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High Performance All-Polymer Solar Cells Enabled with Solvent 
and Solid Dual Additives
Misbah Sehar Abbasi,a Congqi Li,a Jinhua Gao,a Siying Wang,a Sixuan Wang,a Qijie Lin,a Xie Gening,a 
Saqib Nawaz Khan,b Jianqi Zhang,c Xin Zhang,a Yunhao Cai*a and Hui Huang*a

Morphology optimization of photoactive layer plays a crucial role in fabricating high-performance polymer solar cells (PSCs). 
When an active layer is cast from solution, the unique properties of the donor and acceptor materials often lead to either 
excessive or insufficient phase separation, which adversely affect the performance of the device. Specifically, all-polymer 
solar cells (all-PSCs) introduce an added complexity in terms of morphology regulation due to the inherently flexible and 
entangled nature of polymer chains. In this work, we first introduced 3,5-dichloroanisole (DCA) as a solid additive, known 
for its good crystallinity and volatility, to refine the active layer morphology in all-PSCs. Then, we combined 1-
chloronaphthalene (CN) and DCA as dual additives, which effectively optimized the morphology of all-polymer blend. This 
combination favors charge transport and minimizes charge recombination, leading to higher fill factor across various 
systems. Notably, device based on PM6:PY-DT processed with this dual-additives approach achieved an impressive power 
conversion efficiency (PCE) of 17.42%, outperforming the control device without any additive, which showed a PCE of 
14.34%. Besides, the dual additives were applied in the other systems, revealing its universality. This work not only took 
advantages of both solvent and solid additives, but also effectively improved the performance of all-PSCs.

1 Introduction
Polymer solar cells (PSCs) have emerged as a promising energy-
harvesting technology for green energy, thanks to their solution 
processability, lightweight, and flexibility.1–6 The efficiency of 
small molecule-based PSCs has significantly increased recently 
owing to the swift progress in small-molecule acceptors (SMAs), 
illustrating their great potential of commercialization.7–21 
Generally, all-PSCs are considered more suitable for the 
practical use due to their excellent stretchability, mechanical 
robustness, and photo-thermal stability.22–28 However, all-PSCs 
have received less attention and their power conversion 
efficiencies (PCEs) are comparatively lower than SMA-based 
counterparts.29–36 One fundamental reason for their inferior 
performance lies in the difficulty in morphological control.37–39 
The unique characteristics of the polymer donor and acceptor 
materials, as well as the big molecular size of the polymers 
increase the difficulty in morphology control.40,41 In addition, 
the slow diffusion of polymer components during active-layer 
formation further lead to inadequate or excessive phase 
separation.42 Consequently, effective morphological control 
methods are substantially needed to adjust the phase 
separation for improving the performance of all-PSCs. 
Much efforts have been devoted to optimize the morphology of 
the PSC, such as solvent vapor annealing, thermal annealing, 
solvent additive treatment and hot solution casting etc. Among 
them, solvent additive is a widely adopted strategy of facially 
tuning the film morphology.43–48 The morphology of PSCs can be 
well-manipulated by adding a tiny amount of the proper 

additive into the host system.49–52 The influence of solvent 
additives on morphological control is associated with two 
characteristics: limited solvency to either donor or acceptor and 
low volatility.53 This indicates that solvent additives have less 
volatile nature (due to high boiling point) than host solvent, 
which can effectively manipulate aggregation of both donor and 
acceptor and hence form desired phase separation during film 
formation. Besides solvent additives, solid additives with high 
crystallinity have attracted intense interests, since they also 
show a favorable effect on controlling the self-assembly and 
phase separation of photovoltaic materials via various 
intermolecular interactions.43,53–58 It has been proved that both 
solvent and solid additives can improve the performance of 
solar cell. Therefore, the combination of two kinds of additive is 
considered as a simple yet effective approach to optimizing the 
morphology of active layer. Nevertheless, morphological 
optimization involving two additives simultaneously and its 
impact on the photovoltaic performance of PSCs has been 
seldom investigated.53,57,59–61

Here, we developed a new strategy of tuning the morphology 
of all-polymer systems via incorporating the synergistic effects 
of solvent additive and volatilizable solid additive to achieve 
high performance PSCs. Upon the use of the dual additives 
(CN+DCA), PM6:PY-DT based all-PSC realized a PCE of 17.42%, 
outperforming the devices processed with CN (16.42%) or DCA 
(16.57%). Systematic characterizations revealed that the 
enhanced efficiency is attributed to the optimized morphology, 
facilitated charge transport and suppressed charge 
recombination. In addition, the developed dual additives 
(CN+DCA) were also successfully applied into PM6:PY-IT and 
PM6:PYF-T-o based PSCs, demonstrating the universality of the 
strategy. 
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2 Results and Discussions
Fig. 1a exbibits molecular structures of PM6, PY-DT, CN and 
DCA. CN and DCA were selected as solvent and solid additive, 
respectively. The energy levels of PM6 and PY-DT were 
estimated by cyclic voltammetry measurement (Fig. 1c). The 
normalized UV-vis absorption spectra of pristine films of PM6, 
PY-DT, DCA and the blend films are shown in Fig. 1d,1e and Fig. 
S1, respectively. It was found that upon the use of dual 
additives, the absorption coefficient was obviously increased, 
which may benefit the Jsc of corresponding device. To study the 
volatility of solid additive DCA, thermogravimetry analysis (TGA) 
was carried out at first, which demonstrates that DCA 
underwent a gradual and continuous weight loss starting from 
33 ℃ and reaching zero at ~90℃ (shown in Fig. S2), suggesting 
the material was totally volatilized. This result indicates that 

DCA can be completely removed from the blend films after 
thermal annealing (TA) procedure. 
To study the effect of CN+DCA dual additives on photovoltaic 
performance of PSCs, a series of devices with a conventional 
architecture of ITO/PEDOT:PSS/active layer/PNDIT:F3N/Ag 

were fabricated (Fig. 1b). Fig. 2a illustrates the current density-
voltage (J-V) curves of optimized PM6:PY-DT based PSCs under 
standard AM 1.5G illumination with 100 mW cm-2. The 
photovoltaic parameters including Voc, Jsc, FF and PCE are 
summarized in Table 1 and Table S1. PM6:PY-DT based devices 
without any additive (Device-I) achieved a PCE of 14.34% with a 
Voc of 0.970 V, a Jsc of 23.86 mA cm-2 and an FF of 62.03%. While 
the PM6:PY-DT device processed with a solvent additive of CN 
(Device-II) showed a PCE of 16.42% with a Voc of 0.962 V, a Jsc of 
23.96 mA cm-2 and an FF of 71.20%. PM6:PY-DT based devices 
with DCA as a solid additive (Device-III) afforded a higher PCE of 
16.57% with a Voc of 0.974 V, a Jsc of 24.48 mA cm-2 and an FF of 
69.44%. Impressively, PM6:PY-DT based devices with the dual 
additives (Device-IV) has secured an enhanced PCE of 17.42% 
with Voc, Jsc and FF reaching up to 0.977 V, 24.57 mA cm-2 and 
72.60%, respectively. The Jsc values were further validated by 

the external quantum efficiency (EQE) measurement as 
demonstrated in Fig. 2b. Overall, all of the devices showed high 
and broad EQE response in the wavelength range of 300-900 
nm. Specifically, Device I-IV exhibited integrated current 
densities (Jcal) of 23.06, 23.18, 23.58 and 23.71 mA cm-2, 

Table 1 Photovoltaic parameters of PM6:PY-DT based devices fabricated with different additives

a The numerical values in brackets were obtained from statistical data of 10 independent devices.

Additive Voc (V) Jsc (mA cm-2) FF (%) PCEa (%)

w/o 0.970 (0.970±0.02) 23.86 (23.85±0.10) 62.03 (61.90±0.55) 14.34 (14.31±0.27)

CN 0.962 (0.968±0.05) 23.96 (23.90±0.12) 71.20 (71.15±0.72) 16.42 (16.34± 0.25)

DCA 0.974 (0.970±0.04) 24.48 (24.42±0.25) 69.44 (69.10±0.63) 16.57 (16.35±0.29)

CN + DCA 0.977 (0.974±0.003) 24.57 (24.50±0.15) 72.60 (71.87±0.30) 17.42 (17.36±0.10)

Fig. 1 (a) Chemical structures of PM6, PY-DT, CN and DCA. (b) Conventional device structure of PSCs. (c) Energy levels of PM6 and PY-DT. (d) Normalized absorption 
spectra of pristine films. (e) UV-vis absorption spectra of PM6:PY-DT blend films with different additive treatments.
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respectively, which are in good agreement with the values 
obtained from J-V measurements.
To study influence of dual additives on the kinetics of charge 
recombination in PM6:PY-DT based devices, both the Jsc and Voc 
were plotted with respect to light intensity (Plight) as shown in 
Fig. 2c and Fig. 2d respectively. The relationship between Plight 
and Jsc can be expressed as Jsc∝Plight

α, in which α is the slope of 
the curve. If the α is close to 1, the bimolecular recombination 
is suppressed under the short-circuit condition. The α values for 
the Device I-III were determined to be 0.875, 0.894, 0.916, 
respectively, while that of Device IV exhibited a higher value of 
0.935, which suggests that a reduced bimolecular 
recombination in the Device IV, and thus contributed to the 
higher FF. The charge recombination kinetics of the devices 
were then explored by measuring the dependence of Voc on the 
Plight. If the slope of Voc versus the natural logarithm of Plight 
equals to βkT/q, bimolecular recombination plays a major role 
inside the device, where k is the Boltzmann constant, T is the 
Kelvin temperature and q is the elementary charge. When trap-
assisted recombination is involved, a strong dependency of Voc 
on the light intensity (>kT/q) will be obtained. The β vlaues for 
Device I-IV are 1.22, 1.20, 1.17, and 1.14, respectively, which 
shows that the trap assisted recombination has been 
suppressed by the dual additives.  
The effect of dual additives on carrier lifespan and charge 
extraction time of the PM6:PY-DT devices were evaluated by 
transient photovoltage (TPV) and transient photocurrent (TPC) 
measurements. Fig. 2e presented the TPC curves of PM6: PY-DT 
devices with different additives treatment under various light 
intensities. The charge extraction time derived by fitting the TPC 
curves for Device I-III were 0.31, 0.22, and 0.20 μs, respectively, 

larger than that of Device-IV (0.18 μs). Therefore, it can be 
inferred that the dual additives favor charge extraction in 
comparison to the other systems. The TPV curves of Device I-IV 
under various light intensities are exhibited in Fig. 2f. The carrier 
lifetime of Device I-III was determined to be 0.66, 0.72, and 1.02 
μs, respectively, shorter than that of Device-IV (1.25 μs). This 
observation suggested that dual-additives can be effective in 
increasing the charge mobility and reducing the charge 
recombination.
To investigate the effect of dual additive on charge generation 
and dissociation processes, a graph between photocurrent 
density (Jph) and effective voltage (Veff) was plotted (Fig. S3). Jph 
is defined as Jph = JL − JD, and Veff is denoted as Veff = V0 − Va, in 
which V0 is the voltage at which Jph is zero, and Va is the applied 
bias voltage. When the Jph reaches saturation at Veff of 2V, the 
saturation values (Jsat) of Device I-IV were 25.17, 24.94, 25.21, 
and 25.26 mA cm–2, respectively. The exciton dissociation 
probability P(E,T) was accessed by normalizing Jph with respect 
to Jsat (Jph/Jsat) under the short-circuit conditions. The P(E,T) 
values of Device I-IV were 94.7%, 96%, 97% and 97.2%, 
respectively. These observations revealed that the dual-
additives is beneficial for charge generation and dissociation 
processes. The space-charge limited current (SCLC) method was 
carried out to explore the charge mobilities of Device I-IV. 
Devices with configurations of ITO/PEDOT:PSS/active 
layer/MoO3/Ag and ITO/ZnO/active layer/PNDIT-F3N/Ag were 
fabricated to obtain the hole and electron mobilities, 
respectively. Fig. S4 illustrates the plots of J1/2 -V for electron-
only and hole-only devices, and Table S2 summarizes the 
corresponding electron (μe) and hole (μh) mobilities. Among 
Device I- IV, Device IV processed with dual additives exhibited 

Fig. 2 (a) J-V characteristics and, (b) EQE spectra and integrated Jsc of PM6:PY-DT fabricated under various conditions. (c) Jsc vs light intensity and, (d) Voc vs light 
intensity. (e) TPC and, (f) TPV of PM6:PY-DT fabricated under various conditions.
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the highest μe and μh of 3.40×10-4 and 3.19×10-4 cm2 V-1 s-1, 
respectively. Besides, the ratios of the hole/electron mobility 
μh/μe are 1.50, 1.29,1.25, and 1.06 for Device I-IV, respectively. 
The highest mobility and most balanced charge transport 
properties of Device IV processed with dual additives may 
contribute to the highest Jsc and FF.
To investigate the miscibility of DCA between PM6 and PY-DT 
by Flory-Huggins interaction parameter (χ), contact angle 
measurements were performed as illustrated in Fig. S5. The 
surface free energy (γ) of PM6, PY-DT and DCA calculated by 
Wu’s model were 25.76, 26.60 and 28.96 mN m-1, respectively 
(Table S3). The Flory-Huggins interaction parameters of 
PM6/DCA, PY-DT/PM6, and PY-DT/DCA were calculated to be 
1.79, 1.1 and 0.16 respectively, which suggests that DCA has 
higher miscibility with PY-DT in contrast to PM6. Due to the 
favorable miscibility of DCA and PY-DT, DCA can restrain the 
over self-assembly of PY-DT amidst the film-casting process, 
leading to a conducive PM6 and PY-DT matrix after DCA 
elimination during the TA treatment.
Atomic force microscopy (AFM) technique was employed to 
examine the surface morphology of PM6:PY-DT blend films 
subjected to various processing conditions as shown in Fig. 3 (a-
d) and Fig. S6 (a-d). Obviously, the PM6:PY-DT blend film of 
Device I exhibited smooth surface with large crystalline bulk and 
root mean square (RMS) of 1.00 nm. The blend processed with 
CN revealed RMS of 0.90 nm, while the blend using DCA as solid 
additive presented a RMS of 1.15 nm. Particularily, dual 
additives treated blend (Device IV) showed improved 
crystallization which helps in polymer growth with a RMS of 
1.49 nm. Figure S7 exhibits the TEM images of the blends, it can 
be observed that the blend film treated by dual additives 
showed a more obvious fibrillar morphology. This is beneficial 
to efficient exciton dissociation and charge transport.

To examine the molecular packing and crystallinities of PM6:PY-
DT blend films, grazing-incidence wide angle X-ray scattering 
(GIWAXS) analyses were conducted. Fig. 4 displays both the 
two-dimensional (2D) GIWAXS patterns and their respective 
line cuts, and the comprehensive summary of diffraction peaks 
are provided in Table S4 and Table S5, respectively. PM6:PY-DT 
(w/o) film exhibited clear π–π stacking (010) peaks at qz=1.650 
(d-spacing=3.80 Å) along out-of-plane (OOP) direction and 
lamellar stacking (100) peaks at qxy=0.304 (d-spacing=20.65 Å) 
along in-plane (IP) direction, suggesting that the molecular 
packing is preferably face-on oriented with regard to substrate. 
Upon adding CN or DCA additives in PM6:PY-DT blends, CCL 

Fig. 3 (a-d) AFM height images of the PM6:PY-DT blend films fabricated under various 
conditions.

Fig. 4 (a) 2D GIWAXS scattering patterns of PM6:PY-DT blends fabricated under various conditions. (b) Line-cut profiles in IP and OOP directions from GIWAXS images of PM6:PY-
DT blends fabricated under various conditions
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values related to both the lamellar (100) and π–π stacking (010) 
peaks have increased, which suggests that CN and DCA can both 
improve the crystallinity and molecular order of PM6:PY-DT 
blend. The PM6:PY-DT blend films with the dual additive 
treatment exhibited a stronger π-π stacking (010) peak and a 
higher CCL from 17.00 to 22.15 Å. Furthermore, similar trend 
was observed along lamellar stacking where CCL values were 
increased from 102.16 to 107.27 Å. This translates that the 
blend film with dual additives has a more ordered crystalline 
structure. With the synergistic effect of CN and DCA, the 
molecular packing was effectually adjusted, which is 
advantageous for achieving higher charge carrier mobility and 
FF in the corresponding devices.
To investigate the generality of the dual additives, we further 
applied the strategy into PM6:PY-IT and PM6:PYF-T-o systems 
(Fig. S8). Figure S9a and S10a shows the J-V curves of the 
corresponding devices with different treatments. Table S6 and 
S7 summarizes the photovoltaic parameters of the 
corresponding devices. PM6:PY-IT without any additive 
achieved a PCE of 15.27%. Impressively, PM6:PY-IT based 
devices with the dual additives of CN+DCA has secured a 
remarkable PCE of 16.76%. The PM6:PYF-T-o based PSCs 
processed without additive showed a PCE of 12.24%. As 
expected, dual additives’ treatment markedly increased the PCE 
to 16.37%. The improved Jsc has been further confirmed by the 
EQE test. It is worth mentioning that the synergistic effect of the 
CN and DCA resulted in significantly enhanced FF values and 
higher PCEs of the corresponding PSCs.
To address the stability requirements for practical applications, 
we further investigated the storage stability of unencapsulated 
devices. PM6:PY-DT based devices processed under different 
conditions have been stored in N2 filled glove box. The T80 (the 
time required to reach 80% of initial performance) of all-PSCs 
processed with CN, DCA and CN+DCA is 473, 794 and 670 h, 
respectively as shown in Figure S11. This highlights the 
importance of additive selection for enhancing the long-term 
stability of all-polymer solar cells. These findings convincingly 
demonstrate that the introduction of dual additives 
synergistically enhances both device performance and stability.

3 Conclusion
In conclusion, we have able to develop a novel dual additives 
strategy to regulate the morphology of all-polymer blend, in 
which a solid additive DCA were combined with CN to 
synergistically optimize the molecular organization and phase 
separation. These improvements aid in enhancing charge 
transport and extraction efficiency while reducing charge 
recombination. Consequently, the PM6:PY-DT based OSCs 
treated with dual additives achieved a PCE of 17.42%, much 
higher than that of the devices without any additive (14.34%). 
Moreover, this approach has been successfully extended to 
other material systems, manifesting its universality. This work 
provides a new idea of regulating bulk heterojunction 
morphology towards the development of highly efficient all-
PSCs.
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