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Semitransparent organic photovoltaics
with wide geographical adaptability as
sustainable smart windows

Jiangsheng Yu 1, Jihong Pu2, Dongsheng Xie3, Zhenhai Ai1, Yongwen Lang1,
Menghua Cao1, Chunhui Duan 3 , Lin Lu 2 & Gang Li 1,4

Semitransparent organic photovoltaics (ST-OPVs) have gained significant
attention due to their rapid iteration of high-efficiency photoactive materials
and potential applications in building-integrated photovoltaics as smart win-
dows. In this work, we establish a parameter (FoMLUE) to evaluate the potential
of photoactivematerials for ST-OPVs, combining average visual transmittance,
bandgap, and current density. PBOF and eC9 exhibit the highest FoMLUE values
of 0.084 and 0.161 for the investigated donors and acceptors, respectively.We
achieve a light utilization efficiency of 6.05% as the figure of merit for all
semitransparent solar cells. The derived ST-OPV exhibits enhanced thermal
insulation and operational stability compared to its counterpart. The geo-
graphical analysis indicates that the hot summer/warmwinter zone is themost
suitable for ST-OPV glazing windows, delivering an annual total energy-saving
of 1.43GJm-2. Our results demonstrate themultifunctionality and geographical
factors of ST-OPVs for constructing sustainable energy-saving smart windows.

Transparent solar cells have the potential to revolutionize the
renewable energy sector, allowing them to be integrated into
everyday objects such as windows, screens, and other surfaces,
without obstructing the view or the design aesthetics1–4. There are
challenges to overcome, including improving the efficiency and
lifespan of the solar cells and reducing the cost of production.
Transparent solar cells primarily absorb ultraviolet and infrared light,
which are invisible to the human eye. This technology involves an
inherent tradeoff between transparency and efficiency. Semi-
transparent organic photovoltaics (ST-OPVs) are arousing a passion
for transparent research, due to their unique discrete absorption,
low-cost production, and environmental friendliness5–8. The key
advantage of ST-OPVs lies in their ability to combine energy gen-
eration with a visually appealing design. This feature opens up a
range of applications, especially in the context of building-integrated

photovoltaics (BIPV), for example, solar windows without detracting
from the architectural design9.

Overcoming challenges related to efficiency, aesthetic flexibility,
stability, and integration will be crucial for unlocking the full potential
of ST-OPVs in the BIPV market. Transparent solar cells are engineered
to achieve maximum power conversion efficiency (PCE) while main-
taining high average visual transmittance (AVT), thus light utilization
efficiency (LUE), the product of PCE and AVT, severs as a critical figure
of merit to benchmark their development. Recently, the PCEs of OPVs
have been significantly improved, surpassing 20%, due to advance-
ments in semiconducting materials and device engineering, especially
the mushrooming non-fullerene small molecule acceptors (NFAs)10–13.
These NFAs show strong absorption in the near-infrared (NIR) region
up to 1000nm. Normally, a wide bandgap polymer donor of about
1.8 eV is compositional as the high-performance active layer, such as
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PM614, PTQ1015, and PBQx-TF16. Whereas, the absorption spectra of
these donors are highly coincident with the visible wavelength range
(380–740nm), resulting in a drastic decrease in the AVT. Reducing the
proportion of the polymer donor is an effective means to regulate the
absorption distribution of active layer, thus improving LUE values in
derived ST-OPVs. For example, Chen et al. increased the selective
absorption by tuning the PM6:acceptors ratio from 1:1.3 to 1:3, and
achieved a high LUE of 5.0% with comprehensive optimizations,
including the thicknesses of active layer and metal electrode, antire-
flection, etc17. Developing narrow or ultrawide bandgap polymer
donors is also conducive to higher AVT for ST-OPVs18. Zhu et al.
reported that PTB7-Th-based ST-OPVs exhibit superior see-through
properties with a high AVT of 50.8%, where the ATT-9 acceptor with an
optical response of over 1000nm is utilized, and silver nanowires
served as transparent top electrode19,20. While the narrow band gap
polymer donor lowers open-circuit voltage (VOC), leading to an inferior
PCE in devices. Recently, we have achieved a LUE of 3.05% for ST-OPVs
without optical modulation by employing an ultra-wide bandgap
polymer donor named PBOF (2.20 eV), whose absorption shows
minimal spectral overlap with the photopic response of human eye21.
The top electrode is another critical factor for high-performance ST-
OPVs.Metal, includingultrathinAg andAu, silver nanowires, graphene,
and conducting polymers, are the main categories as transparent top
electrodes for ST-OPVs. All these materials do not possess selective
absorption intrinsically. Our group has successfully constructed a
superior transparent top electrode via integrating an aperiodic band-
pass filter atop thin Ag, which exhibits a high AVT of about 80% and a
total reflection in the 700–900 nm region22. Using this strategy, a
record-breaking LUE of 5.35% has been achieved due to its remarkable
enhancement in AVT without losing short-circuit density (JSC) com-
pared with its counterpart without optical design.

Another key challenge in BIPV is ensuring that the photovoltaic
system does not compromise the visual appeal of the building. The
aesthetic flexibility of ST-OPVs can be adjusted in their transparency to
meet both functional and aesthetic needs23–25. The visual aesthetics of
ST-OPVs are evaluated based on two key metrics, the color rendering
index (CRI) and Commission Internationale de L’Eclairage (CIE 1931)
chromaticity coordinates, which together quantify the quality and
color of the light that passes through thedevice.Opticalmanipulations
arewidely applied to tune the color perception of ST-OPVs26–28. TheCIE
chromaticity coordinates of neutral color and AM1.5G are (0.333,
0.333) and (0.332, 0.343), respectively. Through neutral-colored ST-
OPVswith aCRI close to 100, theobject’s color can appear as it is under
natural light, strengthening the potential of power window applica-
tion. CRI values above 90 are categorized as excellent. Considering the
inherently visible absorption of organic active layers, optical modula-
tion in terms of material selection and photonic structure has been
demonstrated as an efficient path for adjusting the CRI of ST-OPVs. ST-
OPVs can provide an added benefit by controlling the amount of nat-
ural light entering the building29. This feature allows for more efficient
daylight harvesting and reduced reliance on artificial lighting, con-
tributing to overall energy savings. The use of ST-OPVs inwindows can
helpmanage solar heat gain, contributing to better thermal regulation
inside the building30–32. However, the power generation and energy-
saving performance of ST-OPV-based BIPV under different climates
have been rarely reported. The impact of geographical factors,
including ambient air temperature, latitude, altitude, and solar radia-
tion intensity, on the application of the ST-OPV-based buildings has
not been revealed. Thus, an optimal balancebetween the electrical and
optical properties of ST-OPVs requires an in-depth investigation for
further promoting commercialization prospects.

In this work, we screen a series of classic photoactive materials to
investigate their selective absorption, such as P3HT33, PTB7-Th34, PM6,
PTQ10, D18-Cl35, PBQx-TF, PBOF, PC61BM36, PC71BM37, L8-BO38, eC939,
eC9-2Cl16. We demonstrate a dimensionless parameter (FoMLUE) to

evaluate the potential of photoactive materials for ST-OPVs. The
FoMLUE parameter takes into account three aspects, AVT, bandgap,
and current density, through investigating the normalized absorbance
of photoactive material. In three categories (polymer donors, full-
erenes, NFAs), PBOF, PC61BM, and eC9 exhibit higher selective
absorption than their counterparts, as evidenced by the calculated
results of FoMLUE values. PBOF and eC9 exhibit the highest FoMLUE

values of 0.084 and 0.161 for donor and acceptor, respectively. The
calculated FoMLUE values imply its superior efficiency potential of
PBOF: eC9: PC61BM (0.091) for ST-OPVs. The photovoltaic perfor-
mance of PBOF: eC9: PC61BM based devices is finely characterized
through the comprehensive optimization of the hole transport layer
(HTL), composition, and additives, delivering the highest PCE of
18.60% with JSC of 26.75mAcm-2, VOC of 0.884 V, and fill factor (FF) of
78.66%. Compared to its counterpart, the impacts of self-assembled
monolayer (SAM) as HTL, 10%wt PC61BM as the third component, and
solid additive on the photovoltaic performance are thoroughly
explored through device physical analysis, morphological analysis,
and energy loss analysis. ST-OPVs based on the optimal ternary (PBOF:
eC9: PC61BM) blends with various thicknesses (50 ~ 120 nm) are
explored with thin silver electrode (11 nm). The 60-nm ST-OPVs
achieve the highest LUE of 4.12%. Attributed to the significantly
increased AVT of 50.86% and 49.62%, the 40-nm tellurium dioxide
(TeO2) and aperiodic band-pass filter (ABPF)-based ST-OPVs achieve
PCEs of 10.47% and 12.19%, delivering LUEs of 5.32% and 6.05%,
respectively. To our best knowledge, the LUE of 6.05% as the figure of
merit for semitransparent solar cells is the highest value in the litera-
ture. The aesthetic transparency of these devices presents a reddish
hue with high CRI values exceeding 90. Among the devices tested, the
ABPF based ST-OPVs show the highest operational stability, with a T80
lifetime exceeding 800h under continuous illumination. The thermal
insulation performance of these ST-OPVs is quantified and qualified by
setting up a prefabricated structure. Considering the power genera-
tion and thermal insulation capabilities, the ABPF based ST-OPVs
exhibit multifunctional performance, revealing their promising
potential in the field of BIPVs as smart windows. The transient model
results indicate that the hot summer/warm winter zone is the most
suitable for ST-OPVs as a double-glazed window across China, deli-
vering an average annual energy-saving of 1.43 GJ m-2. Our results
highlight the multifunctionality and the influence of geographical
factors on the high-efficiency ST-OPVs, demonstrating their potential
for applications in power generation and energy-saving BIPVs.

Results
The assessment parameter of FoMLUE

High-performance ST-OPVs depend on successfully managing the
inherent trade-off between photovoltaic and optical transparency.
Therefore, determining a parameter for photoactivematerial screen is
vital. Herein, the formula combines three factors, including current
density, optical bandgap (correlated with open-circuit voltage), and
AVT, to give an estimate of the overall LUE figure of merit (FoMLUE) for
photoactive layer materials.

FoMLUE =
q
hc
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where q is the elementary charge, h is Planck’s constant, c is the speed
of light, the standardized solar spectral irradiance data (ΦAM1:5G

power ðλÞ) is
used from the NREL database, T(λ) is the transmission spectrum, Eg is
the optical bandgap, P(λ) is the photopic response of the human eye,
S(λ) is the solar photon flux (AM1.5 G), and Psun signifies one sun con-
dition (100mWcm-2). The FoMLUE value is expressed as a
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dimensionless parameter. FoMLUE is the assessment parameter of
photoactive material for ST-OPVs. The distribution of absorption is
crucial for the value of FoMLUE. A higher FoMLUE value of the
photoactive layer indicates achievable LUE improvement in the
derived ST-OPVs. Herein, the parameter (FoMLUE) is used for deducing
a material’s potential for semitransparent device applications directly
from its absorption characteristics, enabling quantitative screening of
materials and their combinations. More details are summarized in the
Supplementary Note 1.

As this formulation is designed above, we calculate the FoMLUE

values of state-of-the-art polymer donors, fullerenes, and NFAs. The
optical properties of thin films are examined, including transmittance
and AVT. As shown in Fig. 1a, the pristine donor films exhibit vivid
colors for PBOF, PBQx-TF, D18-Cl, PTQ10, P3HT, PM6, and PTB7-Th.

The optical bandgap values (Tauc plot, Fig. 1b) for these donors are
2.20, 2.07, 2.02, 1.96, 1.95, 1.85, and 1.62 eV, respectively. The nor-
malized absorption (Supplementary Fig. 1) and derived transmittance
(Fig. 1c) of these polymer donors are depicted. The FoMLUE values of
PBOF, PBQx-TF, D18-Cl, PTQ10, P3HT, PM6, and PTB7-Th are calcu-
lated as 0.084, 0.050, 0.043, 0.034, 0.042, 0.035, and 0.074, respec-
tively. PBOF exhibits twice the FoMLUE value compared to prominent
molecules (PM6 and D18-Cl). In the same way, we also investigate the
representative acceptors (Supplementary Figs. 2–4). The bandgap and
FoMLUE values (Supplementary Table 1) are 2.76 eV/0.040, 1.95 eV/
0.078, 1.38 eV/0.156, 1.38 eV/0.151, and 1.34 eV/0.161 for PC61BM,
PC71BM, L8-BO, eC9-2Cl, and eC9, respectively. The near-infrared
NFAs present significantly higher FoMLUE values than fullerenes. The
FoMLUE values of selectively combined donor (PBOF, D18-Cl, PM6, or
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Fig. 1 | Characterization of donor and opaque OPV devices. a The molecular
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used in this work. b The Tauc plot data of donors. c The corresponding transmit-
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characterization of corresponding binary PBOF: eC9 and optimal ternary PBOF:
eC9: PC61BM based opaque devices.
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PTB7-Th) and acceptor (L8-BO, eC9-2Cl, or eC9) as BHJ layers are also
calculated as shown in Supplementary Table 2. The PBOF: eC9 exhibits
the highest FoMLUE value of 0.089.When PC61BM is added as the third
component into the PBOF: eC9, the FoMLUE value of PBOF: eC9:
PC61BM can be further increased to 0.091, implying its superior effi-
ciency potential for ST-OPVs.

Opaque OPV devices
We fabricated the opaque OPV devices with an architecture of indium
tin oxide (ITO)/HTL/active layer (BHJ)/electron transport layer (ETL)/
silver (Ag) to explore the photovoltaic performance. High-
transparency ITO (Supplementary Fig. 5) is selected with a transmit-
tance (T) of 93.75% at 555 nm and an AVT of 93.16%. Two HTLs, PED-
OT:PSS and (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid as
a self-assembled monolayer (SAM, Supplementary Fig. 6), are
compared40,41. The AVT of ITO/SAM delivers a higher value of 93.12%
than that of ITO/PEDOT:PSS (91.65%), and the ITO/SAM film also
exhibits a higher transmittance than the counterpart in the NIR region
(740–1000nm), implying its improved photon harvesting and current
density for active layers. The components of PBOF/eC9/PC61BM
(binary or ternary, Supplementary Fig. 7) and additives (1,8-dio-
dooctane or 1,3,5-trichlorobenzene42) are utilized to optimize the
performance of active layers. The absorption spectra of relative films
are conducted as shown in Fig. 1d. The binary PBOF: eC9 (Fig. 1e) based
devices exhibit a PCE of 16.22% along with JSC of 25.78mA cm-2, VOC of
0.869 V, and FF of 72.39%. With 10% wt PC61BM as the third compo-
nent and 1,3,5-trichlorobenzene as a solid additive, the optimal ternary
devices (PBOF: eC9: PC61BM) deliver the highest PCE of 18.60% with
enhanced JSC of 26.75mAcm-2, VOC of 0.884 V, and FF of 78.66%.
Figure 1f depicts the corresponding external quantum efficiency (EQE)
characterization. The calculated JSC values (Supplementary Fig. 8) for
binary and optimal ternary devices are 24.59 and 25.54mA cm-2,
respectively, within 5% mismatches of the J-V tested ones. The optimal
ternary OPV with PEDOT: PSS as HTL produces a lower PCE of 17.58%
due to the decreased JSC of 25.59mAcm-2 compared to its counterpart
with SAM as HTL (Supplementary Fig. 9). The detailed photovoltaic

parameters of various devices, including DIO based one (Supplemen-
tary Fig. 10), are summarized in Supplementary Table 3.

Physical properties of devices
To investigate the charge recombination processes, the JSC and VOC of
both binary (PBOF: eC9) and optimal ternary (PBOF: eC9: PC61BM)
devices are measured under varying incident light intensities (Plight).
The relationship between JSC and Plight is characterized by the
expression J ∝ Plightα. The optimal ternary (PBOF: eC9: PC61BM) device
exhibits a higher α value of 0.982 compared to the binary (PBOF: eC9)
device’s 0.971 (Supplementary Fig. 11), indicating that bimolecular
recombination is suppressed in the optimal ternary (PBOF: eC9:
PC61BM) device43. Concurrently, the dependence of VOC and Plight is
described by the equation VOC∝ ln(Plight)nkT/q, where k represents the
Boltzmann constant, T is the Kelvin temperature, and q signifies the
elementary charge. Compared to the binary (PBOF: eC9) device’s slope
of 1.11 kT/q, the optimal ternary (PBOF: eC9: PC61BM) device displays a
moderately lower slope of 1.04 kT/q, implying diminished trap-assisted
recombination. To quantify exciton dissociation (ηdiss) and charge
collection (ηcoll) efficiencies, an investigation into the photocurrent
density (Jph) versus effective voltage (Veff) is conducted by examining
the value of JSC/Jsat (the saturation current density) and Jmax/Jsat in the
binary (PBOF: eC9) and optimal ternary (PBOF: eC9: PC61BM)
devices44. The binary (PBOF: eC9) and optimal ternary (PBOF: eC9:
PC61BM) devices (Fig. 1g) yield ηdiss/ηcoll values of 94.55%/82.60% and
96.99%/88.74%, respectively. The enhancement confirms more effec-
tive charge extraction and collection mechanism within the optimal
ternary (PBOF: eC9: PC61BM) blend. The charge generation and
recombination dynamics are further investigated using femtosecond
transient absorption spectroscopy (fs-TAS) upon photoexcitation with
a 400nm laser45. Both the PBOF: eC9 (Supplementary Fig. 12) and
PBOF: eC9: PC61BM (Fig. 2a) blends exhibit distinct spectral features. A
prominent negative-going signals between470and540 nm,consistent
with the film’s absorption data, originates from the ground-state
bleaching (GSB) of PBOF. The kinetics of singlet excited state or
localized exciton associated with of PBOF and eC9 produce positive
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excited state absorption features around 600 and 950nm, respec-
tively. To quantify electron transfer kinetics, the decay traces of
520nmGSB signals in both the PBOF: eC9 (Supplementary Fig. 12) and
PBOF: eC9: PC61BM (Fig. 2b) blends are analyzed. A bi-exponential
fitting of the decay traces allows for the extraction of lifetime for
charge separation (τ1) and charge diffusion (τ2) processes. As shown in
Fig. 2c, the PBOF: eC9: PC61BM blend demonstrates shorter lifetimes
(τ1/τ2) of 0.65/25.09 ps compared to its binary counterpart (0.77/
31.85 ps). The accelerated processes confirm that the optimal PBOF:
eC9: PC61BM ternaryblend facilitatesmore efficient charge separation
and diffusion, thereby accounting for its enhanced JSC and FF. Fur-
thermore, the hole (μh) and electron (μe) mobilities of the PBOF: eC9
and PBOF: eC9: PC61BM blends (Supplementary Fig. 13) are measured
with the space-charge-limited-current (SCLC) method, delivering the
μh/μe values of 4.37 × 10-4/2.55 × 10-4, 6.52 × 10-4/5.63 × 10-4cm2V−1 s−1,
respectively. The higher and more balanced charge mobility (μh/μe as
1.16) in PBOF: eC9: PC61BM blend is beneficial for suppressing inter-
facial charge accumulation and promoting more effective charge
extraction.

Morphological Analysis
The surface and bulk morphologies of the binary (PBOF: eC9) and
optimal ternary (PBOF: eC9: PC61BM) blends are characterized
through atomic force microscopy (AFM), transmission electron
microscopy (TEM), and grazing-incidence wide-angle X-ray scattering
(GIWAXS). AFM analysis (Supplementary Fig. 14) indicates that the
PBOF: eC9: PC61BM blend has a more uniform surface topography
with a root mean square roughness (Rq) of 2.59 nm than its binary
counterpart (3.50nm). The PBOF: eC9: PC61BM blend forms a more
finely dispersed and well-interconnected bicontinuous network (Sup-
plementary Fig. 15), which is beneficial for device performance. We
utilize GIWAXS to investigate the molecular ordering and packing
behavior within the PBOF: eC9 and PBOF: eC9: PC61BM blends46. The
PBOF pristine film adopts a mixed face-on and edge-on orientation as
depicted in Supplementary Fig. 16. The PBOF: eC9 and PBOF: eC9:
PC61BM blend films show distinct packing features as shown in the
corresponding line-cut profiles (Supplementary Fig. 17). The PBOF:
eC9 blend shows lamellar peaks at qr ≈0.329Å−1 (d ≈ 19.1 Å) and
qz ≈0.289 Å−1 (d ≈ 21.7 Å), andπ-πpeak atqz ≈ 1.672 Å−1 (d ≈ 3.76 Å). The
PBOF: eC9: PC61BM blend exhibits lamellar peaks at qr ≈0.305Å−1

(d ≈ 20.6Å) and qz ≈0.327 Å−1 (d ≈ 19.2 Å), andπ-πpeak atqz ≈ 1.673 Å−1.
The dominant π-π stacking peak of the PBOF: eC9: PC61BM blend
yields a larger crystalline coherence length (CCL) of 17.8 Å with a full
width at halfmaximum (FWHM) of 0.325 Å−1, surpassing the 16.7 Åwith
a larger FWHM of 0.346 Å−1 of the PBOF: eC9 blend. The detailed
parameters of GIWAXS results are summarized in Supplementary
Table 4, signify that the PBOF: eC9: PC61BM blend achieves a more
ordered crystalline structure. This improved structural order is
directly responsible for facilitating charge transport and suppressing
recombination, leading to the higher JSC and FF in the PBOF: eC9:
PC61BM based devices.

Energy losses analysis
We also analyze the energy loss of the binary (PBOF: eC9) and optimal
ternary (PBOF: eC9: PC61BM) devices to investigate the origins of the
VOC improvement from 0.869V to 0.884 V. We first determine the
bandgaps (Eg) to be 1.403 and 1.398 eV for the PBOF: eC9 and PBOF:
eC9: PC61BM based devices, respectively (Supplementary Fig. 18). The
total energy loss of device (Eloss = Eg - qVOC) is deconstructed into its
radiative (ΔE1 and ΔE2) and non-radiative (ΔE3) recombination loss47,48.
The fundamental radiative loss (ΔE1) is nearly identical (~0.262 eV) for
the PBOF: eC9 and PBOF: eC9: PC61BM based devices due to similar
bandgaps (Supplementary Table 5). The ΔE3 is quantified through
electroluminescence quantum efficiency (EQEEL) measurements
(Fig. 2d) using the relation ΔE3 = � kT

q ln EQEEL. The PBOF: eC9:

PC61BMbased device exhibited a higher EQEEL of 6.21 × 10
-4, resulting in

a lower ΔE3 of 0.191 eV compared to the PBOF: eC9 based device’s
0.208 eV. The sub-bandgap radiative loss (ΔE2) is alsomodestly reduced
from 0.064 eV to 0.061 eV for the PBOF: eC9 and PBOF: eC9: PC61BM
based devices. The smaller ΔE2 and ΔE3 of the optimal ternary (PBOF:
eC9: PC61BM) device should bemainly ascribed to the higher energy of
the charge transfer state (ECT) of 1.389 eV as shown in Fig. 2e, f. Thus,
the driving force required for exciton dissociation and non-radiative
recombination of optimal ternary (PBOF: eC9: PC61BM) devices is
reduced, resulting in decreased energy loss and higher VOC.

Photovoltaic and optical performance of ST-OPVs
For ST-OPVs, the optimal ternary (PBOF: eC9: PC61BM) blends with
various thicknesses (50 ~ 120 nm) are utilized as the photoactive
layers with the thin silver electrode (11 nm) as shown in Supplemen-
tary Figs. 19–22. The detailed photovoltaic and optical parameters of
derived ST-OPVs are summarized in Supplementary Table 6.With the
decreasing thickness from 120 nm to 50 nm (Fig. 3a), the JSC and PCE
values of ST-OPVs are sequentially decreased from 22.25mA cm-2/
15.23% to 16.37mA cm-2/10.74%, respectively, while the AVT values
are gradually increased from 23.23% to 37.57% as shown in Fig. 3b.
The 60-nm ST-OPVs achieve the highest LUE of 4.12% along with a
PCEof 11.81% and anAVTof 34.80%. To further improve the LUE value
of ST-OPVs, two optical designs are employed atop the thin silver
electrode: a single-layer antireflection coating layer using TeO2 as the
optical interference materials49 and an aperiodic band-pass filter22

(ABPF, Supplementary Table 7) with total reflection in the NIR region
(700-900 nm). As shown in Fig. 3c, compared to the bare 11-nm Ag
based ST-OPVs (AVT of 34.80%), both the ST-OPVs with 40-nm TeO2

or ABPF exhibit significantly improved transparency in the visible
region, resulting in increased AVT of 50.86% and 49.62%, respec-
tively. It is worth noting that the single-layer antireflection coating
layer (40-nm TeO2) increases the transmittance of the device in the
whole range from 350 nm to 1,000 nm, resulting in a noticeable
decrease in JSC. ST-OPVs with ABPF almost completely block light in
the range of 700-900 nm, which makes a decent contribution to the
ST-OPV’s JSC. The J-V curves of corresponding 11-nm Ag, 40-nm TeO2,
and ABPF based ST-OPVs are depicted in Fig. 3d. The VOC and FF
values among the devices are similar. Compared to 11-nm Ag based
ST-OPV (17.35mA cm-2), the JSC of ST-OPV with 40-nm TeO2

decreased to 15.63mA cm-2 while that of ST-OPVwith ABPF increased
to 18.07mA cm-2, impacting their efficiencies. The 11-nm Ag, 40-nm
TeO2, and ABPF-based ST-OPVs (Fig. 3e and Table 1) achieve PCEs of
11.84%, 10.47%, and 12.19%, delivering LUEs of 4.12%, 5.32%, and
6.05%, respectively. The LUE of 6.05% as the figure of merit for all
semitransparent solar cells is the highest value in the literature
(Fig. 3f and Supplementary Table 8). The influence of optical layers
on JSC is also investigated using the external quantum efficiency
(EQE) characterization (Supplementary Fig. 23). The JSC values cal-
culated for 11-nm Ag, 40-nm TeO2, and ABPF-based ST-OPVs are
16.62, 14.89, and 17.18mA cm-2, respectively. Compared to 11-nm Ag
based ST-OPV, the 40-nm TeO2 based device exhibits a weaker
photon response in the whole range, which correlates to the lower
JSC. The ABPF-based ST-OPV demonstrates similar weaker photon
responses in the 300–400 nm range, but substantially stronger
photon responses in the 700–900 nm range.

The optical analysis of corresponding ST-OPVs, including reflec-
tance, quantum utilization efficiency (QUE = EQE + T), and EQE + T +R,
are also measured to validate the accuracy and validity of J-V mea-
surements as shown in Supplementary Fig. 2450. All the EQE(λ) + T(λ) +
R(λ) values are below 100%. It is noticed that the quantum utilization
efficiency of ABPF-based ST-OPV exhibits a lower value in the range of
700–900nm compared to others, due to its combined effect of
inherently strong reflection of ABPF and thin active layer’s weak
absorption. To further verify the difference and variation trend of
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corresponding 11-nm Ag, 40-nm TeO2, and ABPF based ST-OPVs, the
optical simulations of current density andoptoelectronic field intensity
distribution in devices are carried out. The refractive indices of mate-
rials used in this work are listed in Supplementary Fig. 25. The simu-
lated transmittance spectra (Fig. 4a) and JSC values (Fig. 4b) of 11-nmAg,
40-nm TeO2, and ABPF-based ST-OPVs show the same trend compared
with the experimental ones (Supplementary Fig. 26). The difference in
simulated JSC using 11-nm Ag device as the baseline is depicted in
Fig. 4c, resulting in a decreased JSC of 3.98mAcm-2 and an increased JSC
of 1.40mAcm-2 for 40-nm TeO2, and ABPF-based ST-OPVs, respec-
tively. The optical field |E | 2 distribution (Supplementary Fig. 27) and
corresponding exciton generation rates (Fig. 4d–f) of relative ST-OPVs
(60-nm active layer) are carried out. The 40-nm TeO2-based ST-OPV
exhibits lower simulated exciton generation rates in the whole region
than its counterpart with barely 11-nm Ag one. The ABPF-based ST-OPV
presents significantly higher exciton generation rates in the
700–900nm range. The difference in the exciton generation rate of
ST-OPVs with 11-nm Ag as a baseline is calculated as shown in Supple-
mentary Fig. 28. The results indicate the effective optical management
of 40-nmTeO2 andABPF structures in devices. Theoperational stability
(light-socking, ISOS-L-1, Supplementary Fig. 29) of these ST-OPVs is
conducted under a continuous light-emitting diode light, which is
equivalent to AM1.5 G illumination51,52. More detailed device stability
measurements are summarized in the “Methods” section. The T80
lifetime (80% of the initial PCE, Fig. 4g) of encapsulated 11-nm Ag,
40-nm TeO2, and ABPF-based ST-OPVs are 250 h, 562 h, and 835 h,
respectively. The results indicate the effective protection of the optical

layer (TeO2 or ABPF) as a buffer layer in the encapsulation for ST-
OPVs22,24.

Aesthetic and functional transparency of ST-OPVs
In the applications of ST-OPVs like smart windows and building-
integrated photovoltaics (BIPV), color rendering index (CRI) plays a
pivotal role in balancing energy harvesting with aesthetic and func-
tional transparency, which is a critical parameter in assessing the
quality of light as perceived by the human eye when a natural or
standard light source transmitted through the device. CRI value is
expressed on a scale from 0 to 100. Achieving a higher CRI (over 80)
ensures that ST-OPVs can seamlessly integrate into environments
requiring accurate color perception. Herein, the CRI value of 11-nm Ag
based ST-OPVs gradually increases from 87.1 to 95.1 as the thickness of
active layers decreases from 120 nm to 50nm. When the active layer’s
thickness is 60 nm, the corresponding 11-nm Ag, 40-nm TeO2, and
ABPF based ST-OPVs (Supplementary Table 9) exhibit CRI values of
94.4, 93.9, and 90.5, respectively. The correlated color temperature
(CCT) values of corresponding 11-nmAg, 40-nmTeO2, and ABPF based
ST-OPVs are 4966K, 4800K, and 4465K, respectively, where the
AM1.5 G possesses a CCT of 5513 K. Themedium CCT between 4000K
and 5000K means a neutral white color appearance. The CIE 1931
chromaticity diagram provides a method to quantify color perception
using two-dimensional coordinates (x, y). We evaluate the color
properties of these ST-OPVs by comparing their coordinates to the
standard daylight illuminant AM1.5 G (0.332, 0.343). The CIE color
coordinates of corresponding 11-nm Ag, 40-nm TeO2, and ABPF based

Fig. 3 | Characterization of ST-OPVs. a The transmittance spectra of 11-nm Ag
based ST-OPVs with various active layers thicknesses. b The JSC, PCE, AVT, and LUE
of the ST-OPVswith various active layer thicknesses. cThe transmittance spectra of

11-nmAg, 40-nmTeO2, andABPF based ST-OPVs.dThe J-V curves of corresponding
ST-OPVs. e The PCE, AVT, and LUE of corresponding ST-OPVs. fComparison of LUE
versus PCE and AVT values in reported semitransparent solar cells.

Table 1 | The photovoltaic and optical parameters of selected opaque and semitransparent devices based on optimal ternary
active layers

Devices VOC (V) JSC (mA cm-2) Cal. JSC (mA cm-2) FF (%) PCEa (%) AVT (%) LUE (%)

opaque 0.884 26.75 25.54 78.66 18.60 (18.43 ±0.13) - -

11-nm Ag 0.878 17.35 16.62 77.69 11.84 (11.61 ± 0.15) 34.80 4.12

40-nm TeO2 0.877 15.63 14.89 76.37 10.47 (10.21 ± 0.14) 50.86 5.32

ABPF 0.880 18.07 17.18 76.63 12.19 (11.83 ± 0.17) 49.62 6.05
aThe average PCE values with standard deviation are obtained from over 10 devices.
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ST-OPVs are (0.345, 0.334), (0.350, 0.345), and (0.357, 0.335), respec-
tively. As illustrated in Supplementary Fig. 30, these coordinates clo-
sely approach the AM1.5 G coordinates, presenting a reddish hue. The
CIELAB coordinates (L*, a*, b*) of these devices (Supplementary
Note 2) are also employed to more intuitively compare their differ-
ences of aesthetic transparency, where L* coordinate quantifies light-
ness from 0 (black) to 100 (diffuse white), a* coordinate spans the
green-red spectrum (negative for green, positive for red), and b*
coordinate spans the blue-yellow spectrum (negative for blue, positive
for yellow). As shown in Supplementary Fig. 31 and Fig. 4h, the CIELAB
coordinates (L*, a*, b*) of corresponding 11-nm Ag, 40-nm TeO2, and
ABPF based ST-OPVs are (65.4, 7.78, -0.99), (76.4, 6.43, 3.38), and (75.5,
13.2, 1.36), respectively, indicating the aesthetic transparency of these
devices. To illustrate the visibility and color of these ST-OPVs, we
photograph The Hong Kong Polytechnic University building and color
A4 paper as backgrounds, viewed through transparent device as a
window. These photographs present a reddish hue as shown in Fig. 4i
and Supplementary Fig. 32.

Thermal insulation performance of ST-OPVs
The thermal insulation performance of these ST-OPVs (Supplementary
Note 3) is quantified through the measured NIR (NIR-SER,
780–2500 nm) and total solar energy rejection (T-SER, 300–2500 nm).
The NIR-SER and T-SER values (Supplementary Fig. 33) of

corresponding 11-nm Ag, 40-nm TeO2, and ABPF based ST-OPVs are
82.91%/75.79%, 78.82%/67.67%, and 88.43%/77.49%, respectively. The
results indicate the superior thermal insulation capabilities of these
devices, especially the ABPF based ST-OPV. Their thermal insulation
performance is intuitively explored by putting up a prefabricated
structure as shown in Supplementary Fig. 34. A black object in the
foam box can be illuminated through different windows, and the
temperature changes of the black object are recorded by a
Fluke infrared thermal imaging camera. As shown in Supplementary
Fig. 35 (visiblemode by the camera) and Fig. 5a (IRmode), the object at
24.2 °C is recorded before illumination. After 10-min solar simulator
illumination, the temperature of the object reaches 50.0, 45.1, 37.4,
37.6, and 36.4 °C through air, glass, 11-nm Ag, 40-nm TeO2, and ABPF
based ST-OPVs as the windows, respectively (Fig. 5). Considering the
power generation and thermal insulation capabilities, the ABPF based
ST-OPVs exhibit the best multifunctional performance, revealing its
promise potential in the field of BIPVs as smart windows.

ST-OPVs as smart windows
To explore the power generation and energy-saving performance of
the ST-OPV glazing window, we develop a transient model to simulate
the power output and assess the impact on building space cooling and
heating loads. As shown in Fig. 6a, a typically used double-glazed
windowstructure isdesigned,with the configurationof ST-OPV/air gap
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Fig. 4 | Optical simulation and functional transparency of ST-OPVs. a The cal-
culated transmittance spectra of 11-nmAg based ST-OPVs with various active layers
thicknesses. b The calculated JSC of ST-OPVs with various active layer thicknesses.
c The difference in the calculated JSC of ST-OPVs with 11-nm Ag one as the baseline.
The exciton generation rates (G) of (d) 11-nm Ag, (e) 40-nm TeO2, and (f) ABPF

based ST-OPVs. g The operational stability (light-socking, ISOS-L-1) of corre-
sponding ST-OPVs. h CIELAB coordinate space of ST-OPV with ABPF. i Photograph
of blank and ABPF based ST-OPV as window. The background features The Hong
Kong Polytechnic University building to illustrate device transparency.
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(12mm)/glazing. A double-layered low-e window is used as the base-
line for comparison in the simulation, due to its versatility in meeting
diverse environmental requirements, such as providing thermal insu-
lation and soundproofing benefits. The spectral transmittance and
reflectance of low-e glazing are given in Supplementary Fig. 36. The
simulations are conducted among 371 cities across China (Ministry of
Natural Resources of the People’s Republic of China, GS (2019)1822),
which are located in five different climatic zones classified by “Code for
Thermal Design of Civil Buildings”, namely, severe cold, cold, hot
summer/cold winter, mild, and hot summer/warm winter zones
respectively (Supplementary Fig. 37)53. A detailed description of the
simulation conditions, including hourly meteorological data, geo-
graphical factors (latitude and altitude, Supplementary Fig. 38), and
spectral power distribution (SPD) of solar radiation (Supplementary
Fig. 39) is provided in the Supplementary Note 4.

As shown in Fig. 6b, thewindowwith ABPF-based ST-OPV annually
generates 0.35 to 0.77 GJ m-2 electrical power in different climatic
zones. Fromanother perspective, the solar absorbing properties of ST-
OPV windows will help reduce building space cooling loads during the
hot seasons, while negatively increasing building space heating loads
in cold climates. The annually reduced space cooling load and
increased space heating load for the ABPF-based ST-OPV window
among the 371 cities are depicted in Supplementary Fig. 40. Figure 6c
visualizes the annual load reduction (which equals the reduced cooling
loadminus the increasedheating load), which ranges from −1.43 to 1.25
GJ m-2 across different regions in China. For most regions (348 out of
371 cities), the annual load reductions are positive, except for regions
with high heating demands (Supplementary Fig. 41). The negative
values are mainly observed in western China, for example Qinghai-
Tibet Plateau. This is primarily attributed to the unique geographical
conditions of high altitude, which lead to high building space heating
loads throughout the year.

Figure 6d and Fig. 6e clarify the effects of geographical factors on
annual power output and annual load reduction of the ABPF-based ST-
OPV window, respectively. The annual power output exhibits an
increasing trend as latitude rises from 20° to 40°, whereas it decreases
when moving from 40° to 50°. To further evaluate the correlation
among complex variables (beam solar radiation, diffuse solar

radiation, latitude, altitude, and ambient temperature) on annual
power output and load reduction, the Pearson correlation coefficients
are calculated, as shown in Fig. 6f. The results indicate that the annual
power output is most sensitive to the level of beam solar radiation,
while the annual load reduction is primarily influenced by the ambient
temperature and altitude, as evidenced by Pearson correlation coeffi-
cients exceeding 0.5. As shown in Fig. 6g, the statistical results
demonstrate that the average annual power output values of the ABPF-
based ST-OPV windows are 0.61, 0.57. 0.45, 0.50, and 0.41 GJ m-2 for
severe cold, cold, hot summer/cold winter, mild, and hot summer/
warm winter zones, respectively. Correspondingly, the average load
reductions (Fig. 6h) are 0.02, 0.57, 0.71, 0.84, and 1.02 GJ m-2,
respectively. Among the five climatic zones, the hot summer/warm
winter zone exhibits the highest energy-related performance of the
ABPF-based ST-OPV window, with total power output and load
reduction of 1.43 GJ m-2 (Supplementary Table 10). Similar results are
also observed for the double-glazed window with 11-nm Ag or 40-nm
TeO2 based ST-OPVs glazing, as shown in Supplementary Figs. 42–47.
Considering the total power generation and load reduction of the ST-
OPV window, the hot summer/warm winter zone is the most suitable
for ST-OPVs as a window, as it achieves the optimal balance between
power generation and energy-saving.

Discussion
In conclusion, a dimensionless parameter (FoMLUE) has been estab-
lished to evaluate the potential of photoactive materials for ST-OPVs,
taking into account three aspects: AVT, bandgap, and current density,
through investigating the normalized absorbance of photoactive
materials. PBOF and eC9 exhibit the highest FoMLUE values of 0.084
and 0.161 for the investigated donors and acceptors, respectively. The
PBOF: eC9 active layer exhibited the highest FoMLUE value of 0.089 in
the binary blends.When PC61BM is added as the third component into
the PBOF: eC9, the FoMLUE value of PBOF: eC9: PC61BM can be further
increased to 0.091. The photovoltaic performance of ITO/SAM/PBOF:
eC9: PC61BM /PFN-Br/Ag based devices delivers the highest PCE of
18.60%. Compared to its counterpart, the optimal PBOF: eC9: PC61BM
ternary blend exhibits higher andmore balanced charge mobility, and
a more ordered crystalline structure with well-defined molecular

Fig. 5 | Thermal insulation performance of ST-OPVs as windows. The tempera-
ture (°C) changes are recorded by a Fluke infrared thermal imaging camera under
the IR mode. The colored scale bars represent temperature from 15 to 60 °C. a The

temperature of the object before illumination. The temperature of the object after
10-min solar simulator illumination with different windows, (b) without, (c) glass,
(d) 11-nm Ag, (e) 40-nm TeO2, and (f) ABPF based ST-OPVs.
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Fig. 6 | Simulation of ST-OPVs as smartwindows. a The schematic diagramof the
used double-glazed window structure. b The annual power out and (c) annual load
reduction diagram of the window with ABPF-based ST-OPV across China (Ministry
of Natural Resources of the People’s Republic of China, GS (2019)1822). The effects

of geographical factors on (d) annual power output and (e) annual load reduction
of the ABPF-based ST-OPV window. f Pearson correlation coefficients. The statis-
tical results of average annual (g) poweroutput and (h) load reduction values in five
different climatic zones.
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packing, leading to reduced charge recombination losses and more
effective charge transport and extraction. The decreased energy loss
and higher VOC are attributed to the reduced driving force of optimal
ternary (PBOF: eC9: PC61BM) devices. For ST-OPVs, the 11-nm Ag, 40-
nm TeO2, and ABPF-based ST-OPVs achieve PCEs of 11.84%, 10.47%,
and 12.19%, and AVT of 34.80%, 50.86%, and 49.62%, delivering LUEs of
4.12%, 5.32%, and 6.05%, respectively. The LUE of 6.05% as the figure of
merit for semitransparent solar cells is the highest value. The optical
analyses of corresponding ST-OPVs, including optical simulation and
EQE + T + R, are utilized to validate the trend and validity of our results.
The higher T80 lifetime of encapsulated ABPF-based ST-OPVs is 835 h
due to the effective protection of the optical layer as a buffer layer. The
aesthetic transparency of these devices presents a reddish hue. These
ST-OPVs exhibited superior thermal insulation performance with the
NIR-SER and T-SER of 82.91%/75.79%, 78.82%/67.67%, and 88.43%/
77.49%, respectively. The thermal insulation capabilities of these
devices as a window are also qualified by setting up a prefabricated
structure where a black object in the foam box can be illuminated
through different windows. The qualified thermal insulation results
demonstrate the superior multifunctional performance of the ABPF
based ST-OPVs as smartwindows. The derived ST-OPV glazing window
provides positive annual load reductions for over 90% of cities (348
out of 371) in China. Considering the total power generation and
energy-saving performance of a double-glazed window with ST-OPV
across China with five different climatic zones, the hot summer/warm
winter zone is themost suitable for ST-OPVs as awindow, delivering an
average annual energy-saving of 1.43 GJ m-2. Our results highlight the
multifunctionality and the influence of geographical factors on the
record-efficiency ST-OPVs, demonstrating their potential in aestheti-
cally and functionally demanding applications.

Methods
Materials
The polymer donors and non-fullerene acceptors (PM6, D18-Cl, PBQx-
TF, eC9, eC9-2Cl and L8-BO) are procured fromSolarmerMaterials Inc.
Other polymers, including P3HT, PTQ10 and PTB7-Th are obtained
from Rieke Metals and 1-Material Inc., respectively. The polymer PBOF
is synthesized via Stille cross-coupling polymerization. The reaction
involves the copolymerization of two monomers, including the stan-
nylated monomer (4,8-Bi(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)
benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)bis(trimethylstannane) and the
brominated monomer 5,5’-(2,5-Bis((2-ethylhexyl)oxy)-3,6-difluoro-1,4-
phenylene)bis(2-bromothiophene). The fullerene derivatives (PC61BM
and PC71BM) are sourced from American Dye Source Inc. The PEDOT:
PSS (CLEVIOS™ P VP AI 4083, Heraeus) and the SAM interface layer
(TCI) are also commercially sourced. All other reagents and solvents
are purchased from Sigma-Aldrich and used as received.

Device fabrications
High-transparency ITO-coated glass substrates (15 Ω sq−1) are cleaned
via sequential ultrasonication in detergent, deionized water, acetone,
and isopropanol. Prior to deposition, all substrates are treatedwith UV
ozone for 15min. Two different HTLs are used. For the SAM, a
0.5mgmL−1 solution in isopropanol is spin-coated at 4000 rpm and
annealed (100 °C, 10min). PEDOT: PSS layer is spin-coated at
5000 rpm and annealed (150 °C, 15min). The active layer solutions,
consisting of either binary PBOF: eC9 (1:1.5) or ternary PBOF: eC9:
PC61BM (1:1.5:0.1) in chlorobenzene (8–10mgml−1) withDIO (0.25% v/ v)
or TCB (10mgmL−1) as additives, are stirred at 60 °C. In a nitrogen-filled
glovebox, the solutions are spin-coated (2500–5500 rpm) atop the HTL
and subsequently annealed at 100 °C for 5min. Film thickness is mea-
sured with a Bruker DektakXT Surface Profiler. A cathode layer of PFN-
Br/PDINN (0.5/1mgml−1) is spin-coated at 3000 rpm for 30 s. The
devices are completed by thermally evaporating Ag rear electrodes
(either 100nmor 11 nm thick) through amask at a rate of 1.0Å s−1 under

high vacuum (10-4Torr), defining an active area of 0.042 cm2. Additional
layers such as TeO2 and ABPF are deposited at 1.0-2.0Å s−1 for LiF
and TeO2.

Device characterizations
The J-V characteristics of the photovoltaic devices are determined
using a Keithley 2400 source measurement unit under simulated
AM1.5 G illumination from a Class AAA solar simulator (Enli Technol-
ogy, SS-F7). The light intensity is calibrated to 100mWcm-2 using a KG-
5 filtered silicon reference cell. To ensure accuracy of photovoltaic
efficiency, a metal mask aperture (0.0324 cm2) is used to define the
active area for J-V test. The J-V curves are recorded by sweeping from
short-circuit to open-circuit with a 0.02 V step size and no delay time.
No light soaking or external bias is applied to the devices before
measurement. EQE and reflection spectra are measured using a Solar
Cell Spectral Response Measurement System (Enli Technology, QE-
R3011). The absorption and transmission spectra of the films are
recorded from 300 to 1100nm using a UV-vis spectrometer (Persee,
TU-1810).

The calculation formula for thermal insulation
The concepts of T-SER and NIR-SER provide a quantitative framework
for assessing the energy-saving performance of common tinted win-
dow films.

T� SER=

R 2500
300 ½1� TðλÞ�PAM1:5GðλÞdλR 2500

300 PAM1:5GðλÞdλ
=

R 2500
300 ½R λð Þ+AðλÞ�PAM1:5GðλÞdλR 2500

300 PAM1:5GðλÞdλ
ð2Þ

NIR� SER=

R 2500
780 ½R λð Þ+AðλÞ�PAM1:5GðλÞdλR 2500

780 PAM1:5GðλÞdλ
ð3Þ

where T(λ), R(λ), and A(λ) denote the wavelength dependent trans-
mittance, reflectance, absorbance of the device, measured from
300–2500 nm with a HITACHI UH4150 spectrometer. The PAM1.5G(λ)
signifies the standard AM1.5 G photon flux solar power density spec-
trum (ASTM G173-03).

Devices stability measurement
The operational stability of the devices is assessed according to the
ISOS-L-1 protocol, which involves continuous maximum power point
tracking (MPPT). For the measurement, each device is encapsulated
inside a nitrogen glovebox by sealing it with a glass coverslip and UV-
curable epoxy. The encapsulated device is maintained at a constant
temperature of ~25 °C using a continuous cooling fan. The illumination
is provided by a LED lamp with an intensity of 100mWcm-2. The
spectrum of the LED source is characterized using a calibrated Ocean
Optics spectral radiometer.

Optical simulation
We employ the transfer matrix method (TMM) for optical modeling
to calculate the device properties, including the transmittance (T(λ)),
optical electric field intensity distribution (|E(x, λ)|2), and exciton
generation profile (G(x)). The model assumes perfectly planar inter-
faces and optically isotropic layers. The complex refractive index (n +
ik) for each materials are determined experimentally using variable
angle spectroscopic ellipsometry (J. A. Woollam, WVASE32). The
position-dependent exciton generation rate (G(x)) within the active
layer is determined from the calculated optical electric field
intensity and the material’s absorption coefficient (α = 4πk/λ). The
theoretical maximum short-circuit current density (JSC) is subse-
quently calculated by integrating G(x) over the active layer thickness,
assuming 100% IQE and using the standard AM1.5 intensity spectrum
(ASTM G173-03).
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Characterizations
An integrated system (Enlitech, PECT-600) is employed for
highly sensitive EQE measurements. Electroluminescence EQE char-
acterization is conductedwith anELCT-3010 system (Enlitech). Surface
topograpgy is analyzed using a Bruker nanoscope 8 for AFM
measurements and a tungsten thermionic emission SEM system (JEOL
Model JSM-6490) for SEM measurements. The grazing incident wide-
angle X-ray scattering (GIWAXS) is performed at the 1W1A-Diffuse
Scattering Experiment station of the Beijing Synchrotron Radiation
Facility (BSRF). These measurements use an X-ray source of 1.546 Å
with an incidence angle of 0.3°. The samples for GIWAXS measure-
ments are prepared on silicon substrates. The photophysical dynamics
are explored via femtosecond transient absorption (fs-TA) spectro-
scopy, conducted with an ultrafast pump/probe detection systems
(HELIOS). Thin film samples are prepared by spin-coating the active
layer atop quartz substrates. The excitation power ismaintained below
20 nJ per pulse to mitigate the effects of exciton-exciton annihilation.
The charge transport properties (SCLC mobility) are evaluated by
fabricating hole/electron only devices. SCLCmobility are extracted by
fitting the dark current to the Mott-Gurney law.

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

Data availability
All data supporting the findings of this study are available within the
main text and Supplementary Information file. Additional data are
available from the corresponding author on request. Source data are
provided with this paper.
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