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Abstract

Plasmonic metal electrodes with subwavelength nanostructures are promising for

enhancing light harvesting in photovoltaics. However, the nonradiative damping of

surface plasmon polaritons (SPPs) during coupling with sunlight results in the con-

version of the excited hot-electrons to heat, which limits the absorption of light and

generation of photocurrent. Herein, an energy recycling strategy driven by hot-

electron emission for recycling the SPP energy trapped in the plasmonic electrodes

is proposed. A transparent silver-based plasmonic metal electrode (A-PME) with a

periodic hexagonal nanopore array is constructed, which is combined with a lumi-

nescent organic emitter for radiative recombination of the injected hot-electrons.

Owing to the suppressed SPP energy loss via broadband hot-electron emission, the

A-PME achieves an optimized optical transmission with an average transmittance

of over 80% from 380 to 1200 nm. Moreover, the indium-tin-oxide-free organic solar

cells yield an enhanced light harvestingwith a power conversion efficiency of 16.1%.
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1 | INTRODUCTION

Owing to their high conductivity, excellent malleability,
and good processing compatibility with various rigid and
flexible substrates, metal electrodes are widely used as
electrodes in optoelectronic devices, such as organic solar
cells (OSCs), perovskite solar cells, light-emitting diodes,
and photodetectors.1–7 However, the highly reflective
nature of metal electrodes (e.g., silver and gold) leads to
the interfacial reflection of incident light and limited
optical absorption, specifically for their application as a
front transparent electrode in OSCs.6–8 Therefore, to
solve this problem and improve the light harvesting effi-
ciency in OSCs, structured metal electrodes such as wrin-
kle, grating, nanopore, and moth-eye have been
introduced to manipulate the incident light to reduce the
reflection and enhancing the effective optical path in the
absorbers.9–13 In particular, plasmonic metal electrodes
(PMEs) with periodic subwavelength nanostructures
have gained significant importance in solar cells owing to
their superior ability of guiding and localizing the inci-
dent light to surface plasmon polaritons (SPPs).13,14

PMEs can act as scattering centers favorable for trap-
ping the incident light inside photovoltaic devices through
radiative damping of SPPs in leaky modes.15,16 However,
SPPs in bound modes cannot contribute to the optical
absorption of the absorber because their exponential decay
propagating along the metal surface causes nonradiative
damping.17,18 The trapped light in PMEs is lost owing to the
dephasing of SPPs and their conversion into heat.7,8,19–21

Therefore, it is necessary to develop novel strategies for
recycling the SPP energy and restraining the nonradiative
damping in PMEs for the optimization of OSCs.

After the scattering of the oscillating electrons by the
free electrons in plasmonic metal nanostructures, the
SPP energy is transferred to the free electrons, generating
an excited hot-electron.22–24 Therefore, the effective col-
lection of hot-electrons is essential for the energy
recycling in PMEs and the suppression of energy loss. In
this study, an injection mechanism of hot-electrons (left
of Figure 1A) was proposed, in which the photogenerated
hot-electrons with an energy higher than the Schottky
barrier (ϕb) can be transferred from the metal Fermi level
(EF) to the lowest unoccupied molecular orbital (LUMO)
of an adjacent nonluminescent semiconductor (NL-
SC).25–28 However, the hot-electrons generated at the
front PME were rarely collected by the rear electrode
because of the long drift length through the hole-
transport layer (HTL), the active layer, and the electron-
transport layer (ETL) (left of Figure 1B). The injected
hot-electrons were generally trapped around the PME via
nonradiative recombination, and the SPP energy was lost
via heat.19,29

To utilize the injected hot-electrons fully, a hot-electron
emission approach was first proposed to recycle the SPP
energy trapped in the PMEs for the realization of efficient
OSCs. The carrier dynamics of a hot-electron emission in
operating OSCs are schematically shown on the right of
Figure 1A. A luminescent semiconductor (L-SC) is in close
contact with PME. When the device is illuminated, SPPs
are excited and relaxed by generating hot-electrons. The
hot-electrons with energies larger than the Schottky barrier
could be injected into the L-SC and occupy the
LUMO. Thereafter, radiative recombination occurs owing
to the recombination of the injected hot-electrons and
photogenerated holes that are located at the highest occu-
pied molecular orbital (HOMO). When the wavelength of
the emitted light is covered by the absorption spectrum of
the active layer, the hot-electron-induced emission from the
L-SC can be harvested for the generation of photocurrent in
OSCs. As a result, the SPP energy can be effectively
recycled, as illustrated on the right of Figure 1B. To experi-
mentally realize this method in OSCs, a silver-based PME
(A-PME) with a hexagonal nanopore array was fabricated
according to a previous report,19 and a yellow-emission
organic molecule, 2,8-ditertbutyl-5,11-bis(4-tert-butylphe-
nyl)-6,12-diphenyltetracene (TBRb), was used as the
adjacent L-SC for the injection and emission of hot-electrons.
The SPP energy loss in the A-PME can be recycled because

FIGURE 1 Mechanisms of hot-electron emission-driven energy

harvesting. (A) Diagrams of carrier dynamics of hot-electron injection

and hot-electron emission in operating OSCs. (B) Schematic energy-

harvesting processes in OSCs without and with hot-electron emission
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of the TBRb-induced hot-electron emission, which is dem-
onstrated by the photoluminescence (PL), transient absorp-
tion (TA), and simulation results. Therefore, the A-PME
with an optimized nanopore array achieves broadband opti-
cal transmission with an average transmittance of 80.3%
from 380 to 1200 nm. Moreover, the hot-electron emission
in the A-PME/TBRb system can be absorbed effectively by
the active layer of OSCs and converted to photocurrent,
leading to an increase in the short current density (JSC) and
an optimized power conversion efficiency (PCE) of 16.1%
for the PM6:N3:PC71BM-based OSCs.

2 | RESULTS AND DISCUSSION

Figure 2A shows a schematic fabrication of the A-PME
with a hexagonal nanopore array. A close-packed

polystyrene (PS) sphere array was assembled on a glass
substrate and etched via reactive ion etching (RIE). The
etched PS sphere array acted as a shadow mask during
the thermal evaporation of Ag film. According to previ-
ous reports,6,30,31 a seeding layer with 5 nm-thick Al2O3

and 0.5 nm-thick Al was deposited on the glass substrate
to facilitate the uniform formation of the Ag film. More-
over, the adhesion of the nanostructured Ag film on the
glass substrate was enhanced, enabling the structural
integrity of the Ag film even after the solution processing
of other functional layers. Finally, the A-PME was
obtained after removing the PS spheres. The parameters
of the hexagonal nanopore array in A-PMEs can be opti-
mized by modifying the layer thickness, surface coverage,
and structural periodicity. In this study, the surface cov-
erage of the PS sphere array on the substrate was con-
trolled to be approximately 50% by rationally tuning the

FIGURE 2 Fabrication and optical properties of the A-PME. (A) Schematic fabrication of the A-PME. (B) SEM images of the

corresponding fabrication of the A-PME using PS spheres with a diameter of 200 nm. Scale bars are 300 nm. (C) Transmission, reflection,

and absorption spectra of Ag film, A-PME, and A-PME/TBRb. The green line denotes the transmittance region from 77% to 82%
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etching duration, and the thickness of the deposited Ag
film was maintained at 12 nm to achieve a relatively low
square resistance (Rsq). By balancing the film morphol-
ogy, electrical conductivity, and optical transparency, a
structural period of 200 nm was selected for the A-PME
as a transparent electrode in OSCs.

Figure 2B shows the scanning electron microscopy
(SEM) images of the substrates during each fabrication
step for the A-PME using PS spheres with a diameter of
200 nm. As shown in Figure S1, the periods of the hexag-
onal nanopore arrays can be controlled using the PS
spheres with various diameters. The A-PME in this study
has a 200 nm period nanopore array. Notably, A-PMEs
exhibit uniform film morphology, although cracks and
bumps can be observed with a decrease in the array
period, which is ascribed to the shadow effect of the
etched PS spheres. Additionally, atomic force microscopy
(AFM) was employed to characterize the morphology of
the A-PME (Figure S2A), revealing a surface arithmetic
mean deviation roughness of 4.03 nm. In addition, the
Rsq value of the corresponding A-PME is �31.2 Ω sq�1,
which satisfies the requirement of being an electrode.

The optical properties of the A-PMEs were character-
ized, and a nonpatterned Ag film (thickness of 12 nm)
was used as the reference. As shown in Figure 2C, the
transmittance of a nonpatterned Ag film exhibits a peak
value of 67.2% at 368 nm and it decreases to 26.8% when
the wavelength increases to 1200 nm. In contrast, the opti-
cal transmittance of A-PME with a period of 200 nm sig-
nificantly increases, specifically in the near-infrared
region, which originates from the significantly suppressed
reflection (Figure 2C). Consequently, the average transmit-
tance (Tave, from 380 to 1200 nm) increases from 46.9% for
the nonpatterned Ag film to 72.9% for the A-PME. Nota-
bly, the A-PME exhibits a characteristic transmission val-
ley in the visible region, which is attributed to the
enhanced SPP-induced absorption (Figure 2C).

The optical properties of the various electrodes were
theoretically simulated to clarify the influence of the
structural periodicity on the SPP modulation. The finite-
difference time-domain (FDTD) method was employed
with a structural setup and the polarization direction of
the applied light source, as shown in Figure S3. The sim-
ulated transmission spectra of A-PMEs (Figure S4A)
show a distinct feature in that the transmission valley is
blue-shifted as the period of the hexagonal nanopore
array decreases. The simulated absorption spectra exhibit
similar phenomena (Figure S4C), and the characteristic
absorption peak is ascribed to the SPP mode, which is
related to the geometry of the periodic structure. More-
over, the simulation results indicate that the hexagonal
periodic nanopore arrays can couple the incident light to
SPPs and suppress the reflection in the full spectrum. In

a hexagonally periodic structure, the SPP resonance is
excited when equation kSPP = k0 ± mb1 ± nb2 is satis-
fied, where kSPP and k0 are the wave vectors of the SPPs
and incident light, respectively; b1 and b2 are the recipro-
cal lattice vectors of the periodic nanopore array; m and
n are integers that determine the propagation direction of
the SPPs (as indicated in Figure S5). The wave vectors
are defined according to the formulas b1j j ¼ b2j j ¼ 2π

D ,
kSPPj j ¼ ω

c
ε0εm
ε0þεm

� �1=2
, and k0j j ¼ ω

c ε
1=2
0 , where D is the period of

a nanopore array, ω is the angular frequency, c is the veloc-
ity of light, ε0 is the permittivity of the medium, and εm is
the permittivity of the metal.32 Accordingly, the resonance
frequency of the SPPs increases with the decrease in D, and
the absorption peak around 400–500nm originates from
the overlapping of the SPP resonance modes of (m,
n)= (1, 0), (0, 1), (1), and (1, 2). This indicates that incident
light with an appropriate wavelength and electric field com-
ponent that is parallel to the (m, n) direction can excite SPPs
on the surface of A-PMEs.33 Moreover, the decrease in the
array period merges multiple discrete SPP peaks into a sin-
gle broad peak (Figure S4), revealing that the transmission
valley stems from the SPP damping of the A-PMEs. To ver-
ify the generation of SPPs in A-PMEs further, the distribu-
tion profiles of the z component (perpendicular to the
substrate surface) of the electric field (EZ) for various elec-
trodes were simulated under the illumination of polarized
light with different wavelengths. There is no EZ signal for
the nonpatterned Ag film (Figure S6A), whereas remark-
able EZ distribution profiles can be observed at the geomet-
ric focus of the Ag strips for various A-PMEs at the
corresponding absorption peaks (Figure S6B–D). These
local electric field enhancements represent the hallmark
of the SPP resonance. The generation of the SPPs was also
observed in A-PMEs under illumination with 700 and
900 nm polarized light (Figure S7), indicating the full-
spectrum excitation phenomenon of the SPPs in A-PMEs.
Aperiodic A-PME was fabricated and characterized to
determine the role of localized surface plasmon reso-
nance in optical engineering (Figure S8). No significant
absorption peak was found in the optical spectra,
suggesting that the plasmonic resonance in A-PME is
dominated by SPPs.

To develop the hot-electron emission system, a 2 nm-
thick TBRb film was deposited on the A-PME with a
period of 200 nm. The surface arithmetic mean deviation
roughness of A-PME/TBRb is approximate 4.29 nm, indi-
cating the negligible influence of TBRb on the morphology
of A-PME (Figure S2B). Moreover, the conformal surface
morphologies of A-PME and A-PME/TBRb exhibit good
physical contact between A-PME and TBRb. The optical
properties of A-PME/TBRb were characterized and they
are plotted in Figure 2C. Compared to the bare A-PME,
the transmission of A-PME/TBRb significantly improved,

4 CHEN ET AL.



specifically in the wavelength region from 400 to 600 nm
(at the main resonance peak of SPPs). The reflection
and absorption of A-PME/TBRb were simultaneously
suppressed by an additional TBRb layer. Moreover, the
A-PME/TBRb system shows a wavelength-independent
transmission feature, and its transmittance ranges approx-
imately from 77% to 82% in the wavelength region ranging
from 330 to 1200 nm. A peak transmittance approaching
82.9% and a Tave of 80.3% (380–1200 nm) were obtained,
which are 71% higher than that of the nonpatterned Ag
film. In addition, the influence of TBRb on the optical
properties of A-PME was simulated (Figure S4). It was
established that the TBRb layer hardly affected the trans-
mission, although it caused a red-shift of the main SPP
peak. Therefore, the increase in transmission may be
ascribed to the SPP energy recycling, which reduces the
absorption of A-PME rather than the optical engineering
effect of TBRb.

The origin of the improved optical transmission was
investigated by characterizing the PL spectra of A-PME/
TBRb, TBRb, and Ag film/TBRb under different excitation
light sources. TBRb has an absorption edge at 560 nm,
corresponding to an optical band gap of 2.2 eV, and an
emission peak at 570 nm (Figure S9). Under illumination
with 400 nm light, TBRb showed a PL peak at 565 nm on
different substrates (Figure 3A). Notably, the PL intensity
of the A-PME/TBRb system is 3.5 times higher than that of
the bare TBRb film, whereas the Ag film/TBRb exhibits a
clearly reduced PL intensity. Similar phenomena were
observed in the PL spectra under an excitation of 500 nm
light (Figure S10A). When the PLmeasurements were per-
formed under excitation light with a wavelength beyond
the absorption edge of TBRb (700 and 800 nm), no emis-
sion was detected for the bare TBRb and Ag film/TBRb
(Figure 3B and Figure S10B). In contrast, the PL signals
originating from TBRb were clearly observed for the
A-PME/TBRb. To investigate the origin of the enhanced PL
intensity for the A-PME/TBRb system, a 2 nm-thick Al2O3

was inserted between A-PME and TBRb, which was used to
block the direct hot-electron injection from TBRb to
A-PME. As compared to the A-PME/TBRb, the PL intensity
for A-PME/Al2O3/TBRb is significantly decreased and simi-
lar to that of TBRb (Figure S11). As hot-electron injection is
highly limited by the intimate contact between the
plasmonic structure and the semiconductor,34,35 the Al2O3-
induced PL decrease indicates that hot-electron emission
dominates the luminescence of the A-PME/TBRb, whereas
the plasmon energy transfer has small contribution to the
recycling of SPP energy. In addition, the plasmon energy
transfer is present only when the band gap of the semicon-
ductor overlaps the plasmonic band. For the A-PME/TBRb
illuminated under 800 nm light, the plasmonic band is
smaller than the band gap of TBRb. Therefore, the

up-conversion phenomenon could originate from hot-
electron emission rather than the plasmon energy transfer.
Consequently, the TBRb emission for the A-PME/TBRb
system under long-wavelength illumination could mainly
arise from the existence of hot-electron emission owing to
the extra injection of hot-electrons from A-PME to TBRb.
Additionally, the transmission enhancement for the
A-PME/TBRb is mainly attributed to the hot-electrons from
SPPs. One photon absorption (1PA) in the short-wavelength
region and two photon absorption (2PA) in the long-
wavelength region could improve the luminescence.36–40

However, the nonpatterned Ag film causes near-field light
trapping of the emission from TBRb by coupling the emis-
sion into SPPs, decreasing the PL intensity in the Ag film/
TBRb. In addition, the low transmittance of the flat Ag film
reduces the intensity of incident light that irradiates on

FIGURE 3 Hot-electron emission in the A-PME/TBRb system.

PL spectra of the A-PME/TBRb, TBRb, and Ag film/TBRb under

the excitation at wavelengths of (A) 400 nm and (B) 800 nm
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TBRb and it further suppresses the PL intensity of
A-PME/TBRb.

To understand the dynamics of the hot-electron emis-
sions in A-PME/TBRb further, TA measurements were
performed. A laser pump with a wavelength of 620 nm,
which was beyond the absorption region of TBRb but
could excite the SPPs in the A-PME, was employed.
Figure 4A–C show the ultrafast TA maps in the form of
differential absorbance of TBRb, A-PME, and A-PME/
TBRb. The TA delay (ΔA) in unit of milli-optical density
(mOD) can be calculated according to the equation
ΔA = �log(T/T0), where T and T0 are the measured
transmittance of the sample with and without the pump
pulse, respectively. No ΔA response was detected from
bare TBRb film, indicating carrier cannot be excited in
TBRb under irradiation of 620 nm light (Figure 4A). On
the contrary, a significant ΔA response (blue region in
Figure 4B) is observed in the TA profile of A-PME, indi-
cating ground state bleaching. The high ΔA from 350 to
450 nm is ascribed to the generation of SPPs and excitation
of hot-electrons in A-PME because TBRb cannot emit light
within this spectral region. In addition, A-PME/TBRb
exhibited a stronger TA (Figure 4C). The enhanced TA
response in A-PME/TBRb is attributed to the reduction in
the ground state absorption, which represents fewer elec-
trons in the ground state. In the pumped samples, the elec-
trons jump from the ground to excited states, and the
relaxation of electrons from the excited to the ground
states occurs simultaneously. TBRb extracts hot-electrons
from A-PME on a femtosecond time scale, and then
reduces the population of electrons in the excited states.
The possibility of electron relaxion to the ground state is
decreased, resulting in fewer electrons in the ground state.
Therefore, an improved TA response is observed for the
A-PME/TBRb.

To understand the carrier dynamics, the TA decays of
A-PME and A-PME/TBRb were extracted from the TA pro-
files and then they were compared (Figure S12). The TA
response was hardly detected when the A-PME was probed
at 550 nm, whereas it was clear in A-PME/TBRb. This
result indicates that the response of A-PME/TBRb at
550 nm is mainly ascribed to the emission of TBRb because
bare TBRb has no TA response. Thus, the hot-electrons
injected from the A-PME fill the unoccupied molecular
orbitals and then transfer to the LUMO of TBRb. Lumines-
cence at approximately 550 nm occurs during the rapid
radiative relaxation of the electrons from LUMO to HOMO,
resulting in an ultrashort lifetime for hot-electrons detected
at 550 nm. By comparing the normalized decay profiles, it
was established that the ΔA of A-PME and A-PME/TBRb
detected at 400 nm have a similar decay tendency, whereas
that of A-PME/TBRb detected at 550 nm exhibits a steeper
drop. The Coulomb potential in Ag effectively suppressed

the electron–hole recombination of hot-electrons in
A-PME.41 Consequently, the electron–phonon scattering
dominates the relaxation of hot-electrons in A-PME and
leads to relatively longer lifetime of the signal at 400 nm.

FIGURE 4 Comparison of TA properties of TBRb and A-PME/

TBRb. Two-dimensional pseudo-color maps of differential

absorbance of (A) TBRb, (B) A-PME, and (C) A-PME/TBRb. The

scale bar corresponds to the intensity of ΔA
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Owing to the high optical transmittance and the pres-
ence of hot-electron emission, the A-PME/TBRb system
is a promising transparent electrode in OSCs. To verify its
applicability, indium-tin-oxide-free OSCs were fabricated
using the architecture of glass/transparent electrode/
molybdenum oxide (MoO3)/PM6:N3:PC71BM/PDINO/
Ag. Here, a transition metal oxide interface layer of
MoO3 was deposited on top of the TBRb L-SC to act as
the HTL, which can match the HOMO levels between
TBRb and the active layer for efficient hole extraction
without the additional energy loss at the interface
(Figure S13). The photovoltaic performance of OSCs was
measured under the illumination of air-mass 1.5 global
(AM 1.5G) solar illumination with a power density of
100 mW cm�2. Figure 5A shows the current density–
voltage (J–V) curves of OSCs fabricated on various
electrodes, and the corresponding external quantum effi-
ciency (EQE) spectra are shown in Figure 5B. The
detailed performance parameters deduced from the J–V
curves are listed in Table 1. Evidently, the OSCs with var-
ious electrodes exhibit an almost identical fill factor
(FF) and open-circuit voltage (VOC), indicating the simi-
lar electrical properties of the transparent electrodes. The
nonpatterned Ag film-based device showed poor device
performance, specifically a JSC of 17.8 mA cm�2, which is
attributed to the low transmission of the nonpatterned
Ag film in the long-wavelength region (Figure 2C). For
comparison, the device performance was significantly
improved using the A-PME, and it exhibited an enhanced
JSC of 22.9 mA cm�2. The addition of TBRb L-SC
increases JSC to 24.3 mA cm�2. Owing to the excitation
and energy recycling of SPPs, the optimized OSCs signifi-
cantly suppressed the energy loss, and its PCE increased
by 36.4% and 5.9% as compared to those of Ag film- and
A-PME-based devices, respectively. As a result, the PCE
of the A-PME/TBRb-based OSC was optimized to 16.1%,
which is comparable to those for PM6:N3:PC71BM-based
devices on indium-tin-oxide glass.42,43 The integrated JSC
from the EQE spectra of Ag film, A-PME, and A-PME/
TBRb-based OSCs are 16.8, 22.7, and 23.7 mA cm�2,
respectively, which are all in acceptable mismatch to the
measured results. Moreover, the EQE spectrum of the A-
PME/TBRb-based device reveals a broadband enhance-
ment than that of the A-PME-based device over the
region ranging from 350 to 820 nm. In particular, a sig-
nificant enhancement around 400–500 nm was observed,
which is consistent with the changes in the optical trans-
mission, as shown in Figure 2C. To investigate the influ-
ence of optical engineering on device performance, the
absorption spectra and electric field distribution maps of
A-PME- and A-PME/TBRb-based OSCs were simulated.
The results shown in Figure S14 indicate the negligible
influence of TBRb on the absorption and electric field

distribution of the device. According to the proven hot-
electron emission in A-PME/TBRb, the improved light
harvesting in the A-PME/TBRb-based OSCs is attributed
to the energy recycling by suppressing the nonradiative
damping loss of SPPs in the A-PME, as illustrated in
Figure 1B.

The Fermi-Dirac-like distribution of hot-electrons
determines that only part of the excited hot-electrons
with enough energy to overcome ϕb can be injected from
the PME into the adjacent L-SC. Because the work func-
tions of Ag and the LUMO energy of TBRb are �4.2 and
�3.2 eV,44 respectively, the incident with an energy
larger than 1.0 eV (ϕb = 1.0 eV) could promote the injec-
tion of hot-electrons from A-PME into TBRb for the hot-
electron emission. To verify the hole–electron emission-
driven energy recycling in the A-PME/TBRb-based OSCs
further, an active layer with a narrower EQE response
was applied. OSCs with an active layer of poly
(3-hexylthiophene):[6,6]-phenyl C61 butyric acid methyl

FIGURE 5 Device performances of OSCs based on various

electrodes. (A) J–V curves. (B) EQE spectra for devices with Ag

film, A-PME, and A-PME/TBRb
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ester (P3HT:PCBM) were fabricated, and a similar photo-
voltaic enhancement was obtained for the A-PME/TBRb-
based device, as shown in Figure S15. Evidently, the
enhanced JSC in the A-PME/TBRb-based device arises
from the broadband enhancement in EQE between
350 and 700 nm. In particular, there is a significant EQE
enhancement in the region of 650 and 700 nm for the A-
PME/TBRb-based OSC. Because the wavelength around
700 nm is beyond the absorption of the P3HT:PCBM
active layer, the enhanced EQE in this region indicates
the hot-electron emission for recycling the SPP energy
loss in A-PME, improving the PCE of A-PME/TBRb-
based OSCs.

Additionally, the SPP energy recycling efficiency was
estimated. Assuming that all the photons absorbed by
A-PME can generate SPPs, the photon energy is considered
as the energy of the SPPs. The absorption of the A-PME can
be regarded as the power distribution of the SPPs. With the
conjecture that all the growth of photo-generated current
originates from the SPP energy recycling, the energy
recycling efficiency can be calculated by dividing the absorp-
tion with increase of EQE. As shown in Figure S16, the
energy recycling efficiency reached amaximum value of 30%
at a wavelength of 400 nm, and it gradually decreased as the
wavelength increased. This is consistent with the model of
hot-electron emission because the hot-electron injection effi-
ciency reduces as the photon energy decreases.

3 | CONCLUSION

In summary, a hot-electron emission-driven energy
recycling strategy has been demonstrated to release the
trapped SPP energy in transparent plasmonic electrodes
for efficient light harvesting in OSCs. The conventional
nonradiative damping of SPPs can be effectively restrained
in the nanostructured A-PME/TBRb system by converting
the SPPs via broadband hot-electron emission from the
TBRb emitter. Thus, the light absorption and photocurrent
generation are significantly enhanced in OSCs. The opti-
mized OSCs achieve a PCE of 16.1% owing to the reduced
SPP energy loss. We anticipate that the method proposed
in this study improves the optical properties of plasmonic
electrodes and recycles the SPP energy for efficient light
harvesting in optoelectronic devices.

4 | EXPERIMENTAL SECTION

4.1 | Electrode fabrication

The PS nanosphere solution (Huge Biotechnology GmbH,
5 wt%) was diluted with ethanol at a ratio of 1:1.5 prior to
use. An ultraviolet (UV) ozone-treated Si wafer was placed
beneath the surface of deionized (DI) water. The prepared
PS ethanol solution was dripped to the center of the Si
wafer. After 10 min of assembly, monolayered PS
nanospheres were formed at the air/water interface. There-
after, the dodecyl sodium sulfate solution (2%, 3 ml) was
dripped slowly into the DI water to change its surface ten-
sion and promote close-packing of the PS spheres. After the
wafer was gently removed, a 5 nm Al2O3-coated glass pre-
pared via an atomic layer deposition technique was placed
below the floating PS spheres and slowly pulled up at an
oblique angle of approximately 45�. Close-packed PS arrays
were obtained after evaporating the residual water on the
glass. The PS sphere arrays were etched in a plasma reactor
(Plasmalab 80 plus machine, OXFORD company with
40 sccm oxygen at 45 W under a pressure of 5 � 10�5 Torr)
for various durations to fabricate PS sphere arrays with a
surface coverage of approximately 50%. Afterward, 0.5 nm
Al and 12 nm Ag were thermally deposited onto the
samples under a pressure below 4 � 10�6 Torr. Finally,
A-PMEs were obtained after removing the PS spheres by
ultrasonicating the samples inmethylbenzene.

4.2 | Device fabrication

For indium-tin-oxide-free OSCs, 2 nm-thick 2,8-ditertbutyl-
5,11-bis(4-tert-butylphenyl)-6,12-diphenyltetracene (TBRb)
and 8 nm-thick MoO3 were thermally deposited onto the
samples under a pressure below 2 � 10�6 Torr. The precur-
sor solution of the active layer was prepared by dissolving
poly[(2,6-(4,8-bis(4-fluoro-5-(2-ethylhexyl)thiophen-2-yl)be
nzo[1,2-b:4,5-b0]dithiophene))-alt-(5,5-(10,30-di-2-thienyl-
50,70-bis(2-ethylhexyl)benzo[10,20-c:40,50-c0]-dithiophene-
4,8-dione))] (PM6), N3 (a derivative of small molecule
Y6 with 3rd-position branched alkyl chains), and
[6,6]-phenyl C71-butyric acid methyl ester (PC71BM) at a
ratio of 1:0.96:0.24 in chlorobenzene and naphthalene chlo-
ride at 65 �C with continuous stirring for approximately

TABLE 1 Photovoltaic

characteristics of various OSCs under

the illumination of AM 1.5 G with an

intensity of 100 mW cm�2

Electrode VOC (V) JSC (mA cm�2) FF (%) PCE (%) PCEave (%)

Ag film 0.867 17.8 76.6 11.8 11.2

A-PME 0.867 22.9 76.5 15.2 14.4

A-PME/TBRb 0.869 24.3 76.1 16.1 15.4

Note: Average PCEs (PCEave) are obtained based on six devices.
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2 h. The precursor was spin-coated on MoO3 at 1500 rpm
for 45 s in a nitrogen-filled glovebox. The samples were
then placed in a vacuum chamber for approximately 5 min
and annealed at 90�C for 5 min, and a solid-state active
layer was formed. Thereafter, the 2,9-Bis[3-(dimeth-
yloxidoamino)propyl]anthra[2,1,9-def:6,5,10-d'e0f0]diisoq-
uinoline-1,3,8,10(2H,9H)-tetrone (PDINO) solution
(1 mg ml�1 in methanol) was spin-coated at 3000 rpm for
45 s to act as an ETL. Finally, the complete devices were
fabricated by thermally evaporating 100 nm-thick Ag onto
the samples under a chamber pressure of 2 � 10�6 Torr
with a deposition rates of 0.4 nm s�1. Shadow masks with
an effective area of 0.0725 cm2 were used to determine the
pattern of the top Ag electrode.

4.3 | Characterization

Optical spectra were measured via a UV–vis–NIR spectrom-
eter (Perkin Elmer Lambda 950) with an integrating sphere.
The surface morphologies of the samples were character-
ized via SEM (Carl Zeiss, Merlin) and AFM (Veeco,
MultiMode V). J–V curves were recorded using a program-
mable Keithley 2612 source measurement unit under the
illumination of AM 1.5G with a power of 100 mW cm�2

(Newport 961 160 solar simulator). The illumination inten-
sity of the solar simulator was calibrated using a standard
Si photodiode with a known spectral response. The
devices were characterized in ambient air with a relative
humidity of 30% and at room temperature. A shadow
mask with an open area of 0.0725 cm2 was used to deter-
mine the actual illumination area of the devices during
the measurements. TA measurements were performed
on a Helios pump-probe system (Ultrafast Systems LLC)
combined with an amplified femtosecond laser system
(Coherent). The detailed set parameters can be found in
a previous report.45 The EQE spectra were obtained with
QE-R (Enlitech). A spectrofluorometer (Horiba Jobin
Yvon FL3) was used to record the PL spectra. Lumerical
FDTD solution was used to perform theoretical simula-
tions for optical field distributions.
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