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a b s t r a c t

Small-molecule organic solar cells (SMOSCs) have attracted considerable attention owing to the merits of

small molecules, such as easy purification, well-defined chemical structure. To achieve high-performance

SMOSCs, the rational design of well-matched donor and acceptor materials is extremely essential. In this

work, two new small molecular donor materials with subtle change in the conjugated side thiophene

rings are synthesized. The subtle change significantly affects the photovoltaic performance of molecu-

lar donors. Compared with chlorinated molecule MDJ-Cl, the non-chlorinated analogue MDJ exhibits de-

creased miscibility with the non-fullerene acceptor Y6, can more efficiently quench the excitons of Y6.

As a result, a improved PCE of 11.16% is obtained for MDJ:Y6 based SMOSCs. The results highlight the

importance of fine-tuning the molecular structure to achieve high-performance SMOSCs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bulk heterojunction (BHJ) organic solar cells (OSCs) have ex-

hibited the advantages of lightweight, large-area fabrication and

flexibility comparison with inorganic solar cells [1–8]. The active

layer of organic solar cells plays a crucial role in improving de-

vice performance. Divided by photovoltaic components, OSCs can

be classified as polymer solar cells (PSCs) which contains polymer

donor material and molecular electron acceptors, all-polymer solar

cells (all-PSCs), and small-molecule organic solar cells (SMOSCs).

SMOSCs have the advantages of easy purification, well-defined

chemical structures. Theoretically, SMOSCs are free of batch-to-

batch variation which is vital for scale production [9–12]. However,

the power conversion efficiencies (PCEs) of SMOSCs lag far behind

PSCs. SMOSCs cannot form strong enough intermolecular entangle-

ment and intermolecular interaction due to the limited conjugation

length [13–15]. In addition, the inferior PCEs of SMOSCs are caused

by low short-circuit current density (Jsc) and fill factor (FF), which

are mainly attributed to the unfavorable BHJ morphology, resulting
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in inadequate exciton dissociation and serious charge recombina-

tion [16,17].

In recent years, molecular engineering for the construction of

A-D-A type small molecule donor has received a lot of atten-

tion [18–22]. A-D-A type small molecule donor consists of an

electron donating (D) unit as the central moiety and two elec-

tron accepting (A) units as the end group. Undoubtedly, the pho-

tovoltaic performance could be improved via tuning the back-

bone structure. For example, Zhou et al. designed a highly crys-

talline small-molecule donor, ZR1, by replacing the conventional

trithiophene with electron-rich dithieno[2,3-d:2′,3′-d′]benzo[1,2-
b:4,5-b′]dithiophene (DTBDT) as the donor D unit, The DTBDT

unit effectively extended the conjugation plane and improved the

molecular planarity, thus, the optimized ZR1:Y6 based devices

reached best PCE of 14.34% (certified PCE of 14.1%) and exhibited a

low Eloss of 0.52 eV [23].

On the other hand, organic small molecule properties are ex-

tremely sensitive to small changes in chemical structure, such as

introducing heteroatoms or subtle change in side chain, which

modulate not only the crystallinity but also the compatibility of

the donor and acceptor [24–26]. For example, Ge et al. designed

and synthesized a novel small molecular donor of BT-2F based on

previously reported BTEC-2F [27]. The shortened alkyl-chains with

higher regularity endow BT-2F with more ordered packing arrange-
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Fig. 1. Synthetic routes for MDJ and MDJ-Cl.

ment and more compact lamellar stacking. By blending with Y6

or N3, BT-2F based devices showed impressive PCEs of 13.80% and

14.09% respectively. Chen et al. used a Cl atom to replace a pair of

alkyl chains of BTR to synthesize BTR-Cl. Thus, the BTR-Cl exhibited

higher crystallinity and lower highest occupied molecular orbital

(HOMO) level than BTR. Finally, BTR-Cl:Y6-based device produced

an improved PCE of 13.61% [28]. Zhou et al. synthesized the ma-

terials ZR2-C1, ZR2-C2, ZR2-C3 by altering the side-chain branch-

ing position of thiophene. With the side-chain branching position

moving away from core moiety, the π-π stacking interactions of

the molecules are increased. ZR2-C3 achieved the highest PCE of

14.3% among these three molecules [29]. Hou et al. synthesized

material B1 by using the symmetric phenyl units as the side group

of the central backbone, which improved the stability of the molec-

ular conformation and greatly enhanced the crystallinity. A PCE of

15.3% was obtained by pairing B1 with BO-4Cl [30]. Similar results

could be obtained by introduction of fluorine, or bromine atoms

into specific positions of some representative units. Li et al. syn-

thesized two new small molecule donors, including SM1-S with

alkylthio and SM1-F with fluorine and alkyl substituents. The SM1-

F-based SMOSCs demonstrated better PCE of 14.07% with a prefer-

able FF of 0.699 and a higher Voc of 0.866V [31].

Based on the consideration mentioned above, we have designed

and synthesized two small-molecule donors consisting with chlori-

nated and/or alkylthio substitutions, MDJ-Cl and MDJ respectively.

Two-dimension electron-rich benzodithiophene (BDT) was selected

as the donor core because of its excellent charge transfer proper-

ties, the 2-ethyl hexyl cyanoacetate was used as the end group to

lower down the energy levels and broaden the absorption, and the

thieno[3,2-b]thiophene was chose as the link bridge because of the

straight line skeleton and the fused rings can facilitate the π–π
stacking and intermolecular charge transportation [32–35]. When

the small donors were blended with Y6, the MDJ-Cl:Y6-based de-

vice gave a moderate PCE of 4.96%, while the MDJ:Y6-based device

showed an impressive PCE of 11.16%. The different PCEs of these

two SM donors were carefully analyzed by studying the intrinsic

properties of the two donors, the BHJ morphology and photophys-

ical process in SMOSC.

The synthetic route of the molecules MDJ-Cl and MDJ are il-

lustrated in Fig. 1, and the detailed synthesis process can be seen

in Supporting information. Small molecule donors, MDJ and MDJ-

Cl were synthesized by Stille coupling and Knoevenagel conden-

sation in sequence. The molecular structures of MDJ and MDJ-

Cl are confirmed by 1H NMR, 13C NMR and mass spectra. Both

MDJ and MDJ-Cl display an excellent solubility in common solvents

such as dichloromethane, chloroform, chlorobenzene, tetrahydrofu-

ran and toluene due to the multiple alkyl chains. Thermal gravi-

metric analysis (TGA) indicates that the two materials have good

thermal stabilities with 5% weight loss decomposition tempera-

tures of 359.8 °C for MDJ-Cl and 354.6 °C for MDJ, respectively (Fig.

S8 in Supporting information).

Both small molecule donors exhibit similar absorption peaks in

solution and film. In the solution, the two small donor molecules

show strong absorption bands in the range of 300–590nm as

shown in Fig. 2a, and the maximum molar extinction coefficients

were calculated to be 9.02×104 and 7.65×104 L mol−1 cm−1 for

MDJ-Cl and MDJ, respectively (Fig. S9 in Supporting information).

In the film state, the spectrum of MDJ presents an absorption peak

at 550nm and a strong absorption in the entire visible light region

(300–700nm). Compared with MDJ, MDJ-Cl exhibits a slight blue-

shifted absorption peak (8nm) in both solution and films, which

could be attributed to the electron withdrawing ability of chlorine

atoms leading to a reduction in the electron density of the donor

unit, thus hindering the intramolecular charge transfer along the

backbone [36]. The distinguished shoulder peaks of MDJ and MDJ-

Cl which located at 664nm and 656nm, respectively, indicate the

accumulation of molecular backbones and strong intermolecular

interactions. However, MDJ-Cl shows stronger shoulder peaks than

MDJ, indicating a stronger preaggregation [37]. Both molecules ex-

hibit the complementary absorption spectrum matched with the

star molecular acceptor Y6, which is conducive to fabricate effi-

cient non-fullerene OSCs with high short-circuit current density

(Jsc) [38].

The energy levels of molecules are measured by square wave

voltammogram (SWV) according to the oxidation and reduction

onset potential. The HOMO and lowest unoccupied molecular or-

bital (LUMO) energy levels of MDJ are −5.36 eV and −3.59 eV (Fig.

2b). The HOMO/LUMO energy levels of MDJ-Cl turned out to be

lower (−5.53/−3.59 eV) because of chlorination. The deeper HOMO

energy level of MDJ-Cl and the proper energy level alignment with

Y6 (−5.71/−4.10 eV) [39] make it possible to achieve high open cir-

cuit voltage (Voc). In addition, both MDJ and MDJ-Cl exhibit homo-

geneous and well delocalized electron distribution along the main

chain as shown in Figs. 2c and d and the calculated HOMO/LUMO
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Fig. 2. (a) Normalized absorption spectra of MDJ, MDJ-Cl and Y6 in the CHCl3 solution and thin film. (b) Energy level diagram of materials used in the device. Electron

density distributions of LUMO and HOMO for (c) MDJ and (d) MDJ-Cl.

Fig. 3. (a) The J-V curves and (b) EQE curves of the champion solar cells based on MDJ:Y6. MDJ-Cl:Y6 prepared under the optimal conditions. (c) Photoluminescence spectra

of the Y6 neat film and the blend film (MDJ:Y6; MDJ-Cl:Y6) excited at 639nm. (d) Photocurrent density (Jph) versus effective voltage (Veff) curves of the devices. (e) Voc-light

intensity and (f) Jsc-light intensity relationships.

Table 1

Photovoltaic properties of nonfullerene all-small-molecule solar cells.

Active layer Voc (V) Jsc (mA/cm2) Jcalcd.
a

(mA/cm2)

FF (%) PCE (ave.b) (%) Hole mobility

(μh) (cm
2 V−1 s−1)

Electron mobility

(μe) (cm
2 V−1 s−1)

MDJ:Y6 0.844 19.59 18.65 67.42 11.16 (11.02) 1.76× 10−4 4.37× 10−4

MDJ-Cl:Y6 0.896 9.69 9.05 57.12 4.96 (4.81) 0.46×10−4 2.79× 10−4

a Values calculated from EQE.
b The average values of the device parameters.

levels for MDJ and MDJ-Cl are −5.29/−2.88 eV and −5.33/−2.94 eV,

respectively.

In order to investigate the photovoltaic performance of the

two donor materials, OSCs with a traditional device structure of

ITO/PEDOT:PSS/small molecular donor: Y6/PDINO/Al were fabri-

cated. The detailed process of device preparation is described in

the supporting information. The optimized device used chloro-

form as the solvent, and were heat-annealed at 100 °C for 10min.

The weight ratio of D/A was 1.5:1, with a total concentration of

20mg/mL. The current-voltage curves of the optimal OSCs are

showed in Fig. 3a, and Table 1 shows the corresponding photo-

voltaic parameters. The device based on MDJ-Cl revealed a Voc of

0.896V, a Jsc of 9.69mA/cm2, an FF of 57.12% and ultimately a

modest PCE of 4.96%. In contrast, the MDJ based device showed

an excellent PCE of 11.16% with a Voc of 0.844V, a significantly in-

creased Jsc of 19.59mA/cm2 and an FF of 67.42%. The different Voc

values of the two devices can be attributed to their HOMO levels.

Fig. 3b shows the external quantum efficiency (EQE) curves of the

best MDJ/Y6 and MDJ-Cl/Y6 co-blended films. The MDJ/Y6 blend

covers a broader and stronger photoresponse range from 300nm

to 935nm. The maximum EQE of the best MDJ/Y6 blended film is

60% at 500nm, which is 1.9 times higher than that of the optimal

MDJ-Cl/Y6 blended film. This agrees with the higher Jsc values of

MDJ/Y6 blends. By integrating the EQE data, the Jsc values for the

MDJ and MDJ-Cl based OSCs were calculated to be 18.65mA/cm2

and 9.05mA/cm2, respectively. The integral Jsc values calculated

from the EQE curves matched well with the Jsc values obtained

from the J-V curves (error <5%).

Because the LUMO energy offset between the donor molecules

and Y6 is as large as 0.5 eV, which is believed large enough for ex-

citon dissociation [40]. Given the fact that chlorination lowered the

HOMO energy of MDJ-Cl, the photoluminescence (PL) spectra of Y6
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and their blend films were recorded (Fig. 3c) with excitation at

639nm, to explore the dissociation of the photo-induced excitons

of Y6 and hole transfer behavior from Y6 to molecular donors. The

photoluminescence of pristine Y6 exhibits a broad emission with a

peak at 931nm. When blending donor and accepter together, the

PL intensities of Y6 are greatly quenched, indicating that the exci-

tons of Y6 could be efficiently dissociated in both blends. However,

the maximum fluorescence intensity of the blend film of MDJ:Y6

is obviously lower than that of MDJ-Cl:Y6, which indicates that the

excitons of Y6 dissociated more efficiently in the blend of MDJ:Y6,

which would further contribute to the enhanced EQE and Jsc val-

ues.

The relationship between the photocurrent density (Jph) and

the effective voltage (Veff) provides more information about exci-

ton dissociation and charge collection in the active layer. Jph is de-

fined as the difference between the photocurrent density (JL) and

the dark current density (JD), and Veff is defined as the difference

between the compensating voltage (V0, depends on Jph =0) and

the applied voltage (V) [41,42]. At low values of Veff, the photocur-

rent increases linearly with voltage. Jph saturates when the effec-

tive voltage is large enough to dissociate all photo-generated exci-

tons, defined as the saturation photocurrent density (Jsat). The ex-

citon dissociation efficiency (ηdiss) and charge collection efficiency

(ηcoll) can be calculated from Jph
a/Jsat and Jph

b/Jsat. Jph
a and Jph

b

are Jph under short circuit and maximum power output conditions,

respectively. As shown in Fig. 3d, under short-circuit conditions,

the ηdiss were calculated to be 85.99% for the MDJ:Y6 blend and

84.48% for the MDJ-Cl:Y6 blend; ηcoll were calculated to be 71.42%

for the MDJ:Y6 blend and 61.23% for the MDJ-Cl:Y6 blend under

maximum power conditions. MDJ:Y6 exhibited a higher exciton

dissociation and charge collection efficiency, ensuring a higher FF

of 67.42% and Jsc of 19.59mA/cm2.

In addition, device performance is closely related to the charge-

carrier recombination process in OSCs. We investigated the light

intensity dependence of Voc and Jsc in the devices to assess

the charge recombination process, and the corresponding results

are shown in Fig. 3e. The relationship of Voc and correspond-

ing incident light intensity (Plight) can be fitted by the equation

Voc∝nkT/qln(Plight), where k is the Boltzmann constant, T is the

temperature in Kelvin, and q is the elementary charge. The pa-

rameter n indicates the extent to which the BHJ suffers from trap-

induced recombination. Typically, n varies between 1 and 2; the

larger the deviation from 1, the severer trap-assisted recombi-

nation. The slope for the MDJ:Y6 device is 1.28 kBT/q, which is

smaller than that of MDJ-Cl:Y6 device (1.47 kBT/q). This result sug-

gests that bimolecular recombination dominates in both SMOSCs

and less trap-assisted recombination in the MDJ:Y6 device. In ad-

dition, the relationship between Jsc and Plight can be described as a

power-law dependence equation for Jsc∝Plight
α , where α represents

the extent of bimolecular recombination in the BHJ OSCs [43,44].

If more dissociated free charge carriers can be swept out and col-

lected by the electrodes prior to recombination, α is closer to 1 (α
≤ 1). By fitting the double logarithmic plots of Jsc versus Plight (Fig.

3f), a larger α values of 0.99 is obtained for the SM-OSCs made

with MDJ:Y6, indicating less bimolecular recombination.

The charge carrier mobility of the blend films was investigated

using the space charge limited current (SCLC) in Fig. S11 (Support-

ing information). The hole mobilities (μh) and electron mobilities

(μe) of the blend films were measured with hole-only device with

the structure of ITO/PEDOT: PSS/active layer/MnO3/Al and electron-

only device with the structure of ITO/Al/active layer/PDINO/Al

respectively. The measured μh and μe of the MDJ:Y6 and

MDJ-Cl:Y6 blends are determined to 1.76×10−4/4.37×10−4 and

0.46×10−4/2.79×10−4 cm2 V− 1 s− 1, respectively. The hole and

electron mobilities of MDJ-based blends are significantly higher

than that of MDJ-Cl. The device of MDJ:Y6 has a more balanced

Fig. 4. AFM images of the blend films.

carrier transport, thus a smaller possibility of charge accumula-

tion and recombination. Therefore, the higher and more balanced

carrier mobilities of the blend film result in higher Jsc and FF for

MDJ:Y6 device.

Miscibility between donor and acceptor materials plays a vital

role in determining the morphology of the active layer. To further

study the intermolecular interaction of the two donors with the ac-

ceptor, the surface tension and interfacial tension between the dif-

ferent donors and the acceptor Y6 were evaluated by contact angle

measurements. As shown in Fig. S12 (Supporting information), the

contact angle measurements of water and glycerol liquid droplets

were implemented on thin films of pure materials. The surface

tension of each material were quantified in accordance with the

method reported in the literature [45]. The Flory-Huggins interac-

tion factor (χ ) represents the compatibility. χ can be estimated

by the empirical formula χ =K(
√

γD − √
γA)

2, where K is a con-

stant and γ D and γ A are the surface energies of the pure films of

the donor and acceptor materials, respectively. As shown in Table

S2 (Supporting information), (
√

γD − √
γA)

2 increases significantly

from 0.1149 of the MDJ-Cl:Y6 to 0.3048 (MDJ:Y6), indicating that

the phase separation in the MDJ:Y6 blend is stronger. These results

correspond well with that of AFM images. As shown in Fig. 4, more

obvious phase separation and larger root mean square roughness

(Rq) can be found in the blend of MDJ:Y6.

In summary, two novel small molecular donors were designed

and synthesized. Compared with MDJ-Cl, MDJ shows a red shifted

absorption spectrum, decreased miscibility with Y6, improved ag-

gregation, suppressed charge recombination, and more efficient ex-

citon dissociation and charge collection in the blend films. All

these factors contributed to the significantly enhanced photovoltaic

performance with a superior PCE of 11.16% for the MDJ-based de-

vice. Our results indicate that the SM-OSCs have a bright future for

application and commercialization and highlight the significance of

fine-tune the molecular structure.
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