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Effectiveness of Solvent Vapor 
Annealing over Thermal Annealing 
on the Photovoltaic Performance of 
Non-Fullerene Acceptor Based BHJ 
Solar Cells
Ram Datt  1,3, Suman2,3, A. Bagui2, Afzal Siddiqui2,3, R. sharma  4, Vinay Gupta1,3,5, S. Yoo4, 
S. Kumar5 & Surya Prakash Singh2,3

We explore two small molecules containing arms of dicyano-n-hexylrhodanine and diathiafulvalene 
wings terminated with benzothiadiazole linker, denoted as BAF-4CN and BAF-2HDT, respectively, 
as small molecule non-fullerene acceptors (SMNFAs) in organic solar cells. The proposed materials 
are mixed with a low band gap polymer donor PTB7-Th having broad absorption in the range of 
400–750 nm to form solution-processed bulk heterojunctions (BHJs). The photoluminescence (PL) 
measurements show that both donor and acceptor can quench each other’s PL effectively, implying 
that not only electrons are transferred from PTB7-Th → SMNFAs but also holes are transferred from 
SMNFAs → PTB7-Th for efficient photocurrent generation. Furthermore, solvent vapor annealing 
(SVA) processing is shown to yield a more balanced hole and electron mobility and thus suppresses 
the trap-assisted recombination significantly. With this dual charge transfer enabled via fine-tuning 
of end-groups and SVA treatment, power conversion efficiency of approximately 10% is achieved, 
demonstrating the feasibility of the proposed approach.

The organic photovoltaic (OPV) devices based on bulk hetero-junction (BHJ) active layer, which is a blend of 
electron donor (D) and acceptor (A) components in the bulk, have attracted enormous attention for solar cell 
applications due to their simple solution process techniques such as spin coating, spraying, stamping, printing, 
and doctor blading. The OPV devices have advantages of light-weight, facile roll-to-roll production, low-cost, 
efficient exciton dissociation (ηED ~1) and ease of device engineering1,2. In order to improve the photovoltaic 
performance of solution processed BHJ solar cells, various types of donor-acceptor combination including pol-
ymer donor (PD)/polymer acceptor (PA)3, small molecular donor (SMD)/small molecular acceptor (SMA)4,5, 
PD/SMA6,7, and SMD/PA8 have been endeavored.However, solution processable small molecules have certain 
advantages over their conjugated polymer counterparts as the former have well-defined molecular structures, 
definite molecular weight, a higher degree of purity and absence of batch-to-batch variation during produc-
tion9,10. In the case of SMAs, most of the research groups are mainly modifying fullerene (C60) and its derivatives 
– phenyl-C61-butyric acid methyl ester (PC61BM) and phenyl-C71-butyric acid methyl ester (PC71BM) only. In 
the past few years, fullerene derivatives have shown promising power conversion efficiencies (PCEs) over 10% 
in BHJ solar cells with various polymer and small molecule donors11. However, fullerene derivatives have some 
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significant drawbacks such as weak absorption in the visible region of the solar spectrum, high production cost, 
wide band gap, the difficulty of synthesis and purification and low open circuit voltage (Voc)12.

Recently, small molecule nonfullerene acceptors (SMNFAs) have come up as an alternative to fullerene 
derivatives and shows considerably high PCEs due to their easy tunability of the electronic and optical prop-
erties13–16. Significant research efforts have been made to design and synthesize various SMNFAs with different 
electron-withdrawing groups (EWG) and achieved high PCEs over 14.1% for OSCs15–18. The SMNFAs labeled 
as FBM, CBM and CDTBM bearing dicyano terminated benzothiadiazole unit were synthesized by K. Wanget 
et al. having PCE values of 5.1, 5.3 and 5.0%, respectively when blended with a narrow band gap polymer donor 
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]-dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-
3-fluorothieno[3,4-b] thiophene)-2-carboxylate-2,6-diyl)] (PTB7-Th)19. Y. Lin group designed and synthesized 
SMNFAs Indacenodithiophene and Indacenodithieno [3,2-b] thiophene moieties (ladder type electron donor 
unit) with end cap of dicyanoindane-3-dione named as IEIC and ITIC achieving PCE up to 6.31 and 6.8%, 
respectively with PTB7-Th donor polymer20,21. A number of other ladder type SMNFAs have been recently devel-
oped for solution processable BHJ solar cell applications and achieved high PCEs of 12%22. To design SMNFAs, 
proper incorporation of EWGs is key factor, which in turn decreases the lowest unoccupied molecular orbital 
(LUMO) energy level and promotes the dissociation of excitons. The commonly used EWGs are cyano, TDPP, 
benzothiadiazole, amide, imide and rhodanine groups. Particularly, the EWGs benzothiadiazole and rhodanine 
are easily synthesized substituents, which extend light absorption and improve electron mobility of the resultant 
molecule after attaching them to π-conjugated backbone5,23–26.

Our group has designed and synthesized two calamitic type SMNFAs coded as BAF-4CN and BAF-2HDT 
(Fig. 1) having dialkylated fluorene as the core, the electron accepting unit benzothiadiazole (BT) attached to 
the weak electron donating core fluorene and terminated with dicyano-N-hexylrhodanine (2CN) in the case of 
BAF-4CN and diathiafulvalene (HDT) in the case of BAF-2HDT for use in solution processable OPV cells27,28. 
Introduction of dicyano-n-hexylrhodanine and HDT substituent as end-capping agents effectively lowers the 
LUMO energy level of the resultant molecules, increases the light absorption properties, facilitates delocaliza-
tion of π-electrons, and reduces the band gap and increases the charge transfer mobility by extending linear 
conjugation throughout the molecular backbone. The solubility and aggregation behavior of these calamitic type 
SMNFAs have been improved by attaching didecyl chains to fluorene core and hexyl chains to the end caps of 
the respective molecules. Previously we have reported a highest PCE of 7.1 and 8.4% in solar cells fabricated 
from these acceptors blending with a low band gap polymer donor poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7
-diyl)-alt-(3,3″′-di(2-octyldodecyl)-2,2′;5′,2″;5″,2″′-quaterthiophen-5,5″′-diyl)] (PffBT4T-2OD). However, fab-
ricating devices from this conjugated polymer is very complex as it requires extra steps such as preheating of ITO 
coated glass substrates at 110 °C prior to spin-coating of the photoactive layer. PffBT4T-2OD also shows a strong 
temperature-dependent aggregation behavior in both film and solution which is tedious to control. Moreover, a 
very high film thickness (~300 nm) of the photoactive layer is required to fabricate devices29. These requirements 
are so stringent that it is not so easy to achieve high PCE from the PffBT4T-2OD based OPV devices and hence 
there are only a few reports on the PffBT4T-2OD:PC70BM based OSCs. In this communication, we have studied 
the photovoltaic performance of the acceptors in BHJ inverted structure solar cell blending with BDT-based 
π-electron rich conjugated polymer donor PTB7-Th, commonly known as PCE10 or, PBDTTT-EFT30,31. The 
PTB7-Th based OSCs does not require any sophisticated fabrication condition associated with PffBT4T-2OD. 
This low band gap (1.58 eV) polymer is thermally stable as well. The BDT unit exhibits a large planar conjugated 
structure that enhances the charge carrier mobility of the polymer. Functional side groups employed on the 

Figure 1. Synthetic route of synthesized non-fullerene acceptors BAF-4CN and BAF-2HDT.
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central benzene core at 4th and 8th position increase the solubility and maintain the planarity of the BDT unit. 
The thieno [3,4-b]- thiophene (TT) units are widely used to stabilize the quinoid characteristic of the backbone, 
leading to the low band gap of resulting polymers. Fluorine atom on TT unit is normally introduced to achieve 
low-lying highest occupied molecular orbital (HOMO) and LUMO energy levels32,33.

Materials and Methods
Synthesis and characterization of BAF-4CN AND BAF-2HDT. The synthetic routes of BAF-4CN and 
BAF-2HDT are depicted in Fig. 1. Intermediate BAF-2CHO was synthesized by Suzuki-cross coupling between 
BAF-BA2 and Br-BT-CHO reactants using [Pd(PPh3)4] as the catalyst. Knoevenagel condensation between dicy-
ano-N-hexylrhodanine and aryl dialdehyde intermediate (BAF-2CHO) to afford the BAF-4CN in dark red color. 
The BAF-2HDT was obtained as dark pink color through Horner–Wittig reaction between intermediate BAF-
2CHO and HDT27,28. BAF-4CN and BAF-2HDT are readily soluble in common organic solvents, such as dichlo-
romethane (DCM), tetrahydrofuran (THF), chlorobenzene (CB), o-dichlorobenzene (o-DCB) and chloroform 
at room temperature. 1H NMR, 13C NMR, and matrix-assisted laser desorption/ionization-time-of-flight mass 
spectrometry (MALDI-TOF MS) were used to characterize the purity and chemical structures of BAF-4CN and 
BAF-2HDT.

Device fabrication. The commercially available ITO-coated glass substrates with sheet resistance approx-
imately 12 Ω/cm2 were used as a bottom electrode. First, the substrates were cleaned thoroughly in the soap 
solution and then ultra-sonicated in de-ionized water, acetone, and isopropyl alcohol sequentially for 15 min 
in each case. After drying under anhydrous nitrogen flow, the substrates were treated under the flow of ozone 
gas for 15 min. The zinc oxide (ZnO) solution was prepared by sol-gel method and spun onto ITO substrates at 
5000 rpm for 1 min to obtain a film thickness of about 40 nm. The ZnO electron transport layer was subsequently 
annealed at 200 °C in the air. The photo-active layer solution was prepared by blending PTB7-Th (1-material) 
and SMNFAs with a weight ratio of 1:1.5 in chlorobenzene (CB) with PTB7-Th concentration of 10 mg·ml−1. The 
1,8-Diiodooctane (DIO) 3% and 1-Chloronaphthalene (CN) 3% additives were used. All solutions were stirred 
overnight on a hotplate set at 80 °C. The warm active layer blend solution was spun on prebaked (at 70 °C) ZnO 
coated ITO substrates at 1000 rpm for 20 s to achieve a thickness of ∼110 ± 10 nm. After that films were either i) 
thermally annealed at 80 °C for 15 min, ii) transferred to glove box ante-chamber immediately after spin coating 
for slow vacuum annealing at room temperature for 2 h, or, iii) separately put into a petri-dish with few drops of 
CB for solvent vapor annealing for 30 min34. Then the substrates were transferred to a thermal evaporation cham-
ber at a base pressure below 5 × 10−6 mbar. A 10 nm thick hole transport layer of molybdenum oxide (MoO3), 
purchased from Alfa Aesar (99.9995% pure), was first deposited through a proper shadow mask and finally, 
100 nm thick silver (Ag) (Alfa Aesar, 99.999% pure) was deposited to form the top electrode.

Device characterization. Photovoltaic characterization of the fabricated devices was done using a Keithley 
2600 source meter and a CEP-25ML Spectral Response Measurement System under simulated AM 1.5 G irra-
diance of 100 mW·cm−2 intensity. The solar simulator was calibrated by an NREL-certified reference cell before 
the measurements. The EQE spectra of the solar cells were measured using a standard lock-in amplifier and 
monochromator. The devices were encapsulated inside a N2 filled glove box using UV-epoxy before any electrical 
measurement. All the measurements have been carried out with 10 mm2 active area.

Figure 2 shows the UV-visible optical absorption spectra of both the SMNFAs. The molecules BAF-4CN and 
BAF-2HDT solution exhibited strong and broad absorption in the wavelength range between 300–580 nm, origi-
nated from π-π* transition and intra-molecular charge transfer (ICT). The HOMO/LUMO energy levels of BAF-
4CN and BAF-2HDT were found to be −5.71/3.61 eV and −5.69/3.58 eV, respectively. The values of optical band 
gaps (E0-0) of BAF-4CN and BAF-2HDT were obtained from the tangent of the absorption spectra in chloroform 
solution and are found to be 2.16 eV and 2.11 eV, respectively.

Figure 2. UV-vis absorption spectra of BAF-4CN and BAF-2HDT in chloroform solution.

https://doi.org/10.1038/s41598-019-44232-0


4Scientific RepoRts |          (2019) 9:8529  | https://doi.org/10.1038/s41598-019-44232-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

The photoluminescence quenching behavior of BAF-4CN and BAF-2HDT were investigated in 
bulk-composite films and results are illustrated in the Fig. 3a,b, respectively. A gradual quenching of PTB7-Th 
peak at 758 nm was observed by a monotonic increment of the acceptor content in both blend films when excited 
at 480 nm. This indicates a highly efficient photoinduced charge transfer from donor to the acceptor molecules.

The photoluminescence quenching behavior in BAF-4CN and BAF-2HDT based BHJ film is illustrated in the 
Fig. 3a,b, respectively. There is a strong quenching of PTB7-Th by both BAF-4CN or BAF-2HDT which indicates 
its good electron acceptor characteristics. However a novel feature in the Fig. 3a,b is that PTB7-Th also quenches 
both BAF-4CN or BAF-2HDT35,36. This phenomenon is not observed in the case of fullerene based acceptors; 
possibly due to the fact the absorption of fullerene acceptors is quite low whereas in the case of NFAs, strong 
light absorption is observed. This would leads to exciton creations in the NFAs and dissociation at the interface, 
leading to a hole transfer to the donor. This is illustrated in Fig. 3c, where an electron is transferred from donor 
the NFA, whereas a hole is transferred from NFA to the donor. Therefore in this case, both donor and acceptor are 
indistinguishable therefore such NFAs should be denoted as n-type.

The device structure and energy band diagrams of two SMNFAs BHJ solar cell devices blended with low band 
gap polymer PTB7-Th are schematically illustrated in Fig. 4a,b. Thin film BHJ solar cells in inverted device struc-
ture ITO/ZnO/PTB7-Th:SMNFAs/MoO3/Ag were fabricated and tested under simulated solar illumination of 
intensity 100 mW∙cm−2, i.e.1 sun. The BHJ solar cells with optimized donor-to-acceptor (D/A) weight ratio were 

Figure 3. Photoluminescence quenching of PTB7-Th in the presence of (a) BAF-4CN and (b) BAF-2HDT, (c) 
schematic representation of the ‘electron-hole transfer’ model for NFAs.

Figure 4. (a) Schematic representation of the device structure – ITO/ZnO/photoactive layer/MoO3/Ag; (b) 
corresponding energy band diagram of the device (not in scale). All the energy level values are in eV unit.
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cast from chlorobenzene with an active layer thickness of 110 ± 10 nm. The current density-voltage (J-V) charac-
teristics of PTB7-Th:BAF-4CN and PTB7-Th:BAF-2HDT based devices under different experimental conditions 
are shown in Figs 5 and 6, respectively and the photovoltaic parameters of the devices are summarized in Table 1.

The solar cell made from ‘as cast’ PTB7-Th:BAF-4CN blend films without using any additive or, performing 
any post-film formation treatment showed a PCE of 7.3% with a Voc of 0.889 V, Jsc of 14.2 mA∙cm−2 and FF of 
0.58 (Fig. 5a). The PCE of the device is increased marginally to 7.6% upon thermal annealing of the film. Active 
layer solutions were also prepared using two additives viz. 1,8-diiodooctane (DIO) and 1-chloronaphthalene 
(CN) to improve solubility of the molecules further. However, the additive CN is found to be more compatible 
with PTB7-Th:BAF-4CN blend system compared to DIO as can be seen from Table 1. The best performing OPV 
device fabricated using CN additive (optimized 3 vol/vol %) showed a PCE of 8.1% with a Voc of 0.884 V, Jsc of 
15.0 mA∙cm−2 and FF of 0.62. In this set of devices, the photo-active layer was thermally annealed (TA) at 80 °C 
for 15 minutes after spin casting. In order to improve the device performance further, we have investigated the 
effect of vacuum annealing (VA) and solvent vapor annealing (SVA) treatments on the blend films27,28. The VA 
was carried out inside the antechamber of glove box for the duration of 2 h. For the SVA method, films were sep-
arately put into a Petri dish with few drops of CB around it for 30 min. During the different annealing processes, 
all the films were kept in the glove box and then transferred to the vapor deposition system. The best performing 
vacuum annealed solar cell showed a PCE of 8.6% with a Voc of 0.890 V, Jsc of 15.4 mA·cm−2 and FF of 0.62. On the 
other hand, the samples which were undergone through SVA showed a maximum PCE of 9.7%, Voc of 0.898 V, Jsc 
of 15.8 mA·cm−2 and FF of 0.68. As can be seen from Table 1, the significant improvements in the value of Jsc and 
FF contributed to this 33% enhancement in PCE compared to the as-cast device.

In the case of the PTB7-Th:BAF-2HDT based BHJ devices, the ‘as cast’ and ‘TA’ (without additive) solar cells 
showed comparatively higher PCEs of 7.5 and 8.2%, respectively (Fig. 6a). The CN additive marginally improves 
the PCE from 8.2 to 8.4%. Interestingly, the additive DIO showed better compatibility with BAF-2HDT unlike 
CN with BAF-4CN. The PTB7-Th:BAF-2HDT based BHJ devices achieved highest PCEs of 8.8, 9.0 and 9.9% 
fabricated from TA, VA and SVA films, respectively while using DIO (optimized 3 vol/vol %) as the additive. A 
very high Voc above 0.9 V and FF above 0.7 was observed in the SVA devices. The overall PCE is higher than that 
ofPTB7-Th:PC71BM under the SVA device fabrication condition. Figure 6b shows the efficiency histograms for 
the best devices where the photo-active layers were treated with VA and SVA treatments. Six cells out of total fifty 

Figure 5. (a) Characteristic J-V curves of PTB7-Th:BAF-4CN based OPV devices under various fabrication 
conditions; (b) the efficiency histograms for the best performing solar cell.

Figure 6. (a) The J-V characteristics of PTB7-Th:BAF-2HDT based OPV devices constructed under various 
fabrication conditions; (b) the efficiency histograms for the best performing solar cell.
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devices made from SVA treatment showed the highest PCE of 9.9%, whereas nineteen cells showed the average 
PCE of 9.7%. These results clearly reveal that SVA treatment can be conveniently used to enhance the photocur-
rent and achieve high PCE in organic solar cells fabricated from SMNFAs11.

It is important to note that the LUMO energy levels of SMNFAs are lying very close to that of the donor mol-
ecule PTB7-Th, which is at −3.6 eV (Fig. 4b). Conventionally, the energy of acceptor’s LUMO is lower than that 
of donor’s LUMO significantly and the LUMO-LUMO offset between donor and acceptor is well-known to be the 
driving force for charge-separation. Absorption of photons leads to the formation of excitons in organic semicon-
ductors. Due to weak electronic intermolecular interaction inorganic materials, the formation of such excitons 
usually has a high binding energy in the range of hundreds or, sub-hundred of meV. In the conventional case, 
exciton diffuses towards donor-acceptor (D-A) interface present in BHJ solar cell after its formation. Then exciton 
relaxes first to a charge transfer (CT) exciton state and involves emission of phonons at the D-A interface site37. 
Excess energy generated through phonons impact back to CT exciton and dissociates it into free charge carriers38.

However, in the case of present scenario, where the LUMO energy levels of donor and acceptor are very close 
to each other, the creation of phonon can’t be the sole governing factor for efficient exciton dissociation. The rea-
son can be understood from the point of a very good absorption spectrum of the active layer over a wider range 
of wavelength as shown in Fig. 3. It is reported by Grancini et al.39 that surplus energy with respect to the optical 
gap is utilized to achieve higher charge generation efficiency. This can be qualitatively understood under the light 
of different excited states of exciton apart from ground states. Significant excess energy due to photo-excitation 
causes a large amount of high energy exciton states to be present as well apart from the first excited state. Higher 
energy states of exciton are more delocalized as compared to the lower lying state because of far less crowding 

SMNFAs
Additives 3 vol/
vol % Treatments Voc (V)

Jsc (mA/
cm2) FF (%)

PCE (%) 
(Av.)

BAF-4CN

— As cast 0.889 14.2 57.7 7.3 (7.1)a

— TA 0.886 14.5 59.0 7.6 (7.3)a

DIO TA 0.884 14.9 60.2 7.9 (7.7)a

CN TA 0.885 15.0 61.5 8.2 (7.9)a

CN VA 0.890 15.4 62.5 8.6 (8.4)b

CN SVA 0.898 15.8 68.1 9.7 (9.5)b

BAF-2HDT

— As cast 0.878 14.6 59.0 7.5 (7.1)a

— TA 0.880 14.8 63.5 8.2 (7.9)a

CN TA 0.885 14.9 63.8 8.4 (8.0)a

DIO TA 0.896 15.2 64.7 8.8 (8.5)b

DIO VA 0.892 15.3 66.1 9.0 (8.8)b

DIO SVA 0.902 15.4 71.5 9.9 (9.7)b

PC71BM DIO SVA 0.800 15.2 69.8 8.5 (8.4)a

PC71BM CN SVA 0.791 12.9 57.5 5.9 (5.7)a

FBR DIO SVA 0.842 14.3 65.2 7.8 (7.6)a

FBR CN SVA 0.825 13.7 66.4 7.5 (7.2)a

Table 1. Summary of photovoltaic parameters of BHJ solar cells constructed from PTB7-Th:BAF-4CN and 
PTB7-Th:BAF-2HDT blends Foot note of table: TA-Thermal annealing, VA-Vacuum annealing, SVA-Solvent 
vapor annealing. (Average PCE) a = 20 devices, b = 50 devices.

Figure 7. External quantum efficiency (EQE) spectra of (a) PTB7-Th:BAF-4CN and (b) PTB7-Th:BAF-2HDT 
based devices under different conditions.
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of excitons at higher energy and thus low coupling among themselves39. In such case, it is far easier for higher 
energy hot excitons to dissociate and thus the very low probability of exciton self-recombination. The effect of 
this phenomenon creates an additional approach for free charge carrier generation which ultimately leads to 
higher efficiency. Based on aforesaid explanation one can conclude that traditional understanding of exciton 
dissociation through excess energy by phonon emission is not entirely applicable under the present system of 
bulk heterojunction, where LUMO-LUMO offset of donor and acceptor is minimal. Instead, excess energy is 
gained through a good absorption spectrum over a large range creating additional excited states as opposed to 
conventional understanding.

Figure 7a,b show the external quantum efficiency (EQE) profile of PTB7-Th:BAF-4CN and PTB7-Th:BAF-
2HDT based OPV devices, respectively fabricated from the films with and without using additives and films 
treated with SVA. The additive improves the photocurrent and the devices show better EQE compared to the ‘as 
cast’ OSCs for both the cases. Further, SVA treated devices exhibited best EQE spectra for both the SMNFAs. A 
maximum EQE value of 74% was observed at 480 nm for BAF-4CN based device (Fig. 7a). On the other hand, 
BAF-2HDT based OSC showed a maximum EQE of 68% at 398 nm. It can be seen from Fig. 7b that all EQE 
spectra for PTB7-Th:BAF-2HDT based devices have a broad plateau region in the range of 350 to 750 nm. High 
values of EQE apprise a very efficient photon-to-electron conversion process in the devices made from both 
the SMNFAs. It is also worth mentioning that a significant contribution to the spectral response of the solar 
cells is found in the wavelength range of 480–550 nm for BAF-4CN and 340–480 nm for BAF-2HDT, where the 

Figure 8. Dependence of Voc on incident light intensity as observed during light J-V characterization of the 
solar cells made from (a) PTB7-Th:BAF-4CN and (b) PTB7-Th:BAF-2HDT blends.

Figure 9. GIXRD graphs of ‘solvent vapor annealed’ PTB7-Th:BAF-4CN and PTB7-Th:BAF-2HDT blend films 
along with pristine PTB7-Th, BAF-2HDT and BAF-4CN films.
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absorption peak of BAF-4CN and BAF-2HDT lies. Thus, it can be concluded that both the donor and acceptors 
contribute efficiently to EQE and photovoltaic performance of the device.

Insight into the recombination mechanism can be obtained by measuring Voc as a function of the light inten-
sity (I)1,2. At Voc, the photocurrent is zero, and all photogenerated carriers recombine within the cell. Thus, recom-
bination studies at Voc can provide detailed information about various mechanisms. Voc and light intensity (I) are 
correlated by the following expression,

Figure 10. Surface topographic AFM images of (a,b) annealed without additive, (c,d) annealed with additive, 
(e,f) vacuum treated, and (g,h) SVA treated blend films for a scanning area of 2 µm × 2 µm. The images on 
left-hand side represent PTB7-Th:BAF-2HDT blend films, whereas images on right-hand side illustrate PTB7-
Th:BAF-4CN bulk composite films.
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δ =










+ .V kT
q

I constln( )oc

This implies that the slope of Voc versus ln(I) is equal to kT/q for bimolecular recombination. In the case of mono-
molecular Shockley-Read-Hall (SRH) recombination, ne and nh (at Voc) would be proportional to the intensity 
and the slope of Voc versus ln(I) is equal to 2 kT/q40,41.

In Fig. 8a,b, the lower value of KT/q signifies reduced trap-assisted SRH recombination34,40, which is lower in 
the case of SVA BHJ solar cells. Figure 9 shows the grazing incident X-ray diffraction (GIXRD) patterns of pristine 
PTB7-Th, BAF-2HDT and BAF-4CN films along with their blends. The pure PTB7-Th, BAF-4CN and BAF-2HDT 
do not show any appreciable peak indicating their amorphous nature. The blend films of PTB7-Th:BAF-4CN and 
PTB7-Th:BAF-2HDT, as-casted and after thermal annealing also show amorphous nature. However, after SVA 
treatment XRD peaks are observed at q = 0.27 Ả−1 and q = 0.28 Ả−1 for PTB7-Th:BAF-4CN and PTB7-Th:BAF-
2HDT, respectively. This peak arises from the (1 0 0) plane of lamellar stacking (out of plain). This shows that 
SVA reorganize the films better and well organized film morphology is known to result in better PCE. The (1 0 0) 
coherence length calculated using the Scherrer equation for PTB7-Th:BAF-2HDT blend film is found to be 30 nm 
in comparison to 20 nm for the PTB7-Th: BAF-4CN blend film. The π∼ π stacking in the in-plane direction at 
around q = 1.7 Ả−1 play negligible role42.

Surface topology of the PTB7-Th:BAF-2HDT and PTB7-Th:BAF-4CN blend films with various treatments 
were investigated by atomic force microscopy (AFM) and presented in Fig. 10. The TA PTB7-Th:BAF-2HDT 
blend films showed a root-mean-square (RMS) roughness 5.1 and 3.8 nm without and with solvent additive 
(Fig. 10a,c), respectively. A RMS roughness of 2.6 nm was observed for VA blend films (Fig. 10e). However, the 
RMS roughness significantly decreased to only 1.4 nm with the SVA treatment on the films (Fig. 10g). Very sim-
ilar trends were also observed in the case of PTB7-Th:BAF-4CN based blend films, where a RMS roughness of 
6.2, 4.1, 3.5 and 2.2 nm was observed for ‘TA (without additive)’ (Fig. 10b), ‘TA (with additive)’ (Fig. 10d), ‘VA’ 
(Fig. 10f) and ‘SVA treated’ (Fig. 10h) active layers, respectively. A smoother morphology of the SVA treated films 
is consistent with the improved performance of OPVs made thereof.

Conclusion
We have achieved high efficiency in two fluorene benzothiadiazole based HDT and n-hexyl dicyano rhoda-
nine terminated small molecule nonfullerene acceptors using PTB7-Th as a donor for solution processable BHJ 
solar cells. These two SMNFAs exhibits strong and broad absorption in the range of 300 to 580 nm and appro-
priate HOMO-LUMO (FMO) energy levels matched with those of PTB7-Th. Both PTB7-Th and NFA shows 
charge transfer and contribute to the photocurrent. The well-balanced hole and electron mobility are achieved in 
PTB7-Th: SMNFAs blends by SVA treatment. BAF-2HDT and BAF-4CN exhibit PCE of 9.9% and 9.7%, respec-
tively, which are the highest values reported so far based on fluorene-based small molecule acceptors.
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