluorinated monomers (4 and 11) were polymerized with 5,10-bis(5-bromo-4-(2-
decyltetradecyl)thiophen-2-yl)naphtho[1,2-c:5,6-c"]bis[1,2,5]thiadiazole (NTz2TBr;) via the Stille
coupling reaction assisted by microwave heating to give PNTz4TF2 and PNTz4TF4, respectively. The
number average molecular weight (My) and the weight average molecular weight (Mw) were evaluated
by high-temperature gel-permeation chromatography (GPC) using o-dichlorobenzene (DCB) as the
eluent at 140 °C. M, and My were 66.5 kDa and 1520 kDa with a polydispersity index (PDI) of 22.9 for
PNTz4TF2, and 15.8 kDa and 34.1 kDa with a PDI of 2.16 for PNTz4TF4, respectively (Table 1).
PNTz4T was also synthesized with NTz2TBr2 and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (Mn =

52.9 kDa, My = 114 kDa, and PDI = 2.16).2° The solubility of the polymers decreased as the number of



fluorine atoms increased. Because of the very low solubility, only a portion of the PNTz4TF4 solution
in DCB with the typical concentration for the GPC measurement (0.67 g L™; 5 x 10 mol L) was able
to pass through a PTFE filter, which is technically required prior to measurement. This is most likely the
reason for the low M, of PNTz4TF4. The large PDI of 22.9 for PNTz4TF2 originates from the
bimodally distributed GPC chromatogram (Figure S1), probably owing to the artifact from the strong
aggregation tendency of the polymer. Such a phenomenon is sometimes seen in D—A polymers.3* Thus,
the large PDI for PNTz4TF4 may not be the real value.

Thermal properties of the polymers were evaluated by differential scanning calorimetry (DSC)
(Figure S2a) and thermogravimetry (TG) (Figure S2b). Whereas the DSC curve of PNTz4T showed a
melting point (Tm) at 321 °C in the heating process (302 °C in the cooling process), that of PNTz4TF2
and PNTz4TF4 showed no transition peaks below 350 °C. The DSC results suggest that the rigidity of
the polymer backbone increases with the introduction of fluorine substituents. The 5% weight loss
temperature (Tgs) determined by TG analysis were 439, 432, and 411 °C for PNTz4T, PNTz4TF2, and

PNTz4TF4, respectively. These results suggest that all the polymers had good thermal stability.



Scheme 1. Synthesis of the fluorinated bithiophene monomers and polymers.
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Table 1. Polymerization results.
Polymer M (kDa)? Mw (kDa)2  PDI? DPy° Tm (°C)¢ Tas (°C)®
heating/cooling
PNTz4T 52.9 114 2.16 42.5 321/302 439
PNTz4TF2  66.5 1520 22.9 52.0 — 432
PNTz4TF4  15.8° 34.1° 2.16 12.0 - 411

aDetermined by GPC using polystyrene standard and DCB as the eluent at 140 °C. Results with a

fraction of the polymer solution after passing through a PTFE filter. “Based on the repeating unit.
dMelting point determined by DSC measurements at the scan rate of 10 °C min™t. ¢ 5% weight loss

temperature.



Computation and electronic properties of the polymers.

Figure 2a shows the model compounds for the polymers (dimers of the repeat units), and Figure 2b
depicts the geometry-optimized structures by using the DFT method at the B3LYP/6-31g(d) level. It is
obvious that the increase of fluorine substitution on the bithiophene moiety enhanced the coplanarity of
the backbone as reported in other polymer systems. This well explains the low solubilities of PNTz4TF2
and PNTz4TF4 compared to that of PNTz4T. We also simply calculated the energy variation by
changing the dihedral angle between the central two thiophenes (PNTz4T), fluorothiophenes
(PNTz4TF2), and difluorothiophenes (PNTz4TF4), while other linkages are fixed (Figure S3). The
rotation barrier from the most stable anti arrangement toward the syn arrangement was higher for
PNTz4TF2 and PNTz4TF4 than for PNTz4T, implying that there are F---S attractive interactions.

The En values of the polymers were evaluated by photoemission yield spectroscopy (PYS)
measurements in air using the thin films (Figure 3a). En was determined from the onset in the
photoemission spectra (Table 2). Ens of PNTz4TF2 and PNTz4TF4 were —5.32 eV and —5.46 eV,
respectively, which were deeper than that of PNTz4T (—5.15 eV) by 0.17 eV and 0.31 eV. The lowest
unoccupied molecular orbital (LUMO) energy level (E.) was evaluated by low-energy inverse
photoemission spectroscopy (LEIPS)3+3® measurements using the polymer thin films (Figure 3b). E.s of
PNTz4TF2 and PNTz4TF4 were —3.18 eV and —3.30 eV, respectively, which were also deeper than that
of PNTz4T (—3.12 eV) by 0.06 eV and 0.18 eV. These results agree well with Ens and E.s evaluated by
cyclic voltammetry (CV) measurements (Table 2), which were calculated using the redox onset
potentials (Figure S4, Table S1). Although Eis were slightly deeper when evaluated by CV, the
tendency was almost the same. Note that as the energetic parameters determined by the CV
measurements, which are carried out in solution, are often affected by the solvent, supporting electrolyte,
and electrodes,® the parameters determined by the PYS and LEIPS measurements should be more
reliable and closely correlated with the photovoltaic properties. It should also be mentioned that the

electronic effect of the fluorine atom was larger on Ex than on EL in this system. Figure 2b shows the



molecular orbitals computed for the model compounds, the dimer of the repeat unit with the methyl
groups on thiophenes neighboring NTz, by the DFT method at the B3LYP/6-31g(d) level. LUMOs are
localized on the NTz moieties whereas HOMOs are localized on the quaterthiophene moieties. It is, thus,
reasonable that the fluorine atoms substituted on the quaterthiophene moieties preferencially stabilize
HOMO resulting in the greater downward shift of the Ex than that of the EL.

The UV-vis absorption spectra of the polymers were measured in chlorobenzene (CB) solution
(Figure 4a) and in thin film (Figure 4b). In both PNTz4TF2 and PNTz4TF4, the absorption range and
the spectral shape obtained by measurements in solution were similar to those obtained by
measurements in film as in case of PNTz4T, suggesting that they aggregate, in part, even in solution.
This is most likely ascribed to the strong intermolecular interaction. We also measured the absorption
spectra at different temperature (20—100 °C) (Figure S5). While the spectrum of PNTz4T was largely
blue-shifted with increasing the temperature, implying the disaggregation, that of PNTz4TF2 was not
blue-shifted and that of PNTz4TF2 was slightly blue-shifted. This indicates that PNTz4TF2 and
PNTz4TF4 have stronger aggregation tendency than PNTz4T, which is attributable to more coplanar
backbones predicted by the computation. In the thin film, PNTz4TF2 and PNTz4TF4 gave rise t0 Amax at
697 nm and 688 nm, which was bathochromically shifted by 24 nm and 33 nm relative to PNTz4T (Amax
= 721 nm), respectively. Eqs of PNTz4TF2 and PNTz4TF4 were calculated to be 1.60 eV and 1.62 eV
from the absorption edge (ledge = 774 nm and 765 nm), respectively, and were slightly wider than that of
PNTz4T (Eg =1.56 €V, Aedge = 793 nm). This is consistent with their Ex and EL values; the shift of En is

greater than that of EL with the introduction of fluorine.
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LUMO (c) for the dimer model compounds of the polymers. Calculations were carried out by the DFT
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calculation.
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Figure 4. UV-vis absorption spectra of the polymers in chlorobenzene solution (a) and in thin film (b).

Table 2. Physicochemical properties of the polymers.

Polymer En (eV)? EL (eV)P Amax (Nnm)° Eq (eV)“
PYS CVv LEIPS Cv Solution Film

PNTzAT —5.15 —5.14 -3.12 —3.46 718 721 1.56

PNTz4TF2 —5.32 —5.38 -3.18 -3.53 699 697 1.60

PNTz4TF4 —5.46 —5.49 -3.30 -3.56 691 688 1.62

®HOMO energy levels evaluated by photoemission yield spectroscopy (PYS) in air and by cyclic
voltammetry (CV). PLUMO energy levels evaluated by low-energy inverse photoemission spectroscopy
(LEIPS) and by CV. “Absorption maximum. %Optical bandgap calculated from the absorption onset
(}Ledge) (Eg = 1240/iedge).
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Photovoltaic properties.

The photovoltaic properties of the polymers were investigated by using inverted solar cells with the
indium-tin-oxide (ITO)/ZnO/(polymer/PC7:BM)/MoOx/Ag structure. The active layer was spin-coated
from the blend solution in DCB. Owing to the low solubility of the polymers at room temperature, the
blend solution was heated to 100-160 °C and directly spin-coated on the substrate that was also
preheated at the same temperature. The optimal polymer to PC71:BM weight ratio (p/n ratio) was 1:2 for
all the polymers.

Figures 5a and 5b depict the current density (J)-voltage (V) curves and the external quantum
efficiency (EQE) spectra of the best cells, respectively, and Table 3 summarizes the photovoltaic
parameters. As expected from the deeper En, the cells based on PNTz4TF2 and PNTz4TF4 exhibited
higher Vocs of 0.82 V and 0.93 V, respectively, than the PNTz4T cell. Consequently, the photon energy
loss (Eioss), defined by Eq — eVoc, was reduced to 0.78 eV and 0.69 eV for PNTz4TF2 and PNTz4TF4
cells, respectively, from 0.85 eV for the PNTz4T cell. Interestingly, the PNTz4TF2 cell exhibited a
similar Jsc to the PNTz4T cell despite the fact that the range of the spectral response for the former was
narrower than that of the latter as seen in the EQE spectra, reflecting their Egs. This is due to the high
EQE of the PNTz4TF2 cell (~80% in the polymer Amax region) compared to that of the PNTz4T cell
(~75%). Overall, although the fill factor (FF) was lower than that of the PNTz4T cells, the PNTz4TF2
cell exhibited up to 10.5% PCE (Jsc = 19.3 mA cm 2, Voc = 0.82 V, FF = 0.67), which is quite high for
single-junction solar cells. Whereas Voc of the PNTz4TF4 cells was the highest among the polymers
studied herein, Jsc was significantly low (10.5 mA cm2), in good agreemente with the low EQE of
~50%, resulting in the limited PCE of 6.5%.

Figures 5¢—e depict the dependence of Jsc, FF, and PCE on the active layer thickness (L), respectively.
Jsc of the PNTz4TF2 cell increased as the thickness increased, reflecting the increased volume of the
light-absorbing layer, and was maximum at 230 nm (Figure 5c). This behavior was similar to that of the

PNTzAT cell, though the optimum thickness for the PNTz4TF2 cell was smaller than that for the
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PNTz4T cell (290 nm). On the other hand, Jsc of the PNTz4TF4 cell reached a maximum at a much
smaller thickness and significantly decreased beyond 170 nm. In all the polymer cells, FF decreased as
the thickness increased, which is quite natural considering that the carriers are transported over longer
distances through the electrodes. However, the decrease of FF became more significant with increasing
fluorine substitution (Figure 5d). In addition, although FFs of the best cells for PNTz4TF2 (0.67) and
PNTz4TF4 (0.66) were similar, these values were obtained with different active layer thicknesses of 230
nm and 120 nm, respectively. It is clear that FF of the PNTz4TF2 cell was significantly higher at similar
thickness than that of the PNTz4TF4 cell. Overall, the optimal active layer thickness providing the
highest PCEs was 290 nm, 230 nm, and 120 nm for PNTz4T, PNTz4TF2, and PNTz4TF4 cells,

respectively (Figure 5e).
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Figure 5. J-V curves (a) and EQE spectra (b) of polymer/PC7:BM cells with the p/n weight ratio of 1:2.

Thickness dependence of Jsc (c), FF (d), and PCE (e) of polymer/PC7:BM solar cells.

Table 3. Photovoltaic parameters of polymer/PC71:BM (1:2, wt ratio) solar cells.

Polymer Thickness (nm)?  Jsc (MAcm?) Voc (V) FF  PCEmax [PCEave] (%)® Eioss (V)"

PNTz4T 290 19.4 0.71  0.73 10.1 [9.8+0.21] 0.85
PNTz4TF2 230 19.3 0.82 0.67 10.5 [10.1+0.25] 0.78
PNTz4TF4 120 10.5 0.93 0.66 6.5 [5.9+0.41] 0.69

Thickness of the active layer. PPCEmax: maximum power conversion efficiency, PCEaw: average
power conversion efficiency with standard deviation for more than 20 devices. “Photon energy loss
defined by Eq — eVoc.
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Charge transport properties of blend films.

The charge transport properties of the polymer/PCBM films in the direction normal to the substrate
plane were evaluated with hole-only devices (ITO/PEDOT:PSS/(polymer/PC7:BM)/MoOx/Ag), where
the p/n ratio was 1:2 (Figure S7a). Hole mobility was calculated by using the space-charge-limited
current (SCLC) model. Whereas hole mobilities of the PNTz4T and PNTz4TF2 systems were 3.4 x 1072
and 1.5 x 102 cm? V1 s71, respectively, that of the PNTz4TF4 system was 1.8 x 104 cm? V1 s,
which is one order of magnitude lower (Table 4). Hole mobilities of the PNTz4T and PNTz4TF2
systems are comparable to or greater than those reported for typical high-efficiency polymer systems.
To confirm the balance of charge carrier transport between hole and electron,®® we also fabricated
electron-only devices using polymer/PC7:.BM blend films (ITO/ZnO/(polymer/PC7:BM)/LiF/Al) with
the p/n ratio of 1:2. The electron mobilities of all the polymer systems were of the order of 1073 cm? V1
s 1.1x%x10°% 21 %1072 and 1.5 x 102 cm? V' st for the PNTz4T, PNTz4TF2 and PNTz4TF4
systems, respectively (Figure S7b). Thus, whereas the hole and electron transport for the PNTz4T and
PNTz4F2 systems is balanced, that for the PNTz4TF4 system is imbalanced. This imbalance would be

one of the reasons for the low FF and the difficulty of using the thick active layer, and the limited PCE.

Ordering structure of the polymers.

The molecular packing and the nanostructural order of the polymers in the active layer were
investigated by two-dimensional grazing incidence X-ray diffraction (2D GIXD) studies of the polymer
neat film (Figure 6a—c, g—h) and polymer/PC;1:BM (p/n ratio = 1:2) blend film (Figure 6d-f, ij)
fabricated on the ZnO/ITO substrate.®® In the polymer neat film, PNTz4T and PNTz4TF2 showed
lamellar diffractions, (h00), along the quasi-g (~q.) axis (ca.0.25 A™), and the n—r stacking diffraction,
(010), along the gy axis (around 1.8 A, indicative of the predominant edge-on orientation. On the
other hand, both the lamellar and n—= stacking diffractions for PNTz4TF4 appeared as arc, suggesting

the randomly oriented polymer crystallite. In the blend film, both PNTz4T and PNTz4TF2 exhibited
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lamellar diffractions on both the gxy and g, axes, and the n—=n stacking diffraction on the g, axis. This
indicates that these polymers predominantly orient in the face-on manner, which contrast to the polymer
neat film. The n—r stacking distance (d.) for PNTz4T and PNTz4TF2 was calculated to be 3.53 A and
3.49 A, respectively, which were almost the same as that in the polymer neat films. In PNTz4TF4, both
the lamellar and n—= stacking diffractions were observed as a ring, indicating that the crystallites were
rather randomly oriented similarly to the PNTz4TF4 neat film. Nevertheless, d. of PNTz4TF4 was 3.46
A, which was comparable to those of PNTz4T and PNTz4TF2.

The orientation was further studied quantitatively through the pole figure analysis using the 2D
GIXD pattern of the blend films.®3°4° Figure 7 shows the pole figures extracted from the lamellar
diffraction of the polymers, (100). We defined the areas integrated with polar angle y ranges of 0-45°
and 135-180° (Axy) and 55-125° (A;) as those corresponding to the fractions of face-on and edge-on
crystallites, respectively, and the ratio of Ayxy to A; (Ax/A;) was calculated as a figure for the face-on to
edge-on ratio. We note that Ax/A; may not show the actual face-on to edge-on ratio. Ax/A; for
PNTz4TF2 was 0.62, which was lower than that for PNTz4T, namely, 0.81. This means that the
population of the face-on crystallite is smaller in PNTz4TF2 than in PNTz4T. Although A/A; for
PNTz4TF4 was 0.36, indicative of the higher edge-on ratio than PNTz4T and PNTz4TF4, we assume
that again the orientation of PNTz4TF4 is rather random.

Polymer crystallinity in the blend films was also evaluated. The coherence length (Lc) of the n—=n
stacking structures in the face-on crystallite was estimated from the Scherrer’s equation, Lc =
2n/FWHM, where FWHM is the full width at half maximum of the diffraction peak (Figure S10).4%42
The Lc value for PNTz4TF2 (29 A) was similar to that for PNTz4T (27 A), whereas that for PNTz4TF4
(15 A) was approximately half those for PNTz4T and PNTz4TF2 (Table 4), despite the fact that
PNTz4TF4 is expected to have the most coplanar backbone among the three polymers according to the
computation (Figure 3). This could have originated in the high aggregation nature and thus the low

solubility of PNTz4TF4. It is speculated that due to the low solubility, the polymer chains of PNTz4TF4
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deposit quickly from the solution, which prevents the polymer chains and the crystallites being ordered,
thereby resulting in the low crystallinity and the random orientation. In PNTz4T and PNTz4TF2, which
have higher solubility than PNTz4TF4, would have sufficient time for self-ordering, thereby affording
higher crystallinity. These differences in orientation and crystallinity among the polymers are well

correlated with the charge carrier mobility and photovoltaic properties.
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Table 4. Charge carrier mobilities and parameters for the ordering structures.

Mobility (cm? V1 s1)2  Lamellar n—n Stacking AylAS
Polymer Hole Electron  di (A)° dx (A)° FWHM N
Oe A @AY Ay
PNTz4T  34x10° 11x10° 247[0.25] 353[L.78] 0.23 27 0.81
PNTz4TF2 15x10° 21x10° 247[0.25]  3.49[1.80] 0.22 29 0.62
PNTzaTFa 18%10% 15x10° 24.7[0.25] 346[182] 44 15 %:r?dom)

#Hole and electron mobilities evaluated with hole-only and electron-only devices, respectively, using
the polymer/PC71BM blend films. °d-Spacing corresponds to the lamellar structure of the face-on
crystallite, (100) along the qx axis. °d-Spacing corresponds to the =z stacking of the face-on
crystallites, (010) along the ~q, axis. ®Full width at half maximum for the (010) peak along the ~q axis.
®Coherence length estimated from the Scherrer’s equation (Lc = 2z/FWHM) for the n—n stacking of the
face-on crystallite. 'The ratio of face-on to edge-on orientation determined the pole figure analysis,
where Ay and A; correspond to the face-on and edge-on fractions.
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Charge generation dynamics study.

In order to discuss charge generation dynamics in the polymer/PC7:BM blend films, we measured
photoluminescence (PL) and transient absorption spectra. Figures 8a—c display the PL spectra of
PNTz4T, PNTz4TF2, and PNTz4TF4 neat and polymer/PC7:BM blend films. All the polymer neat
films exhibited large PL bands at around 800 nm. On the other hand, the blend films had significantly
quenched PL spectra: the quenching efficiency was estimated to be as high as >95% (PNTz4T/PC71.BM),
92% (PNTz4TF2/PC71BM), and 90% (PNTz4TF4/PC71BM). Such high PL quenching indicates that
most of the polymer excitons are efficiently quenched to give polymer polarons before radiatively
deactivating to the ground state in all the blend systems. Figure 9 shows the time evolution of the
polaron bands observed for the blend films by transient absorption spectroscopy. In all cases, the
polaron signals increased with a time constant of slightly less than 10 ps, which is the same as the decay
constant of the polymer singlet exciton signals. These time constants are more than one order of
magnitude shorter than that of the polymer singlet exciton in the polymer neat films, consistent with the
highly efficient PL quenching mentioned above. At a later time stage, the polaron signals decayed with
a time constant of a few hundred picoseconds for all the blend systems. This decay dynamics was
independent of the excitation intensity and hence was ascribed to geminate recombination. From the
constant fraction at 3000 ps, which is ascribed to dissociated free charges, the charge dissociation
efficiency (ncp) was estimated to be ~80% for PNTz4T/PC7:BM and PNTz4TF2/PC7:BM and ~50% for

PNTz4TF4/PC71BM blend films.
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Bimolecular recombination dynamics study.

We next focused on bimolecular recombination dynamics on the microsecond time scale. The charge
carrier density (n) and the charge carrier lifetime (zn) were evaluated by transient photovoltage (TPV)
and transient photocurrent (TPC) measurements of the solar cells based on these polymers.*3# Figure
10a displays the dependence of the small perturbation lifetime (zan) on Voc obtained from the TPV
measurement under different bias light intensities (from ~0.1 to 1.0 sun). In all cases, zan decreased
exponentially with increasing Voc, and hence was fitted by zan = zano eXp(—fVoc) with parameter g =17,
19, and 22 V! for the PNTz4T, PNTz4TF2, and PNTz4TF4 systems, respectively. Figure 10b displays
the dependence of n on Voc obtained from the TPC measurement under different bias light intensities
(from ~0.1 to 1.0 sun). As shown in the figure, charge carrier density n increased exponentially with
increasing Voc, which was fitted by n = noexp(yVoc) with parameter y = 9.1, 14, and 10 V! for the
PNTz4T, PNTz4TF2, and PNTz4TF4 systems, respectively. The charge carrier density n at 1 sun was
thus estimated to be 2.1 x 10'® (PNTz4T/PC7:BM), 1.6 x 10 (PNTz4TF2/PC7:BM), and 1.9 x 10'°
cm 2 (PNTz4TF4/PC71BM). As reported previously,*34* the charge carrier lifetime z, is given by z = (1
+ A)zan With 1 = ply. Consequently, as shown in Figure 10c, the carrier-density dependence of z is well
described by a power law equation (zn = 7o n™). Thus, 7, at 1 sun was estimated to be 6.3, 3.0, and 5.6 s
for the PNTz4T, PNTz4TF2, and PNTz4TF4 systems, respectively.

On the basis of the TPV/TPC measurements, the effective bimolecular recombination coefficient
(Krec) is given by krec = 1/n70.***° Under the 1 sun illumination condition, as summarized in Table 5, Krec
is 7.5 x 10712 cm® s for the PNTz4T system, which is smaller than 2.1 x 10** and 9.3 x 102 cm® s?
estimated for the PNTz4TF2 and the PNTz4TF4 cells, respectively. On the other hand, the Langevin
recombination rate is given by k. = qu/eoe, where g is the elementary charge, p is the slower charge
carrier mobility,*® & is the vacuum permittivity, and ¢ is the dielectric constant. Here, 1 was evaluated
by the SCLC method and ¢ was assumed to be 3.5. Thus, k.s were calculated to be 5.8 x 1071, 7.9 x

1071% and 9.4 x 107 cm® s for the PNTz4T, PNTz4TF2, and PNTz4TF4 systems, respectively, as
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listed in Table 5. As a result, the Langevin reduction factor ({ = krec/ki) is as low as 0.01 for
PNTz4T/PC7:.BM and 0.03 for PNTz4TF2/PC71:BM, and as high as 0.1 for PNTz4TF4/PC7;:BM. These
results suggest that the bimolecular recombination is effectively reduced in the PNTz4T and PNTz4TF2

systems, whereas it is considered to be a Langevin recombination in PNTz4TF4/PC7:BM blend films.
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Table 5. Bimolecular recombination parameters of the cells

Polymer Krec (cm® s71)2 ke (cm®s1)P IS

PNTz4T 7.5x 10712 5.8 x 10710 0.01
PNTz4TF2 21x104 7.9 x 10710 0.03
PNTz4TF4 9.3x 101 9.4 x 10 0.1

aBimolecular recombination rate constant. "Bimolecular recombination rate constant determined by
the Langevin recombination model. ‘Langevin reduction factor (= Krec/KL).
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Discussion

We discuss herein the rationale for the device performance of the solar cells. As shown above,
polymers with more fluorine atoms attached have higher Vocs. This is ascribed to the deeper Ens of the
polymers. On the other hand, Jsc is similar between the PNTz4T and PNTz4TF2 cells, whereas it is the
lowest in the PNTz4TF4 cell. This tendency is consistent with the EQE spectra. As mentioned before,
exciton quenching and polaron generation are sufficiently efficient for all the cells. In other words, the
driving force is adequate for the photoinduced charge transfer at the interface even for the
PNTz4TF4/PC7:BM with the smallest LUMO-LUMO offset energy. Instead, the difference in Jsc and
EQE is ascribed mainly to the difference in #cp: it is as high as ~80% for the PNTz4T and PNTz4TF2
cells but as low as ~50% for the PNTz4TF4 cell. We speculate that such a difference in #cp originates
from the difference in crystallinity of the materials.*’*® In the PNTz4T and PNTz4TF2 systems that
have higher crystallinity than the PNTz4TF4 system, the generated holes and electrons can quickly
diffuse away from the polymer/PC-:BM interface, preventing the geminate recombination.

With respect to the FF and its dependence on thickness, it is likely that the charge carrier mobility and
the bimolecular recombination play crucial roles. The low hole mobility, the imbalanced hole and
electron transport, and the increased bimolecular recombination in the PNTz4TF4 cell relative to the
PNTz4T and PNTz4TF2 cells are clear evidence of the low FF and its significant drop in thicker active
layers.*® These differences are most likely due to the difference in crystallinity and backbone orientation.
Whereas PNTz4T and PNTz4TF2 had crystalline structures with the face-on orientation, which are
favorable for charge transport, PNTz4TF4 was characterized by low crystallinity and a random
backbone orientation.

The fact that PNTz4TF2 cell had a lower FF than the PNTz4T cell in particular at the thick active
layer can be explained by the lower mobility and increased bimolecular recombination, which is likely
due to the decreased fraction of the face-on crystallite in the blend film for PNTz4TF2 relative to

PNTzAT, though the differences are small. To further confirm the effect of bimolecular recombination,
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we calculated the bimolecular recombination current density, Jer, Which is given by Jsr = —qLn/zn. As
reported previously,>® photocurrent density J(V) can be expressed as J(V) = Jeen(V) + Jgr(n,V) wWhere
Jeen(V) is the free charge generation current density (the details are available in Supporting
Information). As shown in Figure 11, the J-V curves can be well reproduced by this equation with
charge carrier parameters obtained from TPV/TPC measurements. This finding indicates that the
bimolecular recombination loss is indeed less in the PNTz4T cell, as shown in Figure 11b, consistent

with the reduced recombination with a smaller ¢"than in the PNTz4TF2 cell.
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Conclusion

We have synthesized two novel NTz-based polymers with fluorinated bithiophene units, namely,
PNTz4TF2 and PNTz4TF4. The fluorination preferentially stabilized the HOMO of the polymers,
resulting in larger Ens, slightly larger Es, and slightly wider Egs for PNTz4TF2 and PNTz4TF4 relative
to a non-fluorinated polymer, PNTz4T. As expected from the deep Ens, Vocs of the PNTz4TF2 and
PNTz4TF4 cells were improved to 0.82 V and 0.93 V, respectively, relative to that of the PNTz4T cell
(0.71 V). As a result, the Ejosss of the PNTz4TF2 and PNTz4TF4 cells were reduced to 0.78 eV and 0.69
eV, respectively, from that of the PNTz4T cell (0.82 eV). Compared with the PNTz4T cell, the
PNTz4TF4 cell exhibited ~6.5% PCE and lower Jsc and FF, whereas the PNTz4TF2 cell had ~10.5%
PCE with similar Jsc and lower FF. The PCE of the PNTz4TF2 cell is higher than that of the PNTz4T
cell (~10.1%) and is significantly high for single-junction PSCs. The charge generation study revealed
that charge dissociation is the dominant factor for the difference in Jsc among these cells. The
bimolecular recombination study demonstrated that recombination was increased as the number of
fluorine atoms was increased, and this was likely the cause of the lower FF of the PNTz4TF2 and
PNTz4TF4 cells than the PNTz4T cell. These behaviors were well correlated with the difference in
crystallinity and backbone orientation investigated by 2D GIXD measurements: crystallinity was low
particularly in PNTz4TF4, and the ratio of the face-on orientation was reduced in PNTz4TF2 and
PNTz4TF4 compared to that in PNTz4T. However, it should be mentioned that the poor ordering
structures in the fluorinated polymers likely originate in their low solubility, probably owing to the
enhanced backbone coplanarity as predicted by the computation. Thus, we believe that by tuning the
solubility and optimizing the fabrication process, the photovoltaic performance of the solar cells based
on PNTz4TF2 and PNTz4TF4 would be further increased. These results demonstrate that there is still

room for improvement of the efficiency of PSCs.
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