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a b s t r a c t

The stability issue is one of the key factors hindering the commercial application of organic so-

lar cells. All-polymer organic solar cell is one of the effective ways to solve the stability prob-

lem. In this work, we designed and synthesized two polymer donor materials PBDT and PDTBDT

with different conjugation ranges, and demonstrated for the first time that extending the con-

jugation range of donor materials in all polymer solar cells can significantly improve device

efficiency and stability. The experimental results of materials and devices show that PDTBDT

with a larger conjugation range has stronger crystallinity and a more planar structure, which

endows the active layer in its corresponding device with higher exciton dissociation probability, lower

carrier recombination probability, more balanced charge transport properties and more favorable film

morphology. As a result, the PDTBDT:PYF-T-o devices display an outstanding PCE of 13.38%, which is

much higher than PBDT with smaller conjugation range based devices. Moreover, the PDTBDT:PYF-T-o

device retains 0.86 of the initial PCE after over 500h in the air atmosphere, exhibiting significantly im-

proved stability. The improved stability is attributed to the enhanced moisture and air tolerance of active

layer film thanks to the strong crystallinity of the donor material. These results demonstrate that the con-

jugation expansion strategy is one of the effective ways to obtain efficient and stable all-polymer organic

solar cells.

© 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), employing organic donor and accep-

tor materials as the photoactive layer, is one of the most promis-

ing photovoltaic technology for industrialization because of their

unique advantages of light weight, mechanical flexibility and low-

cost fabrication by solution processing [1–3]. Over the past sev-

eral years, the power conversion efficiency (PCE) of OSCs have

increased rapidly to over 20%, benefiting from progresses in de-

sign and synthesis of novel materials, device preparation meth-

ods, physical operating mechanism and so on [4–8]. Inevitably,

the stability problem has become one of the most important fac-

tors hindering industrialization and has attracted more and more

attentions of researchers [9–11]. As a significant and effective

workaround for this issue, all-polymer solar cells (all-PSCs) pre-

sented enhanced devices stability under different external con-
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ditions, demonstrating that all-PSCs is prospective to deliver su-

perior devices performances in practical applications comparing

with their small molecular counterparts [12–14]. Superior long-

term stability of all-PSCs is mainly from the intrinsic long contin-

uous molecular chains structure of polymer acceptors, which en-

dows all-PSCs outstanding mechanical, thermal and storage stabil-

ity [15,16]. These properties of all-PSCs make them more suitable

for roll-to-roll processing in industrial production.

During the evolution of all-PSCs, the development of polymer

donor and acceptor materials played a critical role [17–19]. In the

past few years, the continuous innovation of polymer acceptor ma-

terials has driven the continuous improvement of PCEs of all-PSCs

[20–23]. However, the donor materials involved were always lim-

ited to several ones, such as PBDB-T, PM6 and PTzBI-oF [24,25].

And these materials often deliver inferior performances in all-PSCs

than in polymer-small molecular OSCs. Therefore, exploring novel

polymer donor materials favorably matching polymer acceptors es-
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Fig. 1. (a) Chemical structures, (b) absorption spectra in thin films, (c) cyclic voltammograms, and (d) energy levels of PBDT, PDTBDT and PYF-T-o.

pecially polymerized Y6 derivatives, is an essential and hopeful

striving direction for all-PSCs with excellent performance and sta-

bility.

Among the rational molecular design principles, conjugation ex-

pansion strategy is valid and considerable, for the significant in-

fluence of conjugation range of polymer donors on material crys-

tallinity and absorption, photoactive layer morphology and device

performances [26–30]. Extending the conjugation range of poly-

mer donors tends to promote electron delocalization, which in turn

greatly affects molecular conformation, the disorder of the molec-

ular skeleton and the rigidity of the molecular [31]. This strat-

egy has been proven to be effective in designing efficient poly-

mer and small molecule donor materials. Tang et al. constructed

the polymer donor PE4 with an extended conjugated π bridge

of thieno[3,2-b]thiophene, and the polymer showed obviously en-

hanced crystallinity and charge mobility [29]. Zhou et al. synthe-

sized the small molecular donor ZR1 with extended conjugation,

which helped to form an optimizing hierarchical morphology and

promote charge separation and transport [32].

In this work, we implemented the conjugation expansion strat-

egy to construct polymer donor materials for all-PSCs by utiliz-

ing BDT and DTBDT units as the electron-donating monomers.

For the electron-withdrawing monomer, the extensively uti-

lized electron acceptor unit, dithieno[3′,2′:3,4;2′’,3′’:5,6]benzo[1,2-
c][1,2,5]thiadiazole (DTBt), was also conducted the conjugation

expansion strategy to synthesize a novel Qx1 unit. Using two dif-

ferent electron donating units, two new polymer donors, PBDT

and PDTBDT, were synthesized with obvious differences in con-

jugation range. As expected, they showed appropriate absorption

and energy levels for organic photovoltaics. After blending with

polymer acceptor material PYF-T-o, the all-PSC devices based on

PDTBDT with a lager conjugation range presented an excellent PCE

of 13.38%, while devices with PBDT as donor showed a modest

PCE of 9.55%. The elevated JSC and FF of PDTBDT devices compar-

ing with them of PBDT were attributed to higher electron mobility

and more suitable film morphology originating from stronger crys-

tallinity. Significantly, devices based on PDTBDT showed extremely

excellent stability in the air atmosphere. Overall, the novel polymer

PDTBDT is a potential donor material for highly stable all-PSCs,

which also demonstrated that the conjugation expansion strategy

is a simple but efficient method for constructing outstanding poly-

mer donor materials.

The chemical structures of PBDT, PDTBDT and PYF-T-o are

shown in Fig. 1a. Synthetic routes toward monomer Qx1 and poly-

mers are shown in Scheme S1 (Supporting information). Detailed

synthesis procedure, purification method and characterization can

be found in Supporting information. The monomer Qx1 can be eas-

ily synthesized through a four-step synthetic route, with a high

total yield of over 75%. Polymers PBDT and PDTBDT were ob-

tained via classical Stille coupling polymerization reactions with

Mn of 60.5 and 61.2 kDa, PDI of 1.3 and 1.4, respectively (Fig.

S1 in Supporting information). Both of the two polymers show

good solubility in common organic solvents. PBDT and PDTBDT

showed good thermal stability with decomposition temperatures

(5% weight loss) of 414 °C and 433 °C, respectively, as revealed

by TGA (thermogravimetric analysis) measurement (Fig. S2 in Sup-

porting information).

The absorption spectra of the two polymers were measured to

investigate the effect of different conjugation regions on the ab-

sorption properties of polymers. The UV–vis absorption spectra of

two polymers and the used polymer acceptor PTF-T-o in films and

chloroform solution are shown in Fig. 1b and Fig. S3 (Supporting

information), respectively, and the corresponding optical data are

listed in Table S1 (Supporting information). Both the two poly-

mers show strong absorption in the wavelength range of 450–

600nm, which complements well with the absorption of PYF-T-o.

In Fig. 1b and Fig. S3, two donors show faintly red-shifting absorp-

tion peaks from solution to film state, indicating strong molecular

pre-aggregation behavior in solution [33,34]. Significantly, strong

shoulder peaks were detected in the absorption spectra of two

polymers, reflecting favorable π-π stacking in the polymer films

[35,36]. In addition, PDTBDT exhibits a redshifted absorption range

comparing with PBDT, which is because that larger conjugation

range enhances intramolecular charge transfer and results in a

lower bandgap [37]. The steric hindrance between side thiophene

and the adjacent Qx1 unit in PDTBDT is weaker than that of PBDT,

which is conducive to intermolecular packing, so the intensity of

the shoulder peak of PDTBDT is stronger than that of PBDT. These

differences can also be reflected in the temperature-dependent ab-

sorption spectra of two polymers in Fig. S4 (Supporting informa-

tion). As demonstrated in many articles, favorable molecular pack-

ing facilitates charge transport in devices [38,39].

The energy levels of three polymers were measured by cyclic

voltammetry (CV) tests, and the cyclic voltammogram and the re-

sulting energy level diagrams are shown in Figs. 1c and d. The

highest occupied molecular orbital (HOMO) levels of PBDT and

PDTBDT were determined to be −5.61 and −5.50 eV, while the

lowest unoccupied molecular orbital (LUMO) levels of them were
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Fig. 2. (a) J-V curves, (b) EQE curves, (c) plots of Jph versus Veff , (d) dependence of Voc on light intensity, and (e) dependence of Jsc on light intensity of the devices based on

optimized PBDT:PYF-T-o and PDTBDT:PYF-T-o. (f) Hole and electron mobility comparison of PBDT:PYF-T-o and PDTBDT:PYF-T-o blending films.

Table 1

Device parameters and carrier mobilities from SCLC method of the relevant devices. The average values were summarized from 16 parallel devices.

Donor material VOC (V) JSC
(mA/cm2)

FF (%) PCE (%) μh

(10−4 cm2 V−1 s−1)

μe

(10−4 cm2 V−1 s−1)

μh/μe

PBDT 0.93

(0.92±0.01)

18.92

(18.89±0.03)

54.43

(54.39±0.04)

9.55

(9.32±0.23)

4.42 0.58 7.62

PDTBDT 0.84

(0.83±0.01)

24.77

(24.73±0.04)

64.52

(64.50±0.02)

13.38

(13.09±0.29)

4.62 1.79 2.58

calculated to be to be −3.77 and −3.67 eV, respectively. Both the

two polymers show perfectly matching energy levels with PYF-T-o,

proving that they are favorable pairs of the donor and acceptor for

OSCs.

A theoretical simulation of two polymers was conducted to

demonstrate the effect of different conjugation ranges on molec-

ular backbone conformation and distortion, which is considerable

for device active layer morphology and charge transport perfor-

mance [40,41]. The optimized molecular conformations and fron-

tier molecular orbital levels of two polymers were calculated

at the B3LYP/6–31G(d,p) level by the DFT, and the results are

shown in Fig. S5 (Supporting information). The dihedral angles

of two polymer donor backbone chains were calculated to be

23.22°/12.92°/12.51° and 21.90°/8.04°/8.07°for PBDT and PDTBDT,

respectively. As a result, PDTBDT with the larger conjugation range

delivers more planar molecular conformation and smaller back-

bone torsion, which is beneficial for ordered molecular stacking

and efficient carrier transport [42]. In addition, the calculated

HOMO and LUMO energy level values by DFT were −4.86/−2.54

and −4.83/−2.51 for PBDT and PDTBDT, respectively, which is in

agreement with the results from the CV tests.

To further investigate the effect of conjugation ranges in poly-

mer donors on photovoltaic performance, all-polymer solar cell

devices employing PBDT or PDTBDT as the donor and PYF-T-o

as the acceptor were fabricated with a classical device structure

of glass/ITO (indium tin oxide)/PEDOT:PSS/active layer/PDINN/Ag.

The optimized preparation conditions were spin coating precur-

sor of two polymer donors and PYF-T-o in chloroform with the

same D/A ratio of 1:1.6 and the same additive of 0.5% CN (1-

chloronaphthalene) and concentration of 14 and 12mg/mL for

PBDT and PDTBDT, respectively, without any post-processing. The

J-V and EQE curves of the resulting devices are shown in Figs.

2a and b and the corresponding photovoltaic parameters are

listed in Table 1 for comparison. The PBDT:PYF-T-o based devices

yielded a modest PCE of 9.55%, with unsatisfactory JSC and FF of

18.92mA/cm2 and 54.43%. Replacing BDT unit with DTBDT unit

with the larger conjugation range, the PDTBDT:PYF-T-o based all-

polymer solar cells delivered improved JSC and FF of 24.77mA/cm2

and 64.52%, resulting in an outstanding PCE of 13.38%. In addition,

the VOCs of PBDT and PDTBDT-based devices are 0.93 and 0.84V,

which is caused by the different HOMO levels of the two polymer

donors. Comparing with PBDT, PDTBDT with the larger conjugation

range showed planar molecular conformation and stronger molec-

ular crystallinity, resulting in more favorable active layer morphol-

ogy for charge separation and carrier transport, which facilitates

improved JSC and FF.

The EQE curves were measured to verify the short-circuit cur-

rent obtained in J-V test, and the results are shown in Fig. 2b.

Both the two polymers based devices displayed board photon-

to-current response in the wavelength range of 300–900nm, and

the PDTBDT-based device showed a stronger photo response signal

compared to that of PBDT. This is beneficial for the photo-current

conversion and conducive to achieving higher JSC, which is consis-

tent with the tested JSCs of the two devices. In addition, the in-

tegrated short-circuit currents (JSC-cal) are 23.54 and 17.98mA/cm2

for PDTBDT and PBDT, respectively, which matches the test data

within a 5% error.

The exciton dissociation and carrier recombination processes

have a critical impact on device performances. The curves of pho-

tocurrent density (Jph) versus the effective applied voltage (Veff)

ware measured to evaluate the exciton dissociation probability

(Pdiss) in two polymers based devices, where Jph is the difference

between light current (JL) and dark current (JD) and Veff is the

difference between the voltage at Jph =0 and the applied volt-

age. Then, the exciton dissociation probability can be calculated as

Jph,0/Jsat, where Jph,0 is the Jph value when the applied voltage is 0

and the Jsat is the photocurrent density at a high Veff (Veff =2V

in this case) [43,44]. As shown in Fig. 2c, the resulting Pdiss of

PBDT and PDTBDT based devices are 87.8% and 93.6%, respectively,

indicating that the extended conjugation range and enhanced

3
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crystallinity of polymer donor can facilitate efficient exciton dis-

sociation in the D/A interface and lead to higher JSC and FF. The

charge recombination kinetics in two devices was also explored by

measuring the JSC and VOC under different light intensity (Plight).

JSC and Plight can be fitted as the formula of JSC∝Plight
α , where α

is the exponential factor that can indicate the degree of bimolec-

ular recombination. The closer α is to 1, the lower the possibil-

ity of bimolecular recombination [45,46]. As shown in Fig. 2d, the

α values of PBDT and PDTBDT-based devices was determined to

be 0.980 and 0.987, respectively, demonstrating a lower degree of

bimolecular recombination in PDTBDT-based device. Then, based

on the proportional relationship between VOC and logarithm of

Plight (VOC∝lnPlight), the VOC-lnPlight curve was prepared, and the

slope of the fitted line was used to reflect the extent of trap-

assisted recombination in devices. It is widely considered that the

more the slope deviates from 1kT/q (k is Boltzmann’s constant, T

is temperature, and q is the elementary charge), the greater the

degree of trap-assisted recombination [47,48]. As shown in Fig.

2e, the slopes of PDTBDT and PBDT-based devices were 1.14kT/q

and 1.49kT/q, suggesting relatively less trap-assisted recombination

in PDTBDT-based devices. In general, devices with PDTBDT as the

donor showed higher exciton dissociation probability and lower

carrier recombination probability, resulting in higher JSC and FF

compared with that of PBDT.

The electron and hole mobilities (μe and μh) of the

two polymer donors were also tested to compare their car-

rier transport properties using the space charge limited cur-

rent (SCLC) methods. The employed device structures for elec-

tron and hole mobilities are ITO/ZnO/active layer/PDINN/Ag and

ITO/PEDOT:PSS/active layer/MoO3/Ag and the results are summa-

rized in Fig. 2f and Fig. S6 (Supporting information), Table 1 and

Table S3 (Supporting information). For neat films, PDTBDT showed

a higher μh of 9.10×10−4 cm2 V−1 s−1 compared with that

of PBDT of 6.34×10−4 cm2 V−1 s−1. After blending with PYF-

T-o, the μe and μh of devices are 1.79×10−4/4.62×10−4 and

0.58×10−4/4.42×10−4 with the relevant μh/μe values of 2.58 and

7.62 for PDTBDT and PBDT, respectively. Obviously, PDTBDT with

lager conjugation range shows more favorable and balanced charge

transport properties compared with PBDT, which is significant to

achieve outstanding JSC and FF. This also demonstrates that conju-

gation expansion strategy can be used to construct organic semi-

conductor materials suitable for exciton dissociation and carrier

transport.

Atomic force microscopy (AFM) and transmission electron mi-

croscopy (TEM) measurements were carried out to further inves-

tigate the film morphology of the blend films. As shown in Fig.

3, both two polymers-based blending films showed proper mor-

phology for carrier transportation. Significantly, the TEM image of

PDTBDT-based blending film exhibited a clear fiber-like structure,

implying strong molecular stacking. In the AFM images, PDTBDT-

based blend film showed a smoother surface with a root-mean-

square roughness (Rq) of 0.85nm, which could induce better con-

tact between the active layer and the adjacent interlayer, leading

to improved carrier transport properties and higher FF. These re-

sults demonstrated that the strong crystallinity sourced from larger

conjugation range of the polymer donor can induce the formation

of an excellent film morphology that is more favorable for carrier

transport, resulting in significantly improvement of JSC and FF.

Molecular stacking and orientation have a crucial impact on the

performance of organic semiconductor devices. The grazing inci-

dence wide angle X-ray scattering (GIWAXS) measurements were

performed to gain a deeper understanding of molecules packing in

films. As shown in Figs. 3g-i and Fig. S7 (Supporting information),

both two polymers based neat and blending films showed a pre-

dominant molecular stacking model of face-on orientation, which

guarantees the carrier transport properties in the vertical direction

Fig. 3. TEM images of (a) PBDT:PYF-T-o and (d) PDTBDT:PYF-T-o blend films. AFM

height images of (b) PBDT:PYF-T-o and (e) PDTBDT:PYF-T-o blend films. AFM phase

images of (c) PBDT:PYF-T-o and (f) PDTBDT:PYF-T-o blend films. 2D GIWAXS pat-

terns of (g) PBDT:PYF-T-o and (h) PDTBDT:PYF-T-o blend films. (i) The OOP and IP

curves of PBDT:PYF-T-o and PDTBDT:PYF-T-o blend films.

in the films. PDTBDT and PBDT based neat films delivered a simi-

lar π–π stacking (010) peaks at qz =1.62 Å−1 (d-spacing=3.88 Å)

and qz =1.63 Å−1 (d-spacing=3.85 Å) along the out-of-plane (OOP)

directions, respectively (Table S2 in Supporting information), in-

dicating similar molecular packing properties with ordered face-

on orientation and tight polymer chain packing. Furthermore, the

crystalline coherence lengths (CCLs) of the (010) peaks in the OOP

direction of PBDT and PDTBDT based blending films were calcu-

lated to be 16.49 and 20.71 Å (Table S2), implying that PDTBDT has

a stronger crystallinity compared with PBDT in blend films. These

observations demonstrated that the extended conjugation range in

PDTBDT helps it to form better crystallization and film morphology

in the blending film, which promotes carrier transport mobility.

Excellent long-term stability is one of the outstanding advan-

tages of all-polymer solar cells. To investigate the effect of the con-

jugation expansion strategy on the stability of solar cell devices

based on two polymers, we measured the long-term stability of

unencapsulated devices in air and nitrogen atmospheres. The test

results are shown in Figs. 4a and b. As expected, the storage stabil-

ity of the device in the nitrogen atmosphere is much better than

that in the air atmosphere. Both devices based on two polymers

exhibited over 85% of initial efficiency after 500h in N2 glove box,

while over 65% of beginning efficiency PCE were detected in the

air atmosphere devices after the same time. Afterwards, PDTBDT-

based devices showed higher efficiency retention than PBDT ones,

demonstrating better long-term stability. This may be due to the

strong crystallinity of PDTBDT, which makes its blend film denser

and effectively resist the erosion of water and oxygen under air

conditions [49,50]. These results strongly prove that the conjugate

expansion strategy is indeed beneficial to obtain all polymer solar

cell devices with excellent long-term stability.

To gain a deeper understanding of the effect of air conditions

on the device, we conducted TEM measurements of the blending

films placed in N2 and air for 500h, and the results are shown in

Figs. 4c-j. It can be noted that blending films based on both poly-

mers showed very small changes in morphology after being stored

in N2 for 500h. However, the air atmosphere samples exhibited

obvious differences after 500h. The blend film of PDTBDT:PYF-T-

o still exhibited a similar network structure with a clear interface

4
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Fig. 4. Stability of all-polymer solar cell devices based on (a) PBDT:PYF-T-o and (b)

PDTBDT:PYF-T-o in N2 and air atmosphere. TEM images with different magnification

of blending films placed in N2 and air for 500h. (c, g) PBDT:PYF-T-o in N2; (d, h)

PBDT:PYF-T-o in air; (e, i) PDTBDT:PYF-T-o in N2; (f, j) PDTBDT:PYF-T-o in air.

between the donor and acceptor domains, while the PBDT:PYF-T-

o ones showed very inappropriate morphology, which is not con-

ducive to the efficient transport of carriers. In general, the blending

films of PDTBDT show better resistance to water and oxygen in the

air atmosphere, and thus the devices based on it obtain better sta-

bility.

In summary, two novel π-conjugated polymer donors PBDT and

PDTBDT with different conjugation range were designed and syn-

thesized to explore the effect of the conjugation expansion strategy

on all polymer solar cell device efficiency and stability. Comparing

with PBDT, PDTBDT with a lager conjugation range showed greater

aggregation properties and more favorable molecular packing. After

blending with PYF-T-o, the corresponding all-PSCs delivered higher

JSC and FF than the PBDT-based devices, resulting in an outstand-

ing PCE of 13.38%, while devices based on PBDT:PYF-T-o showed a

modest PCE of 9.55%. Further characterization demonstrated that

the PDTBDT:PYF-T-o based devices displayed higher exciton disso-

ciation probability, lower carrier recombination probability, more

balanced charge transport properties, and more favorable film mor-

phology. Moreover, the PDTBDT:PYF-T-o devices retain 0.86 of the

initial PCE after over 500h in the air atmosphere, exhibiting sig-

nificantly improved stability. These results indicate that the con-

jugation expansion strategy is simple but efficient for obtaining

efficient and stable all-PSCs. We believe that the conjugation ex-

pansion strategy is a promising route for the future application of

all-PSCs in large-scale commercialization.
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