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Quaternary approach has been receiving more and more attention due to its effectiveness in improving
solar cell performance, while synthesis/selection of the fourth component is yet a key issue. Herein, we
report a chlorinated phthalimide based donor polymer (namely PhI-Cl) having an ultra-wide bandgap
(2.10 eV) and a deep HOMO (-5.58 eV) level. Addition of PhI-Cl as the third component of PM6:Y6 and
the fourth of PM6:Y6:PC7BM increases both hole and electron mobilities and gives rise to more bal-
anced charge carriers mobilities. Both the short-circuit current-density and fill-factor are increased and
open-circuit voltage is well maintained, delivering 17.0% and 18.1% efficiencies, respectively. These results
demonstrate that chlorination on the side thiophene of phthalimide-based donor polymer is a way to
make deep HOMO and ultra-wide bandgap donor polymer guest used for highly efficient ternary and

Wide bandgap

quaternary strategies.
Fullerene-free

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic solar cells (OSCs) are one of the most attractive next-
generation photovoltaic technologies that convert the green and
sustainable solar energy into electric power [1-3]. They have at-
tracted increasing interest because of the advantages such as
lightweight, mechanical flexibility, and low-cost and large-area
printing [4,5]. In recent years, efforts in design of electron-donor
and -acceptor materials and innovation in device engineering have
led great progress with the power conversion efficiencies (PCEs)
over 18% [6-12]. However, simultaneously improvement in open-
circuit voltage (Vo) [13], short-circuit current (Jsc) [14,15] and fill
factor (FF) [16-18] is yet challenging, due to morphological and
electronic structure constraints, leading to performance trade-offs.
In recent years, ternary strategies have made great progress in the
field of OSCs. Introduction of the third components into host bi-
nary blended material systems can either broaden light absorption,
align energy levels or improve film-morphology, resulting in im-
proved charge dynamics and transportation and increased device
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stability [19-29]. Nevertheless, the ternary strategies are limited in
improving solar cell performance, for examples, due to (1) that the
introduction of a single narrower bandgap (E¢°P') generally accom-
panies with a decrease in V. and normally a negative influence
in blend morphology [30], or (2) that the introduction of a single
third component can improve blended structures but without pro-
nounced influences on photocurrent or voltage [31], or (3) that the
employment of a single nonfullerene acceptor guest with its LUMO
level higher than that of the host can lead to the increase in V.
and normally also in FF, while rarely in Jsc [32-36].

Relative to the ternary approaches, the quaternary strategies
that allow to introduce more than one extra component into the
active layer are solutions to these issues [37-42]. Because of the
inclusion of additional two components in the active layer, the
quaternary strategy allows us to judiciously select or design two
extra components to introduce more photon-to-electron conver-
sion mechanisms. In comparison, this is difficult to be achieved by
adding only one component in the ternary strategies [40,43]. For
examples, Ma et al. [43] selected PBDB-T and ITIC as the third and
fourth components of PTB7-Th:FOIC to increase Jsc and FF both.
Yan et al. [44] used PTQ10 and PC;;BM as the two extra com-
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Fig. 1. (a) Molecular structures of the host and guest donor polymers (PhI-Cl and PM6) and the host and guest acceptors (Y6 and PC;;BM). (b) Top and side views and (c)
Distributions of the HOMO and LUMO of the repeating unit BDT-CI-Phl, optimized using DFT package.

ponents to effectively increase the hole mobility and hence bal-
ance the hole and electron mobilities and again suppress charge
recombination. Liu et al. [10] used PM7 and PC;;BM as the qua-
ternary strategy to constitute double cascading energy level align-
ment to enhance charge splitting and increase carriers mobilities,
resulting in simultaneous improvements of Js, Voc and FF, achiev-
ing 18.07% efficiency. We used IDIC and PC7BM as the third and
the fourth component to increase phase crystallinity and again in-
crease the phase purity, and reduce the nonradiative energy loss,
giving rise to solar cell performance simultaneous increase, obtain-
ing over 17% efficiency [45].

Normally, narrower bandgap polymer donors have been
selected as the guest components to achieve absorption-
complementary systems so as to enhance the solar light capturing.
Recently, we reported a unique case in which we turned to con-
sider using ultra-wide bandgap polymers to increase absorption
of the 300-500 nm light. In this case we synthesized two ph-
thalimide based polymers, e.g., Phl-Th and Phl-Se [46,47] as the
guest components. Their bandgaps were around 2.0 eV. Use of
selnophene rather than thiophene as the m-bridge enabled down-
shifting the polymers’ HOMO levels, being lower than the HOMO
level of PM6. This is helpful to maintain or even increase the
Voc. The most interesting is that the Phl-Se enabled to selectively
tune the fluorinated Y6 [48] phase ordering, which increased elec-
tron mobility. Again, Phl-Se formed individual phase other than
PM6, leading to increased photocurrent. Taken together, PhI-Se
displayed advantages such as (1) ability to selectively tune the
fluorinated Y6 phase ordering, (2) ability to form individual phase,
and (3) downshifted HOMO level. Synergy of these advantages
resulted in a simultaneous increase in solar cell performance.
Recent studies have indicated that chlorination, for example, on
the side-thiophenes of polymer donors [49-53] such as PM7
[49] or on the end-groups of nonfullerene small-molecule ac-
ceptors [54-58] enabled to downshift the energy levels of the
Frontier molecular orbitals. Inspired by this, we in this work turn
to chlorinate the phthalimide polymer to lower the HOMO energy
level and report a new ultra-wide bandgap phthalimide polymer
donor guest (PhI-Cl, Fig. 1a). With the chlorination, the HOMO
energy is down to —5.58 eV, a little lower than the HOMO level
of the host polymer PM6, and the LUMO level is maintained on
—2.85 eV. The bandgap is 2.10 eV. Both PhI-Cl and PM6 shared
similar fused-ring cores, thus maintaining good compatibility.

We introduce PhI-Cl as the additive of PM6:Y6 and further the
fourth component of the PM6:Y6:PC7;BM. First, the deeper HOMO
level of PhI-Cl than that of PM6 helps to increase V,.. Second,
the compatibility between PhI-Cl and PM6 allows tunability on
blended morphology, leading to possibility in increasing charge
transportation, and hence, photocurrent generation. Practically, the
use of PhI-Cl as the fourth component simultaneously increases
both Jsc and V, with maintaining the device FF and thus resulting
in 18.13% efficiency, which is one of the top values achieved from
quaternary approaches.

We conducted density functional theory (DFT) (Gaussian 09
software, B3LYP) to predict the energy levels and electronic nature
of PhI-Cl. The results are given in Figs. 1b and c. Here, one repeat-
ing unit, namely BDT-CI-Phl, was selected to represent the poly-
mer for simulations. The backbone shows slight distortion (Fig. S1
in Supporting information). The dihedral angles between BDT and
thiophene, between thiophene and Phl, and between BDT and Phl
are about 3°, 32°/28° and 26°, respectively. The HOMO was mainly
distributed on BDT-thiophene part, extending to the Phl unit, while
the LUMO was mainly observed on the Phl unit. The predicted
HOMO and LUMO are a little displaced, which is consistent with
the weak electron-withdrawing ability of phthalimide unit, leading
to weak intramolecular charge transfer and ultra-wide bandgap.

Fig. 2a shows the absorption profiles of PM6, PhI-Cl, Y6, PC;;BM
used in this study. The absorption of PhI-Cl is blue-shifted in
comparison to that of PM6, covering the 300-600 nm region.
The absorption spectra of Phl-Se, PM6 and Y6 are complemen-
tary and cover 300-950 nm region. From the cyclic voltametry
(CV) measurement (Fig. S2 in Supporting information), the HOMO
and LUMO energy levels of PhI-Cl were estimated to —5.58 eV
and —2.85 eV, respectively. Fig. 2b displays the energy levels dia-
gram of the four materials. The HOMO level of PhI-CI is about 0.04
eV downshifted in comparison to that of PM6 and about 0.04 eV
higher than the HOMO of Y6, forming aligned energy levels.

The photovoltaic properties of using PhI-Cl as the third ad-
ditive of PM6:Y6 and the forth component of PM6:Y6:PC;1BM
were investigated by fabricating normal structure devices. The
electron-transporting layer (ETL) material was PFN-Br or PDINO.
First, the opyimizations were conducted with PDINO as the ETL
material. The best ratio of the four active layer materials was
PhI-Cl:PM6:Y6:PC71BM =0.1:1:1.2:0.1. The optimizations are col-
lected in Table S1 (Supporting information). With PDINO as the
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Fig. 2. (a) Film absorption spectra and (b) energy levels of donor polymer (PM6) and guest polymer (PhI-Cl), the host (Y6) and guest (PC7;BM) acceptors. (c) J-V curves (d)

EQE curves of the optimized binary, ternary and quaternary devices.

Table 1

The photovoltaic data of binary, ternary, and quaternary devices. All data were obtained under illumination of AM 1.5G (100 mW/cm?) light source.

Active layer Voc @ (V) Jsc @ (mA/cm?) Jeacl” (mAJcm?) FF 2 (%) PCEqye @ (%)

PM6:Y6 0.840 (0.840-£0.001) 26.1 (25.840.2) 252 74.8 (74.34+0.71) 16.4 (16.10.19)
PhI-Cl:PM6:Y6 0.840 (0.840-£0.002) 26.8 (26.8+0.1) 25.9 75.2 (74.5£0.55) 17.0 (16.8+0.16)
PM6:Y6:PC7; BM 0.845 (0.843+0.002) 27.2 (27.1£0.3) 26.3 76.5 (76.34+0.31) 17.6 (17.3+0.21)
PhI-Cl:PM6:Y6:PC7; BM 0.848 (0.844+:0.002) 27.7 (27.840.1) 27.0 77.1 (76.55+0.40) 18.1 (18.0+0.09)

2 The average values were obtained from 20 devices.
b Obtained from the integration of the EQE spectrum.

ETL, a PCE of 15.95% and a V,. of 0.855 V were obtained from the
PM6:Y6 based best device (Table S1). Higher V,c of 0.906 V was
obtained from the PhI-Cl:Y6 binary solar cell (Table S1). Adding
PhI-Cl as the third component of PM6:Y6, the best performance
were observed as the content of PhI-CI:PM6 was 0.1:1. A PCE of
17.19% was obtained. Both of the V. and FF were a little increased
and the Jsc was increased fom 24.71 mA/cm? to 26.37 mA/cm?.
The well maintainence of the V,. (0.863 V vs. 0.855 V) was due
to the deep HOMO level of PhI-Cl in comparison to the HOMO of
PM6 (Fig. 2b). When adding 0.1 content of PC7;BM into the Phl-
Cl:PM6:Y6 (0.1:1:1.2), the solar cell performance was all increased,
affording a PCE of 17.72%. This is in accordance with the reproted
results in which the addition of PCBM can result in simultaneous
increase in solar cell performance [59-61]. When using PFN-Br
as the ETL material, a PCE of 16.39% (Table 1) was obtained
from the PM6:Y6 binary device. The Jic was 26.09 mA/cm?, the
Voc was 0.840 V, and the FF was 74.79%. The performance was
close to the reported values [62]. Adding 0.10 of PhI-Cl as the
third component (Table S2 in Supporting information), the best
device delivered a higher PCE of 16.97% with the Js increasing
to 26.84 mA/cm? and the Vo and FF well maintained. Adding
PhI-Cl as the forth component of PM6:Y6:PC71BM, the solar cell
performance is simultaneously increased, affording an impressive
PCE of 18.13% with Vo =0.848 V, Jic=2774 mA/cm?, and FF
=77.05%. The integrated Jsc values (Table 1) are consistent with the
values obtained from the J-V curves. For the quaternary device, the
highest EQE appears at 540 nm, around 86.81%. Fig. 2c shows the

J-V curves of the best solar cell devices illuminated under an AM
1.5G 100 mW/cm? light source. Fig. 2d gives the external quantum
efficiency (EQE) spectrs. Table 1 collects the device performance.

From Fig. 3a, we can see that the Js values increase from
PM6:Y6 to PhI-Cl based ternary and again from PM6:Y6:PC7;BM
to the quaternary. Consistently, the estimated hole and electron
mobilities showed in Fig. 3b increase in the similar trend. The elec-
tron and hole mobilities were measured from the dark J9°-V data
(Fig. S3 in Supporting information), which were obtained from the
space-charge-limited current (SCLC) method. The largest electron
and hole mobilities (jte =8.63x10~4 cm? V-1 s~1, up =731x10~4
cm? V-1 s71) and again the most balanced electron to hole
mobilities (ue/y =1.18) were observed at the optimized weight
ratio of PM6:Y6:PhI-Cl:PC;1BM =1:1.2:0.1:0.1. At the same time,
as a reference, we also tested PM6:Y6:PC7;BM=1:1.2:0.1, and the
results showed that its electron and hole mobilities (ue/uy,) are
7.65 x 1074, 6.14x10~* cm? V-! s-1. Compared to the mobilities
of the 1:1.2 mixed blend of PM6:Y6, larger hole and electron
mobilities were observed when mixing PhI-Cl with the PM6:Y6
binary blend: the electron and hole mobilities (ue/w) were 6.61
x1074,512x10~4 cm? V-1 s~ and 4.25 x 107%4,3.14x10~4 cm?2 V-1 571,
respectively (Fig. 3b). Again, the mobilities became balanced
(Fig. 3b). The values of pe/n, were 1.25, 129 and 135 for
PM6:Y6:PC71BM, PM6:Y6:Phl-Cl and PM6:Y6 based blends, respec-
tively. More balanced carrier mobility was realized after adding
PhI-Cl as the third or the fourth component, which agreed with
the increased FF values.
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Fig. 3. (a) The plots of the photovoltaic parameters and (b) the hole and electron mobilities (in/ue) versus the active layer materials, respectively. (c) The J,;, versus Vg
characteristics of the four best solar cell devices and (d) the plots of J,psc and Jpnsac versus different active layer materials.

In order to see the photocurrent (Jy,) generated in the opti-
mal binary, ternary, and quaternary solar cell devices, we mea-
sured both the illuminated and dark J-V curves of the corre-
sponding solar cell devices. Fig. 3c are the plots of Jy, as a
function of Ve, here, V. is the effective internal field with
Ver = Vo — (Vpias +Jph "Rs)» Vbias 1S the applied voltage and Vj is the
voltage when J,;, =0 mA/cm?. The term of Jpn*gs is added to cor-
rect the applied bias Vj;,, for the voltage loss occurring over the
series resistance [63]. Jp, increases at the low Vg range and tends
to be saturated around MPP (maximum power point). This trend
suggests that the carriers are efficiently transported and collected
by the right electrode at a large Vg regime in each solar cell de-
vice. To compare the collection of photogenerated charges in bi-
nary, ternary and quaternary devices, we calculated the Jy, val-
ues at the short-circuit (Jopc), the MPP, and the saturated points
Uphsat) (Table S3 in Supporting information). Fig. 3d shows the
plots of Jpnsc (red line) and Jup g, (black line) versus the active
layer materials. Both Jyns and Jyhe are increased with PhI-Cl
as the third component of PM6:Y6 and the fourth component of
PM6:Y6:PC7;BM, which agrees with the trend of change in Js. val-
ues obtained from these devices. The charge collection efficien-
cies at the MPP and short-circuit conditions are demonstrated by
Jonmpplphsat @0d Jpp scllphsar (Table S3 in Supporting information).
We can see that both the Jynmpp/lphsat @0d Jpnscllphsac iNCrease
with adding PhI-Cl as the third component of PM6:Y6 and again
the fourth component of PM6:Y6:PhI-Cl:PC;; BM.

To see the recombination of charge carriers at short-circuit and
open-circuit conditions, respectively, Figs. 4a and b show the plots
of the Jic and V. as a function of the incident light intensity
(Piign¢)- From the linear fittings of Injsc vs. InPjgp, (Fig. 4a) and Vi
vs. InPygn (Fig. 4b), o and nkT/q values are obtained (showed in the
right figures), respectively. Here, k, T and q are the Boltzmann con-
stant, temperature in Kelvin, and the elementary charge, respec-
tively. The values of « increase from 0.960 to 0.975 and again from
0.977 to 0.985 when PhI-Cl as the third component of PM6:Y6
and again the fourth component of PM6:Y6:PC7;BM, meaning that
the bimolecular recombination at the short-circuit condition can
be suppressed when adding PhI-Cl as the extra component. This

is consistent with the increase of the device FF. The n values are
slightly decreased when adding PhI-Cl, meaning that adding PhI-CI
well maintains the monomolecular recombination.

As shown in Fig. S4 (Supporting information), about 40% of the
fluorescence spectrum of PhI-Cl is overlapped with the absorp-
tion spectrum of PM6, which suggests the possible energy transfer
from PhI-Cl to PM6. We therefore fabricated the 0.1:1 blended Phl-
Cl:PM6 film and measured the absorption and fluorescence spectra,
which are shown in Fig. S4 with the blue solid and dashed lines.
Compared with the fluorescence spectra of PhI-Cl and PM6 films,
the high-wavelength edge of the fluorescence spectrum of the Phl-
Cl:PM6 blend is nearly identical to that of the pure PM6 film. This
means that the energy transfer from PhI-Cl to PM6 might be take
place. Again, the fluorescent peak of the blend is red-shifted in
comparison to that of PM6, suggesting that adding PhI-Cl might in-
duce a change in the packing of PM6 molecules. This is supported
by comparison of the absorption spectra of the pure PM6 and the
blend: compared with the absorbance at 611 nm, the absorbance
at 574 nm is relatively increased after the PM6 is mixed with 0.1
PhI-Cl.

The film morphologies of the binary, ternary and quaternary so-
lar cell blend films were first investigated via transmission elec-
tron microscopy (TEM) and atomic force microscopy (AFM) height
and phase techniques (Fig. S5 in Supporting information). In TEM
images (Figs. S5a-d), phase-separated nanoscaled fibril networks
are seen for the four solar cell film blends. After adding PhI-Cl as
the third component of PM6:Y6 and as the fourth component of
PM6:Y6:PC7;BM, the phase-separated white and dark domains be-
come more contracted. Relatively larger white and dark domains
are seen, which is consistent with the increased charge mobilities
and the increased short-circuit current. The AFM height (Figs. S5e-
h) and phase (Figs. S5i-1) images also demonstrate the fine fibril
networks on the surfaces of the binary, the two ternary and the
quaternary blends. The root-mean-square (RMS) roughness is 0.77
nm for the PM6:Y6 (1:1.2) binary blend and increases to 1.30 nm
after adding PhI-Cl. Again, the RMS value also increases from 0.82
nm to 138 nm after adding PhI-Cl as the fourth component of
PM6:Y6:PC71 BM.
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The structures of the four solar cell blend films were further
studied with 2-D graze-incidence wide-angle X-ray scattering (GI-
WAXS). Fig. S6 (Supporting information) shows the GIWAXS data
of the binary, the two ternary and quaternary blends plus the
pure PhI-CI film. The PhI-Cl tends to adapt the face-on orientation.
When adding PhI-Cl as the extra component, the perfect face-on
orientation of the PM6:Y6 blend are well kept, which can be ex-
plained with the structural similarity of the PhI-Cl and PM6 back-
bones. The coherent crystalline length (CCL) values of the m-m
stacking are estimated to be 18.03 nm and 17.55 nm after the ad-
dition of 0.1 PhI-Cl. For the lamellar stacking of the sidechains,
the structural information is reflected from the 0.28 A-! diffrac-
tion signal, from which the calculated CCL values are increased
from 30 nm for the PM6:Y6 binary blend to 37 nm for the PhI-Cl
ternary blend and then from 33 nm for the PM6:Y6:PC7;BM blend
to 41 nm for the quaternary blend. This reflects that the aggregated
structure of the donor phases is more ordered after adding Phl-
Cl as the extra component, which is consistent with the increased
hole mobilities.

In summary, we report a chlorinated phthalimide based donor
polymer in which the side thiophene units were chlorinated to
form an ultra-wide bandgap and deep HOMO level donor (e.g.,
PhI-Cl). PhI-Cl was used as the guests for fabricating highly ef-
ficient ternary and quaternary organic solar cells. When adding
PhI-Cl as the third component of PM6:Y6 and the fourth com-
ponent of PM6:Y6:PC;;BM, respectively, both the hole and elec-
tron mobilities were increased and again became more balanced,
resulting in simultaneous increase in solar cell performance and
affording 17% and 18.1% efficiencies ternary and quaternary solar
cells. Addition of PhI-Cl increased the lamellar packing ordering
and formed larger donor and acceptor phase domains, again de-
creasing the bimolecular recombination at the short-circuit con-
dition. These results indicate that phthalimide polymers can be
efficient guest components when judiciously designing their side
chains and HOMO levels.
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