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In organic solar cells (OSCs), which represent a quintessential application

system for organic conjugated films, the intrinsic light reflection of these films
significantly influences the optical performance of the devices through the
Fabry-Pérot micro-cavity effect. However, this phenomenon has not been

comprehensively investigated. This study demonstrates that the film’s intrinsic
reflection arises from the light-matter interaction, which is mainly governed by
the polarizability of delocalized electron cloud and the orientation of the
conjugated backbone. Furthermore, the multi-level interference within the
OSC micro-cavity leads to a dependence of both the reflection properties and
the short-circuit current density (/sc) on the active layer thickness. Based on
these insights, a strategy for synergistic optimization of device performance
through precise tailoring of optical constants and the micro-cavity structure is
proposed. By systematically analyzing the intrinsic reflection behavior of
organic conjugated films, this study enhances the understanding of the role
reflection plays in the performance of photovoltaic devices and provides
theoretical support for further optical optimization of organic photovoltaics.

Organic optoelectronic devices based on organic semiconductor
materials have garnered widespread attention over the past few dec-
ades due to their advantages of flexibility, solution processability,
semi-transparency and low cost'™, making them as a crucial focus in
the development of next-generation electronic devices. The rapid
advancement of novel organic materials has propelled notable pro-
gress in device performance. However, to further exploit the full
potential of the devices, fine-tuning the optical properties of organic
semiconductor films is also a critical strategy and a variety of
approaches have been proposed to enhance the light utilization in
such devices. For instance, the Fabry-Perot micro-cavity effect based
on multiple thin films®” is a particularly effective approach for
achieving purer color characteristics and higher light-out-coupling

efficiencies in organic optoelectronics, which is primarily attributed to
the combination of two-beam or multi-beam interference effects.
These effects have been extensively investigated in micro-cavity
organic light-emitting diodes and other optoelectronics®™. Gen-
erally, it occurs when the active layer with sub-micrometres thickness
is sandwiched between a high-reflection metal electrode and a low-
reflection metal electrode.

Organic solar cells (OSCs), as a class of prominent highly photo-
sensitive organic optoelectronic devices, have achieved great
development in materials designing and device optimization,
boosting the power conversion efficiencies (PCEs) over 20%* " and
edging closer industrialization expectations. However, according to
Shockley-Queisser (S-Q) limit'®", the PCEs of OSCs still far from the
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theoretical value. In addition to the widely discussed voltage losses,
the photocurrent losses also have a significant impact on the PCEs.
For example, in the D18:Z8:L8-BO based ternary OSCs, the maximum
theoretical short-circuit current density (/sc, sq) can reach
31.8 mA cm2 with a band gap of 1.43 eV", while the experimental Jsc
of the device is 27.2mA cm?, indicating a 15% loss of the incident
photon, which mainly arises from the internal quantum efficiency
(IQE) loss, the parasitic absorption loss in the interlayer and the
electrodes, and the reflection loss from the devices*'*. Among the
various losses, the reflection losses constitute the largest proportion
and strongly correlated to the optical micro-cavity effect. Typically,
the incident light first passes through the transparent electrode (e.g.,
ITO) and then penetrates the active layer to reach a thick highly
reflective bottom metal electrode (e.g., Ag), forming an optical
micro-cavity'’. Such a micro-cavity is crucial for regulating the light
absorption and reflection, thereby optimizing both the current and
PCE of the devices.

Generally, the optical micro-cavity effect essentially arises from
the interference behavior of multiple reflections, and the reflection at a
planar interface is primarily determined by the difference in refractive
index n between the two optical mediums. When the difference is
minimal, the reflection is effectively suppressed. Conversely, a sub-
stantial refractive index difference could lead to a pronounced
reflection'”?. Regarding organic semiconductor films, our previous
work, together with other studies, have demonstrated that they exhibit
wavelength-dependent refractive indices, resulting in a strong dis-
persion reflection at the interface formed with the air/metal® >,
Typically, the modulation for such reflection relies on empirical
external strategies, such as morphology modulation, anti-reflection
layer modulation® ¢, etc. However, to our knowledge, there has been
alack of in-depth research on modulating the intrinsic reflection of the
organic materials layers for device optimization. Early work by Pet-
tersson et al.”” modeled the photocurrent action spectra in fullerene-
based OSCs by incorporating exciton diffusion and interference
effects, and established a connection between the optical field dis-
tribution and charge generation. However, these models may not be
directly applicable to advanced non-fullerene acceptors (NFAs) due to
their distinct optical constants (refractive index n and extinction
coefficient k). Kerremans et al.?° reported a method for determining
optical constants from transmission spectra using the Kramers-Kronig
model, yielding promising computational results. Nevertheless, the
relationship between the optical constants of NFAs and their mole-
cular/aggregate structures remains unelucidated, which hinders a
comprehensive understanding of the intrinsic reflective properties of
the thin films, ultimately causing targeted manipulation of the optical
micro-cavity to reach a bottleneck.

In this work, we systematically investigated the intrinsic
reflection properties of organic semiconductor films. As demon-
strated by the grazing incident wide-angle X-ray scattering
(GIWAXS) experiments and time-dependent density functional
theory (TD-DFT) calculation, the electronic polarization has an
impact on the light-matter interaction in the conjugated films,
leading to the intrinsically high reflection with pronounced
chromatic dispersion simultaneously. Typically, the organic
materials with higher reflection generally feature 2D-polarized
molecular backbone and face-on molecular packing, and the film
reflection can be well tuned by controlling the film thickness.
Subsequently, the representative PM6:Y6 based OSCs were
employed to reassess the rationality of active layer thickness
optimization according to the characteristic reflection property
of the PM6:Y6 blend films. The total absorption/reflection of the
OSCs with varying active layer thicknesses evolves from stage | to
IV: thin-film bottom reflection, interference transition, thick-film
interference and thick-film surface reflection. Notably, the inter-
ference transition stage achieves the maximum total absorption

and the largest Jsc. However, with the film thickness increasing,
the strong film top reflection subsequently become dominant,
leading to a decline in both the total absorption and Jsc. Based on
the experimental and simulation results, we propose a strategy to
synergistically enhance device performance parameters through
precise modulation of optical constants and micro-cavity. The
refractive index n can be appropriately elevated by increasing the
molecular in-plane polarizability and enhancing face-on packing
degree, thereby reducing the optimal thickness of the active
layers and facilitating balanced Voc, Jsc, and FF in devices, ulti-
mately maximizing the PCE. Our study elucidates the origin of
strong reflection in organic semiconductors, simultaneously
providing a fundamental principle for designing light manage-
ment in OSC devices.

Results

Origin of the high reflection of 1D- and 2D-polarized molecules
The typical conjugation polymer P3HT and the most efficient
conjugation non-fullerene small molecule acceptor Y6 were
selected as examples to explore the reflection properties, and the
chemical structures are presented in Fig. 1a. A self-developed
light reflection measurement platform was employed to collect
the light reflection data**. The films of Y6 and P3HT were spin-
coated onto the glass substrate, and based on the interference of
top/bottom reflection light, the reflection intensity was optimized
through precise control of film thickness. Additionally, our
investigation revealed that both the film thickness and surface
roughness significantly influenced the reflection phenomena.
During the film-preparation processes, the choice of solvent
emerges as a crucial factor. When chlorobenzene (CB) was used
for film preparation, its slower volatilization rate led to markedly
enhanced crystallinity of Y6 film, generating larger grains that
increased diffuse reflection and consequently weakened specular
reflection, as demonstrated in Supplementary Fig. 1. In contrast,
when chloroform (CF) was applied, the faster solvent evaporation
resulted in smoother film, thereby avoiding intense scattering.
Therefore, all NFA films in this work were prepared using CF. As
shown in the Supplementary Fig. 2, the maximum reflection
intensity of Y6 film was achieved at a thickness of ~50 nm, and the
experimental curves of film-thickness dependent reflection of Y6
film were well matched with calculated data based on transfer
matrix method (TMM)**?° As depicted in Fig. 1b, the reflection
peaks of Y6 and P3HT were observed at 903 nm and 615nm,
respectively, with maximum reflection and chromatic dispersion
index (Rmax/Rmin) 0f 52.9% and 7.03, 24.2% and 3.53. According to
Fresnel effect, when a light beam incident from air (nu,=1,
kair=0) into a medium with refractive index n and extinction
coefficient k, the reflection can be calculated by the following

_ (-1

R
(n+1)*+ K>

@

As a result of the positive correlation between n and R, Y6 film
exhibits significantly higher reflection intensity compared to P3HT,
consistent with trends observed in their corresponding n and k
(Fig. 1c). It is believed that the absorption is correlated to light-matter
interaction, thus the distinct refraction and reflection properties of
different materials should also be attributed to light-matter
interactions® .

Additionally, the TD-DFT calculations using the Amsterdam Den-
sity Functional (ADF) package (ADF 2016.107) were furtherly per-
formed to verify the experimental results, and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlations potential and double zeta
polarized (DZP) Slater-type basis set were used in all the
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Fig. 1| Model organic conjugated materials investigated in this work: Y6 and
P3HT and their optical characteristics. a Chemical formula of Y6 and P3HT.
b Optimized ultraviolet-visible (UV-vis) light reflection spectra of Y6 and P3HT
films. ¢ Plots of refractive index n and extinction coefficient k of Y6 and P3HT as a
function of wavelength. d, e Time-dependent-density functional theory (TD-DFT)

Wavelength (nm)

calculation of the polarization along different directions. The “Re” in the figures
represents the real part and the “Im” represents the imagination part of the
polarization. The polarization directions xx, yy and zz refer to the coordinates as
shownin (d, e). AU represents arbitrary units. Source data are provided as a Source
Data file.

calculations**. The electronic polarizability was calculated by the
AORESPONSE module of the ADF program package, and in this cal-
culation, a damping parameter I is introduced to characterize the
lifetime of the excited state®. The value of I was determined by fitting
the absorption spectrum of the molecule and doesn’t vary significantly
among molecules with similar structures®. Here, a value I'=0.004 a.u.
was used in all calculations of dynamic polarizability, which was
obtained by fitting the absorption spectrum of the Y6 and P3HT
molecules. The molecular structures and the spatial coordinates of Y6
and P3HT (14) (degree of polymerization, DP = 14) employed in the TD-
DFT calculations are shown in Fig. 1d, and the corresponding calcula-
tion results are presented in Fig. le. The solid lines represent the real
part of the electronic polarizability (Re(a)), while the dashed lines
denote its imaginary part (Im(a)). The polarizability a, as calculated by
DFT, relates to optical constants via the dielectric constant €. By
neglecting the magnetic response of the material (i.e., assuming per-
meability u = 1), the square of the complex refractive index N is given
by38

N?=1+4mpa=¢ @)
where N=n + ik is the complex refractive index, « is the electric dipole
polarizability, and p is the atomic density. The real part Re(a) and
imaginary part Im(a) of the polarizability correspond to the dispersion

(e) and absorption (g;) components of the dielectric constant,
respectively. From this equation, we observe that the variation of the
refractive index real part (n) aligns with Re(a), while the imaginary part
(k) is governed by Im(a). Moreover, an increase in Re(a) enhances n,
whereas a larger Im(a) intensifies light absorption (higher k).
According to the electronic polarization mechanism, the incident
light will resonate with the molecules when the photoelectric field
vibrates at the same frequency as the characteristic electronic vibra-
tion frequency of the molecules. Besides, different vibrations are
related to different frequencies, reflecting in different wavelengths of
electronic polarizability peaks. For the electronic polarizability of the
P3HT (14) films, the peaks in the real part along X direction are
expected to be located at 564 nm with a shoulder peak at 509 nm
according to the calculation. However, the experimental reflection
peaks of P3HT are observed at 615 nm and 569 nm. The blue-shift of
the calculated result is primarily attributed to the interference effects
presented among the during experimentation, as well as the low DP of
P3HT used in calculations. Notably, the maximum polarizability occurs
along the X direction, while the polarizability in ¥/Z direction shows no
characteristic peaks (alkyl side chain), indicating that P3HT is 1D
polarization along its conjugated chain. For the Y6 films, the peaks of
the electronic polarizability in the calculated real part are located at
876 nm along X direction and located at 560 nm and 503 nm along the
Y direction (different vibration frequency with X direction),
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Fig. 2 | Correlation optical reflection with molecular orientation in the film.

a Grazing incident wide angle X-ray scattering (GIWAXS) pattern of Y6 before and
after thermal annealing (TA) treatment. The solid lines represent diffusion range of
corresponding diffractions. b (300) orientation ratio in the range of 90-45° azimuth
angle. After TA treatment, Y6 molecules are more uniformly aligned with the face-
on orientation on substrate, which is further evidenced by other diffraction spots
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shown in (a). ¢ Schematic diagram of declination of Y6 molecule along different
directions. d Light absorption spectra of Y6 films before and after TA treatment.
e Schematic diagram of relation between molecular orientation and photo-
molecule interaction. f S,p parameter versus maximum reflection (Rax) plots of
classical 1D and 2D-polarized organic molecules before and after TA treatment
measured in this work. Source data are provided as a Source Data file.

demonstrating the 2D-polarization of the Y6 film. Therefore, compare
to the P3HT, Y6 exhibits higher reflectivity, refractive index n and
extinction coefficient k.

We introduce other 1D-polarized (J52, PBDB-T, PM6, FTAZ) or 2D-
polarized (IEICO-4F, IT-4Cl) molecules for statistical analysis, and the
corresponding plots of refractive index n and extinction coefficient k
are provided in Supplementary Fig. 3. The n values of 1D-polarized
polymer are commonly lower than 3, which are obviously lower than
those of 2D-polarized small molecules with n values over 3.5. The k
values for these materials follow the same trend as the n values as
discussed above.

Furthermore, our observations indicate that both the maximum n
peak and the maximum R intensity gradually increase while under-
going a red-shift in peak positions (Supplementary Fig. 4), which may
be attributed to the polarization characteristics of the materials. As
reported by Hou et al.*’, enhancing the electron-withdrawing capacity
of molecular end groups could increase the electrostatic potential
(ESP) of the molecules. The ESP reflects the degree of electron delo-
calization in the molecular system, where a higher ESP amplifies the
radial distribution of delocalized electron clouds, thereby increasing

the polarizability, which could not only reduce the band gap and
induce a redshift in absorption but also promote charge transport.
Consequently, for organic semiconductors, a smaller band gap cor-
responds to a larger ESP and polarizability, resulting in greater optical
constants, which are consistent with the statistical trend observed in
our experimental measurements.

Effect of molecular packing and orientation on reflection
intensity

For organic conjugated films, the ultrahigh reflection not only origi-
nates from molecular conjugation and film thickness, but also is clo-
sely related to molecular packing orientation. As shown in the GIWAXS
results in Fig. 2a, the Y6 film exhibits a distinct face-on molecular
orientation, with its conjugated plane parallel to the substrate and thus
perpendicular to the incident light. Furthermore, the reduced broad-
ening of the scattering signals for the (010), (200), and (300) planes
after thermal annealing (TA) treatment generally indicate improved
molecular orientation uniformity*®*, and the orientation changes of
Y6 molecules can be quantified by analyzing the azimuthal variation of
the scattering signals. Figure 2b displays the orientation ratios of the
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lamellar packing (300) plane for the Y6 film before and after TA
treatment, where an azimuthal angle of 90° corresponds to the in-
plane direction and 0° to the out-of-plane direction. After TA treat-
ment, the increased ratio at larger azimuthal angles (closer to 90°) and
the decreased ratio at smaller azimuthal angles (closer to 0°) demon-
strate a higher degree of face-on orientation, revealing enhanced
molecular order and crystallinity. As shown in Supplementary Fig. 5,
the same phenomenon is observed in the GIWAXS results of other
materials before and after TA treatment.

Molecular orientation changes result from rotation along differ-
ent axes, which in turn leads to variations in light-matter interactions.
As illustrated in Fig. 2c, for the Y6 molecular packing configuration
after TA treatment, the rotation along the [100] axis induces a “face-on
to end-on” orientation transition, while rotation along the [001] axis
produces a “face-on to edge-on” transition. For 2D-polarized mole-
cules like Y6, “face-on to end-on” rotation reduces the polarizability
projected onto the X-Y plane, thereby weakening light-matter inter-
actions and thus decreasing the reflection intensity. In contrast, for
“face-on to edge-on” rotation, the reflection of the molecules is rela-
tively less affected, though still influenced, because the polarizability
along the Y-direction is much smaller than that along the X-direction.
For 1D-polarized molecules like P3HT, “face-on to end-on” rotation also
reduces the polarizability projected onto the X-Y plane, consequently
diminishing light-matter interactions. However, due to their 1D-
polarization characteristics, “face-on to edge-on” rotation has a negli-
gible effect on light-matter interactions. Besides, regardless of 1D- or
2D-polarization, after TA treatment, most conjugated organic small
molecules exhibited an enhanced reflection, and the corresponding
reflection curves before and after TA treatment are plotted in Sup-
plementary Fig. 6, where the TA treatment (160°C, and higher
annealing temperature will affect the composition and flatness, as
shown in Supplementary Fig. 7) helps suppress the molecular rotation.
As shown in Fig. 2d, the maximum reflection of Y6 is increased from
46.7% to 52.9% after TA treatment, and the maximum refractive index n
is also increased from 4.08 to 4.17 (Supplementary Fig. 8).

In fact, based on their molecular structures, polymer donor
materials such as PM6 and PBDB-T possess a certain degree of 2D-
polarizability. However, their optical constants are nearly identical in
magnitude to those of 1D-polarized molecules like P3HT. This phe-
nomenon can be partly attributed to their weaker 2D-polarization
characteristics compared to molecules with extended 2D-conjugation,
such as Y6. Additionally, these polymers tend to adopt edge-on/iso-
tropic molecular packing orientations, where the molecular y-axis
remains perpendicular to the electric field vector of incident light.
Consequently, polarization along the y-direction remains inactive,
resulting in optical properties that more closely resemble those of 1D-
polarized molecules.

The correlation between molecular packing within the film and
the film’s absorption/reflection is illustrated in Fig. 2e. For 2D-
polarized small molecules like Y6, the high maximum reflection pri-
marily stems from their highly ordered face-on orientation. As men-
tioned earlier, edge-on rotation causes a slight reduction in the film’s
reflection, while end-on rotation leads to a more pronounced
decrease. The S,p parameter, calculated using the formula
Sop =2(cos?y)-1%, can be employed to quantify the degree of out-of-
plane orientation from GIWAXS measurements, where y represents the
angle between the molecular backbone plane and the substrate plane
normal. An S,p value between -1 and O indicates a preferred face-on
orientation, a value between O and 1 indicates a preferred edge-on
orientation, and S,p=0 represents an isotropic orientation. We
selected the lamellar packing scattering signals, specifically the (100)
plane or its higher-order diffraction for S,p calculation for the fol-
lowing reasons: (1) The lamellar packing signals are strong and highly
reliable, whereas the scattering signals from the (001) plane, which
directly indicates end-on orientation, are generally difficult to observe;

(2) Improved lamellar packing uniformity leads to a reduction in iso-
tropic molecules, which then infers to a suppression of the end-on
oriented molecules that are the primary factor in reflection degrada-
tion, thereby resulting in the enhancement of film reflection*®*. (3) For
molecules like Y6 that feature a three-dimensional network-like pack-
ing structure, rotation of the lamellar packing plane also implies an
increase in the proportion of “end-on” oriented molecules*. We sys-
tematically investigated a series of 1D- and 2D-polarized molecules by
comparing their S,p parameters and maximum reflection before and
after TA, as shown in Fig. 2f. The TA treatment increases the absolute
Sop value for all molecules, indicating enhanced orientation uni-
formity, and the suppression of isotropic and end-on molecular rota-
tion, consequently leading to improved maximum reflection. The
representative 2D-polarized molecules, including Y6, IT-4Cl, and
IEICO-4F, exhibit maximum reflection exceeding 40% with highly face-
on orientation characteristics. In contrast, the other molecules shown
in Fig. 2f demonstrate reflection below 35%, primarily due to their 1D-
polarization optical properties. These results are in strong agreement
with refractive index measurements.

Film-thickness-dependent OSC device performances

Inspired by the dependence of reflection on film-thickness and wave-
length, we further investigate the correlation between film-thickness-
dependent reflection and device absorption in an optical micro-cavity
utilizing the device architecture of ITO/PEDOT:PSS/PM6:Y6/PNDIT-
F3N/Ag (Fig. 3a). To this end, a series of PM6:Y6 blend films with
thicknesses ranging from 20 nm to 200 nm were fabricated using
chloroform as the solvent and subsequently subjected to TA treatment
at 100°C for 5mins, and the photovoltaic performances with the
thickness of 53 nm, 75 nm, 135 nm and 212 nm are presented in Fig. 3b
and Table 1. Interestingly, the Jsc of the four devices show an undula-
tion behavior. The device with a 53 nm thickness of the active layer
shows the lowest Jsc (24.99 mAcm™) due to its unsaturated light
absorption, which is understandable and generally admissive. How-
ever, the device with a 135 nm thickness unexpectedly exhibits a lower
Jsc (25.43 mA cm™) than those of 75 nm thickness (27.16 mA cm™) and
212nm thickness (26.77mAcm™) based devices simultaneously.
Additionally, the integrated Jsc calculated from the external quantum
efficiency (EQE) curves are summarized in Table 1 and plotted in
Fig. 3¢, d, which can well support this phenomenon.

As observed, when the active layer thickness is too thin, the
insufficient light absorption will result in a lower Jsc. Conversely, when
the thickness exceeds 200 nm, the Js¢ typically decrease as well due to
the diminished charge dissociation and poorer charge collection
properties****, Generally, as the active layer thickness increasing, the
Jsc is expected to rise initially before decreasing, and the optimized
thickness anticipated to be in the range of 80- 120 nm. Furthermore,
the photocurrent density (/) versus effective voltage (Ve) plots were
measured to explore the charge dynamics in devices with various
thickness of the PM6:Y6 blend films®. Jy, is calculated as Jon =/i b,
where J| and Jp represent the photocurrent densities under light and
dark conditions, respectively. Veir= Vo=V, where V, is the voltage at
which Jp, =0 and Vs the external applied voltage. The probabilities of
the charge dissociation (Pgiss) and charge collection (P.o) were cal-
culated as the ratios of /i to the saturated photocurrent density (/sa)
under short-circuit and maximum output conditions, respectively. As
shown in Fig. 3e, for the devices with thickness of 53 nm, 75 nm, 135 nm
and 212nm, the Pgss values are 95.6%, 95.8%, 93.4% and 93.4%,
respectively, indicating efficient charge dissociation in the four devi-
ces. In other words, the charge dissociation is not significantly affected
by active layer thickness. However, the P, values are 86.7%, 87.0%,
83.5% and 80.1% for the respective devices, demonstrating a strong
dependence of charge collection on the active layer thickness. Nota-
bly, carrier recombination and transport significantly influence the FF,
reflected in P.o; and current density at maximum power (/pmax). As the
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Fig. 3 | Photovoltaic performance of PM6:Y6 devices and the dependence of Jsc
on film thickness. a Configuration of PM6:Y6 photovoltaic device. b J-V curves and
¢ External quantum efficiency (EQE) plots of PM6:Y6 based devices with different
active layer thickness. d Film-thickness-dependence of of Jsc from J-V curves and
EQE profiles, and devices with 135 nm active layer thickness shows an ineligible Jsc
decrease. Error bars represent the standard deviation (10 independent devices).
e Photocurrent density (/) versus effective voltage (Ve plots of PM6:Y6 based
devices with different active layer thickness. f Comparation of the evolution of Jsc,

Ve (V)
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current density at maximum power (/pmax) and saturated photocurrent density (/sac)
with different active layer thickness, and the corresponding charge dissociation
probabilities (Pg4iss) and charge collection probabilities (p.oy) calculation. Error bars
represent the standard deviation (10 independent devices). These device char-
acterization results confirm the existence of the film-thickness dependent Jsc var-
iation, and prove that it is not attributed to the charge dissociation. Source data are
provided as a Source Data file.

Table 1| Summarized parameters of PM6:Y6 based devices with different active layer thickness

Material Active layer thickness Voc Joe yEE FF PCE’
nm \" mA cm™ %

PM6:Y6 53+1 0.838+0.004 24.99+0.28 24.38 73.9+0.6 15.23+0.17
751 0.840+0.004 2716+0.14 26.36 71.8+0.8 16.27+0.27
1351 0.827+0.005 25.43+0.20 25.40 65.1£0.6 13.69+0.32
212 +1 0.821+0.003 26.77+0.32 26.36 58.8+0.8 12.97+0.29

*All device parameters are averaged by 10 devices.

thickness increasing from 75 nm to 135 nm, the P, decreases slightly,
and further thickening to 212 nm causes a pronounced reduction in
Py, indicating the recombination exacerbated with the increased film
thickness, thereby degrading FF. The variations of Jsc, Jpmax and Jsa
with active layer thickness are extracted from Jpu-Vegr curves and
plotted in Fig. 3f. The similar trends of /s, and Jsc provide compelling
evidence that the fluctuations of experimental /sc are not attributed to
charge dissociation (IQE or light utilization efficiency) but rather arise
from the difference light absorption and reflection.

Charge transfer and recombination kinetics and film-depth-
dependent probing

To further estimate the effect of charge transfer on carrier collection,
the well-recognized ultrafast spectral transfer kinetic characterization,
femto-second transient absorption (fs-TA) was subsequently con-
ducted to gain deeper insights*. As shown in the contour maps of
Fig. 4a, the negative signals at -630 nm and ~807 nm correspond to the

ground state bleaching (GSB) signals of PM6 and Y6, respectively, and
the positive signal at ~675 nm is assigned to the excited state absorp-
tion (ESA)*. The 75nm-thick film presents the highest 4A signal
intensity, indicating the strong absorption of the ground state PM6
and Y6, while the 135 nm-thick film shows the lowest 44 signal inten-
sity. Besides, the variation in absorption intensity at ~750 nm can be
attributed to fluctuations in film-thickness dependent reflection,
resulting in the absorption enhancement or deterioration. However,
no significant differences in exciton lifetime are evident in the contour
maps. Therefore, a fitting of exciton lifetimes was subsequently per-
formed to elucidate the ultrafast kinetics of TA spectra, asillustrated in
Fig. 4b and Supplementary Fig. 9. According to the triexponential
function, three lifetimes (7) can be derived for each decay, where 1;
represents the ultrafast exciton dissociation at the PM6/Y6 interface, 7,
is related to the exciton diffusion time toward the interfaces before
dissociation, and 75 reflects the reflection of the dynamics of free
charges*. The similar 7, values for films of varying thickness at both
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Fig. 4 | Charge recombination characterization and film-depth dependent
probing. a Contour map of femto-second transient absorption (fs-TA) results of
PM6:Y6 devices with different active layer thickness. b Exciton lifetimes of PM6:Y6
devices with different active layer thickness extracted from ground state bleaching
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the corresponding fitted lifetimes of PM6:Y6 devices with different active layer
thickness. e Contour map of film-depth-dependent exciton generation rate simu-
lated from the film-depth-dependent light absorption spectroscopy (FLAS) mea-
surements. The “vertical-lines” in the contour are due to the characteristic of
AML.SG solar spectra. Source data are provided as a Source Data file.

630 and 807nm corroborate the similar ultrafast hole/electron
transfer at the interfaces, except that of 53 nm films at 630 nm, which is
slightly shorter than others, indicating the more efficient hole transfer
of 53 nm films. Comparing to the other film, the prolonged 7, for the
75 nm film at both 630 and 807 nm can be attributed to the extended
exciton diffusion length, which is beneficial for suppressing charge
recombination and enhancing the Jsc and FF*. However, the strong
built-in voltage under short-circuits conditions (the sufficiently large
Verr) is capable to weaken the effect of exciton diffusion length®*,
while the FF corresponds to the maximum output power conditions is
more sensitive to the exciton diffusion distance. In addition, 73 values
for all the films of different thicknesses fall within the same order of
magnitude, suggesting minimal impact on device current density,
especially under short-circuits conditions.

Moreover, the transient photovoltage (TPV) and transient pho-
tocurrent (TPC) are subsequently measured to further illustrate the
charge recombination kinetics>*, and the corresponding lifetime
simulation results are provided in Fig. 4c, d. Note that device with
212nm active layer thickness shows shorter photovoltage decay
lifetime (2.47 pus) and longer photocurrent decay lifetime (1.26 ps)
than those of other devices with thinner active layer thicknesses,
suggesting the enhanced recombination in the 212 nm thickness-
based device, thus resulting in the reduced FF values. On the other
hand, the device with the thinnest film thickness of 53 nm shows the
longest photovoltage decay lifetime (9.67 pus) and relatively short
photocurrent decay lifetime (0.65 ps), indicating that the weakest

charge recombination in 53 nm thick devices®. The shorter photo-
current lifetime (0.48 ps) observed in the 75 nm film compared to the
135 nm film (0.78 ps) arises from reduced carrier drift distance due to
the thinner active layer, enabling faster charge collection. Moreover,
the carrier mobility is another possible affecting factor on experi-
mental Jsc, therefore the photo-induced charge carrier extraction in
linearly increasing voltage (photo-CELIV) measurement was after-
wards performed®. As shown in Supplementary Fig. 10, the calcu-
lated carrier mobilities of the devices with 53 nm, 75 nm, 135 nm and
212nm active layer thickness are 229x10°cm? Vls?,
6.12x10°cm?V1s?, 1.59x10*ecm2V?'s™ and 1.44 x10*cm2V?'s?,
respectively. Therefore, the slightly prolonged photocurrent lifetime
in the 53 nm film primarily stems from a notable decline in carrier
mobility.

However, under short-circuit conditions, the built-in electric field
is sufficiently strong to substantially suppress carrier recombination.
When recombination’s impact on Jsc is negligible, minor variations in
carrier mobility exert limited influence on collection efficiency. The
dominant factor affecting /sc remains the P4 which is ranging
between 93% and 96%, leading to minimal influence on the observed
trends in Jsc and Js. In summary, the subtle differences in carrier
dynamics minimally impact Jsc, as confirmed by the experimentally
observed thickness-dependent trends of Jsc and Js. This further
underscores that the variation in Jsc predominantly originates from
optical absorption differences, given the comparable Pgyss across
thicknesses.
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Fig. 5 | Modulation, simulation and experimental measurements of total
reflection of PM6:Y6 based devices with different active layer thickness.

a Schematic diagram of device light path. For opaque devices with 120 nm Ag
electrodes, the R, can be considered as equal to 7;. b Simulation results of device
total reflection with the variation of active layer thickness. AU represents arbitrary
units. ¢ Contour map of device total reflection with the variation of active layer
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thickness. From b, ¢, the strong interference can be observed in the film-thickness
range of 70-210 nm. d Stage I to IV separated from b, ¢ according to the change of
the relationship between T, and R;. The red arrows indicate the trend. e Simulated
and experimental light loss factors of devices with different active layer thickness.
Source data are provided as a Source Data file.

Additionally, we observed that the series resistance (R) increases
linearly with film thickness beyond 75nm under dark conditions,
indicating that contact resistance is insensitive to film thickness and
morphology (0.41+0.08 Q-cm?)*, as shown in Fig. S11 and Table S1.
Concurrently, a monotonic increase in shunt resistance (Rs,) with
thickness was observed, demonstrating that thicker films effectively
suppress pinhole effects, thereby reducing device leakage current.
Generally, Higher Rs and lower R, could both lead to a reductionin/sc,
and these resistive characteristics confirm that the 75 nm-thick PM6:Y6
device achieves the optimal balance of Rs and Ry, which aligns with its
highest PCE. Critically, interfacial contact is not the primary cause of
the reduced Jsc in the 135-nm device.

Furthermore, vertical phase separation may also affect the Jsc of
the device by adjusting the distribution of the optical electric field. To
isolate this effect, we investigated the influence of vertical phase
separation on the Jsc of the PM6:Y6 device using the film-depth-
dependent light absorption spectroscopy (FLAS) technology™ . The
calculated vertical component distribution was plotted in Supple-
mentary Fig. 12. The distribution of 212 nm films is the most uniform
while the others present analogous n-i-p configuration, which is more
favorable for conventional devices. The contour maps of film-depth-
dependent exciton generation rates (G)*° are drawn in Fig. 4e, and the
corresponding distributions of photoelectric filed (|E*)°*¢" of different
devices are provided in Supplementary Fig. 13, which is simulated via
TMM from FLAS results. The exciton generation rates of 53 nm and
75 nm thickness films reach their maximum at the middle of the films,
which possess the relatively short carrier diffusion distance and thus
are beneficial to carrier collection®?, while those of 135 nm and 212 nm
films are concentrated at the active layer/ITO interfaces with enlarged

carrier diffusion distance. This discrepancy is mainly due to the multi-
interferences between reflections at the interfaces of different optical
mediums. Based on the exciton generation rates calculation, the
integrated total G of the devices is plotted in Supplementary Fig. 14,
along with the simulated Jsc values for devices with different active
layer thickness. As illustrated, the integrated G is identical to the
simulated Jsc, corroborating the trends observed in the experimental
Jsc variation with active layer thickness.

Principle of film-thickness dependent reflection/absorption in
cell micro-cavity

Both Jpn-Vesr results and ultrafast transfer/recombination kinetics
characterization are insufficient to explain the observed fluctua-
tions in Jsc related to film-thickness. Additionally, the surface
roughness of PM6:Y6 thin films exhibits minimal variation (at
least two orders of magnitude smaller than the wavelength)
across different active layer thicknesses and is also not the pri-
mary factor contributing to fluctuations in Jsc (Supplementary
Fig. 15). However, the simulations based on FLAS measurement
reveal trends similar to those of the experimental Jsc. Conse-
quently, we believe that the variation in total reflection, resulting
from the micro-cavity effect, is the primary factor influencing the
Jsc-thickness dependence. As demonstrated in Fig. 5a, the inci-
dent light experiences multi-level reflection, resulting in the
interference device total reflection. Generally, the reflection
intensity is mainly corelated with the difference in refractive
index n between the two optical medium (specular reflection)®?,
with a larger difference typically leading to stronger reflection.
Consequently, due to the significant differences in the complex
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refractive index (n, k values) of the active layer compared to the
Ag electrode, ITO electrode, HTL, and ETL, as provided in Sup-
plementary Fig. 16, the strongest reflection should occur at either
HTL/active layer interface (R;, top reflection) or at ETL/Ag bottom
interface (R,, bottom reflection), and in this case, reflections at
other layer interfaces are hidden in order to a comprehensive
illustration. In addition, the R, will sequentially pass through the
whole device again, contributing to the transmitted light (7,)***.
Given the high reflection property of the thick Ag electrode, the
total transmission intensity is close to zero, implying that the
total absorption of the device can be obtained by subtracting the
total reflection from the incident light (/i - Reotal)- Therefore, the
first transmitted light intensity (7;) can be considered equivalent
to the bottom reflection intensity (R;). Thus, the competition and
interference between R; and T, are the critical factors that
determine the total reflection of OSCs devices and thus the
absorption and Jsc.

Based on experimentally measured refractive indices of the dif-
ferent materials, the total reflection R..a Of OSCs devices with differ-
ent active layer thicknesses was simulated using TMM, and the
thicknesses of ITO, PEDOT:PSS, PNDIT-F3N, and Ag electrode layers
are strictly kept consistent with the experimental condition in the
simulation. As depicted in Fig. 5b, ¢, the Ry, significantly reduced as
the active layer increases from 20 nm, suggesting that more incident
light is absorbed. When the active layer thickness reaches -75 nm, the
strong interference effects become apparent, leading to the
wavelength-dependent reflection fluctuation, and thus the Ry
intensity is hard to be distinguished. Upon refining the evolution of
Ryowal With active layer thickness, it can be categorized into four distinct
stages (Fig. 5d):

Stage I: Thin-film (<70 nm) bottom reflection (Ag/active layer
interface). During this stage, although the bottom reflection makes the
incident light pass through the whole film again, the light absorption is
still not close to saturation. The strong bottom reflection induced
secondary transmission (7,) with a shape of reversed film absorption
caused by unsaturated light absorption is significantly larger than the
active layer top reflection (7, >>Ry). In this case, T, plays a dominating
role on the interference with 7, and R;, and consequently the R at
this stage will continuously become weaker, resulting in the increased
device total absorption (A1) as well as Jsc of the device.

Stage II: Interference-transition (70-90nm). As active layer
thickness further increasing, the A gradually approaches satura-
tion. Consequently, the interference between T, and R; enters a tran-
sition step, therefore, the Ry exhibits obvious interference
characteristics. Since the optical path difference (OPD) between R; and
T, at this circumstance is approximately an odd-multiple of half-
wavelength (at PM6:Y6 absorption peak), namely the phase difference
also becomes an odd-multiple of m, resulting in the destructive inter-
ference between R; and T>. Due to the similar intensity of both beams
(R,=T,) and the destructive interference, the R, intensity at this
film-thickness range is minimized, and the Ao, and Jsc approach their
maximum values.

Stage III: Thick-film interference (90-150 nm). As the OPD of R,
and T, continues to increase, closing to the half-wavelength integer
multiple at the absorption peak, the two light beams will produce
constructive interference, leading to a gradual increase in Ryoal.
Additionally, as the thickness of the active layer increases, the intensity
of T, is further reduced (R; >> T>), which increases the weight of R; in
the interference process, and results in an increased Rotal.

Stage IV: Thick-film (>150 nm) surface reflection (ITO/active layer
interface). The thick active layer is able to absorb all the incident light
(5in - Ry), and the secondary transmission light 7, can be considered as
zero (T, = 0), leading to the surface dominating reflection. In this case,
after experiencing a small period of constructive interference, the Ryocal

approaches a fixed value, which is equal to the active layer surface
reflection.

The experimental evolution of the total light loss factor with
variation active layer thicknesses is provided in Fig. 5e and Supple-
mentary Fig. 17, alongside the calculated results, with the corre-
sponding four evolution stages emphasized. At an optimized active
layer thickness of ~75 nm, the total light loss reaches ~8.7%. According
to Zhu's observation', a state-of-the-art device fabricated by the most
advanced photovoltaic materials with ~20% PCEs still experiences ~15%
light loss. Our experimental and theorical findings further demon-
strate that more than half of the light loss is attributed to the reflection
loss, which is as a result of intrinsic chromatic dispersed light reflection
property of organic conjugated films.

In addition to conventional devices, we also conducted identical
studies on inverted devices with different transport layers and elec-
trodes, as well as flexible devices with different substrates, using the
PM6:Y6 system as an example, in order to verify the effect of con-
jugated film intrinsic light reflection on device performance. The
device performance test results are shown in Supplementary Fig. S18
and Supplementary Table 3. It can be observed that both inverted and
flexible devices exhibit a similar trend of Jsc variation with thicknesses
as conventional devices (Fig. 5), indicating that minor differences in
the optical constants of the transport layers, electrodes, and substrates
do not significantly affect the optical performance of the devices
(Supplementary Fig. S19). This conclusion is further supported by the
simulated light reflection results of PM6:Y6 inverted devices with dif-
ferent thicknesses (Supplementary Fig. 20).

Indeed, this optical micro-cavity effect, which depends on the
reflection properties of the active layer, also holds instructive sig-
nificance for organic photodetectors. The responsivity of a photo-
detector to light of different wavelengths reflects its applicability
under irradiation at various wavelengths and can likewise be modu-
lated by adjusting the active layer thicknesses. By converting the EQE
curves of PM6:Y6-based OSC devices, the photoresponsivity (R) curves
of the organic photodetectors can be obtained®**. As shown in Sup-
plementary Fig. 21, these curves exhibit a fluctuation trend highly
similar to that of the device’s reflection light (Supplementary Fig. 17).
This not only confirms the decisive role of reflection light in device
absorption but also offers a strategy for wavelength-selective
optimization.

Correlation between film-thickness dependent reflection and
device absorption

In order to simulate the device absorption under real conditions, we
carefully calculate the integrated Ay under AMLSG illumination
(Absamisc)- Since the total transmission is close to zero, the Ay can
be ascribed as 1 - Ryora;, SO the Absavisc can be calculated using the
following

893nm

AbSyy156 = / Ao X AMLSG A 3)

nm

where the Acorar is simulated via TMM, and the AM1.5G is the standard
reference solar radiation spectrum. The reason for choosing this
wavelength range of 382-893 nm is that PM6:Y6 film only absorbs in
this wavelength range, and the apparent absorption greater than this
wavelength range is actually interference from the reflection light of
Y6. The active layer thickness-dependent Absaw; s calculation results
and the experimental Jsc results (/-Exp and J-EQE) are normalized and
plotted in Fig. 6a, with corresponding values lists in Supplementary
Table 2, and the experimental total reflection of devices with different
active layer thicknesses are provided in Supplementary Fig. 18. All the
curves in Fig. 6a experience a fluctuating process and reach a
maximum in the range of 70-90 nm, which aligns with our Ry

Nature Communications | (2026)17:655


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67379-z

1.05 . c
a b %‘1 00] PMELEBO 470 nm Active Layer Thickness (nm)
: o : - 167.0
G 0.95 g - tive Interference
1.04 = e
> £ 190 / g d=MNan 148.1
= | - 0. [ J. EXP
2 Stage Il Sl £ a5 : e 129.3
] - J,
g 08 Stage |ll EZS 080l Novrncal'Abs'AM1 56 sc 110.4
= 50 100 150 200 250 91.50
3 064 PM6:Y6 Thickness (nm) :
N Y 1.05 72.63
S ;‘ 100 ]P1BN3
g —=— Normgge-J : g 53.75
0.4 Q 0.95
g —=— Normg,-AbS i 56 € 1/ . 34.88
* NOrmg,,-AbS 1 56 0901/, 16.00
0.2 T T T T = 085 ' Jo EQE 15 20 25 30 35 40
0 50 100 150 200 250 S 1ol NoMearAbS s ° TS Refractive Index n
Thickness (nm) 50 100 150 200 250
Thickness (nm)
d <30
3 f g
g 25 1.02 1.05 - .
< 201 100 —e 80% k ——80% n —— 110% n
5 PM6:L8-BO w6l 90% k 1.00 90% n ——100%n
5 15] L8 2 0.98 9 2 ]
5 10 DIEBNS S 0.96 —— 100% k s
o 400 500 600 700 800 900 ot o 0.951
e Wavelength (nm) 2 0.94 2
=125 D — : 0.92 = 0.90
c estructive interference = =
[= d=AMN4n PM6:L8-BO 6 0.90 B
o 100+ — D18:N3
73 pz4 Z 0.85-
g 0.88 1 PM6:Y6 PM6:Y6
% 5 0.861{ Simulated k-dependent Absay 56 0.80 Simulated n-dependent Abs,y; ¢
|‘E 50 60 80 100 120 140 60 80 100 120 140
400 500 600 700 800 900

Wavelength (nm)

Fig. 6 | Comparison of experimental Jsc results with transfer matrix method
(TMM) based simulation, and the university of film-thickness dependent Jsc
fluctuation. a Normalized calculation and experimental results of active layer
thickness dependent Absawmi.sc and Jsc of PM6:Y6 devices. b The active layer
thickness dependent experimental /sc results of PM6:L8-BO and D18:N3 devices.
Error bars represent the standard deviation (10 independent devices). ¢ Contour

Active layer thickness (nm)

Active layer thickness (nm)
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d Refractive index n of PM6:L8-BO and D18:N3. e The thickness corresponds to
destructive interference of PM6:L8-BO and D18:N3. f Simulated k-dependent and
g n-dependent Absamy.sc of PM6:Y6 devices. Source data are provided as a Source
Data file.

calculations. Their high coincidence among these results means that
our simulation model is reasonable and reliable.

To further prove the universality of this micro-cavity effect, two
more series of devices were prepared using other state-of-the-art
active layer materials D18:N3°*%” and PM6:L8-BO®*%?, and the corre-
sponding -V curves are provided in Supplementary Fig. 17. As shown in
Fig. 6b, the Jsc? and Jsc*% were extracted from J-V measurements, and
the solid lines are our simulation results of Absaw;sg based on TMM.
Notably, The Jsc depressions also appeared and located at ~160 nm and
~170 nm for D18:N3 and PM6:L8-BO, respectively.

Although the configurations of OSCs devices is composed by
packing multiple functional layers, the optical model of micro-
cavity can be simplified as the equal thickness interference due to
the large refractive indices difference between organic con-
jugated films and other interface layers (ITO, ETL and HTL).
According to the equal thickness interference, the following
equation can be used to predict the interference behaviors (when
the incident angle equals to 0°)

2nd:{ m=12-..) Contruct}ve @)
(m—-05A1 (m=1,2-..) Destructive

where 1 is wavelength, n is the refractive index, d is the film thickness,
m is an integer variable. Using this relationship, the thickness corre-
sponding to the destructive interference of different binary blends
with diverse n values at difference absorption peaks can be calculated
as equal to A/4n, as shown in Fig. 6c.

The n values of PM6:L8-BO and D18:N3 blend films are measured
by ellipsometer and provided in Fig. 6d, and the calculated corre-
sponding thicknesses to the destructive interference are plotted in
Fig. 6e. As we can see, for the two systems, the refractive index n of the

acceptor absorption region is similar (~-800 nm), with a maximum of
around 3; however, the refractive index n of the donor absorption
region varies greatly. The refractive peaks of PM6 and D18 are around
638 nm and 598 nm with the maximum refractive indices of 2.03 and
2.49, respectively.

Experimental results from PM6:Y6, PM6:L8-BO, and D18:N3 sys-
tems, combined with calculations based on the equal-thickness inter-
ference model, indicate that an increase in the n values lead to a
reduction in both the optimal thickness (do) for Jsc and the thickness
threshold at which Jsc begins to decline. However, the impact of n on
absolute absorption intensity remains unclear. To address this issue,
we simulated the Absam s of PM6:Y6 by independently varying either
n or k, as shown in Fig. 6f, g. The results demonstrate that the k has
negligible influence on d,p for Jsc. However, deviations in k (either
higher or lower) may reduce the maximum absorption intensity, which
is likely because reflectance is jointly determined by n and k. In con-
trast, n plays a more dominant role: increasing n monotonically
decreases d,p for Jsc, which may facilitate synergistic optimization of
Jsc, FF, and Voc. Interestingly, reducing n not only increases dop for Jsc
but also diminishes the maximum absorption intensity. Based on these
experimental and simulation findings, we believe that a moderate
increasing in n can enhance the Jsc and simultaneously minifying the
optimal thicknesses for Jsc.

Discussion on optimizing refractive index to enhance optical
device performance

The microcavity effect enables the Jsc to attain an optimal thickness
dope. However, the optimal thicknesses for FF and Voc generally reside
at lower values. For instance, in the PM6:Y6 system mentioned above,
optimal thickness for FF is ~45nm, for Voc is ~35nm, and for Jsc is
~75 nm (Fig. 7a). However, this thickness mismatch between electrical
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parameters (FF/Voc) and optical parameter (Jsc) fundamentally limits
device efficiency optimization.

For this dilemma situation, based on our measurements of
optical constants for the PM6:Y6, PM6:L8-BO, and D18:N3 sys-
tems, combined with thickness-dependent Jsc and TMM-based
simulations, we conclude that larger optical constants correlate
with a reduced d,p;, which approaches the optimal thickness for
maximizing FF and Voc. Building on these findings, we propose
the following two material design strategies to reconcile this
thickness divergence, as illustrated in Fig. 7b:

(1) Increased in-plane molecular polarizability: Strengthening

electron-withdrawing capabilities at molecular terminals
increases electrostatic potential, which promotes charge dis-
sociation/transport by delocalizing electron clouds. This mole-
cular engineering approach could shift the optimal thicknesses
of FF/Voc toward higher values.
Enhanced face-on orientation: Preferential face-on packing
aligns molecular polarization with the optical electric field
vector. This configuration simultaneously improves charge
transport and reduces the optimal thickness of Jsc through
enhancing light-matter interaction.

V)]

It is important to clarify that these two strategies are not competi-
tive but complementary. Enhancing the in-plane polarizability of mate-
rials (for instance, through fluorinated end groups or asymmetric
molecular structures) simultaneously promotes charge generation/
transport and improves face-on molecular stacking’®”. This dual effect
optimizes the thickness corresponding to peak performance in Jsc/FF/
Voc, thereby collectively elevating the device’s PCE. This paradigm pro-
vides critical guidelines for next-generation OPV material development.

Discussion

In this work, we systematically investigated the strong intrinsic optical
reflection of organic conjugated materials and its chromatic disper-
sion, which is highly correlated to the polarizability of conjugated
backbone and molecular stacking orientation. Notably, the materials
with higher reflection materials basically feature a 2D-polarized
molecular backbone and face-on molecular packing. As a typical
reflection application for the classical PM6:Y6 binary OSCs, the opti-
mal active layer thickness is estimated to be ~75 nm because the top/
bottom device reflection destructive interference occurred in micro-
cavity and thus the device absorption is enhanced, which was con-
firmed by both TMM-based simulation and experimental results after
excluding the influence of roughness, contact and charge transfer/
recombination. The rationality of thickness regulation of D18:N3 and
PM6:L8-BO based OSCs can also be clarified by optical micro-cavity
model. Subsequently, based on these experiment and simulation

results, we propose a strategy to achieve synergistic enhancement of
Voc, Jsc, and FF by modulating the cell micro-cavity via appropriately
increasing the material’s refractive index n. Our investigation of this
unique intrinsic chromatic dispersed reflection not only provides an
insight into the nature of organic conjugated materials, but also
establishes design principles for optimizing light management of OSC
active layers.

Methods

Materials

Unless stated otherwise, materials and solvents were commercially
obtained. PM6, Y6, D18, N3, L8-BO, P3HT and other conjugated organic
small molecules and polymers were purchased from Solmer Materials
Inc. All materials were used as received without further purification.

Reflection measurement

1.5 cm x 1.5 cm size quartz was pre-cleaned with ultrasonic in deionized
water, acetone and isopropyl alcohol for three times, 10 min each, then
dried with Argon blow. The active layer was spin-coated in air condi-
tion from a chloroform (CF) or o-dichlorobenzene (0-DCB) solution of
Y6 (P3HT) which was prepared with the concentration of 10 mg/ml.
The thickness of the Y6 (P3HT) active layer was optimized as 40 nm
(60 nm). The thermal annealing step was carried out in air, and the
annealing temperatures of Y6 and P3HT were 160 °C and 200 °C,
respectively. The reflection measurement was performed by a self-
built setup which was composed with a Y-shape optical fiber and a
grating spectrometer. Finally, the reflection results were revised by a
standard Aluminum mirror. To accelerate the speed of the spectro-
meter, a fast CCD detector is used, which guaranteed that the optical
reflection at each wavelength was simultaneously recorded. For each
spectrum, the capture time could be tuned towards less than a few
milliseconds.

Refraction measurement

Spectral data below 1.7 um were measured using an RC2 ellipsometer
to obtain the ellipsometric parameters ¥ and A. The measurements
were performed at angles ranging from 45° to 60° in 5° increments.
The dielectric function was extracted by fitting the ellipsometric
parameters using a B-Spline oscillator model. For wavelengths above
1.7 um, an IR-VASE Mark Il ellipsometer was used, with measurements
taken at 60° and 70° at a resolution of 8 cm™. The dielectric function
was obtained by fitting the ellipsometric parameters (¥ and 4) using
three Lorentz oscillators. The sample preparation for the ellipsometer
measurement are the same as for reflection measurement.

Device preparation
The conventional devices were fabricated with a structure of glass/
ITO/PEDOT:PSS/active layers/PNDIT-F3N/Ag. The ITO-coated glass
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substrates were cleaned by ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol under ultra-
sonication for 15 min each and subsequently dried by a nitrogen
blow. A thin layer (-20 nm) of PEDOT:PSS (Clevios P VP Al 4083,
filtered at 0.45 pm) was spin-coated at 4000 rpm onto ITO surface.
After baked at 150 °C for 20 min, the substrates were transferred
into a nitrogen-filled glove box. Subsequently, the blend solution
of PM6:Y6 (1:1.2 w/w, from CF with 0.5% CN), PM6:L8-BO (1:1.2 w/w,
from CF with 0.25% DIO) or D18:N3 (1:1 w/w, from CF) was spin-
coated to form the active layers with different thicknesses. Then
the substrates were TA treatment with 100 °C for 5 min. After that,
The ETL solution PNDIT-F3N was spin-coated on the top of active
layers at 3000 rpm. Finally, 120 nm Ag layer were deposited under
high vacuum (<1.5x107*Pa). The effective areas of cells were
~4 mm? defined by shallow masks.

The inverted devices were fabricated with a structure of
glass/ITO/ZnO/active layer/MoO3z/Ag. A ZnO sol-gel solution was
deposited onto pre-treated ITO-coated glass substrates via spin-
coating, followed by annealing on a hotplate at 200 °C for 30 min
to form an -30 nm-thick electron transport layer. Subsequently, a
CF solution of the prepared PM6:Y6 blend active layer was spin-
coated onto the ZnO layer. By adjusting the concentration and
spin speed, thin films with different thicknesses were fabricated,
which were then annealed on a hotplate at 100 °C for 5 min. The
sample was then transferred into a vacuum deposition chamber,
where ~8 nm of MoO; and 120 nm of Ag metal electrodes were
thermally evaporated sequentially under high vacuum conditions
(<1.5x107*Pa). The effective areas of cells were -4 mm? defined by
shallow masks.

The fabrication process for flexible PM6:Y6 devices was con-
sistent with that of conventional devices, except that the substrate was
replaced with ITO-coated PET substrates.

Device characterization
The J-V curves of all devices were recorded by a Keithley 2400 source
meter and a simulated AM 1.5G (100 mW/cm™) solar spectrum gen-
erating from LSS-55 solar simulator (50 x 50 mm? spot size) of Jinzhu
Technology CO., LTD.

The EQE spectral were recorded utilizing spectral response mea-
surement system LST-QE of Jinzhu Technology CO., LTD.

Ultrafast recombination characterization

Femtosecond transient absorption (fs-TA) spectroscopy (Coher-
ent Legend) was conducted with a wavelength of 800 nm and a
laser of 2840 mW (80 MHz, 120 fs) emitted from a seed source
through a titanium sapphire amplifier. The laser wavelength is
still 800 nm, the pulse is 1000 Hz, the time interval is 120 fs. 30%
of the beam is used as the probe enters the transient absorption
spectrometer, and the remaining 70% is converted to 400 nm by
BBO crystal, which is pumped into the sample as excitation light
(400 nm, 1000 Hz, 100 mW). The test section is the visible light
region (450-800 nm).

Transient photovoltage (TPV)/transient photocurrent (TPC)
The TPV and TPC data were acquired with the all-in-one characteriza-
tion platform Paios (Fluxim AG, Switzerland). In the TPV measurement,
the light intensity is in the range of 0.10% to 80.0%, the relative
intensity is 20.0%, the stabilization time is 30.0 ms, and the pulse
length is 5.0 ms. The TPC of the device was tested under short-circuit
conditions without bias light.

GIWAXS measurement

GIWAXS data were collected at beamline BL14B1 of the Shanghai
Synchrotron Radiation Facility (SSRF). The wavelength was 1.2398 A
and the incident angle was 0.12°.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the source data generated in this study are
provided in the Supplementary Information and Source Data
file. Source data are provided with this paper.
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