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Achieving Fast Charge Separation and Low Nonradiative
Recombination Loss by Rational Fluorination for High-

Efficiency Polymer Solar Cells

Chenkai Sun, Fei Pan, Shanshan Chen, Rui Wang, Rui Sun, Ziya Shang, Beibei Qiu,
Jie Min,* Menglan Lv,* Lei Meng,* Chunfeng Zhang, Min Xiao, Changduk Yang,

and Yongfang Li*

Four low-cost copolymer donors of poly(thiophene-quinoxaline) (PTQ)
derivatives are demonstrated with different fluorine substitution forms

to investigate the effect of fluorination forms on charge separation

and voltage loss (V) of the polymer solar cells (PSCs) with the PTQ
derivatives as donor and a A-DA’D-A-structured molecule Y6 as acceptor.
The four PTQ derivatives are PTQ7 without fluorination, PTQ8 with
bifluorine substituents on its thiophene D-unit, PTQ9, and PTQ10 with
monofluorine and bifluorine substituents on their quinoxaline A-unit
respectively. The PTQ8- based PSC demonstrates a low power conversion
efficiency (PCE) of 0.90% due to the mismatch in the highest occupied
molecular orbital (HOMO) energy levels alignment between the donor
and acceptor. In contrast, the devices based on PTQ9 and PTQ10 show
enhanced charge-separation behavior and gradually reduced V., due to
the gradually reduced nonradiative recombination loss in comparison with
the PTQ7-based device. As a result, the PTQ10-based PSC demonstrates
an impressive PCE of 16.21% with high open-circuit voltage and large
short-circuit current density simultaneously, and its V| is reduced to
0.549 V. The results indicate that rational fluorination of the polymer
donors is a feasible method to achieve fast charge separation and low V.
simultaneously in the PSCs.

Polymer solar cells (PSCs) are prom-
ising solar energy conversion technology
because of their characteristic of simple
device structure, light weight, flexibility,
and low-cost fabrication by solution
processing.'’) Due to the significant
innovations in efficient photovoltaic
materials,>'! interface buffer layer mate-
rials,">1 and device engineering,'’-1%
PSCs have achieved great progress in the
past few years, and the power conversion
efficiency (PCE) of the PSCs has increased
to over 15%.011:20.21] Nevertheless, PCE of
the PSCs still lags behind the inorganic
and perovskite solar cells (pero-SCs),
which is mainly due to the higher voltage
loss (Viess) from the optical bandgap (Ej)
of the photoactive layer materials to the
open-circuit voltage (V,,) of the devices.?]
Normally, the Vo in the champion crystal
silicon (c-Si) solar cells and pero-SCs
are 0.4-0.55 V, and it can be reduced to
amazing 0.3 V in GaAs solar cells. In con-
trast, Vi, of the highly efficient PSCs are
around 0.6 V or higher.[3-2%]
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Fluorinated polymers

Figure 1. a) Molecular structures and b) the normalized absorption spectra of the polymers PTQ7, PTQ8, PTQ9, and PTQ10. c) Energy level diagram

of the related materials used in the PSCs.

The higher V), of PSCs are due to two issues: radiative
recombination loss and nonradiative recombination loss.?>26l
For an ideal PSC based on Shockley—Queisser (SQ) limit, a theo-
retical maximum V. can be obtained if the unescapable radiative
recombination loss generating from the absorption above the
optical bandgap is the only contribution part of Vju.?] Never-
theless, in a realistic PSC device, the additional radiative recom-
bination loss, which is due to a nonabrupt absorption onset and
the presence of subgap charge-transfer, (CT) state can further
increase the Vi thus, the energy offset (E; — Ecr) between
E, and CT state should be minimized to reduce the Vi, from
this part.[’8] Actually, this energy offset is commonly considered
to be the driving force for charge separation, and it is believed
that sufficient driving force is necessary to achieve efficient and
fast charge separation thus large photogenerated current in the
devices. Consequently, it seems that getting both high V. and
large short-circuit current density (J) was restricted in the
PSCs. On the other hand, significant nonradiative recombina-
tion loss because of the extremely low-electroluminescence (EL)
quantum efficiency (EQEg;) in PSCs cannot be neglected, and it
actually contributes to the main losses part of the V). There-
fore, achieving fast charge separation under small driving force
and suppressing nonradiative recombination are crucial for
obtaining the high-efficiency PSCs.

There have been several works to study the charge-separa-
tion behavior and V). of the PSCs according to the optimized
molecular structures,?!! selected donor—acceptor (D-A) pairs,?’]
and device engineering.’% Here, we demonstrate four low-cost
D-A copolymer donorsBl32l of poly(thiophene—quinoxaline)
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(PTQ) derivatives with different fluorine substitution: PTQ7
without fluorination, PTQ8 with two fluorine substituents on
its thiophene D-unit, PTQ9 and PTQ10"! with one or two fluo-
rine substituents on their quinoxaline (Qx) A-unit, respectively,
for investigating the effect of fluorination forms of the PTQ
derivatives on charge-separation behavior and nonradiative
recombination loss of the PSCs with the PTQ derivatives as
donors and a narrow bandgap n-type organic semiconductor
(n-0S) Y6!'!l as acceptors. Molecular structures of the four
PTQ derivatives are shown in Figure la. PTQ8 shows a
drastically downshifted highest occupied molecular orbital
(HOMO) energy level, which leads to a high V.. of 0.89 V,
but its device demonstrates a poor PCE of 0.90% with a low J
and low fill factor (FF) because of the extremely poor charge sep-
aration and transportation in the blend resulting from the nega-
tive HOMO energy level offset between PTQ8 and Y6. While
PTQY9 and PTQ10 exhibit moderately downshifted HOMO
energy levels matching with the energy level of acceptor Y6. The
PTQ9-based and PTQ10-based devices show gradually enhanced
charge-separation and -transport behavior when increasing the
number of F atoms on their Qx A-unit from the light intensity
measurements and the transient absorption (TA) spectra. More-
over, the PSCs based on PTQ9 and PTQ10 as donors show grad-
ually increased V,. of 0.82 and 0.87 V with gradually reduced
Vioss 0f 0.602 and 0.549 V due to the gradually reduced nonradia-
tive recombination loss of 0.25 and 0.23 eV in comparison with
the device based on PTQ?7 (0.35 eV) without fluorination, respec-
tively. As a result, the PTQ10-based device demonstrates an
impressive PCE of 16.21% with a high V. of 0.87 V and a large
Jsc of 24.81 mA cm™2, and it is worth noting that the nonradiative
recombination loss of 0.23 eV and Vi, of 0.549 V are one of the
lowest nonradiative recombination loss values and V. values
of the high-efficiency PSCs, respectively. The results indicate
that rational fluorination of the polymer donors is the feasible
method to achieve fast charge separation and low nonradiative
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Figure 2. a) J-V curves of the PSCs based on polymer:Y6, under the illumination of AM 1.5G, 100 mW cm™. b) EQE spectra of the corresponding

PSCs based on polymer:Y6.

recombination loss in the PSCs, which is beneficial for obtaining
the highly efficient PSCs with both high V,. and large J..

The detailed synthesis procedures of the four PTQ deriva-
tives are described in the Supporting Information. The number-
average molecular weights (M,) of the polymers PTQ7, PTQS,
PTQY, and PTQI10 are measured to be 19.6, 20.8, 25.1, and
30.2 kDa with corresponding polydispersity index (PDI) values of
2.3,1.6, 2.0, and 1.6 by high-temperature gel permeation chroma-
tography (GPC), respectively (Table S1, Supporting Information).

Figure 1b shows the normalized UV-vis absorption spectra of
the four polymers in films, and the corresponding optical data
are shown in Table S1 (Supporting Information). All the four
polymers display strong absorption from 450 to 600 nm with the
optical bandgaps of 1.87, 2.00, 1.87, and 1.92 eV for the polymers
PTQ7, PTQ8, PTQ9, and PTQ10, respectively. Compared to the
single absorption peak of polymers PTQ7 and PTQ8, polymers
PTQ9 and PTQ10 show well-defined absorption profiles with
vibronic shoulders in the longer-wavelength range, which indicates
the existence of ordered aggregation and strong 7 stacking inter-
action in their thin films. The cyclic voltammetry (CV) measure-
ments are employed to evaluate the electronic energy levels of the
four polymers, as shown in Figure S1 (Supporting Information),
and their Eyomo/Eiumo Were measured to be —5.38/-2. 82,
—5.68/-2.92, -5.41/-2.87, and —5.55/-2.90 eV from their onset oxi-
dation and onset reduction potentials, respectively (Figure 1c). As
expected, the polymer PTQ8 has the deepest HOMO energy level
due to the double-substituted F atoms on its thiophene D-unit,
and the polymers PTQ9 and PTQ10 show gradually downshifted
HOMO energy levels in comparison with PTQ7 due to the gradu-
ally increased number of F atoms on the Qx A-unit.

Photovoltaic properties of the four PTQ derivative donors
were studied by fabricating the traditional structured PSCs
with the device structure of indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS)/
polymer:Y6/perylenediimide  functionalized with amino
N-oxide (PDINO)/Al Figure 2a shows the current density—
voltage (J-V) curves of the optimized PSCs based on the four
polymers as donors and Y6 as acceptors with a donor/acceptor
weight ratio of 1:1.2, and Table 1 lists the photovoltaic perfor-
mance parameters of the corresponding devices. It can be seen
from Table 1 that the devices based on polymers PTQ7, PTQ9,
and PTQ10 exhibit gradually increasing V,. of 0.71, 0.82, and
0.87 V with increasing the number of F atoms substitution on
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Qx A-unit, which are consistent with the downshifted Eyomo
of the polymer donors. The PCE of the PSCs based on poly-
mers PTQ7, PTQ9, and PTQ10 gradually increased from 5.75%
for PTQ7 to 10.50% for PTQ9 and to 16.21% for PTQ10 with
simultaneously enhanced J,. and FF. However, the device based
on polymer PTQ8 shows extremely low J . and FF, resulting in
the lowest PCE of 0.90% though it has the highest V., which
should be ascribed to the mismatched Ejyjgyo between polymer
PTQ8 and acceptor Y6 (the Eyopmo of the donor PTQ8 is lower
than that of the acceptor Y6), thus causing the poor exciton dis-
sociation and charge transport in the blend film.

To confirm photovoltaic performance of the PSCs based on
the four polymers, we measured the external quantum effi-
ciency (EQE) of the corresponding champion devices, and the
results are shown in Figure 2b. In comparison with the PTQ7-
based device, the devices based on polymers PTQ9 and PTQ10
show enhanced photoelectric conversion efficiency with com-
prehensively rising EQE profiles (maximal EQE value of 79.08%
for the PTQY9-based device and 80.8% for the PTQ10-based
device, compared to 61.89% for the PTQ7-based device). The
current density values integrated from the EQE spectra are
18.09 mA cm™ for the PTQ7-based device, 23.07 mA cm™ for
the PTQ9-based device, and 23.76 mA cm™ for the PTQ10-
based device, which are consistent well with the J . values from
J-V curves within 5% mismatch, indicating the reliability of the
measured photovoltaic data. Consistent with the result from
J-V measurement, the PTQ8-based device shows an extremely
poor photoelectric response with a maximal EQE value of =10%
and a low integrated current density of 3.05 mA cm™, which
should be ascribed to the poor charge separation in the blend
due to the HOMO energy level mismatching.

Table 1. Photovoltaic performance parameters of the PSCs based on
polymer:Y6.

Devices Voe V] Jse [MAcm™? FF [%] PCE [%]
PTQ7:Y6 0.71 18.65 43.4 5.75 (5.69 £ 0.06)%
PTQ&:Y6 0.89 3 325 0.90 (0.86 £0.02)
PTQ9:Y6 0.82 23.72 54.0 10.50 (10.30+£0.13)
PTQ10:Y6 0.87 24.81 75.1 16.21 (15.97 £0.18)

AThe average values are calculated from 20 devices.
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Figure 3. a) J,, versus Vg of the PSCs based on polymer:Y6. b) The femtosecond-resolved (excited by 800 nm) and c) nanosecond-resolved (excited
by 532 nm) TA dynamic curves probed at 620 nm from PTQ7:Y6 blend, 570 nm from PTQ8:Y6 blend, 630 nm from PTQ9:Y6 blend, and 615 nm from
PTQ10:Y6 blend, respectively. d) A schematic diagram of the hole transfers in the polymer:Y6 blends.

Charge separation and transport are the crucial processes
from photons to electrons conversion in the PSCs. As
mentioned above, fluorination results in the downshifted
Enowmo of polymers PTQ8, PTQ9, and PTQ10, and the gradu-
ally smaller Eyomo offset (AEpomop-a) between polymer
donors and acceptors (AEgomop-a) becomes negative for the
PTQ8:Y6 blend). In order to investigate the effect of the Eyono
offset on the exciton dissociation dynamics of the devices, we
studied the relationship between the photocurrent density (1)
and the effective voltage (V.g).1’3! As expected, the PTQ8-based
device exhibits an extremely low exciton dissociation probability
of 46.6% (see Figure 3a), which should be caused by the mis-
matched Eyopo alighment between donor PTQ8 and acceptor
Y6. In contrast, the devices based on the polymers PTQ9 and
PTQ10 with monofluoro-substituted and difluoro-substituted
Qx A-unit show gradually increased exciton dissociation prob-
ability of 92.6% and 96.2% (75.3% for PTQ7-based device),
respectively.

To further study the effect of fluorination forms on the pho-
toinduced charge-separation and charge-transfer dynamics in
the devices based on the four polymers,?*l we performed the
TA spectroscopy measurements (the detailed measurement
method is described in the Supporting Information) to check
the charge-transfer details. As all of the four polymer:Y6 com-
binations possess sufficient AE ymop-a) (>1 €V) for electron
transfer, thus, here we mainly focused on the hole-transfer pro-
cess in the four blends. We performed the femtosecond-resolved
TA spectroscopy measurements to probe the hole-transfer pro-
cess in the blends at the excitation wavelength of 800 nm, and
only acceptor Y6 was excited at this pump wavelength according
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to the TA signals from the neat samples of polymers (Figure S2,
Supporting Information). The corresponding TA results of the
blends based on the four polymers are shown in Figure 3b and
Figure S3 (Supporting Information). It is found that there were
no bleaching signals observed in the PTQ8-based blend, which
indicates that there is almost no hole transfer in the blend. This
result is consistent with the exciton dissociation measurements
mentioned above, which should be due to the mismatched
Epomo alignment between donor PTQ8 and acceptor Y6. In
contrast, the obvious bleaching signals at the shorter-wave-
length range were observed from the blends based on PTQ?7,
PTQY, and PTQ10 though the gradually reduced AEyopmop-a)-
As the excitation photon energy at 800 nm is much smaller
than that required for exciton absorption of polymers, there-
fore, those bleaching signals can be naturally assigned to the
efficient hole transfer from Y6 to polymers. Moreover, all the
three blends exhibit long enough charge separated (CS) state
lifetimes with nanosecond scale from the nanosecond-resolved
TA spectroscopy (Figure 3c; Figure S4, Supporting Informa-
tion). With these results, we briefly summarize that fast and
efficient hole transfer is achieved in the blends based on PTQ7,
PTQY, and PTQ10 (Figure 3d), and it suggests the existence
of the long-lived dissociated excitons in the blends, which is
beneficial for electricity generation. In contrast, the PTQ8-
based blend shows extremely poor charge-separation and hole-
transfer behaviors due to the mismatched Epqyo alignment
(negative AEyomo(p-a)) between donor PTQS8 and acceptor Y6.
The Vi, in solar cells is defined as the difference between
the Eg/q (q is the elementary charge) of the solar cells’ active
layer (for the PSCs, the lowest E, value between the donor
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Table 2. Detailed V., parameters of the PSCs based on polymer:Y6.
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only determined by E, for a given illumina-
tion spectrum and temperature according to

Devices Eg[eV] VM ARV vgd M AE[V] ARV Viess [V] Equation (2). As all of the four devices using
PTQ7:Y6 1.414 116 0.254 1.06 0.10 035 0.704 the same acceptor Y6, thus Fhe vglues of AE,

were calculated to be nearly identical (Table 2;
PTQ9:Y6 1.422 116 0.262 1.07 0.09 0.25 0.602 Figure S5, Supporting Information, the calcu-
PTQ10:Y6 1.419 116 0.259 1.10 0.06 0.23 0.549 lation of AE;, AE,, and AE; is described in the

and acceptor is used in the calculation) and its V,.. In order
to investigate the intrinsic reasons that cause the dramatically
changed V,., Vi and photovoltaic performance of the devices,
here we systematically studied the Vj, issue of the PSCs based
on the polymer donors of PTQ7, PTQY, and PTQ10 (we will
not discuss the Vi, of the PTQ8-based device due to its mis-
matched HOMO energy level with acceptor Y6). The detailed
components of Vj,, can be categorized into three parts based
on the SQ limit, as shown in Equation (1)2°]

qViss = Eg —=qVoc
=(E, —qVod)+(qVed —qVse )+ (aVee —qVoc )
= (Eg - quS ) + qA V(;?:d'below &P 4 q A Vct)lgn-rad
=AE, +AE, + AE;

1)

q- J;: D amisc (E) -dE

q-jE:QBB (E)-dE

AE, =E, —qV5d zEg—k—Tln
q

The first two parts (AE; and AE,) in Equation (1) are caused
by radiative recombination, and the third part (AE;) is caused
by nonradiative recombination. The AEF; is the unavoidable loss
for all types of solar cells, which is from the mismatch between
received radiative in a narrow solid angle from sun and the
omnidirectional radiative recombination. The value of AE; is

Supporting Information). The minor differ-

ence of AE; is due to the slight difference in
molecular packing behavior of acceptor Y6 when blending with
different polymer donors

rad

AE, =qV5¢ —qVoe
|, |0 ] @useE)dE| g [ EQE(E) Bunsc ()-dE
=—1|In o - e
T | @], Dw(E)dE -], EQE(E)- @ (E)-dE

@)

The AE, is the additional radiative recombination loss from
the absorption below the bandgap which is attributed to the non-
step function absorption or EQE in the realistic PSCs devices. To
probe the V), from this part, we carried out the Fourier-trans-
form photocurrent spectroscopy (FIPS; the detailed measure-
ment method is described in the Supporting Information) and
EL measurements (Figure 4a) of the three devices. The values of
AE, were calculated to be 0.06-0.10 eV according to Equation (3)
(Table 2); the small AE, values mean the radiative recombination
loss from the absorption below the bandgap is insignificant and
it only contributes to a small part of V}. for the three devices
AE; = qV5¢ —qVoc = gAVoE™ (4)
The third part AE; is the loss from nonradiative recombina-
tion in the devices (Equation (4)). For inorganic solar cells and
pero-SCs, AE; is about 0.25 eV, while this value is much larger

o' 10' 10' 10"
PTQ9: Y6 s PTQ10: Y6

ey J 1 ¢ 1o
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Figure 4. a) FTPS-EQE, EQE, normalized EL, and ¢g /¢y, of the devices based on polymer:Y6. b) E,.s and its detailed three components of AE;, AE,,

and AE;.
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in PSCs (generally in the range of 0.38-0.44 eV). To study the
effect of fluorination forms on the nonradiative recombination
loss, we estimate the V¢& values of the three devices by the FTPS
and EL measurements, and they were calculated to be 1.06 V for
the PTQ7-based device, 1.07 V for the PTQ9-based device, and
1.10 V for the PTQ10-based device; thus, the corresponding AE;
values were 0.35, 0.25, and 0.23 eV respectively (Table 2). It is
found that the devices based on the fluorinated polymers PTQ9
and PTQ10 show obviously reduced AE; in comparison with the
PTQ7-based device, and the values of AE; gradually decrease as
the degree of fluorination on Qx A-unit increases.

Figure 4b displays the energy loss (Ess) and its detailed three
components. It is found that unavoidable radiative recombina-
tion loss AE; and nonradiative recombination loss AE; constitute
the main part of F, and the difference of F is mainly caused
by the AE;. As increasing the number of F atom substitutions on
the Qx A-unit of the polymer donors, the corresponding devices
show gradually reduced E. As a result, the PTQ10-based device
demonstrates an impressive PCE of 16.21% with an extremely
low Vjoes 0f 0.549 V which is one of the lowest V. values in the
highly efficient PSCs. The results indicate that rational fluorina-
tion of the polymer donors is an effective method to suppress
nonradiative recombination loss thus reducing Vi, of the PSCs.

Morphology of the photoactive layer is a critical factor to deter-
mine the donor/acceptor blend quality and the photovoltaic perfor-
mance of the PSCs. To probe the fluorination effects on molecular
self-assembly, molecular orientation features, and blend films’
morphology, we carried out grazing-incidence wide-angle X-ray
diffraction (GIWAXS) measurements, and the images and plots
of GIWAXS measurements are shown in Figure 5. For the neat
PTQ7 film, there is no 7m—n stacking diffraction peaks ((010)
peaks) in both of in-plane (IP) and out-of-plane (OOP) direc-
tions (Figure 5a,c), which indicates the amorphous feature of
the polymer PTQ?7. For the neat PTQ9 and PTQ10 films with
monofluoro-substituted and difluoro-substituted Qx A-units, the
distinct and gradually enhanced (010) peaks were observed at
1.71 and 1.73 A~' in OOP directions (Figure 5a,c) which corre-
spond to the reduced m—r stacking distance of 3.67 and 3.63 A,
respectively, and a gradually decreased lamellar distance was
also observed in the neat PTQ9 (23.28 A) and PTQ10 (23.27 A)
films in comparison with 25.54 A for neat PTQ7 film. The grad-
ually increased (010) peaks, reduced 77 stacking distance and
reduced lamellar distance in the OOP directions of the polymers
PTQY and PTQ10 suggest more preference of face-on molecular
packing orientation in the vertical direction of substrate, which
are beneficial for efficient charge transport in the films. For the
neat acceptor Y6 film, the obvious face-on molecular packing ori-
entation with 77 stacking diffraction peaks at =1.7 A~ in the
OOP direction is observed (Figure S6, Supporting Information).
The GIWAXS plots of blend films demonstrate microstructural
features with the diffraction patterns contributed from individual
components (Figure 5b,d). In comparison with the PTQ7-based
blend film, just like the molecular stacking features of the neat
PTQY9 and PTQ10 films, the PTQ9-based and PTQ10-based
blends exhibit more preferred face-on molecular packing orienta-
tion and more tight molecular packing features in the OOP direc-
tion, indicating the better charge transport capability in the ver-
tical direction of substrate. The results indicate that fluorination
on the Qx A-unit of the PTQ derivative donors results in partial
aggregation of the polymer chains thus leading to the enhanced
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m—m molecular stacking features and the higher molecular crys-
talline characteristics of polymers PTQ9 and PTQ10, which con-
sequently assist charge transport and improve the photovoltaic
performance of the PSCs based on PTQ9 and PTQ10. The
gradually increased molecular self-assembly features of polymers
PTQY and PTQ10 and the more favorable morphology of their
blend films can also be observed from the topography images of
their blend films (Figure S7, Supporting Information).

The hole mobilities () of the PSCs based on PTQ7, PTQ9,
and PTQ10 as donors are measured using the space charge lim-
ited current (SCLC) method with the hole-only devices (ITO/
PEDOT:PSS/polymer:Y6/Au), and the measurement results are
shown in Figure S8 (Supporting Information). As expected, the
device based on polymer PTQ7 without fluorine substitution
shows the lowest t, of 0.48 x 10 cm? V™' s7; the poor hole
transport capability will cause serious recombination behavior
in the blend thus resulting in low J,., FF, and poor photovoltaic
performance. The PTQ9-based and PTQ10-based devices show
gradually increased py, of 1.20 X 107 and 3.12 x 107> cm? V157!,
respectively, in comparison with the PTQ7-based device. The
improved hole mobility suggests better hole transport capability
of the fluorinated polymers PTQ9 and PTQ10, which could be
responsible for the increased J,. and FF of the PTQ9-based and
PTQ10-based PSCs.

The charge-carrier recombination behavior of the three PSCs
based on PTQ7:Y6, PTQ9:Y6, and PTQ10:Y6 is investigated
according to the dependence of J, and V. on light intensity
(Pygh), respectively. In PSCs, Ji. and Pygp follow the relation-
ship of Ji o< (Pygnt)* where the o value indicates the degree of
bimolecular recombination. If all free charge carriers are col-
lected prior to recombination, the o value should be 1, while
o < 1 indicates there is some extent of bimolecular recombi-
nation. Figure S9a (Supporting Information) shows the plots
of log Ji. versus log Pjigy, and the slope o values are 0.92 for
the PTQ7:Y6-based device, 0.98 for the PTQ9:Y6-based device,
and 0.99 for the PTQ10:Y6-based device. The o values gradually
approach 1 for the PTQ9:Y6-based device and PTQ10:Y6-based
device indicate the gradually reduced bimolecular recombina-
tion and more efficient charge carrier transportation feature in
their blends. In addition, if bimolecular recombination is the
exclusive recombination forms in PSCs, the slope of the fitting
straight line of Vi, versus In (Pyg,) should be kT/q (where q
is the elementary charge, k is the Boltzmann constant, and T
is the Kelvin temperature), the plots of V. versus In (Pygp) of the
three devices are shown in Figure S9b (Supporting Information).
The slopes of the fitting lines for the PSCs based on PTQ7:Y6,
PTQ9:Y6, and PTQ10:Y6 are 1.32, 1.23, and 1.02 kT/q, respec-
tively. The slope very close to kT/q for the PTQ10:Y6-based device
indicates that there are very few other recombination forms in
its blend. The results of [, and V,. dependence on Pjg indi-
cate that there is very few charge-carrier recombination in the
PTQ10:Y6-based PSC. Typically, charge-carrier recombination is
directly related to FF of the PSCs. This result together with the
higher hole mobility of PTQ10:Y6 blend should be contributed
to the higher FF value (75.1%) of the PSC based on PTQ10:Y6.

In conclusion, we develop four low-cost D-A copolymer
donors of PTQ derivatives based on electron-rich thio-
phene D-unit and electron-deficient Qx A-unit with different
fluorine substituents, to investigate the effect of fluorina-
tion forms on charge-separation behaviors and V, of the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) GIWAXS images and c) line cuts of the neat PTQ7 film, neat PTQ9 film, and neat PTQ10 film. b) GIWAXS images and d) line cuts of the
PTQ7:Y6 blend film, PTQ9:Y6 blend film, and PTQ10:Y6 blend film.

PTQ-derivative-based PSCs. In comparison with PTQ7 without  on thiophene D-unit shows the lowest Eyopo of —5.68 eV. The
fluorination, the fluorination on other three polymers results in ~ PTQ8-based device displays a highest V.. of 0.89 V but very
downshifted Eyjono, especially PTQ8 with bifluorine substitution ~ poor PCE of 0.90% with the low J . and low FF because of the
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extremely poor charge separation and transportation in the
blend resulting from the mismatched Eyjoyo alignment between
donor PTQ8 and acceptor Y6. While PTQ9 and PTQ10 with
fluorination on their Qx A-unit possess lower and appropriate
Etiomo, and the PSCs with PTQ9 and PTQ10 as donors exhibit
higher PCE with higher V,. (lower Vi), higher ], and higher
FF simultaneously, in comparison with the PTQ7-based device.
Moreover, the two devices show gradually enhanced charge
separation and transport behavior with increasing number of F
atoms on Qx A-unit from photocurrent measurement and the TA
spectra. Importantly, the PTQ10-based device with Y6 as accep-
tors demonstrates an impressive PCE of 16.21% with a high V.
of 0.87 V (low Vi of 0.549 V) and a large J,. of 24.81 mA cm™
simultaneously, and a Vi, of 0.549 V is one of the lowest Vjq
values in the efficient PSCs with PCE over 15%. The results
indicate that rational fluorination of the polymer donors is the
effective method to achieve fast charge separation and low Vi
simultaneously in the PSCs, which is beneficial for obtaining the
highly efficient PSCs with both high V, and large J..

Supporting Information

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