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Supplementary Text 

S1. Device Performance 

Figure- S1. | a Device architecture and b J-V curves for BQR:PC71BM devices of 90 nm and 140 
nm thickness before and after solvent vapor annealing.  
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Table S1. | Photovoltaic performances of BQR:PC71BM bulk heterojunction solar cells 
fabricated with different annealing conditions and thicknesses.   

BQR:PC71BM  - 
Thickness 

Jsc(mA/cm2) Voc (V) FF (%) PCE 
(%)  

90 nm (as-cast) 9.6 0.92 44 3.9 

90 nm (SVA) 12.1 0.90 73 7.9 

140 nm (as-cast) 10.1 0.92 45 4.2 

140 nm (SVA) 14.5 0.90 72 9.6 

320 nm (as-cast) 9.8 0.84 41 3.4 

320 nm (SVA) 14.8 0.88 74 9.7 

600 nm (as-cast) 8.5 0.89 39 2.9 

600 nm (SVA) 15.3 0.88 61 8.1 
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S2. Bulk Heterojunction Morphology 
 
 

 

Figure- S2. | GIWAXS for BQR:PC71BM blend films of 95 nm thickness that are a, as-cast and 
b, solvent vapor annealed, and 140 nm blend films that are c, as-cast and, d, solvent vapor 
annealed. 
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Figure S3 | GIWAXS line profiles in the Qxy and Qz directions for 95 nm, 140 nm and 327 nm 
thick BQR:PC71BM blend films a, as-cast and b, following solvent vapor annealing. 
 
 
The aggregate development from as-cast to SVA films is independent of active layer thickness, 
shown optically with similar vibronic line shapes for the 95 nm and 140 nm thick samples (main 
text Fig. 1b), and in GIWAXS measurements (Figure S2a–d and S3a–b). 
The key features of GIWAXS indicate that all films increase in crystallinity with SVA. The 
reflection at 1.58 Å-1 is indicative of (010) BQR π–π stacking, with lamellar stacking of BQR 
indicated by (100) peaks at 0.65 Å-1(Fig. S1). Both of these features increase after solvent vapor 
annealing, more clearly visualized in the line profiles in Figure S3 a and b. This increase with SVA 
of the (100) reflection is predominantly along the Qxy axis, indicating that crystallites are slightly 
anisotropic with more π-stacking of molecules in the face-on direction, parallel to the substrate. 
The stronger tendency to take face-on orientation is generally associated with more favorable 
transport properties, leading to enhanced Jsc and fill factors, and better photoconversion 
efficiency1. A broad 1.3 Å-1 peak indicates the presence of amorphous PC71BM aggregates. With 
SVA, this peak sharpens/narrows indicating an increase in aggregation and slight introduction of 
crystallinity.  
Application of Scherrer analysis to Gaussian fits of the 0.35 A-1 peak corresponding to alkyl 
lamella yields average crystallite correlation lengths (CCLs) for as-cast films of 10.39 nm (95 nm 
film) and 12.48 nm (140 nm film). SVA films had larger CCLs of 18.05 nm (95 nm film) and 18.81 
nm (140 nm film). 
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Figure S4. | BQR exciton fluorescence of films excited at 600 nm, of neat BQR (grey), 1:1 
BQR:PC71BM blend films as-cast (blue) and after undergoing SVA treatment (green) indicating 
the quenching of BQR exciton emission due to charge transfer. As-cast blends have exciton 
quenching of 92.5 % compared to 79.3 % for SVA blends which have more pure BQR domains. 
The shaded area surrounding each trace indicates the standard deviation of ten measurements. 
 

 
Figure S5. | Measured current-voltage characteristics under AM1.5 incident light intensity of 600 
nm thick as-cast (blue) and SVA devices (red). The corresponding solar cell parameters for the as-
cast device read: PCE = 2.95%, FF = 38.8%, Jsc = 8.49 mA/cm2 and Voc = 0.89 V; whereas for the 
SVA device: PCE = 8.14%, FF = 60.7%, Jsc = 15.25 mA/cm2, and Voc = 0.879 V.   
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Table S2. | Parameters used in the electro-optical device simulations (see Figure 2a and 2c).   

Parameter as-cast SVA 

Active layer thickness, 𝒅𝒅 (nm) 320 320 

Temperature, 𝑻𝑻 (K) 300 300 

Relative permittivity, 𝜺𝜺 4.2 4.2 

Electron mobility, 𝝁𝝁𝒏𝒏 (cm2/Vs) 1.5 x 10-3 3 x 10-3 

Hole mobility, 𝝁𝝁𝒑𝒑 (cm2/Vs) 4 x 10-5 8 x 10-4 

Recombination reduction factor, 𝜸𝜸 0.07 0.0005 

Electrical bandgap, 𝑬𝑬𝒈𝒈 (eV) 1.32 1.32 

Effective density of states, 𝑵𝑵𝟎𝟎 (cm-3) 1020 1020 

Built-in voltage, 𝑽𝑽𝒃𝒃𝒃𝒃 (V) 1.1 1.1 

Hole injection barrier at anode (eV) 0.02 0.02 

Electron injection barrier at cathode (eV) 0.20 0.20 
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S3. Transient Absorption Measurements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6 | a, Time-resolved transient absorption of a neat BQR film, with 600 nm excitation at 
2.5 μJ/cm2. b, Spectral slices at 1 ps, 100 ps and 5000 ps of the neat BQR film, and c, Normalized 
dynamics at 650 nm of the ground state bleach, and at 920 nm and 1100 nm of the excited state 
absorption of the photoexcited exciton state, indicating that the primary decay pathway is the 
lifetime of the BQR exciton.  
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Figure S7 | Time-resolved transient absorption of 95 nm thick BQR:PC71BM film as-cast, with 
600 nm excitation at 2.5 μJ/cm2. We note that the raw kinetic slices at 920 nm (main text Fig. 3e) 
at later times can be obscured by spectral shifts and overlap with other species, and therefore are 
no longer a clear representation of the polaron PIA dynamics. 
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Figure S8 | Transient absorption of 140 nm thick BQR:PC71BM film after solvent vapor annealing, 
with 600 nm excitation at 10 μJ/cm2 (due to limitations in data quality for long time delays). 
Spectra are taken at 0.1 ns and 5 ns using a physical delay stage, and 100 ns and 800 ns using an 
electronic delay (see methods for details). The second derivative signature of the EA does not 
appear to be prominent in the data ≥100 ns delay.  
 

 
Figure S9 | Power dependence of transient absorption dynamics a, at 690 nm (predominantly the 
electro-absorption signal) of a 140 nm thick BQR:PC71BM film after solvent vapor annealing (as 
shown in Figure 3c) and b, at 920nm (polaron) of a 140 nm thick BQR:PC71BM as-cast film, 
showing a clear power dependence. The film was excited with a 600 nm pump pulse at 2.5, 5, 10, 
20 and 50 μJ/cm2.   
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S4. The Stark Effect in Organic Photovoltaic Blends 

 

 

 

 

 

 

 

 

Figure S10 | a, Steady-state electro-absorption of a BQR:PC71BM device under an applied AC 
voltage of 1–5 V, with a constant offset of -1 V DC to avoid charge injection. b, Electro-absorption 
at 690 nm (peak amplitude) as a function of applied AC bias. The AC voltage was converted to 
electric field by dividing by the device thickness in cm, here 83.6 × 10-7 cm. The prefactor, a, in 
the quadratic fit is 3.79 × 10-15. 
 
 
 

 
Figure S11 | a, Steady-state electro-absorption of a BQR:PC71BM device under an applied AC 
voltage of 3 V, with a constant offset of -1 V DC to avoid charge injection. The change in dipole 
moment and change in polarizability extraction from the steady-state electro-absorption signal. 
Fitting the EA signal from 630 nm–750 nm, change in polarizability, Δp = 35.38 Å3, change in 
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dipole, Δµ = 8.43 D. This Δp is quite small and the electro-absorption can be fitted almost entirely 
with the second derivative of the absorption coefficient. 
 
The Stark effect describes the effect of an electric field on the absorption or emission of an 
absorbing species. When arising from intrinsically generated charges, it has been broadly used as 
a probe of nanoscale excited-state processes involving charged species that generate an electric 
field between them2–4. This is different to the case of Stark spectroscopy, where the electric field 
in question is macroscopic, and deliberately applied across a sample with electrodes5–7. 
The change in transition frequency, ∆𝑣𝑣, of a molecular transition due to an electric field, 𝐹⃗𝐹, is given 
by: 

∆𝑣𝑣 =  − ∆𝜇⃗𝜇  ⋅ 𝐹⃗𝐹  − 1/2𝐹⃗𝐹  ⋅ ∆𝛼𝛼 ⋅ 𝐹⃗𝐹 
 where ∆𝜇⃗𝜇 is the change in dipole moment and ∆α is the change in polarizability resulting 
from the electric field8. 
The linear Stark effect results from a change in dipole moment, ∆𝜇⃗𝜇, where the effect of an electric 
field on molecular energy levels is a function of the field’s angle with respect to the transition 
dipole moment of the affected absorbers4. For Stark spectroscopy of an isotropic, immobilized 
sample, the molecular dipoles are at many different orientations with respect to the externally 
applied field, which shifts the transitions to both higher and lower transition energies; the 
difference spectrum resulting in a second derivative lineshape. This is the case in Figure S10a, and 
is also the case for photogenerated charges that cause an intrinsic electro-absorption in a sample 
where the field and molecules are at many relative orientations to one another (as described in the 
main text, Figure 4a-b)9. 
The quadratic Stark shift results from a change in polarizability, ∆α. The molecular polarizability 
change interacts with the field to induce a dipole moment only in one direction, typically in the 
direction of the applied field, regardless of the molecule’s orientation. This results in a first 
derivative lineshape, regardless of the whether the electric field is applied macroscopically or is 
intrinsic within a sample8,9.  
Throughout this work, we exclusively observe the excitonic, electro-absorption signature of the 
donor BQR. This is in contrast to the sub-bandgap charge transfer state electro-absorption signals 
that can also be observed in Stark spectroscopies of bulk heterojunctions10,11.  
Figure S10a shows Stark spectroscopy of a BQR:PC71BM device. We see a second derivative 
lineshape for the electro-absorption indicating that the Stark effect originates from a change in 
dipole moment, ∆µ, of an isotropic BQR sample. This is consistent with the EA observed in 
transient absorption spectra that are due to photogenerated free charges where the orientations of 
BQR molecules and the electric fields are at many different relative orientations. 
In Figure S10b the quadratic dependence of EA intensity on voltage is observed in isotropic 
samples due to orientational averaging, consistent with the linear Stark effect observed in an 
isotropic sample8. This dependence allows us to calibrate the electro-absorption signal observed 
in transient measurements against the steady-state electro-absorption spectra for BQR:PC71BM 
devices. Fitting a second order polynomial for an electric field in V/cm gives a quadratic prefactor 
value of 3.79 × 10-15 for BQR. The EA signal is equal to ∫�𝐸𝐸�⃗ �

2
𝑑𝑑𝑑𝑑 multiplied by this prefactor, 

where is 𝐸𝐸�⃗  is the electric field in V/cm, and dV is the volume element. 
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Figure S12 | Optimized ground state geometry of BQR calculated with density functional theory 
(DFT) calculations performed using B3LYP 6-31G(d,p) functional and basis set. a, top view and 
b, side view. 
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S5. Transient Absorption Spectral Extraction Using a Genetic Algorithm  

The method of spectral extraction for transient absorption data using a genetic algorithm is 
presented in reference12 and is described in detail elsewhere13,14. 

This method has no fixed kinetic model with exponential rates, which can be relevant in thin film 
heterojunctions where a range of different morphological environments for chromophores can 
complicate the assignment of the dynamics using exponential rates. This method assumes that each 
spectral component, 𝑛𝑛, comprising the data has a fixed spectrum of the 𝑖𝑖𝑡𝑡ℎ component 𝑆𝑆𝑖𝑖(𝜆𝜆) whose 
amplitude changes over time, 𝐴𝐴𝑖𝑖(𝑡𝑡). The transient absorption data can then be represented as: 

Δ𝐴𝐴(𝜆𝜆, 𝑡𝑡) =   �𝑆𝑆𝑖𝑖(𝜆𝜆)
𝑛𝑛

𝑖𝑖=1

𝐴𝐴𝑖𝑖(𝑡𝑡)  

The optimal solution can be found using a genetic algorithm where a large population of solutions 
are initially generated and evaluated for their fitness. Solutions of a higher fitness are preferably 
selected and preserved when a new generation begins. A minimum of three spectral species was 
needed to describe the data for BQR:PC71BM blend films. An initial guess for one species used 
the spectrum of neat BQR to describe the BQR exciton, and a second used the BQR hole polaron 
spectrum, which was constant held during the fit.  

The extracted signals for 140 nm thick SVA BQR:PC71BM films, shown in Fig. 3c in the main 
text, resemble the spectra of the BQR exciton, BQR hole polaron and second derivative EA of the 
ground-state absorption of the blend. We note that the extracted EA signal, while largely described 
by the second derivative of the ground state absorption, also captures a shifting feature of the 
polaron PIA at ~950 nm. This is because the global analysis method used here does not 
successfully capture spectral shifts, and the hole relaxation is occurring on the same timescale as 
the EA grow-in. Here, a red-shift in the transient signal maximum corresponds to the relaxation of 
BQR charges from higher energy disordered sites to lower energy ordered aggregates where 
charges can pool in higher densities. 
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Figure S13 | a, Inputs for fitting with the genetic algorithm described above. The polaron 
spectrum is input as a fixed component, from blend data where the polaron is the only 
component at late times after exciton decay. The exciton component is input as a starting guess 
for the second component, taken from the neat BQR transient absorption at 1ps. b, Outputs from 
the genetic algorithm fit. Two components do not adequately fit the data, however, three 
components are able to reproduce the data surface. The third component is allowed to float 
within the fit, and after the fit resembles the device EA.  c, Transient absorption data surface for 
140nm SVA films for fitting and d, fit surface from the genetic algorithm using the three 
components as described above. e, Residuals from the fit in d.  
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Figure S14 | Thickness dependence of transient absorption dynamics at a, 930 nm (polaron signal) 
and at b, 690 nm (predominately the electro-absorption signal) of BQR:PC71BM films after solvent 
vapor annealing. The film was excited with 600 nm pump pulse at 2.5 μJ/cm2. While thickness 
may have a small effect on the recombination dynamics (i.e the polaron signal) of films of different 
optical density, the thickness dependence of the EA signal at 690 nm is quite significant. 
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S6. Triplet Exciton Generation in As-cast BQR Blends 

 
Figure S15 | a, The BQR triplet exciton spectrum obtained using triplet sensitizer PdOEP (purple) 
blended in a BQR:PdOEP, 1:1 wt.% film. Films were excited at 553 nm (the absorption maximum 
of PdOEP films) at 830 ps delay. Neat films of BQR (black dots) and PdOEP (yellow dots) are 
also shown for comparison at 830 nm under the same excitation conditions. The pump excitation 
intensity was 7 μJ/cm2 for all samples. b, Pump power dependence of triplet generation, where the 
intensity dependent triplet growth infers that free carriers are influence triplet generation. c, An 
energy level diagram of charge generation and recombination pathways in a bulk heterojunction, 
emphasizing the pathway of triplet exciton generation via spin-uncorrelated free polarons.  

The generation of the BQR triplet exciton spectrum in blend films (Fig. S15a) has a 
significant power dependence (Fig. S15b), having formed from a bimolecular rather than a 
geminate recombination pathway. This triplet loss pathway is significant and equivalent for as-
cast heterojunctions in both thick (Fig. 3a) and thin films (Fig. S7). Following charge separation, 
free polarons can recombine to form singlet and triplet CT states in the ratio of 1:3 as dictated by 
spin statistics. Triplet CT states can then go on to form triplet exciton states on the donor if 
energetically accessible (Fig S15c)15. Recent work also suggests that smaller donor-acceptor 
separations can increase back transfer from the CT state to the lower energy localized triplet state.16 
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Figure S16 | Transient dynamics of a 95:5 BQR:PC71BM SVA film also showing the visible 
portion of the 50:50 BQR:PC71BM SVA film and device electro-absorption (inset), vertically offset 
for comparison. In the 95:5 BQR:PC71BM blend, excitons undergo charge separation to form 
polarons. However, unlike the 50:50 SVA blend, we see no evidence of charge buildup or 
capacitive charging due to the absence of a morphological cascade.  
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