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Harnessing plasmon-exciton energy
exchange for flexible organic solar cells with
efficiency of 19.5%

Jing-De Chen 1,2, Hao Ren 1,2, Feng-Ming Xie2, Jia-Liang Zhang2, Hao-Ze Li3,
Abdul Sameeu Ibupoto2, Ye-Fang Zhang2, Yan-Qing Li 3 &
Jian-Xin Tang 1,2

The plasmonic effects have unlocked remarkable advancements in modern
optoelectronics, enabling enhanced light-matter interactions for applications
ranging from sensing to photovoltaics. However, the nonradiative damping of
plasmonic effects causes parasitic absorption which limits the light-utilization
efficiency of optoelectronics, particularly for photovoltaic cells. Herein, we
propose a plasmon energy recycling scheme consisting of green fluorophore
(BCzBN) and nickel oxide to compensate for the plasmon energy loss. The
plasmons trapped in silver nanowire (AgNW) electrodes are coupled to green
emission through plasmon-exciton energy exchange. Backward electron and
energy transfer are inhibited due to the spectral mismatch and energy level
offset. The optically enhanced flexible AgNW electrode exhibits an improve-
ment of 10.74% in transmittance, yielding flexible organic solar cells with an
efficiency of 19.51% and a certified value of 18.69%. This innovative strategy
provides a pathway for overcoming plasmon energy losses in plasmonic
optoelectronics, opening horizons for highly efficient flexible photovoltaics
and plasmonic devices.

Plasmonic effects, arising from the collective oscillation of free elec-
trons at the surface of metals under electromagnetic excitation, have
revolutionized multiple fields of science and technology. These
effects, which are particularly pronounced in nanoscale metallic
structures, enable the manipulation of light at scales far smaller than
the diffraction limit, leading to unprecedented advancements in
opticalmanipulation1–4. In the past decades, plasmonic nanostructures
have shown transformative potential in energy conversion, playing a
critical role in applications such as plasmon-enhanced photovoltaics
and photocatalysis5–9.

While plasmonic effects enable extraordinary control over light-
matter interactions, energy loss remains a critical challenge that
impacts the efficiency of energy conversion10–13. Energy losses in
plasmonic systems primarily arise from intrinsic material absorption

and nonradiative damping of plasmons, which limit the conversion of
plasmonic excitations into useful optical or electrical energy14–17. In
plasmon-enhanced photovoltaics, these losses reduce the efficiency of
light harvesting and the generation of charge carriers, constraining the
overall device performance. Addressing these losses is essential for
optimizing plasmonic nanostructures, whether through the develop-
ment of low-loss materials, such as doped semiconductors, or inno-
vative designs like hybrid plasmonic systems that couple metallic
components with dielectrics or 2D materials12,13,18–20.

Silver nanowire (AgNW) is a kind of widely used plasmonic
structure due to its antenna and Purcell effects. It also merges as a
promising component of flexible transparent electrodes (FTEs) in the
field of flexible optoelectronics21–23. Owing to the advances in mor-
phology control, the properties of AgNW-based FTEs, particularly their
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transmittance and sheet resistance, now approaching those of rigid
indium tin oxide (ITO) electrodes24–27. Nevertheless, the efficiency of
AgNW-based flexible organic solar cells (FOSCs), as reported, is still
lower than that of rigid counterparts, implying a considerable energy
loss in AgNW-FTEs28–33. Importantly, AgNWs support localized surface
plasmon resonance (LSPR) that causes energy losses in FOSCs and has
not been fully understood14,34–36.

In this work, we propose a plasmon energy recycling strategy to
compensate for the optical loss of FOSCs. The green fluorescent
material (BCzBN) doped in nickel oxide (NiOx) hole transport layer
couples LSPR to green emission through plasmon-induced resonance
energy transfer (PIRET). With a rationally designed energy level
structure, excited electrons are trapped in BCzBN and mostly con-
tribute to radiative recombination. The backward electron and energy
transfer are simultaneously blocked. The boosted resonance energy
transfer improves the transmittance of FTE by 10.74% in the spectral
region associated with LSPR. With reduced energy loss, FOSCs with a
photoactive layer of D18:L8-BO obtained a state-of-the-art PCE of
19.51% and a certified PCE of 18.69%.

Results
Optical loss of AgNW-FTEs
We first examined the optical properties of AgNWs via theoretical
analysis to understand the energy losses. Given the near-circular cross-
section of AgNWs, Mie theory was first employed for calculation37.
Referring to the commonly used size of AgNWs, the diameter of the Ag
nanoparticle was set to 30 nm in the calculation. Taking into con-
sideration the potential influence of the surrounding medium on the
optical dynamics of Ag nanoparticles, we adjusted the refractive index
of the medium (nmedium) to 1.0 and 1.7, representative of air and

commonly used charge transport layers, respectively. Figure 1a dis-
plays the derived extinction efficiency (Qext), scattering efficiency
(Qsca), and absorption efficiency (Qabs). The results suggest that
absorption is the main contributor to the light extinction of Ag
nanoparticles. As the nmedium increases, peak Qsca notably rises from
0.4 to 2.0, while Qabs essentially remains constant. Consequently, Qext

increases from 5.8 to 8.0 as nmedium surges from 1.0 to 1.7, signaling
improved optical loss. Moreover, the characteristic Qext peak of LSPR
shifts from 370 nm to 412 nm, inevitably generating more energy loss
in the FSC since AM1.5 G spectrum peaked at the visible region.
Notably, although Qabs/Qext gradually decreased with the particle size,
the absolute value of Qabs experienced an increase (Supplementary
Fig. 1). The simultaneous increases in Qabs and Qsca resulted in a sub-
stantially higher Qext for larger particles. These findings imply that
simply varying the diameter of AgNWs cannotmitigate the optical loss
in AgNWs.

The nearfield optical dynamics of AgNWs were investigated uti-
lizing finite difference time domain (FDTD) simulation. A straight
AgNWwas illuminated by downwards polarized light. A 7 nm PVP shell
was also considered in the simulations referring to related reports38,39.
The optical spectra in Fig. 1b substantiate that increased nmedium

results in more potent light extinction. The wavelength of the trans-
mission valley was shifted from 360nm to 390nm and the transmit-
tance (T) decreased from 83.1% to 74.9%. This is due to escalated
reflectance (R) and absorbance (A), aligning with the findings of the
Mie theory calculation. A notable finding from the FDTD simulation is
the broadband light extinction between 300nm and 600nm at
nmedium of 1.7. For a clearer grasp of the optical loss mechanisms,
Fig. 1c,d depicts cross-sectional profiles of the electric field distribu-
tion of AgNWs. In a wide spectral range, only vertically symmetric
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Fig. 1 | Optical energy losses analysis of AgNWs. a Calculated Qext, Qsca, and Qabs

of Ag nanoparticle surrounded by media with nmedium of 1.0 and 1.7. b Simulated
transmission (T), reflection (R), and absorption (A) spectra of AgNWunder TM light

illumination. Wavelength-dependent simulated cross-sectional electric field dis-
tribution profiles of AgNWsurrounded bymediumwith nmediumof c 1.0 andd 1.7.
Source data are provided as a Source Data file.
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patterns emerge, signifying the occurrence of dipolar mode LSPR36,40.
Due to the diameter of AgNWs being significantly smaller than the
wavelength, high-order LSPRs are not supported. At nmedium of 1.0, the
patterns faint as the wavelength exceeds 400nm, illustrating the
gradual weakening of the collective electron oscillation. In contrast,
for AgNWs situated in a medium with nmedium of 1.7, luminescent red
patterns appear at both 400 nm and 450 nm, which signify a broad
spectral range of LSPR excitation in AgNWs. The full width at half
maximum (FWHM) of the FDTD simulated extinction peak is 80 nm,
exceeding the 41 nm from Mie theory calculation. The discrepancy
may be attributed to the weaker retardation effects of LSPR in AgNW
compared to Ag nanoparticles.

Plasmon energy transfer of AgNW-FTEs
There are twomethods for extracting LSPR energy: one is the injection
of hot electrons from the plasmonic metal structure to the neighbor-
ing semiconductor, and the other is PIRET41–44. Due to inefficient hot
electron injection, PIRET emerges as the sole likely mechanism for
plasma energy recycling at AgNW electrodes. Therefore, a green
fluorescent material (BCzBN) with a partial absorption spectrum
overlapping with that of LSPR was adopted as an acceptor to trigger
PIRET (Fig. 2a). Specifically, the energy of LSPR surpasses the optical

bandgap of BCzBN, making PIRET theoretically feasible45. Any reverse
energy transfer from BCzBN to AgNW, namely Föster resonance
energy transfer (FRET), is limited since the emission peak of BCzBN at
510 nm doesn’t coincide with the LSPR absorption peak (Fig. 2b). The
excimer emission from BCzBN (around 580nm) further retards the
FRET46. In addition, the insulating PVP shell inhibits reverse hot elec-
tron injection due to the large Schottky barrier47. Given that the pho-
toluminescence quantum efficiency (PLQY) of fluorescent materials
approaches 100% in the doping film while much lower in neat film, a
charge transport layer should be used to act as the host for doping
BCzBN. The lowest unoccupied molecular orbital and highest occu-
pied molecular orbital of BCzBN derived from the cyclic voltammetry
results in Supplementary Fig. 2 are −2.9 eV and −5.4 eV, respectively.
Therefore, NiOx with a conductive band of −1.6 eV and a valance band
of −5.4 eV was selected48. Theoretically, excited electrons can be
trapped in BCzBN and contribute to luminescence through radiative
recombination. Simultaneously, BCzBN doesn’t serve as traps for hole
transportation, ensuring hole extraction is unaffected. The BCzBN-
dopedNiOx used as a plasmon energy extraction layer is noted asPEEL.
Figure 2b depicts the extinction spectra of AgNWs, AgNWs/NiOx, and
AgNWs/PEEL. Echoing the simulation results, the NiOx coating shifts
the LSPR peak from 350 nm to 400nm and broadens the extinction
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peak. To maximize the plasmon energy recycling effect, the doping
concentration of BCzBN is altered. As the extinction spectra shown in
Supplementary Fig. 3, the optical loss of AgNWs/PEEL progressively
decreaseswith increasing concentration, reaching a saturation point at
1mg mL−1. The further increase of the BCzBN doping concentration to
2.0mgmL−2 increases optical loss. As revealed by Supplementary
Fig. 4, large BCzBN aggregates were generated under high-
concentration doping. Therefore, aggregation-induced quenching
and light scattering of BCzBNwere introduced simultaneously. At high
doping concentrations, the decrease in photoluminescence of BCzBN
emitters cannot be matched by the increase in plasmon energy recy-
cling, resulting in higher optical losses. A doping concentrationaround
1.0mgmL−2 balanced plasmon energy recycling and parasitic absorp-
tion of BCzBN, which results in an almost halved optical loss of
AgNWs/PEEL.

The photoluminescence (PL) spectra of PEEL and AgNWs/PEEL
were measured to confirm our hypothesis on plasmon energy recy-
cling. The PL spectra detailed in Fig. 2c,d were recorded under 280nm
and 405 nm excitation, respectively. The presence of AgNWs led to a
34% enhancement in the PL intensity of PEEL under 280 nm excitation,
and when the samples were subjected to 405 nm light, the enhance-
ment ratio escalated to over 740%. Given BCzBN’s weak absorption at
405 nm, the strong PL of AgNWs/PEEL is deeply linked to the LSPR of
AgNWs. Referring to the extinction spectrum of AgNW/NiOx, we
assume that the PL intensity varies with the LSPR. (Fig. 2b). It is note-
worthy that the enhanced PL intensity could arise from hot-electron
injection, plasmon-enhanced fluorescence (PEF), and PIRET. Since
AgNWs and BCzBN are separated by PVP and NiOx, the possibility of
hot electron injection in this system is minimal. In addition, the effi-
ciency of hot electron injection is low and cannot support such sig-
nificant PL enhancement. Principally, PEF enhances PL by boosting
spontaneous emission from the emitter, which is more pronounced
with low PLQY emitters. There is no energy exchange between plas-
mons and emitters, with the emitter’s absorption setting the upper
limit for PL intensity. The PLQY of PEEL and AgNWs/PEEL was also
characterized to examine the influence of PEF on optical extinction. A
light source with a wavelength of 450 nm was selected. When AgNWs
were introduced, the PLQYof PEEL dropped from93% to 75%. The near
unity PLQY of PEEL suggests the low optical loss in BCzBN, even at a
relatively high concentration. We could deduce that PEF might be
present in AgNWs/PEEL due to the spectral overlap, but it has a limited
effect on PL because of the high PLQY of BCzBN. By comparing the
markedly improved PL intensity and the reduced PLQY, it can be
derived that the absorbed photons in AgNWs may be partially con-
verted to far-field radiation through PIRET between AgNWs
and BCzBN.

To demonstrate the presence of PIRET, the geometrical distance
between AgNWs and BCzBN was varied by inserting various numbers
of neat NiOx films since PIRET is a distance-dependent energy transfer
mechanism. The PL spectra shown in Supplementary Fig. 5a indicate a
gradual decrease in the PL intensity of AgNWs/PEELwith the increasing
distance. Supplementary Fig. 5b relates the derived peak PL intensity
to the number of NiOx interlayers, showing an exponential decay in PL
intensity which aligns with the trend of the LSPR-induced near-field
enhancement. This affirms that the PL enhancement is intimately
associated with PIRET. Referencing the PL spectra of AgNWs/3-NiOx/
PEEL plotted in Fig. 2c, d, three layers of NiOx hinder energy transfer
from AgNWs to BCzBN, resulting in PL intensity comparable to bare
PEEL. Todelve into the energy transfermechanisms at themicroscopic
scale, PL mapping was also performed. Polarized light with a wave-
length of 405 nmwas applied. The left two images in Fig. 2e show that
PEEL maintains a weak PL throughout regardless of polarization
direction. This is owing to the low absorption of BCzBN at 405 nm. In
contrast, the patterns of AgNWs were observed in AgNWs/PEEL (right
four images of Fig. 2e). To validate LSPR energy transfer, we employed

polarized light in the measurements, given that the LSPR of AgNW can
only be excited by transverse magnetic (TM) light. The direction of
polarization was determined from the orientation of the AgNW. The
target AgNW under TM illumination showcased a pattern significantly
brighter than that under transverse electric (TE) illumination. Conse-
quently, we attribute the LSPRexcitation as the sourceof the enhanced
PL in AgNWs/PEEL. Moreover, PL mapping results reveal that lateral
PIRET appreciably depends on the distance between AgNWs and
BCzBN. Only the emitters proximal to AgNWs contribute to plasmon
energy recycling, while others may induce parasitic absorption due to
non-optimal PLQY.

Transient absorption (TA) spectra of AgNWs, PEEL, and AgNWs/
PEEL were also measured to evidence the existence of PIRET. The
samples were excited by 330 nm laser and their responses were
recorded at delay times of 0.1, 1, 5, 10, and 100 ps. The TA spectra of
AgNWs/NiOx are depicted in Fig. 3a, corresponding to its extinction
spectra, which in turn substantiates the optical loss of AgNWs/NiOx.
Due to the rapid relaxation of the LSPR, the TA signal diminishes
rapidly and almost disappears at 10 ps. In contrast, the TA signal of
PEEL lasts longer since the singlet excitons of BCzBN feature a lifespan
extending to the nanosecond range. Notably, the expansive TA peak,
sweeping from 400 to 550 nm, comprised the ground-state bleach
(GSB) at 475 nm and stimulated emission (SE) at 510 nm. The vibra-
tional relaxation of hot carriers at singlet excited states leads to the
redshift of the GSB peak. The associated TA signal also exhibits a
slower decay at 510 nm when compared to 475 nm. Noteworthy
changes in TA spectra of AgNWs/PEEL manifest as the delay time
incrementally increases. Between 0.1 and 5 ps, a decrease in the TA
signal at 400 nm and a corresponding increase at 510 nm suggest
effective energy transfer from AgNWs to PEEL. Similar to the PEEL, the
TA signal of AgNWs/PEEL also diminishes over time. This phenomenon
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suggests that the excited carriers become trapped within BCzBN and
undergo relaxation through radiative recombination, as pictorially
demonstrated in Fig. 3b. The large Schottky barrier between BCzBN
and NiOx retards the extraction of excited electrons. Additionally, the
reverse hot-electron injection from BCzBN to AgNWs is hindered by
PVP. For AgNWs/PEEL illuminated by steady light, the stable LSPRmay
also boost spontaneous radiation of BCzBN through an intensifying
near-field electric field, referring to PEF. In such circumstances, the
optical loss in BCzBN is concurrently minimized. Moreover, the
incessant decrease in TA signal at shorter wavelengths implies that
FRET is hardly perceptible in AgNWs/PEEL. This could be attributed to
the insignificant spectral overlap between the absorption of AgNWs
and the emission of BCzBN.

Optical properties of AgNW-FTEs
The practical implications of PEEL were evaluated through character-
izing the optical properties of AgNW FTEs. Figure 4a shows the
transmission spectra of AgNWs, AgNWs/NiOx, and AgNWs/PEEL. The
AgNWs network was fabricated according to previous reports49. Con-
sistent with the extinction spectra, NiOx reduces the transmittance of
AgNWs in a broad spectral region from 350 to 700nm. At 390 nm, a
notable decline in transmittance is discerned as the value shifts from
84.5% to 62.7%. The incorporation of PEEL prompts a 10.7% increase in
transmittance at the same wavelength, yielding an impressive trans-
mittance of 73.4%. The inference is thus made that the PIRET recycles
almost half of the LSPR energy. The decrease in transmittance of
AgNWs/PEEL at around 340 nm originates from the absorption of
BCzBN. The average transmittance for AgNWs, AgNWs/NiOx, and
AgNWs/PEEL in the spectral band from350 to 1000nm is 86.6%, 82.3%,
and 84.9%, respectively. The haze spectra displayed in Fig. 4b show
that bare AgNW FTE features a low haze value. Despite calculations
indicating clear light scattering caused by LSPR excitation, the low-

duty cycle of AgNWs results in weak light scattering for AgNW FTE.
Further, the deposition of NiOx enhances haze, accompanied by a peak
wavelength shift. These alterations are commensurate with changes in
LSPR. The presence ofAgNWs/PEEL corresponds to higher haze, which
stems from the omnidirectional emission of BCzBN. Considering the
low absorptionof the advanced active layer systems in the blue region,
this light scattering enhancement is beneficial for the light-harvesting
capabilities of integrated devices. It is noteworthy that the sheet
resistance of the bare AgNWs FTE is 9.8 Ω sq−1, and it is believed that
the conductivity of AgNWs remains unchangedpost the preparation of
the charge transporting layer.

The impact of PIRET on the transmission of AgNW FTEs was
explored by altering the quantity of NiOx optical spacers. As the
transmission spectra detailed in Fig. 4c, it was observed that the
transmittance of AgNWs/m-NiOx/PEEL at 400nm decreases as the
thickness of the optical spacer increases. A sample with four layers of
NiOx optical spacer shows a transmission nearly identical to a sample
without PEEL. Given the insights from Fig. 2 and Supplementary Fig. 5,
PIRET between AgNWs and BCzBN is contingent upon their distance.
Therefore, the rise in transmission of AgNWs/PEEL is primarily driven
by PIRET. Furthermore, calculation results point to nmedium as the
determinant of optical extinction for AgNWs. To rule out its impact on
LSPR excitation, the refractive index (n) of PEEL was measured. Fig-
ure 4d suggests thatBCzBNdopinghas little influenceon the refractive
index of NiOx, albeit causing a slight rise in the extinction coefficient
(k) due to the absorption and scattering of BCzBN aggregates. As the
simulated absorption spectra shown in Supplementary Fig. 6, the
slight change in refractive index has negligible influence on the exci-
tation of LSPR. Therefore, it can be concluded that the improved
transparency of AgNWs/PEEL is owing to the LSPR energy recycling
rather than the suppression of LSPR excitation. Notably, themeasured
transmission of AgNWs/PEEL surpasses that of AgNWs/NiOx in a broad
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spectral region, possibly due to PIRET-induced emission and sponta-
neous emission from BCzBN. To account for potential light scattering
from uneven surfaces, the surface morphology of various FTEs was
examined using scanning electron microscopy (SEM). The AgNWs
were largely encapsulated by NiOx, reducing the junction height of the
nanowires. In the optimized FTEs with two layers of NiOx or PEEL, the
surface appeared nearly level (Fig. 4f–g). However, due to the poor
dispersion of NiOx nanoparticles in tetrahydrofuran, particle aggre-
gation led to pinhole formation. Transmission and haze spectra of
three-layered NiOx (Supplementary Fig. 7) suggest that NiOx itself
contributes minimally to light scattering. Thus, the haze observed in
AgNWs/PEEL is attributed to BCzBN emission, highlighting an effective
plasmon energy recycling mechanism.

The thickness of PEEL was optimized by varying the number of
spin-coating (Supplementary Fig. 8). Compared to single-layer PEEL,
two-layer PEEL increases the transmittance of FTE, especially in the

blue region, due to the promoted PIRET. Further increase in PEEL
thickness leads to broadband parasitic absorption, which is related to
the defect state-mediated absorption of NiOx NP48. The obvious
transmittance reduction around 400–500 nm is ascribed to the
absorption of BCzBN (Fig. 2a). The optimal thickness of the PEEL was
determined to be approximately 80 nm using ellipsometry. To inves-
tigate the correlation betweenAgNWs thickness and plasmonic energy
recycling efficiency, we measured transmission spectra of NiOx and
PEEL films with different layers of AgNWs. Quartz substrates were
employed to eliminate parasitic optical absorption. Supplementary
Fig. 9 confirms enhanced plasmonic losses in thicker AgNWs. Notably,
BCzBN incorporation enhanced the optical transparency of AgNWs/
NiOx across all layer configurations, yet the gradually increased LSPR
signals indicate compromised plasmon recycling efficiency. The PEEL
film is unable to fully cover the stacked AgNWs and hardly extracts
LSPR from the topmost AgNWs according to the distance-dependent
feature of FIRET demonstrated in Fig. 4.

Device performance of FOSCs
FOSCs with a device structure of PET/AgNWs/NiOx or PEEL/PED-
OT:PSS/D18:Y6:Y6-1O/PDINO/Agwere fabricated to explore the role of
plasmon energy recycling in the device performance enhancement. A
thin PEDOT:PSS film was spin-coated on NiOx to flatten the surface,
promote the uniform coating of the active layer, and facilitate hole
extraction. A moth-eye-based anti-reflective structure was attached to
the substrate to enhance light harvesting. Displayed in Fig. 5a are the
current density-voltage (J-V) curves of FOSCs, characterized under
conditions of simulated AM 1.5 G illumination (100mWcm−2), air
atmosphere, and room temperature. Corresponding derived char-
acteristics are summarized in Table 1. A significant increment was
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attached for comparison. A simulated AM 1.5 G light source with a power intensity
of 100mWcm−2 was applied. Variation in e JSC and f VOC of various devices as a

function of incident light intensity. g J1/2-V curves for hole-only devices based on
various HTLs. h FITR spectra of NiOx, PEEL, and BCzBN. i J-V curve of optimized
FOSCs based on D18:Y6:Y6−1O. Inset shows photographs of flat and bent FOSCs.
Source data are provided as a Source Data file.

Table 1 | Photovoltaic parameters for FOSCs under
100mWcm−2 AM 1.5G illumination

Active layer HTLs VOC

(V)
JSC
(mA
cm−2)

FF
(%)

PCE
(%)

PCEave
(%)

D18:Y6:Y6-1O NiOx 0.879 26.44 74.09 17.22 17.05

PEEL 0.887 27.68 75.35 18.50 18.24

NiOx/PEEL 0.877 24.63 72.96 15.76 15.51

D18:L8-BO PEEL 0.908 26.78 80.17 19.51 19.26

PEEL
(certified)

0.907 26.05 79.10 18.69 /

The average PCE (PCEave) for each FOSC is the statistics of 6 devices.
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observed in the short-circuit current density (JSC), from 26.44mAcm−2

to 27.68mAcm−2, upon BCzBN-doping. Due to the similarity between
the valance bandofNiOx and the highest occupiedmolecular orbital of
BCzBN, hole extraction remains relatively unaffected, resulting in a fill
factor (FF) of about 75%. Moreover, all devices maintained a constant
open circuit voltage (VOC) of 0.887 V. Consequently, the power con-
version efficiency (PCE) of FOSCs rose from 17.22% to 18.50% in the
presence of PEEL. Notably, inserting an additional optical spacer
eliminated any improvement in JSC and decreased FF. The high resis-
tance of the thick NiOx layer is responsible for the device’s perfor-
mancedecay. As a result, FOSCs featuringbothPEEL andoptical spacer
obtained a relatively lower PCE of 15.76%, further illustrating the
remarkable impact of plasmon-exciton energy exchange on device
performance. To affirm the variations in JSC, external quantum effi-
ciency (EQE)was also characterized. Integrated JSC values derived from
the EQE spectra of reference, PEEL-based, and NiOx/PEEL-based FOSCs
are 25.81, 26.75, and 24.03mA cm−2, respectively, all in agreement with
themeasured results (Fig. 5b). The EQE spectra also reveal that BCzBN-
doping triggers a broadband increase in EQE with a significant
enhancement in the LSPR spectral region. This indicates a significant
reduction in the parasitic absorption of AgNWs after applying PEEL,
which then effectively transfers plasmon energy to green light emis-
sion. Given the low optical out-coupling efficiency typically associated
with emission from thin-filmdevices, it can be inferred thatmostof the
emitted green light is trapped within the device, thereby contributing
to the photocurrent of FOSCs. The detailed photovoltaic parameters
statistics for 18 devices are shown in Supplementary Fig. 10. The gen-
eral enhancement of photovoltaic properties after doping BCzBN in
the NiOx layer demonstrates the effectiveness of PIRET. Notably, the
AgNW networks were processed with hot-pressing to reduce the
junction height according to related reports47. A large variation in
device performance indicates the poor reproducibility of FOSCs based
onpristineAgNWs FTE (Supplementary Fig. 11). In contrast, thedevices
processed with hot-pressing have a largely improved reproducibility.

Absorption (1-R-T) spectra were also measured to explore the
influence of light-harvesting on JSC (Fig. 5c). The results confirm that
the absorption of FOSCs is barely affected by introducing a small
amount of BCzBN. In addition, FOSCs without AgNWs exhibit a lower
absorption at the LSPR region, suggesting considerable parasitic
absorption in AgNWs-based FOSCs. The absorption spectra of FOSCs
without rear electrodes confirm that the optical loss primarily origi-
nates from the localized surface plasmon resonance (LSPR) of AgNWs
(Supplementary Fig. 12a). Notably, this optical loss is likely under-
estimated due to the strong light extinction of the active layer. To
more accurately assess optical losses, we calculated those in bare FTEs
based on their transmission spectra (Supplementary Fig. 12b). The
peak optical loss of the FTE at 400 nm is reduced by 11.9% in the
presenceof BCzBN, highlighting its role inmitigatingplasmonic losses.
Under AM1.5 G illumination with a power intensity of 73mWcm−2

(300–1000nm), the parasitic absorption of AgNWs results in an
energy loss of 3.6mWcm−2, whereas the constructed plasmon energy
recycling reduces this loss to 1.7mWcmcm−2. Given that the reference
device exhibits an integrated JSC of 25.81mA cm−2, it can be inferred
that plasmon energy recycling alone enhances the photocurrent of
FOSCs to 26.64mAcm−2, corresponding to a 3.2% increase in PCE.
Furthermore, when compared to the 3.6% increase inmeasured JSC, the
relatively lower enhancement in calculated JSC suggests that improved
charge extraction also contributes to the observed photocurrent
enhancement. To fully investigate the parasitic absorption of AgNWs
in integrated devices, FDTD simulations were also performed (Sup-
plementary Fig. 13). The results yield that the simulated optical loss
caused by AgNWs is 50.9% and 20.5% at 393 nm and 480nm, respec-
tively. These results are consistent with the measured transmission
spectra of AgNWs in Fig. 4a. The internal quantum efficiency (IQE)
spectra displayed in Fig. 5d imply that the photocurrent enhancement

is predominantly driven by an increase in charge generation, particu-
larly notable in the LSPR spectral region. It is concluded that the
enhanced photocurrent is primarily due to the boosted generation of
charge carriers, signifying a decrease in parasitic absorption within
FOSCs.With the adjacent medium changing from air to NiOx, the LSPR
excitedonAgNWsundergoes a spectral shift from theultraviolet to the
blue region, resulting in the lowest transmittance. Simultaneously, the
high Qsca LSPR in the blue region leads to a relatively higher haze in
AgNWs/NiOx. Since NiOx serves as the surrounding medium in both
AgNWs/NiOx and AgNWs/NiOx/PEEL structures, the excitation condi-
tions of LSPR remain unchanged. Due to the spatial isolation effect of
the thick NiOx film (Supplementary Fig. 4), plasmonic energy extrac-
tion is largely suppressed, leading to a negligible difference in the
optical spectra. Consequently, the EQE response of PEEL- and NiOx/
PEEL-based FOSCs should, in principle, be identical if charge extraction
effects are not considered. However, in practice, the increased resis-
tance of the thick NiOx film impedes hole extraction, resulting in a
relatively lower IQE and EQE of NiOx/PEEL-based devices (Fig. 5b,d).

To elucidate the impact of PEEL on carrier dynamics in FOSCs, we
systematically analyzed the light intensity dependence of VOC and JSC. As
shown in Fig. 5e, the PEEL-based device exhibits the smallest VOC slope
(1.07 KBT/q) compared to counterparts based on NiOx (1.12 KBT/q) and
NiOx/PEEL (1.24 KBT/q), indicating suppressed monomolecular recombi-
nation. The JSC power-law exponents further corroborate this trend, with
values of 0.982 (NiOx), 0.989 (PEEL), and 0.968 (NiOx/PEEL). The rela-
tively higher exponent for PEEL highlights its superior bimolecular
recombination suppression, consistent with enhanced charge extraction
balance. Ultraviolet photoelectron spectroscopy (UPS) reveals minimal
perturbation to the NiOx valence band maximum after BCzBN doping
(Supplementary Fig. 14), ruling out energy level misalignment as the
origin of improved hole extraction. Instead, space-charge-limited current
(SCLC) measurements (Fig. 5g) of glass/ITO/HTLs/D18:Y6:Y6-1O/MoOx/
Ag demonstrate that BCzBN doping increases the hole mobility of PEEL
(4.44 × 10−3cm2V−1 s−1) by 41% compared to pristine NiOx (3.14 ×
10−3cm2V−1 s−1), while the NiOx/PEEL bilayer exhibits reduced mobility
(2.60 × 10−3cm2V−1 s−1) due to interfacial resistance. Fourier-transform
infrared spectroscopy (FTIR) directly links these improvements to
BCzBN’s defect-passivating function (Fig. 5h). ThePEEL spectrumshowsa
30%reduction inhydroxyl adsorption intensity (3400cm−1)witha 10cm−1

blue shift, signifying weakened hydrogen bonding. Concurrently, defect-
associated peaks at 1050cm−1 and 1636cm−1 decrease by 50% and 90%,
respectively, while emergent C-H stretching modes (2850–2950cm−1)
confirm BCzBN anchoring. These results establish a mechanistic frame-
work where BCzBN simultaneously passivates oxygen vacancies via
electron transfer and enhances hole mobility through interfacial energy
landscape modulation. This mobility enhancement aligns with the
reduced surface free energy (SFE) of PEEL (37.87 mN m−1) versus NiOx

(71.45mNm−1), as quantified by theOwens-Wendt-Rabel-Kaelble (OWRK)
method (Supplementary Fig. 15 and Supplementary Table 1). The lower
SFE arises from tert-butyl-mediated electron donation into oxygen
vacancies, passivating dangling bonds, and optimizing interfacial charge
transport. It can be concluded that the BCzBN boosted the hole extrac-
tion of HTLs, thereby increasing the FF of FOSCs.

The light stability of FOSCs was studied by recording the PCE of
FOSCs under AM1.5G (100mWcm−2) illumination (Supplementary
Fig. 16). After 180min of illumination, the PCEs of NiOx- and PEEL-
based FOSCs were decreased to 94.7% and 96.7% of their initial values,
respectively. The slightly improved light stability may originate from
the UV-blocking ability of PEEL as revealed by Fig. 2a. BCzBN doping
reduces the number of high-energy photons reaching the active layer
and prevents degradation of the organic semiconductors. The flex-
ibility of FOSCs was evaluated by monitoring the PCE under repetitive
bending cycles with a radius of 5mm (Supplementary Fig. 17a). Both
NiOx- and PEEL-based devices retained approximately 84% of their
initial PCE after 2000 bending cycles, demonstrating that the
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incorporation of BCzBN imposes minimal impact on the mechanical
flexibility of FOSCs. This conclusion is further corroborated by the
invariant optical transmission spectra of AgNWs with and without
BCzBN doping (Supplementary Fig. 17b). Notably, while a marginal
increase in sheet resistance was observed for both AgNW/NiOx and
AgNW/PEEL electrodes after bending, their values remained statisti-
cally indistinguishable (Supplementary Fig. 17c). To demonstrate the
universality of PEEL in recycling plasmonic energy, FOSCs with device
structure of PET/AgNWs/PEEL/PEDOT:PSS/D18:L8-BO/PFN-Br/Ag were
also fabricated and characterized (Fig. 5i). The optimized device
obtained a VOC of 0.908 V, JSC of 26.78mA cm−2, and FF of 80.17%,
yielding a state-of-art efficiency of 19.51%. An FOSC was encapsulated
by a PET film and sent to the National Center of Supervision &
Inspection on Solar Photovoltaic Products Quality of China (CPVT) for
characterization. The certified VOC of 0.907 V, JSC of 26.05mAcm−2,
and FF of 79.10% generate a PCE of 18.69% (Supplementary Fig. 18). In
comparison, the relatively lower efficiency mainly arises from the
relatively smaller FF. The performance decay is owing to the poor
encapsulating ability of PET.

Discussion
Overall, the plasmon energy loss is mitigated by harnessing the
plasmon-exciton energy exchange between AgNWs and emitters. Mie
theory calculation and FDTD simulation predominantly point towards
the excitation of LSPR as the major contributor to the parasitic
absorption of FOSCs. BCzBN with absorption overlaps and emission
beyond the excitation of LSPR can act as a coupler that transfers
plasmon to radiation. The simultaneously suppressed backward
energy and charge transfer benefit the outcoupling of LSPR. Due to the
high quantum efficiency of BCzBN, LSPR energy is largely converted to
radiation and then absorbed by the active layer, contributing to the
photocurrent. The JSC enhancement yields FOSCs with a state-of-the-
art PCE of 19.51% and a certified PCE of 18.69%.

In conclusion, efficient plasmon energy recycling is realized by
rational design of the spatial position, energy level structure, and
spectral overlap between AgNWs, hole transport layer, and emitter.
This work demonstrates a candidate configuration for manipulating
PIRET of surface plasmons and provides a feasible way to reduce the
parasitic absorption of FOSCs. More efficient plasmon energy recy-
cling could be obtained by finely controlling spatial distribution,
radiation rate, and Stokes shift of emitters, as well as the electric field
intensity of surface plasmons.

Methods
Materials
AgNWs solution was purchased from Gu’s Material with a diameter of
about 30 nm and a length of about 20 µm. NiOx NP and tetra-
hydrofuran ( ≥99.9%) were sourced from Advanced Election Technol-
ogy and Aladdin, respectively. PEDOT:PSS (Clevios Al 4083) was
supplied by Heraeus. Y6 and Y6-1O were procured from eFlex PV, and
D18 and L8-BO were acquired from HYPER. PFN-Br was obtained from
Solarmer Materials. Chloroform (99.8%) was supplied by Adams.
Diiodo benzene was acquired from Sigma Aldrich. PDINO (98%) and
carbon disulfide (99%) were obtained from J&K. All chemicals were
used as received without further purification.

Device fabrication
For the preparation of the flexible electrode, the solution of AgNWs
was spin-coatedontoPET substrates (180 µm)at2000 rpm for20 s and
baked at 100 °C for 5min. The process was repeated thrice to improve
the quantity of AgNWs. NiOx solution was prepared by dispersing
10mgNiOx NP in 400 µL deionized water and 600 µL tetrahydrofuran.
The NiOx film was fabricated by spin-coating the mixed solution onto
AgNWs at 4000 rpm for 20 s and then annealed at 140 °C for 15min.
BCzBN doping was carried out by adding different amounts of BCzBN

into NiOx NP solution and stirring at room temperature for 1 h. PED-
OT:PSS was spin-coated on NiOx at 4000 rpm for 40 s and then
annealed at 100 °C for 10min. Donor solution (5mgmL−1 of D18 in
chloroform) and acceptor solution (8mgmL−1 of Y6:Y6-1O (0.7:0.3) in
chloroform) were subsequently spin-coated on PEDOT:PSS layer at
2000 rpm for 40 s and at 2500 rpm for 40 s, respectively. The pre-
pared active layer was then vapor-assisted annealed in a carbon dis-
ulfide atmosphere for 1min. PDINO was dissolved in methanol with a
concentration of 1mg/mL and spin-coated on the active layer at
2500 rpm for 40 s. As for the D18:L8-BO system, the active layer
solution was prepared by dissolving D18 and L8-BOwith a weight ratio
of 1:1 in diiodo benzene-doped chloroform (5mgmL−1) at a total con-
centration of 9mgmL−1. Themixed solutionwas stirred at 80 °C for 3 h
and then was deposited on the PEDOT:PSS layer at 2000 rpm for 40 s
with a thermal annealing process for 10min in a nitrogen-filled glo-
vebox. PFN-Br was dissolved in methanol with a concentration of
0.5mg/mL and spin-coated on the active layer at 3000 rpm for 40 s.
Eventually, a 200 nm Ag film was deposited through thermal eva-
poration at a pressure of 6 × 10−4Torr. The effective area of the devices
was determined to be 0.0625 cm2 by employing a shadow mask with
aperture area measured using contour measuring machines.

Film and device characterizations
The surface morphologies were measured by SEM (SU8230). Trans-
mittance, absorption, and reflection spectra were measured using an
ultraviolet-visible-near infrared spectrometer (Perkin Elmer Lambda
1050 + ) with an integrating sphere. Steady-state photoluminescence
(PL) spectra were recorded on an FM-4 type fluorescence spectro-
photometer (JY company, French). A confocal Raman imaging system
(WiTec Alpha300R) was employed to obtain the PL mapping results.
Transient absorption measurements were carried out on a Helios
pump-probe system (Ultrafast Systems LLC) combined with an
amplified femtosecond laser system (Coherent). FTIR spectra were
measured by Bruke VERTEX 70. The J-V characteristics of flexible
devicesweremeasured byKeithley 2612 sourcemeter under simulated
AM 1.5 G solar irradiation at 100mWcm−2 whichwas produced byOriel
model 91 160. The EQE spectra weremeasured by a photo-modulation
spectroscopic setup (Enli Technology Co. Ltd., QE-R).

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

Data availability
Source data are provided with this paper.
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