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Interstellar photovoltaics
Nora Schopp 1, Ernazar Abdikamalov 2,3, Andrii I. Mostovyi 2,4, Hryhorii P. Parkhomenko 2, 
Mykhailo M. Solovan 5, Ernest A. Asare 2, Guillermo C. Bazan 6*, Thuc‑Quyen Nguyen 1*, 
George F. Smoot 3,7,8,9* & Viktor V. Brus 2*

The term ’Solar Cell’ is commonly used for Photovoltaics that convert light into electrical energy. 
However, light can be harvested from various sources not limited to the Sun. This work considers the 
possibility of harvesting photons from different star types, including our closest neighbor star Proxima 
Centauri. The theoretical efficiency limits of single junction photovoltaic devices are calculated for 
different star types at a normalized light intensity corresponding to the AM0 spectrum intensity with 
AM0 = 1361 W/m2. An optimal bandgap of > 12 eV for the hottest O5V star type leads to 47% Shockley-
Queisser photoconversion efficiency (SQ PCE), whereas a narrower optimal bandgap of 0.7 eV leads to 
23% SQ PCE for the coldest red dwarf M0, M5.5Ve, and M8V type stars. Organic Photovoltaics (OPVs) 
are the most lightweight solar technology and have the potential to be employed in weight-restricted 
space applications, including foreseeable interstellar missions. With that in mind, the Sun’s G2V 
spectrum and Proxima Centauri’s M5.5Ve spectrum are considered in further detail in combination 
with two extreme bandgap OPV systems: one narrow bandgap system (PM2:COTIC-4F, Eg = 1.14 eV) 
and one wide bandgap system (PM6:o-IDTBR, Eg = 1.62 eV). Semi-empirically modeled JV-curves 
reveal that the absorption characteristics of the PM2:COTIC-4F blend match well with both the G2V 
and the M5.5Ve spectrum, yielding theoretical PCEs of 22.6% and 12.6%, respectively. In contrast, the 
PM6:o-IDTBR device shows a theoretical PCE of 18.2% under G2V illumination that drops sharply to 
0.9% under M5.5Ve illumination.

After the discovery of the photoelectric effect in 1839 by Becquerel, the first patents for solar cells (U.S. 389,124 
and US389125) were issued to Ed. Weston in 1888, laying the groundwork for off-grid electricity generation 
from the Sun’s abundant energy supply1,2. Intense research efforts at Bell Labs followed in the 1950s, which led 
to the first photovoltaic cell based on Si, reaching PCEs of 4% in 19533. PCEs steeply increased in a few years to 
14% (1960) and the first applications of PVs were explored in satellite and space techologies4.

PV research has evolved dramatically since then and has breached into a whole spectrum of different technol-
ogies, including inorganic single-crystal and polycrystalline Si cells, GaAs-based cells, polycrystalline thin-film 
photovoltaics, as well as perovskite and organic photovoltaics (OPVs)5–7. Single crystal Si cells have turned into 
an economically viable sustainable energy harvesting solution, featuring PCEs of over 25% and long-term stabil-
ity of 25 + years at costs that have steadily declined in the past decade8,9. Besides utility-scale power generation, 
they serve off-grid applications such as parking meters, portable chargers, or street lights and can be integrated 
into buildings, greenhouses or vehicles, and serve electricity generation, water and waste water treatment in 
developing countries10–18. In addition to that, solar cells remain crucial for space applications and they are used 
on the International Space Station (ISS) or to power moon and mars rangers19,20.

While the realization of such applications has pushed the frontiers of space exploration within our solar 
system in the 1960s and 1970s, many open scientific questions remain, such as the possibility of extra-terrestrial 
life. The first extrasolar planets were discovered in 1992, followed by the breakthrough discovery of 51 Pegasi 
b orbiting the Sun-like star 51 Pegasi in 1995 (awarded with the Nobel Prize in Physics 2019)21,22. As of today, 
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more than 4000 exoplanets have been discovered thanks to advanced space telescopes such as Kepler 23,24, TESS 
25, and CHEOPS26. The discoveries suggest that there could be ~ 100 billion Earth-like planets throughout our 
galaxy alone that may offer habitable conditions27.

One exciting target for exploration is the planet Proxima Centauri b. It is part of the Alpha Centauri star 
system and is located at a distance of 4.2 light years from Earth. The planet orbits the red dwarf star Proxima 
Centauri, the closest star to our planet. Proxima Centauri b is in its habitable zone, at a distance of about 7.5 
million km, and has an orbital period of 11.2 days28. The Breakthrough Starshot initiative aims to send thousand 
centimeter-sized, gram-scale probes mounted on a spacecraft with ‘light sails’ to the Alpha Centauri system to 
gather and signal back data to the Earth29–31. Such light sails accelerate via light propulsion, the concept of using 
the momentum of the light, sometimes referred to as radiation pressure32–34. The sails’ technological roadmap 
is still under development but it is well understood that the acceleration is limited by the ratio of flux to mass 
per unit area35. Thus, the sails are supposed to be lightweight in order to be accelerated by earth-based lasers 
to a speed of ~ 0.2c, which would allow the telescope to reach the Alpha Centauri within decades30,36–38. Such 
acceleration is only possible when combining powerful GW lasers with a very lightweight spacecraft of a few 
grams. Currently, the scientific community is exploring the technical feasibility of the project, and addressing 
thermal management and the light sail design30,31,38,39.

This work addresses the possibility of harvesting photon energy from different types of stars, including Prox-
ima Centauri. While technical details need to be worked further, it is likely that the strict weight requirements 
render inorganic solar cells based on Si or GaAs unsuitable. Moreover, the light sails need to be significantly 
curved, with an increased curvature under acceleration30. This requirement also makes organic photovoltaics 
(OPVs) prime candidates as their photoactive layers are nanometer-thin films that can be deposited on thin 
plastic substrates and on curved surfaces15,40,41. Further, they exhibit the required mechanical flexibility41–43.

In the case of the Breakthrough Starshot initiative, the laser-facing side of the light sails has to be made from a 
reflective and heat-resistant material38. It may be possible to use the parabolic light sail as a starlight concentrator 
to provide sufficient irradiation of a photovoltaic device placed in its focus even far from the star. The light sail 
design is not very well defined at this point, so integrating extremely lightweight OPVs directly into its multilay-
ered structure remains a possibility44. Moreover, conformable OPVs could be integrated into interstellar probes, 
satellites, and spaceships or be transported for applications on colonized exoplanets in the distant future. While 
technologically still challenging, the exploration of the interstellar space marks the next phase of space explora-
tion and is considered to be within reach in the next century. Herein, we first address fundamental limitations 
of photovoltaics for interstellar applications. In the second part of the paper, we focus the reader’s attention on 
the possibilities for OPVs in interstellar applications. In particular, we demonstrate how the inherent material 
properties of organic semiconductor donor:acceptor bulk-heterojunction (BHJ) active layers influence their 
potential to be employed near Proxima Centauri.

Result and discussion
Stellar types and their spectra
‘Solar cells’ is a commonly established term for PV devices that interconvert light and electrical energy, because, 
so far, they typically harvest Sun light. The research and development of terrestrial PVs typically considers the 
standard solar spectrum AM1.5, which has an integrated intensity of 1000 W/m2. Near Earth’s orbit-based PVs 
are located outside the atmosphere and are exposed to the standard AM0 solar irradiance spectrum with an 
incident intensity of 1361 W/m245. The AM0 irradiance spectrum is defined by the Sun’s surface temperature and 
the distance between the Earth and the Sun. With a surface temperature close to 6,000 K, the Sun is classified as 
a G2V star, according to the main sequence of stars. In this work, we consider spectra from stars of types O5V, 
B0V, A0V, F0V, G2V, K0V, M5.5Ve, and M8V, representing examples from all major stellar spectral types46,47. 
The M5.5Ve and M8V stars are the Proxima Centauri and TRAPPIST-1 stars, the latter being an ultra-cool red 
dwarf star 40.7 light years away hosting at least seven planets, some of which are in the habitable zone, where 
water can exist in liquid form48–50. Figure 1a shows the different start types, together with their temperatures, 
and Fig. 1b provides different stellar spectra. The spectra of the stars are obtained from the Pickles (1998) catalog 
51, which provides spectral energy distributions from 115 to 2500 nm for a wide range of stellar types. For the 
O5V and B0V stars, which have significant emissions below 115 nm, the Pickles (1998) spectra were fitted with 
the OSTAR2002 52 and BSTAR2006 53 models below 115 nm, respectively. At longer wavelengths, the blackbody 
spectrum is employed. While approximate, the blackbody part of the spectrum contributes less than 1% of the 
overall energy. All spectra are normalized to an incident integrated intensity of 1361 W/m2 for direct comparison.

Photovoltaic efficiency limits
The theoretical performance limits of single-junction PVs under illumination with these different spectral star 
types were determined within the scope of the Shockley-Queisser limit model54, as shown in Fig. 2. In the first 
step, the photon flux Φ was calculated from the shown spectra as outlined in the Supporting Information. The 
theoretical photocurrent Jph is obtained as a function of the band gap Eg based on the integration of the photon 
flux Φ multiplied with the elementary charge q, assuming the black body absorption:

(1)Jph = q

∞
∫

Eg

�(E)dE
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The lower limit of recombination losses, also referred to as the radiative limit, is determined by bimolecular 
recombination processes that are inevitable for temperatures > 0 K54,55. The resulting minimum recombination 
current Jrec is obtained from detailed-balance calculations54,55 as:

Figure 1.   Stellar types and their spectra. a Visually representative examples of O, B, A, F, G, K and M stellar 
types (hot to cold) within our galaxy (source: NASA54). b Spectral distributions of stars ranging from O5V to 
M8V.

Figure 2.   Theoretical photovoltaic performance limits for the different stellar types. a PCE as a function of the 
band gap for spectral star types O5V, B0V, and A0V. b PCE as a function of the band gap for spectral star types 
F0, K1V, and G2V. c) PCE as a function of the band gap for spectral star types M0, M5.5Ve, and M8V.
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Based on Jrec, a theoretical JV-curve can be obtained for positive voltages (0 V to Eg/q) as the sum of the 
photocurrent and the recombination current (note the negative sign of the photocurrent, which is reduced in 
its magnitude by adding the recombination current).

Having calculated the JV-curves as a function of Eg, it is possible to determine the open circuit voltage Voc, 
the short-circuit current Jsc and the fill factor FF for each curve. The SQ PCE dependence on Eg values is then 
obtained as the product of these performance parameters per incident power as PCE =

Jsc ·Voc ·FF
Pin

.
Figure 2a shows the resulting SQ PCEs that can be obtained for single-junction PV devices exposed to the 

spectra of hottest star types O5V, B0V and A0V, revealing maxima of 46.8% at 12.3 eV, 44.3% at 6.8 eV and 33.6% 
at 2 eV, respectively. These maxima can be considered as the optimum band gaps for any photovoltaic material 
to obtain the highest PCEs under the respective illumination conditions.

It should be mentioned that the optimal band gap of 12.3 eV for the hottest star type O5V is beyond a practi-
cal band gap range. For instance, the widest band gap polymorphs of classical dielectric materials α-Al2O3 and 
β-moganite SiO2 possess band gaps of 8.8 eV56 and 9.7 eV57, respectively. To our knowledge, there are no reports 
on using these dielectrics as the active material in any optoelectronic devices. However, the optimal band gap 
of 6.8 eV for the second hottest star type B0V already is in the range of extremely wide band gap optoelectronic 
materials. Diamond (Eg = 5.47 eV)58 and cubic Boron Nitride (Eg = 6.36 eV)59 have been successfully employed 
as photo-active materials in solar-blind deep-ultraviolet photodetectors60–63 and, thus, can potentially be used 
as efficient PV materials next to hot stars of the B0V type.

Figure 2b displays the SQ PCEs for the F0, G2V and K1V spectra, with maxima of 32.1% at 1.5 eV, 28.1% 
at 1.2 eV, and 26.2% at 1.15 eV respectively. Band gaps up to approximately 6 eV, 5 eV and 4 eV yield non-zero 
SQ PCEs. For the coldest spectral types M0, M5.5Ve and M8V, SQ PCE maxima of 23.1% at 0.85 eV, 23.4% at 
0.72 eV, and 23.0% at 0.75 eV are determined with tails approaching zero around 3 eV, 2 eV and 1.5 eV, respec-
tively, as shown in Fig. 2c.

To summarize these calculations, drastic changes of the SQ PCEs as well as the ideal band gap can be observed 
depending on the star type and its spectral distribution. Having elucidated how the SQ limits depend on the 
band gap and on the spectral type, we will now focus on a specific PV material class. As outlined above, the strict 
weight requirements allow only for thin-film PVs. Among these technologies are Cadmium-Telluride, Cupper-
Indium-Gallium-Selenide (CIGS), Perovskites and Organic PVs64–66. The latter represents the most lightweight 
solution thanks to ultra-thin photoactive layers of about 100 nm that are comprised of low density carbon-based 
molecular materials67–69. Due to their molecular tunability, a wide range of band gaps is accessible with OPVs, 
which is of particular interest for the application under different illumination conditions, such as in the proximity 
of different stars. For these reasons, we explore the commercially available extremely narrow or wide band gap 
lightweight OPVs next to the Sun (G2V spectrum) and near Proxima Centauri (M5.5Ve spectrum).

Performance of narrow and wide band gap OPV systems near the sun and proxima centauri
Figure 3a displays the chemical structures of the selected organic semiconductor donor polymers PM2 and PM6 
and of the small-molecule non-fullerene acceptors (NFAs) o-IDTBR and COTIC-4F. Figure 3b shows their low-
est unoccupied molecular orbitals (LUMOs) and highest occupied molecular orbitals (HOMOs), which may be 
considered as equivalents to the bottom of the conduction band and top of the valance band, respectively. The 
values were taken from the literature. 70–73 The wide-band gap components PM6:o-IDTBR and the narrow band 
gap components PM2:COTIC-4F are paired and employed using an inverted device structure (ITO/ZnO/active 
layer/MoOx/Ag), as shown schematically in Fig. 3c.

The wide band gap PM6:o-IDTBR system features an effective band gap (LUMOA—HOMOD) of 1.62 eV, 
contrasting the narrow effective band gap of only 1.14 eV of the PM2:COTIC-4F blend. Based on this dif-
ference, altered absorption characteristics are expected with favored IR-absorption in the narrow band gap 
system. Experimentally measured values for the refractive index n(λ) and the extinction coefficient k(λ) of the 
bulk-heterojunction active layers are given in the Supporting Information. Figure 4 provides insight into how 
the absorption characteristics of the two blends match the spectral irradiance of the M5.5Ve Proxima Centauri 
and the G2V Sun spectrum.

Figure 4a and b reveal the spectral match of PM6:o-IDTBR (blue) solar cells with G2V and M5.5Ve illumina-
tion, respectively. The spectral irradiance of the Sun and of Proxima Centauri are shown in black (right axis), 
respectively. The dashed lines represent the fraction of the light that is absorbed by the photo-active layer under 
the different illumination in the above-mentioned inverted device configurations (Fig. 1), which was obtained 
from optical Transfer Matrix Simulations, taking into account all device layers and their thicknesses.74,75 The 
net amount of light absorbed corresponds to the integrated area under the curve (blue/red areas), which is the 
product of their spectral irradiance and the fraction of light absorbed.

It becomes apparent that the wide band gap system absorbs a significantly larger amount of light under G2V 
illumination than under M5.5Ve illumination. Under G2V illumination, 31.9% of the light is absorbed thanks 

(2)Jrec =
2qπ

c2h3

∞
∫

Eg

E2
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(
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)
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dE
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to a good overlap of the G2V spectrum and the absorption characteristics of PM6:o-IDTBR below 700 nm. In 
contrast, under the red-shifted M5.5Ve illumination these absorption features lead to a large spectral mismatch 
and only 1.4% of the light can be absorbed.

Figure 4c and d show the same information for the PM2:COTIC-4F system. Thanks to the strong irradiance 
tail of the G2V spectrum that stretches beyond 1000 nm, the PM2:COTIC-4F system demonstrates good overlap 
as well, and 50.1% of the light is absorbed by the narrow band gap OPV. In contrast to the wide band gap system, 
a good spectral match of the absorption characteristics is found under the M5.5Ve spectrum as well, with a peak 
irradiance around 1100 nm, leading to 21.1% of the photons being absorbed.

Lastly, we estimate the effect of the spectral overlap of the two OPV blends under M5.5Ve and G2V illumi-
nation on device performance. The JV-curves are calculated within the scope of a semiempirical model as the 
sum of the theoretical short circuit current Jsc,theo and the voltage-dependent recombination current Jrec. The 
Jsc,theo was obtained from optical Transfer Matrix Simulations under M5.5Ve and G2V illumination, following 
Eq. 5. The spatially and wavelength-dependent generation rate G(x, λ) of photo-generated charge carriers in 
the active layer was obtained based on the device structures shown in Fig. 3c, taking into account the complex 
interference pattern that is determined by the thicknesses and the optical constants of all layers, as outlined in 
our previous work. 75–77.

Jrec was calculated according to Eq. 6 through 9, with q being the elementary charge, kbm the bimolecular 
recombination coefficient, n the charge carrier density, T the temperature assumed as 298 K, Nc the effective 
density of states, Eg the effective band gap (LUMOA—HOMOD) and V the voltage. The used values of the con-
sidered parameters are chosen in such, that they are in the physically-based range for OPV materials, and are 
given in Table 1.78–80.

With the definition of n and ni.

(4)J = Jsc,theo + Jrec

(5)Jsc,theo = q · Pg

�
∫

L
∫

G(x, �)dxd�

(6)Jrec = qLkbmn(V)2

Figure 3.   OPV model systems. a Chemical structures of the organic semiconducting donor polymers PM6 and 
PM2 as well as of the NFAs O-IDTBR and COTIC-4F. b Energy diagram for the materials. c Schematic device 
structure for inverted solar cells based on PM6:o-IDTBR and PM2:COTIC-4F active layers.
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We obtain.

The resulting JV curves are shown in Fig. 5. We note that this approach disregards possible energy losses and 
complex recombination processes, including geminate recombination losses (Pg assumed to be unity), as well as 
losses via surface and bulk trap-assisted recombination mechanisms.81–83 Nevertheless, this approach serves as 
a first approximation to compare the OPV’s potential in the environment close to the Sun or Proxima Centauri.

First, we observe that both systems perform lower under M5.5Ve illumination. The reduced performance 
originates from a reduced short-circuit current in the narrow band gap PM2:COTIC-4F system. In the wide 
bandgap system, it originates from both a reduced short-circuit current and a reduced Voc.

(7)n(V)2 = n2i exp

(

qV

kBT

)

(8)ni = N2
c exp

(

−Eg

kBT

)

(9)Jrec = qLkbm · exp

(

−
Eg

kBT

)

exp

(

qV

kBT

)

Figure 4.   Comparison of the spectral match of the G2V and M5.5Ve spectra with two BHJ OPV blends. a 
G2V spectrum (black) and the fraction of light absorbed by PM6:o-IDTBr (blue dashed) and the amount of 
light absorbed (blue area). b M5.5Ve spectrum (black) and the fraction of light absorbed by PM6:o-IDTBr 
(blue dashed) and the amount of light absorbed (blue area). c) G2V spectrum (black) and the fraction of light 
absorbed by PM2:COTIC-4F (red dashed) and the amount of light absorbed (red area). d) M5.5Ve spectrum 
(black) and the fraction of light absorbed by PM2:COTIC-4F (red dashed) and the amount of light absorbed 
(red area).

Table 1.   Parameters used for the calculation of the JV curves for PM2:COTIC-4F and PM6:o-IDTBR.

Parameter Value PM2:COTIC-4F, PM6:o-IDTBR

Effective band gap Eg 1.14 eV, 1.62 eV

Effective density of States Nc 2.5 × 1019 cm-3

Geminate recombination prefactor Pg 1

Bimolecular recombination coefficient kbm 5 × 10–11 cm3/s

Temperature T 298 K
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The wide-band gap system PM6:o-IDTBR yields a simulated Jsc of -19.1 mA/cm2, a Voc of 1.42 V, a FF of 0.91 
and a PCE of 18.2% under G2V illumination. In contrast, in the environment close to Proxima Centauri, a Jsc 
of only 1.0 mA/cm2 would be obtained and a noticeable reduction in the Voc to 1.34 V can be observed. With a 
FF of 0.91 a low theoretical PCE of only 0.9% is obtained, representing a PCE drop to only about 5% of the PCE 
under G2V illumination. We can summarize that the wide-band gap system shows more pronounced changes 
depending on the illumination due to the large difference in the spectral overlap. The PM2:COTIC-4F OPV yields 
a Jsc of 37.6 mA/cm2, a Voc of 0.93 V, a FF of 0.88 and a theoretical PCE of 22.6% under G2V illumination. Under 
M5.5Ve illumination, the Voc is almost as high as under the Sun spectrum with a value of 0.92 V, however, the 
Jsc is reduced to 21.3 mA/cm2. With an FF of 0.88, the narrow band gap OPVs still exhibit a theoretical PCE of 
12.6%, maintaining 56% of the PCE under G2V illumination. Therefore, we can conclude that the narrow band 
gap system is a more suitable choice for any future application in proximity to Proxima Centauri. The application 
of OPVs for interstellar use once more demonstrates the benefits that arise from the flexible band gap tuning due 
to the molecular nature of organic semiconductors and the chemical diversity it affords. We note that while the 
band gap engineering of OPVs underwent great success, smaller band gaps below 1.1 eV have not been accessible 
yet. Therefore, a narrow band gap system based on COTIC-4F or its derivatives offers one of the most promising 
spectral matches for use near Proxima Centauri to date. The details a summarized in Table 2.

Conclusion
The spectral distribution of stars spans a wide range depending on their temperature. This work has laid out how 
the spectral distributions impact the band gap-dependent SQ limits and has determined the SQ performance 
limits for the hottest O5V type stars to be about 47% at band gaps of 12–16 eV. Colder stars require narrower 
band gaps as low as 0.7 eV to reach SQ PCEs of 23%.

In the second part of this work, the application of a wide band gap and a narrow band gap OPV system was 
considered, in the first case near the Sun (G2V type star) and in the other case near the red dwarf star Proxima 
Centauri (M5.5Ve type star) that is the star closest to Earth. The wider band gap system shows a theoretical PCE 
of 18.2% in G2V illumination that drops sharply to 0.9% under M5.5Ve illumination due to a poor spectral 
overlap of the absorption and the M5.5Ve spectrum. In contrast, the more extensive spectral overlap found for 
the PM2:COTIC-4F narrow band gap system for both the G2V and the M5.5Ve spectra leads to theoretical PCEs 
of 22.6% and 12.6%, respectively. Our results demonstrate the need for narrow band gap systems for interstellar 
OPV applications near Proxima Centauri, or, more generally, the need to consider the spectral irradiance and 
the material properties of OPVs for interstellar applications.

We note that OPVs are not as robust and established yet as their inorganic counterparts. However, research 
in the OPV field is currently addressing the remaining long-term stability challenges via the molecular design 
of new donors and acceptors, the incorporation of cross-linker and the development of thermodynamically 

Figure 5.   JV-characteristics of OPVs with PM6:o-IDTBR (blue) and PM2:COTIC-4F (red) active layers under 
M5.5Ve (dashed line) and G2V (solid lines) illumination.

Table 2.   Performance parameters for the two OPV structures under illumination conditions representing the 
environment next to the sun (G2V) and Proxima Centauri (M5.5Ve).

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

PM6:o-IDTBR G2V −19.1 1.42 0.91 18.2

PM6:o-IDTBR M5.5Ve −1.0 1.34 0.91 0.9

PM2:COTIC-4F G2V −37.6 0.93 0.88 22.6

PM2:COTIC-4F M5.5Ve −21.3 0.92 0.88 12.6
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stable morphological blends. These efforts are expected to result in significant improvements of OPV long-term 
stability for future space applications.

Material and method
Organic bulk‑heterojunction active layers processing
The glass substrates were cleaned with detergent, then subsequently ultra-sonicated in acetone and isopropanol, 
and dried at 100 °C. Afterward, the glass substrates undergo a UV-ozone treatment for 15 min.

PM2:COTIC-4F (mass ratio 1:1.5 with total concentration of 20 mg/ml) was dissolved in chlorobenzene with 
1 vol% 1-chloronaphthalene. The solution was stirred at 60 °C for at least 8 h. Active layers were spin-coated at 
1200 rpm on the glass substrates in a dry nitrogen atmosphere. PM6:o-IDTBR (mass ratio 1:1 with total concen-
tration of 20 mg/ml) was dissolved in chlorobenzene with 1 vol% 1-chloronaphthalene. The solution was stirred at 
60 °C for at least 8 h. Active layers were spin-coated at 2000 rpm the glass substrates in a nitrogen-filled glovebox.

Optical properties and optical simulations
The optical properties of the photoactive blends were obtained experimentally from transmission and reflection 
measurements. The transmission and reflection spectra of the D:A bulk-heterojunction films were measured 
using a UV–vis-NIR spectrophotometer (Lambda 1050, Perkin Elmer). The thicknesses of the films were meas-
ured using a profilometer (Dektak XT Stylus Profiler). Modeling beyond the TMM method was carried out in 
python code based on the equations presented in the manuscript.

Optical Simulations were carried out using the freely available Transfer Matrix Method software and the 
optical properties of the electrode materials were used as reported in previous work.74,75.

Data availability
The materials and data that support the findings of this study are available from the corresponding authors on 
request.
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