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A B S T R A C T   

Efficient organic solar cells based on a blend of PBDS-T as a donor polymer and BTP-eC9 as non-fullerene 
acceptor are presented and characterized. PBDS-T is an alternating copolymer that comprises easily accessible 
electron-rich trialkylsilyl-substituted benzodithiophene and electron-deficient benzodithiophene-4,8-dione units 
and that can be efficiently and reproducibly synthesized in high molecular weights, while keeping good solu-
bility. PBDS-T exhibits a strong absorption between 450 and 700 nm and combines a wide optical bandgap of 
1.86 eV, with low-lying energy levels, and a face-on molecular orientation in thin films. Organic solar cells 
prepared by blending PBDS-T with BTP-eC9 show considerable performance when as-cast films are annealed in 
solvent vapor and present a high open-circuit voltage of 0.86 V, a low photon-energy loss of 0.53 eV, and an 
internal quantum efficiency of 93%. The power conversion efficiency reaches 16.4%, which − to the best of our 
knowledge − is the highest for a conjugated polymer comprising trialkylsilyl side chains in combination with a 
Y6-based non-fullerene acceptor. Specifically, the trialkylsilyl side-chains of PBDS-T reduce synthetic complexity, 
result in a low energy loss by ensuring low energetic disorder, and provide competitive device performance.   

1. Introduction 

Organic solar cells (OSCs) continue to attract significant interest for 
photovoltaic energy conversion because they combine intrinsic advan-
tages, including potential low cost and large area manufacturing, 
lightweight, semi-transparency, and flexibility with a high power con-
version efficiency (PCE) [1–3]. The revolutionary progress in the design 
and synthesis of innovative non-fullerene acceptors (NFAs) such as ITIC, 
Y6 (Fig. 1), and their derivatives in recent years [4–8], has resulted in 
the optimization of the long-wavelength absorption and electronic 
properties that provide enhanced photocurrent density, reduced voltage 
loss, and significantly improved the PCE to 17–19% [9–20]. Next to the 
acceptor, selecting a suitable donor polymer remains critical for 
achieving efficient OSCs. Currently, the most popular polymer donor is 
PM6 (Fig. 1), an alternating copolymer composed of electron-donating 
fluorinated benzodithiophene (FBDT) units and electron-deficient 

benzodithiophene-4,8-dione (BDD) units that is wildly employed as 
donor in bulk-heterojunction blends with state-of-the-art acceptors to 
obtain highly efficient devices [5,9,10,21–27]. However, intrinsic 
shortcomings of PM6, including the fact that its performance is highly 
sensitive to the molecular weight and a cumbersome synthesis of its 
precursor intermediates, leads to considerable batch-to-batch variations 
in device performance and high materials costs, which may limit future 
commercialization and industrialization of OSCs [28–30]. Therefore, 
development of high-performing donor polymers with superior syn-
thetic reproducibility at reduced cost deserves further attention. 

One of the main reasons for the success of PM6 are the fluorine atoms 
in the conjugated side chains that effectively down-shift the molecular 
energy levels of PM6 while enhancing the intermolecular interaction. 
These features are beneficial for achieving a high open-circuit voltage 
(Voc) and an improved charge carrier mobility that enhance the photo-
voltaic performance [31]. On the other hand, also drawbacks of 
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fluorination exist. These include the tedious synthesis and purification of 
fluorine-containing intermediates that contribute to a high synthetic 
complexity for PM6 [28,30]. Moreover, to suppress excessive molecular 
aggregation of PM6 in the active layer and optimize the bulk- 
heterojunction morphology, it is generally necessary to use halogen- 
containing high boiling point additives, such as 1,8-diiodooctane or 1- 
chloronaphthalene [9,11,15,32,33], in cell fabrication which may 
hamper device stability and complicate future high-throughput pro-
cessing because of a largely increased drying time of the active layer. 
With the rapid development of OSCs, it is essential to design polymers 
that offer high efficiency, low cost, and easy processing. 

Trialkylsilyl side chains have emerged as a valuable building block 
strategy in side-chain engineering for conjugated polymers, because 
they also efficiently down-shift molecular energy levels and improve 
crystallinity and hole mobility [34–37]. By adopting trialkylsilyl- 
substituted benzodithiophene units (BDTSi) in copolymers with benzo-
triazole (BTA) units, efficient donors such as J70, J71, and J101 have 
been constructed [34,35,37,38]. When blending these polymers with 
ITIC and their derivatives, the photovoltaic devices show high exciton 
dissociation and charge separation efficiencies, resulting in excellent 
device performance. In addition to these electronic characteristics, 
another important advantage of BDTSi is its convenient synthesis 
involving a short and high-yield synthetic procedure, which is a desir-
able feature towards commercialization [39]. Unfortunately, the J-series 
of polymers only exhibit competitive PCEs in ITIC-based OSCs. In the 
Y6-based OSCs, which currently represent the forefront of organic 
photovoltaics, polymer donors containing trialkylsilyl side chains have 
only very recently been shown to be useful. First, Wang et al. used a 
chlorinated BDTSi monomer to synthesize PBDS-TCl (Fig. 1) as a 
copolymer with BDD to blend it with the Y6-derived acceptor BTP-eC9 
(Fig. 1) [40]. While binary PBDS-TCl:BTP-eC9 blends provided only 
moderate PCEs up to 5.4%, replacing 10% of PM6 in PM6:BTP-eC9 by 
PBDS-TCl resulted a PCE increase from 17.0% for the binary blend to 
17.7% for the ternary system [40]. Second, Chen et al. used PBDS-TCl in 
combination with Y6 as acceptor to reach an efficiency of 14.6% [41]. 
The PBDS-TCl polymer provides a low energy loss of 0.41 eV as a result 
of a high Voc of 0.92 V and a bandgap of 1.33 eV for the Y6 acceptor [41]. 

Herein, we use the non-chlorinated version, PBDS-T (Fig. 1) [42] and 
investigate its optical, electrical, and photovoltaic properties in 

combination with BTP-eC9 [15]. PBDS-T was previously blended with 
ITIC, affording a PCE of 11.1% [42]. We find that OSCs based on PBDS-T 
and BTP-eC9 provide PCEs of 16.4% when using a simple post-treatment 
by solvent vapor annealing (SVA). PBDS-T:BTP-eC9 solar cells demon-
strate a low minimum photon-loss energy (Eloss) of 0.53 eV, and combine 
this with a high internal quantum efficiency of 93%. PBDS-T is thus a 
promising low-cost polymer donor for application in efficient OSCs. 

2. Results and discussion 

2.1. Synthesis and opto-electronic properties 

PBDS-T was synthesized using BDTSi and BDD as monomers in a 
palladium-catalyzed Stille polymerization reaction with an extremely 
high yield of over 95%. The synthesis followed procedures described by 
Chen et al. [42] and is described in the Experimental Section in the 
Supporting Information. To check the synthetic reproducibility, five 
different batches of PBDS-T were synthesized. The number-average 
molecular weight (Mn) and polydispersity index (PDI) are in the range 
of Mn = 60–95 kDa with PDI = 2–3. Despite its relatively high Mn, PBDS- 
T shows good solubility in chlorobenzene (CB), which was therefore 
used to process the active layers for OSC fabrication. Differential scan-
ning calorimetry (DSC) thermograms of PBDS-T (Fig. S1) did not show 
any clear endothermic or exothermic peaks associated with melting or 
crystallization between 20 and 350 ◦C. PBDS-T has high thermal sta-
bility up to 380 ◦C [42]. 

The normalized UV–vis–NIR absorption spectra of PBDS-T, BTP-eC9, 
and the blend film are shown in Fig. 2a. PBDS-T exhibits a maximum 
absorption at 610 nm with an onset at about 666 nm, corresponding to a 
wide optical bandgap (Eg) of 1.86 eV. The optical absorption coefficient 
of PBDS-T is 1.7 × 105 cm− 1 in thin films and 55.5 L g− 1 cm− 1 in 
chlorobenzene solution. BTP-eC9 shows a maximum absorption peak at 
835 nm with an onset at 928 nm, corresponding to a narrow Eg of 1.34 
eV. The complementary absorption spectra of PBDS-T and BTP-eC9 give 
rise to a blend that covers a wide spectral range, from 410 to 920 nm, 
which is beneficial for achieving high Jsc. To understand the aggregation 
behavior of PBDS-T in solution, the temperature-dependent aggregation 
in CB solutions has been studied by measuring the UV− vis–NIR ab-
sorption spectra between 20 and 100 ◦C (Fig. 2b). At 20 ◦C, PBDS-T 

Fig. 1. Structures of polymer donors PM6, PBDS-T, and PBDS-TCl and of the non-fullerene acceptors Y6 and BTP-eC9 used in this work.  
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shows a clear peak corresponding to the 0–0 transition and an additional 
shoulder of a 0–1 transition. When the temperature is increased, the 
absorption maximum shifts to the blue and the 0–0 peak gradually de-
creases in intensity. For PBDS-T the 0–0 peak has almost disappeared at 
80 ◦C. Balancing the solubility, aggregation, and π–π stacking is 
important for achieving an optimal blend morphology [29]. 

The energy levels of PBDS-T and BTP-eC9 were measured by square 
wave voltammetry (SWV) under an inert atmosphere (Fig. 2c). A donor/ 
acceptor-coated platinum wire, silver wire, and silver/silver chloride 
(Ag/AgCl) electrode served as working electrode, counter electrode, and 
quasi-reference electrode, respectively. The highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were 
determined from the onset potentials of the redox waves (Eox and Ered) 
vs. a Ag/AgCl reference electrode. Absolute energies vs. vacuum were 
obtained using ferrocene/ferrocenium as internal standard (E½(Fc/Fc+) 
= 0.37 eV vs. Ag/AgCl) and using a value of − 4.8 eV vs. vacuum for Fc/ 
Fc+, via EHOMO/LUMO = − q(Eox/red − E½(Fc/Fc+) + 4.8) (eV). The HOMO 
and LUMO energy levels for PBDS-T and BTP-eC9 (Table 1) are well- 
matched with an offset that ensures efficient charge separation after 
photoexcitation. The rather deep HOMO energy level of PBDS-T origi-
nates from the trialkylsilyl side chains, which stabilize the HOMO and 
LUMO energy levels by the interaction between the low-lying σ* orbital 
of the Si atom and the π* orbital of the aromatic unit [34,43], and is 
expected to give higher Voc and lower Eloss in OSCs. 

2.2. Photovoltaic properties 

Solar cells with a conventional device architecture (ITO/PEDOT: 
PSS/active layer/PFNBr/Ag) (ITO is indium tin oxide, PEDOT:PSS is 
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, and PFNBr is 
poly(9,9-bis(3′-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluo-
rene)-alt-2,7-(9,9-dioctylfluorene))dibromide) were fabricated to 
investigate the photovoltaic properties of PBDS-T in OSCs. Optimized 
device performance was found using a donor:acceptor weight ratio of 
1:1 and spin coating the mixture at a total concentration of 16 mg mL− 1 

in CB at 3000 rpm for 30 s, followed SVA by CS2. The details of the 
device optimization procedures are shown in Fig. S2, Fig. S3, Table S1, 
and Table S2. Fig. 3a shows the current density–voltage (J-V) charac-
teristics of optimized OSCs for as-cast and SVA blends. The corre-
sponding photovoltaic parameters are summarized in Table 2. The as- 
cast PBDS-T:BTP-eC9 device displayed a PCE of 14.6%, with a high 

Voc = 0.87 V, Jsc = 23.6 mA cm− 2, and FF = 0.71 (FF is fill factor). Upon 
SVA of the active layer, the PCE of PBDS-T:BTP-eC9 based solar cells 
increased significantly to 15.5%, with a slightly reduced Voc of 0.86 V, a 
higher Jsc of 24.4 mA cm− 2, and a higher FF of 0.74. Clearly, the SVA 
treatment for the PBDS-T-based film improved Jsc and FF, with a mini-
mal loss in Voc and thus delivered an improved PCE. The lower Jsc and FF 
of the as-cast active layers can be attributed to the inferior phase sepa-
ration in this suboptimal as-cast morphology, as will be detailed below. 

External quantum efficiency (EQE) spectra of the as-cast and SVA 
OSCs (Fig. 3b) demonstrate that both blends exhibit a high photo- 
response in the 300–900 nm wavelength range, indicating efficient 
exciton separation and charge transport and collection. The high EQEs 
indicate that the mixing of PBDS-T with BTP-eC9 in the blend is intimate 
and that charge generation is not limited by a too coarse phase sepa-
ration. The Jsc values integrated from the EQE spectra with the air mass 
1.5 (AM1.5G) spectrum are 23.8 and 24.8 mA cm− 2 for the as-cast and 
SVA devices, respectively and match within a few percent to the values 
obtained from the solar simulator, resulting from a slight mismatch 
between the solar simulator spectrum and the AM1.5G spectrum. The 
PCEs of the corresponding OSCs are 14.7% and 15.8% (Table 2). To test 
the batch-to-batch reproducibility, five different batches of PBDS-T were 
synthesized and blended with BTP-eC9. The five batches of PBDS-T have 
Mn’s in the range of 60 to 95 kDa and provide PCEs close to 15% (Fig. S4 
and Table S3), indicating that the performance is not very sensitive to 
the molecular weight. In addition, two other Y6 derivatives, Y6-BO-4Cl 
and Y6-BO-4F (Fig. S5), have been blended with PBDS-T and both de-
vices also exhibit PCEs close to 15% (Fig. S6 and Table S4), implying that 
PBDS-T has good universality with state-of-the-art acceptors. For com-
parison, we summarize the photovoltaic data reported for OSCs based on 
non-fullerene acceptors and polymers comprising trialkylsilyl side- 
chains in Table S5. The table shows that the PCEs obtained here for 
PBDS-T and Y6 derivatives are generally higher than reported to date. 

2.3. Studies on energy loss and charge recombination 

The minimal photon-loss energy Eloss, which is the difference be-
tween the bandgap edge (Eg) and qVoc (where q is the elementary 
charge) is a key factor limiting the photovoltaic performance. Reducing 
Eloss is imperative in further improving OSCs [44–49]. Following earlier 
work [14,44,47,50], we split Eloss into three contributions (Eloss = ΔE1 +

ΔE2 + ΔE3): (1) the first is the unavoidable radiative recombination 
originating from absorption above the bandgap (ΔE1 = Eg − qVSQ

oc ), 
where qVSQ

oc is known as the Shockley–Queisser (SQ) limit; (2) the second 
is due to additional radiative recombination from absorption below the 
bandgap, e.g. due to low-lying charge transfer states or strong disorder 
at the band edge (ΔE2 = qVSQ

oc − qVrad below gap
oc ); (3) the third is the non- 

radiative recombination loss given by ΔE3 = − (kT/q)ln(EQEEL), where 
EQEEL is electroluminescence (EL) quantum efficiency of the solar cell, k 
the Boltzmann constant, and T the absolute temperature. In order to 

Fig. 2. (a) Normalized optical absorption spectra of PBDS-T, BTP-eC9, and their blend in thin films. (b) Optical absorption of PBDS-T in chlorobenzene (9.4 mg L− 1) 
as function of temperature. (c) Square-wave voltammograms of PBDS-T and BTP-eC9 on a platinum wire in 0.1 mol L− 1 Bu4NPF6 acetonitrile solutions, recorded at a 
scan rate of 20 mV s− 1. Potentials are vs. Ag/AgCl. 

Table 1 
Physicochemical properties of PBDS-T and BTP-eC9.  

Material λonset 

(nm) 
Eg 

(eV) 
Eox(V) EHOMO 

(eV) 
Ered (V) ELUMO 

(eV) 

PBDS-T 666  1.86  0.95  − 5.38  − 1.26  − 3.17 
BTP- 

eC9 
928  1.34  1.23  − 5.66  − 0.42  − 4.01  
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understand Eloss of optimized PBDS-T:BTP-eC9 based OSCs, we 
measured the EQE in the sub-bandgap region and the EL spectrum. We 
determine the bandgap as Eg = 1.393 eV where the normalized reduced 
EQE and EL spectra intersect (Fig. 3c) [48]. An alternative method to 
determine the bandgap, by taking the photon energy where the first 
derivative of the EQE spectrum maximizes, gives the same value of Eg =

1.393 eV. To determine the non-radiative loss we measured the EQEEL 
(Fig. 3d). Following reported work [14], the loss values obtained are 
ΔE1 = 0.270 eV, ΔE2 = 0.035 eV, and ΔE3 = 0.226 eV, resulting in an 
overall Eloss of 0.531 eV. Together with Eg = 1.393 eV, Eloss = 0.531 eV 
reproduces the experimental qVoc of 0.86 eV accurately, showing the 
consistency of the analysis. Eloss = 0.53 eV is slightly less than the re-
ported PM6:BTP-eC9 based OSCs (Eloss = 0.561 eV) [15], and similar to 
that of state-of-the-art non-fullerene-based devices [14,49]. Comparison 
with the loss contributions determined for PM6:BTP-eC9 (ΔE1 = 0.263 
eV, ΔE2 = 0.058 eV, and ΔE3 = 0.227 eV) reveals that the difference is in 
ΔE2, which is the voltage loss due to radiative recombination below the 
gap as a consequence of the non-abrupt, sloped absorption edge [15]. 
The relatively large non-radiative recombination loss (ΔE3 = 0.226 eV) 
leaves room for further optimization. Reducing this value is the main 
challenge for OSCs. Non-radiative recombination can occur at the in-
terfaces with the charge transport layers and electrodes or at traps states 
in the bulk that could be caused by impurities, defects in the polymer 
chain or acceptor molecule, or morphology. It can also be caused by 
recombination of charges into low-lying triplet states of the donor or 
acceptor. Improvements must be found by reducing these loss processes. 

The relatively small value for ΔE2 is in accordance with the fact that 
the sub-bandgap EQE spectrum does not show the characteristic 

absorption of a charge-transfer (CT) state, but rather an exponentially 
decaying band edge that can be fitted with an Urbach energy of Eu ≈

20.8 meV. The CT absorption is completely hidden under the local 
exciton absorption of BTP-eC9. The value is also less than Eu = 24.1 meV 
reported for PM6:BTP-eC9 [15], consistent with the lower value for ΔE2. 
Kaiser et al. recently showed that for many pure and blended organic 
semiconductors the sub-bandgap absorption is dominated by thermal 
broadening and that the Urbach energy equals the thermal energy [51]. 
However, in the case of PBDS-T:BTP-eC9 the apparent Urbach energy 
Eapp

U (E) = [dln(EQE)/dE]− 1 is ~ 20.8 meV and appreciably less than the 
thermal energy (25.4 meV at 295 K) in the sub-bandgap region between 
1.05 and 1.30 eV as shown in Fig. S7a. The expression derived by Kaiser 
et al. for the absorption coefficient of a localized ground state and a 
significantly more diffuse delocalized excited state in a Gaussian density 
of states (DOS) does not give a good fit to the experimental data for 
energies below 1.3 eV (Fig. S7b). Irrespective of the nature of these 
differences in the apparent Urbach energy, its low value and the low 
standard deviation of the Gaussian DOS of σs = 35 meV found (Fig. S7b), 
indicate that there is little disorder at the band edge, which is beneficial 
for reaching a high Voc. 

To gain more insight into the effect of SVA on the photovoltaic 
performance, the exciton dissociation and charge collection properties 
of as-cast and SVA OSCs were investigated by measuring the dependence 
of the photocurrent density (Jph) on the effective voltage (Veff). The 
exciton dissociation efficiency (ηdiss) and charge collection efficiency 
(ηcoll) can be estimated from Jph divided by Jsat (the saturated photo-
current density) under short circuit and maximum power output con-
ditions. Fig. 3e shows that both ηdiss and ηcoll increase after SVA OSCs, 

Fig. 3. (a) J− V characteristics of the as-cast and SVA OSCs based on PBDS-T:BTP-eC9. (b) EQE spectra of the corresponding devices. (c) Reduced EQE and EL spectra 
of the PBDS-T:BTP-eC9 based device. (d) EQEEL of the optimized device. (e) Jph versus Veff curves of as-cast and SVA devices. (f) Light intensity dependence of Jsc 
and Voc. 

Table 2 
Photovoltaic parameters of OSCs measured with simulated AM1.5G (100 mW cm− 2) illumination.  

Devices MgF2 Jsc
a(mA cm− 2) Voc(V) FF PCEa(%) Jsc

b(mA cm− 2) PCEb(%) 

As-cast no 23.6(23.16 ± 0.297) 0.87(0.86 ± 0.007) 0.71(0.69 ± 0.011) 14.6 (13.81 ± 0.370)  23.8  14.7 
SVA no 24.4(24.13 ± 0.167) 0.86(0.86 ± 0.004) 0.74(0.72 ± 0.012) 15.5(15.0 ± 0.326)  24.8  15.8 
SVA yes 25.5(25.14 ± 0.159) 0.86(0.86 ± 0.004) 0.74(0.73 ± 0.007) 16.2(15.81 ± 0.217)  25.8  16.4  

a Values from J− V measurement. b Values from EQE measurement. The data outside the brackets is the highest value, and the data inside the brackets is the average 
value calculated from 8 individual solar cells. 
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from 91.9% to 93.6% and from 86.4% to 88.5%, respectively. This in-
dicates that SVA improves the exciton dissociation and charge collection 
efficiencies that are responsible for the high Jsc and FF, and the optimal 
device performance. The charge recombination in the two devices was 
studied by measuring the light intensity (Plight) dependence of Jsc and 
Voc. The slopes of Jsc vs. Plight are very close to 1 in a double logarithmic 
plot for both (Fig. 3f), indicating negligible bimolecular recombination 
at short circuit. In a semi-logarithmic plot, the slope of Voc vs. Plight is 
close to the thermal energy (kT/q) (Fig. 3f) and provided ideality factors 
of 1.11 (as cast) and 1.16 (after SVA). For trap-assisted Shockley-Read- 
Hall (SRH) recombination with equal capture coefficients for electrons 
and holes an ideality factor of 2 is expected. For pure bimolecular (band- 
to-band) recombination the expected ideality factor is 1. This suggests 
that trap-assisted recombination is not the major recombination 
pathway in PBDS-T:BTP-eC9 blends, both with and without SVA. We 
note, however, that also surface recombination due to non-selective 
contacts can reduce the ideality factor [52], such that the values close 
to 1 are not directly interpretable as being due to bimolecular recom-
bination only. 

2.4. Morphology studies 

To further rationalize the high Jsc and FF for the SVA-based device, 
the morphologies of the as-cast and SVA films were studied in more 
detail. First, the surface morphologies of the pristine and blend films 
were investigated by atomic force microscopy (AFM) in tapping mode. 
Fig. S8 shows that the surface of the neat polymer film exhibits fiber-like 
textures with a small root-mean-squared surface roughness (Rq) of 0.40 
nm, while the neat acceptor film exhibits cluster-like textures with Rq =

0.61 nm, implying a different surface organization for PBDS-T than for 
BTP-eC9. The higher Rq of BTP-eC9 suggests that its planar conjugated 
structure gives rise to stronger aggregation and crystallization. Fig. 4 

shows the AFM height and phase images of the blend films with and 
without SVA. The two blend films have a similar Rq of 0.6 nm but show 
different surface features. After SVA, numerous well-distributed fibrous 
structures with a width of ~ 3 nm and length of ~ 8 nm can be seen in 
the phase image, suggesting a more ordered structure than that of the as- 
cast film. The higher order can enhance charge transport and increase Jsc 
and FF in the corresponding OSCs. 

Second, the crystallinity of the films and nanostructure packing of 
PBDS-T, BTP-eC9, and their blends were investigated by two- 
dimensional grazing incidence wide-angle X-ray scattering (2D 
GIWAXS). The 2D GIWAXS diffraction patterns and line cut profiles are 
shown in Fig. 5. For the pure PBDS-T and BTP-eC9 films, the 2D GIWAXS 
patterns show stronger (010) diffraction signals in the out-of-plane 
(OoP) direction than in the in-plane (IP) direction. The (010) peaks 
for PBDS-T and BTP-eC9 are located at qz ~ 1.63 and 1.72 Å− 1 respec-
tively, corresponding to π–π stacking distances (d010) of 3.85 and 3.65 Å 
with crystallite coherence lengths (CCL010) of 13.4 and 12.0 Å, respec-
tively. For PBDS-T an IP diffraction peak at qr = 0.29 Å− 1 corresponds to 
a lamellar (100) spacing with d100 = 21.7 Å. The d-spacings and pref-
erential face-on orientation of PBDS-T match to those reported previ-
ously, although the d010 spacing of 3.85 Å is slightly smaller than the 
value of 3.97 Å reported by Chen et al. [41]. BTP-eC9 shows a less 
defined IP diffraction signal at qr = 0.43 Å− 1. Blending PBDS-T with 
BTP-eC9 does not change the stronger OoP compared to the IP (010) 
diffraction peaks. The as-cast blend film displays two (010) diffraction 
peaks in the OoP direction at qz ~ 1.48 and 1.80 Å− 1. Apparently, there 
are two different types of π–π stacking in the blend film that do not 
correspond to those of either of the pure components. In the IP direction 
two diffraction peaks can be seen for the as-cast film at qr = 0.28 and 
0.44 Å− 1, positions that match with those of the pure components. After 
SVA, the two (010) peaks coalesce into a single diffraction peak at qz =

1.70 Å− 1, i.e. in between qz = 1.63 and 1.72 Å− 1 of the pure compounds, 

Fig. 4. AFM height and phase images of PBDS-T:BTP-eC9 blend films without or with SVA.  
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and corresponding to d010 = 3.70 Å and CCL010 = 14.5 Å. In the IP line 
cut of the SVA blend a peak at qr = 0.30 Å− 1 with a shoulder at qr = 0.44 
Å− 1 indicate aggregates of the pure compounds. Together with the 
(010) peaks in the OoP direction, the distinct (100) peaks in the IP 
direction suggest that PBDS-T and BTP-eC9 have a preferred face-on 
orientation in the pure and blend films. 

While AFM and 2D GIWAXS provide insight into the organization of 

the PBDS-T:BTP-eC9 blend on a molecular level, future studies using e.g. 
grazing-incidence small-angle X-ray scattering (GISAXS) can address the 
dimensions of phase separation in more detail as has been shown for 
PM6:Y6 blends [5,53–55]. Nevertheless, high EQEs of up to 80% 
(Fig. 3b) already indicate that phase separation is not strongly limiting 
charge generation and collection. In fact, optical simulations presented 
in the next section show that the internal quantum efficiency (IQE) is 

Fig. 5. (a-d) The 2D GIWAXS diffraction patterns of pristine (a, b) and blend films (c, d). (e) Corresponding line cut profiles. (f) d010 and CCL010 for pristine and 
blends films. 

Fig. 6. (a) Reflectance and absorptance of individual layers from optical simulations for the entire device stack without/with 110 nm MgF2. (b) The conventional 
device structure without/with MgF2. (c) J− V characteristics of the PBDS-T-based OSCs without/with MgF2. (d) EQE spectra of the corresponding devices. 

H. Bin et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 435 (2022) 134878

7

above 90% when averaged over the AM1.5G spectrum. 

2.5. Optical simulations 

Next to the nature of the semiconductors and the morphology of the 
active layer, the optical properties of the device also affects the Jsc. 
Optical simulations using the transfer matrix method on the entire de-
vice stack help to understand the factors that limit Jsc. Fig. 6a reveals 
that next to the active layer, the ITO, PEDOT:PSS, and Ag layers absorb 
some of the incident light, but also that the main photon loss comes from 
the reflection of light. An effective strategy to reduce reflection is to 
introduce a MgF2 layer on the side facing the light source because the 
refractive index of MgF2 (~1.4) is smaller than that of glass (>1.5). 
[56,57] Because, reflection is proportional to the square of the differ-
ence in refractive indices at an interface, it will be reduced by making a 
graded transition from air to glass. The simulations indicate that a 110 
nm MgF2 layer reduces the reflection efficiently in the range of 450–850 
nm, and increases the absorption of the active layer in the corresponding 
range, which helps to enhance the Jsc. Fig. S9 shows the optically 
simulated EQE spectra for a variety of MgF2 film thicknesses. The sim-
ulations reveal that the optimal thickness is about 110 nm MgF2 and 
would increase Jsc by approximately 1 mA cm− 2. We then fabricated a 
conventional OSC with the structure shown in Fig. 6b. Fig. 6c and 6d 
show the J-V curves and EQE spectra of the device without and with 
MgF2 and the photovoltaic parameters are listed in Table 2. The 
experimental data shows good agreement with the optical simulations: 
with 110 nm MgF2 the Jsc increased from 24.8 mA cm− 2 to 25.8 mA 
cm− 2, and the PCE increased up to 16.4%. By integrating the experi-
mental EQE and the simulated absorptance with the solar spectrum and 
taking their ratio, the AM1.5G spectral-averaged IQE is found to be 93%. 
The IQE spectra are shown in Fig S10. 

3. Conclusions 

In conclusion, we have shown that PBDS-T, an alternating copolymer 
based on electron-rich BDTSi units with trialkylsilyl side chains and 
electron-deficient BDD units, provides a wide optical bandgap, a deep 
HOMO energy level, and a preferential face-on molecular orientation. 
PBDS-T can be reproducibly synthesized in good yields and the absence 
of fluorine or chlorine substituents reduces its synthetic complexity. 
OSCs prepared by blending with the acceptor BTP-eC9 exhibited 
considerable performance, enhanced by solvent vapor annealing, with a 
small Eloss of 0.53 eV and high AM1.5G averaged internal quantum ef-
ficiency of 93%. With the help of a low refractive index antireflection 
layer, a PCE of 16.4% was achieved. PBDS-T is a first example of a 
polymer comprising trialkylsilyl side chains that can afford PCEs over 
15% in combination with different Y6-based non-fullerene acceptors 
(BTP-eC9, Y6-BO-4Cl and Y6-BO-4F). The polymer can be synthesized in 
few steps with and gives good batch-to-batch reproducibility in OSCs. 
The study demonstrates that polymers containing trialkylsilyl side 
chains are a worthwhile option in combination with Y6-based non- 
fullerene derivatives provide efficient OSCs. 
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