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ABSTRACT: Hot-electron-based photovoltaics has great potential to overcome the AQITIO
limitations of semiconductor-based photovoltaics. However, hot-electron applications _MAPblj,Agmoz

still suffer from low quantum efficiency, associated with inefficient hot-electron
collection and a poor absorption coefficient. Here, we demonstrate that hot-electron
flow on a plasmonic Ag nanodiode is highly enhanced by depositing a MAPbI; thin film.
Femtosecond transient absorption spectra reveal the hot-electron dynamics, where the
hot electrons from MAPbI; denote significantly prolonged relaxation time over those
from Ag, which can facilitate the internal photoemission process. By comparing the
unraveled dynamics of MAPbI; on plasmonic Ag to those on a plasmonic Au structure,
we found that the former combination exhibits enhanced hot-electron transfer, which is correlated to higher hot-electron flow. We
believe that the suggested structure in this work can provide a useful alternative model to design sensitive hot-electron-based
photovoltaics.
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B INTRODUCTION thermalization rate of hot electrons by employing appropriate
materials is required to accomplish effective SPR-mediated
solar energy conversion. On the basis of the Mie theory, the
optical response of plasmonic metals can be determined by

With the extensive investigation of strong light—matter
interaction on a metal nanostructure, hot-electron dynamics
has emerged as a novel pathway for achieving efficient light-

harvesting property.' > Noble or coinage metals at nanometer considerigg their real and imaginary parts of the dielectric
scale, including Au, Ag, Cu, and Al, respond strongly to function.

incident light by generating coherent oscillation of conduction As the source of surface plasmon, Ag has been known as the
band electrons, called surface plasmon resonance (SPR). The best compromise between high absorption and low optical
optical excitation of surface plasmons induces strongly losses, followed by Au, Cu, and AL'* In particular, theoretical
localized electric field enhancement near the metal surface, calculation predicted that Ag exhibits the slowest electron—
and thus the metal nanostructure can serve as optical phonon coupling dynamics and longest maximum carrier
antennas.”~/ The energy of the excited plasmons can be lifetime and mean free path among other plasmonic metals."’
subsequently transferred into individual electrons and holes Indeed, Ag shows the greatest near-field enhancement in a
within a few tens of femtoseconds to generate hot electrons visible range'® and higher hot-electron-driven photocurrent
and hot holes, known as Landau damping.® Recently, the hot compared to Cu or Au counterparts with comparable
carriers of plasmonic metals have been studied for solar energy thickness.'”'® To attain further improved SPR-mediated
conversion due to their attractive advantages compared to photon conversion efficiency, another approach that integrates
conventional semiconductor-based light-harvesting strategies. plasmonic metals with other light-absorbing materials has been
The collection of the plasmon-driven hot electrons allows us to demonstrated.'”™' Previously, we reported on the enhanced
utilize electrons with energy below the semiconductor band hot-electron flow on plasmonic Au combined with methyl-
gap. Additionally, it is possible to select a spectrum and ammonium lead iodide (MAPbI,)*" due to the increased hot-

polarization mode with a hot-electron-based photodetec-
tor.”™"" In the aspect of photocatalysis, contrary to semi-
conductors, hot-electron-mediated photocatalysts have super-
linear dependence of the chemical reaction rate and quantum
efficiency on photon flux and temperature.'” Despite their
outstanding advantages, hot-carrier applications still encounter
considerable challenges to achieve high efficiency because of a
low absorption coefficient of the plasmonic metal nanostruc-
ture and ultrafast relaxation of hot electrons through electron—
electron or electron—phonon scattering. Therefore, realizing a
sufficient hot-electron population and achieving a slow

electron generation from near-field enhancement and the
prolonged hot-electron lifetime driven by the inherently slow
thermalization rate of the perovskite hot electrons. Since the
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hybrid organic—inorganic perovskites have been reported for
their sluggish hot-carrier relaxation dynamics,””*’ they are in a
new class of promising light absorbers for efficient hot-
electron-based applications.

In this paper, we describe amplified hot-electron flow on a
MAPDbI;-coupled plasmonic Ag Schottky nanodiode by taking
advantage of the strong optical response of Ag and slow hot-
electron thermalization dynamics on MAPbI;. To reveal the
contribution of MAPbI; on hot-electron flow, the thickness of
a perovskite film was varied by spin-coating different
concentrations of perovskite precursor ink. In addition to
amplified hot-electron flow, we evaluated the Schottky barrier
height, which allows injection of electrons with high energy
(hot electrons) and impedes back diffusion of injected carriers
by fitting measured current—voltage curves into the thermionic
emission model. We also demonstrate different optical
excitation modes of SPR on a Ag film by measuring incident
photon-to-electron conversion efficiency (IPCE) as a function
of photon energy, and show that the SPR peaks are red-shifted
due to the MAPDbI; modification. Lastly, hot-electron
relaxation dynamics on Ag and MAPDI; were probed using a
femtosecond time-resolved transient absorption experiment to
explicate the enhancement of hot-electron flow on the
MAPbI;-modified Ag nanodiode.

B EXPERIMENTAL METHODS

Fabrication of Perovskite-Modified Silver Schottky
Nanodiodes. To detect hot-electron flow as a steady-state
current, a MAPbI;-modified silver Schottky nanodiode was
fabricated as follows. First, a Ti film (150 nm) was deposited
on a thick SiO, layer grown on an n-type Si wafer (100), which
was aligned with a patterned stainless-steel mask (4 X 7 mm?).
Then, the Ti film was oxidized at 470 °C for 2 h 10 min to
generate a TiO, layer (250 nm). To make ohmic electrode
pads, Ti (50 nm) and Au (100 nm) layers were deposited
consecutively with a second mask (5 X § mm?) at both ends of
the nanodiode. After that, a top Ag thin film (40 nm) was
evaporated with a third mask (2 X 6 mm?®) to generate Ag/
TiO, Schottky contact. All of the deposition processes were
carried out using an e-beam evaporator at <2 X 1076 Torr. To
change the morphology of a Ag film into a corrugated structure
with nanogaps, annealing was conducted under Ar conditions
at 300 sccm. To make a MAPDI; layer, the perovskite
precursor ink, which was prepared using a method described
elsewhere,”* was spin-coated on the top of the nanodiode
surface at 4000 rpm for 25 s. During the spin-coating process,
toluene was drop-cast to form a dense and uniform surface.”
Then, the spin-coated film was annealed at 60 °C for 1 min
and 100 °C for 9 min to dry the solvent. Last, the fabricated
nanodiode was cleaned with a cotton tip soaked with ethanol
except for the active area. For a femtosecond time-resolved
transient absorption experiment, transparent quartz was used
as a substrate to penetrate the pump and probe beam. A TiO,
layer was formed by annealing the Ti (50 nm) film, and a Ag
thin film (20 nm) was deposited on the TiO, layer. For a
MAPDI, layer, perovskite precursor ink with a concentration of
150 mM was used to absorb sufficient photons.

Characterization and Measurement. The cross-sec-
tional morphology and elemental distribution of the nanodiode
were characterized by transmission electron microscopy
(TEM, Talos F200X) equipped with an energy-dispersive X-
ray spectroscopy (EDS) system. The thin TEM specimen was
prepared by a focused ion beam (FIB, FEI Helios Nanolab 450
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F1) milling process with a carbon protection layer. A source
meter (Keithley instrument 2400) was used to measure the
current—voltage characteristics and short-circuit photocur-
rents. For the incident light source, a broad visible light
emitted from a tungsten—halogen lamp with an intensity of 9
mW/cm® was employed. The incident photon-to-current
conversion efficiency (IPCE) was measured with a tunable
light source that provided a wavelength from 380 to 900 nm
(Newport, TLS-300XU). The morphology of the Ag thin layer
was analyzed with a scanning electron microscopy (SEM,
Hitachi SUS000) and a commercial atomic force microscopy
system (AFM, Agilent 5500). For the AFM characterization,
Pt/Ir-coated silicon cantilevers (Nanosensors, PPP-CONTPt-
50) were used with a spring constant of 0.2 N/m. The
absorption spectrum for TiO, and Ag/TiO, was measured
with a UV—vis spectrophotometer (Hitachi, UV 3600). To
obtain femtosecond time-resolved absorption spectra, a
pump—probe transient absorption spectroscopy system was
employed, which utilized seed pulses generated from a
Ti:Sapphire laser (Spectra Physics, MaiTai SP). The output
pulses with the wavelength of 800 nm were generated by a
regenerative amplifier Ti:Sapphire laser system (Spectra
Physics, Spitfire Ace, 1 kHz), which was pumped by a diode-
pumped Q-switched laser (Spectra Physics, Empower). An
optical parametric amplifier (Spectra Physics, TOPAS prime)
was used to provide the excitation beam of 420 nm (2.95 eV).
A part of the fundamental beam (800 nm) was focused to
generate a white light continuum as a probe beam. The probe
pulse was transmitted and was detected by a CCD detector
attached to an absorption spectroscope. The pump pulse was
chopped by a mechanical chopper synchronized to one-half of
the laser repetition rate, resulting in a pair of spectra with and
without the pump, from which the absorption change induced
by the pump pulse was estimated.

B RESULTS AND DISCUSSION

Figure la illustrates a scheme of the MAPbI;-modified Ag
Schottky nanodiode. The Schottky contact region, which is
composed of MAPDI;, Ag, and TiO, layers with an area of 4 X
4 mm? is located in the middle of the nanodiode. The
principle of detecting hot-electron flow is described in Figure
1b. Since Ag has a greater Fermi level compared to MAPDI,
and TiO,, two Schottky barriers are formed at both MAPbI,/
Ag and Ag/TiO, interfaces. Upon irradiation, the MAPDI; film
and the Ag layer absorb photons to generate hot electrons,
which have high kinetic energies. The excited hot electrons,
which are available to overcome energy barriers, including the
built-in potential (eV,;) within MAPbI; and the Schottky
barrier height (Egg), are injected into the TiO, layer and
produce a steady-state current. Considering the mean free path
of hot electrons (16—600 nm),”**® the thickness of the
MAPDI; film has to be within a few tens of nanometers. Thus,
we changed the thicknesses using different concentrations of
perovskite precursor ink from 40 to 90 mM, and the
thicknesses were measured in the range of 30—51 nm (Figure
S1). To characterize the morphology and elemental distribu-
tion of the active area, a qualitative investigation was carried
out by taking high-angle annular dark-field (HAADF) and
scanning transmission electron microscopy (STEM) images, as
shown in Figure 1c. In addition, the elemental mapping image
characterized by energy-dispersive X-ray spectroscopy (EDS)
is shown in Figure 1d. The distinctive elemental distribution of
the corresponding image is represented in Figure S2. These
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Figure 1. (a) Schematic illustration of a MAPbI; thin film modified
with a plasmonic Ag Schottky nanodiode. (b) Principle for detecting
hot-electron flow on the MAPbI;-modified plasmonic Ag nanodiode.
Hot electrons that are excited on the MAPbI; film with a Ag layer
have high kinetic energy to overcome both the built-in potential
(eV};) and the Schottky barrier (Egg), and can be injected into the
TiO, to generate steady-state current. (c) Cross-sectional high-angle
annular dark-field (HAADF) and scanning transmission electron
microscopy (STEM) images. (d) The corresponding elemental
energy-dispersive X-ray spectroscopy (EDS) mapping image for the
MAPDI;/Ag/TiO, structure. Scale bars in the images are 100 nm.

data confirm that the Ag thin layer was uniformly deposited on
the TiO, layer, and the Ag film was fully covered by the
MAPDI; thin film, as we intended.

To verify the formation of the Schottky barrier, current—
voltage (I—V) characteristics were measured by applying bias
from —1 to 1 V across the two electrode pads (Figure S3), and
the Schottky barrier heights of nanodiodes were obtained by
fitting I-V curves with the thermionic emission model (Table
S1). According to the results, all of the fabricated nanodiodes
exhibit the rectifying behavior regardless of perovskite film
modification, and the Schottky barrier heights show little
change with perovskite modification.

To estimate hot-electron-mediated photoelectrical perform-
ance, we measured short-circuit photocurrent on the fabricated
nanodiodes, as shown in Figure 2a. Prior to perovskite film
deposition, the pristine Ag nanodiode shows a photocurrent of
39 nA, but it is further increased to 175, 225, and 370 nA on
the Ag nanodiodes modified with 40, 60, and 80 mM MAPbI;
precursor ink, respectively. This is because hot electrons are
generated from not only the Ag layer but also the MAPDI; thin
film, which serves as a photosensitizer to provide hot electrons.
Furthermore, a thicker MAPbI; layer helps absorb more
incident photons and thus naturally contributes to the increase
in photocurrent. However, when the thickness of the MAPbI,
film reaches SI nm (90 mM MAPbI, precursor ink), the
photocurrent decreases to 205 nA.

There are two competing processes for a thick MAPbI,
layer: one is to improve hot-electron generation due to efficient
light absorption in MAPDI;, and the other is to decrease the
hot-electron flow caused by a low probability of hot-electron
transfer due to their inelastic scattering within their mean free
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Figure 2. (a) Measured short-circuit photocurrents and (b) incident
photon-to-electron conversion efficiency (IPCE) results as a function
of photon energy on the MAPbI;-modified Ag nanodiodes according
to different thicknesses of MAPDI; thin films. The pristine Ag layer
with a rough surface supported on the TiO, layer indicates three
surface plasmon resonance (SPR) peaks at 2.17, 2.55, and 2.84 €V at
the photon energy regions (i), (ii), and (iii), respectively.

paths and diminished photon absorption of the Ag film. In this
case, 51 nm of MAPbI, film modification leads to a decrease in
hot-electron flow because the total sum of MAPbI; and Ag film
thickness exceeds the mean free path of hot electrons and the
unfavorable E-field enhancement effect and hot-electron
generation on the Ag film due to decreased light absorption.
In addition to the short-circuit photocurrent measurement,
IPCE as a function of photon energy was also probed, as
shown in Figure 2b. The IPCE can be described as the
following equation

he | Jic (nA/em?)

IPCE = .
ed| P, (nW/cm")

X 100%
(1)

where } is the Plank constant, ¢ is the speed of light, Jsc is the
short-circuit photocurrent density, P;, is the power of incident
light, e is the elementary charge, and A is the wavelength.
According to the IPCE results, the MAPbI;-modified Ag
nanodiodes show higher photon conversion efficiency than the
pristine Ag nanodiode over the entire visible light range.
Besides, the deposition of 51 nm of the MAPbI; film leads to a
decrease in IPCE compared to the nanodiodes modified with
thinner perovskite films, which follows the trend set by the
short-circuit photocurrent results. Therefore, the results
support that the measured photocurrent mainly originates
from hot electrons, and it can be increased with modification
of a thicker perovskite film, so long as the thickness of the
perovskite film does not exceed the mean free path of hot
electrons.

Detailed inspection of the IPCE results shows that the
pristine Ag nanodiode has three distinct peaks in the visible
light range and a sudden increase over 3.2 eV. The rapid IPCE
increase over 3.2 eV is attributed to interband excitation in the
TiO, layer. When it comes to the three peaks, they are located
at 2.17, 2.55, and 2.84 eV at the photon energy regions (i), (ii),
and (jii), respectively, which correspond to localized SPR
peaks of a Ag nanostructure.”*”*® It has been reported that
the SPR peaks of Ag are very sensitive to inherent geometry
and morphology.””~"" For example, spherical silver nano-
particles exhibit a single polarization mode at 400 nm, which
corresponds to dipolar charge distribution. Meanwhile, as the
asymmetry of the nanoparticles becomes greater from
cuboctahedron to cube, the nanoparticles reveal a high order
of multipole resonance with a red shift of the resonance
peaks."’2 This is because asymmetric geometry responds
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nonuniformly to the incident electromagnetic field, which leads
to phase retardation of the E-field within the structure and
apparent high order polarization modes including quadrupole,
octupole, hexadecapole, etc.”’ The morphology of the pristine
Ag nanodiode was characterized using atomic force micros-
copy (AFM), which exhibits a thickness of 40 nm and a root-
mean-square (RMS) roughness of 52 nm (Figure S4a).
Moreover, we confirmed that convex surfaces of 40 nm thick
Ag film have an arbitrary shape with an AFM topography
image (Figure S4b). Therefore, it is plausible that the three
distinguishable peaks are observed in the visible light spectrum
on the fabricated pristine Ag nanodiode. To further clarify the
origin of three peaks, we measured IPCE on pristine Ag
nanodiodes with a 25 nm thick Ag film and an annealed 25 nm
thick Ag film (Figure SS5a). As shown in the SEM images
(Figure SSb,c), the morphology of the Ag layer was changed
into a corrugated surface, creating nanometer-sized gaps
between Ag clusters with heat treatment at 110 °C for 30
min. Accordingly, the SPR peaks of Ag become noticeable with
a thinner and bumpier surface. Therefore, we can assign the
three peaks to the different SPR modes of the Ag layer.
Notably, these three individual peaks tend to be red-shifted
with MAPbI; film modification. The variation of the peak
position with the deposition of different thicknesses of MAPbI,
is shown in Figure 3a, and IPCE values for each of the peaks

(a)

3.0 — 25 —
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Figure 3. (a) Variations of the Ag SPR peak position and (b) IPCE
values for the peaks with respect to the modification of different
MAPbDI, thicknesses at the photon energy regions (i), (ii), and (iii).
Individual Ag SPR peaks tend to be red-shifted with MAPbI; film
modification, and the IPCE values of the SPR peaks are increased
with thicker perovskite film modification, unless the total sum of Ag
and MAPbI; thickness exceeds the hot-electron mean free path.

are represented in Figure 3b. Generally, the position of the
SPR peak is influenced by the refractive index (n) of the
physical environment.”>** This is because the opposite
direction of the medium-induced field to that of plasmonic
metal polarization results in attenuation of oscillation
frequency. Therefore, the metal nanostructures surrounded
by a higher refractive index show a red-shifted SPR wavelength
despite the same geometry.’” The earlier reports have found
that n of MAPbI, (n = 2.3)* 7 is higher than that of air (n =
1) in the visible range. Furthermore, the thick and compact
MAPbDI, ﬁlm may allow small number of voids, leading to a
higher n.*® Therefore, the red-shifted resonance peaks of Ag
with perovskite film deposition can be explained by the
increasing refractive index of the surroundmg medium.
According to the previous literature, 2! the variation of the
localized surface plasmon resonance (LSPR) peak position of
Au is negligible with MAPbI; modification. Since the LSPR
wavelength is determined by achieving the Frohlich condition
(e, = —2e,, where ¢, is the real part of the metal dielectric
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function and e, is the relative dielectric constant of the
medium), the higher refractive index sensitivity for Ag is
attributed to its greater change in the real part dielectric
constant than that of Au’” In addition, the photocurrent
dependence of the red-shifted SPR peaks on MAPbI; film
thickness persists as long as ballistic hot-electron transport can
be achieved. Therefore, the observation of red-shifted
plasmonic modes with MAPbI; modification signifies that
strong coupling between Ag and MAPbI; is formed that can
drive improved optical response and hot-electron flow.

Such strong light—matter interaction on MAPbI;-modified
Ag can be further improved by changing the morphology of
Ag. Owing to the high extinction cross section of Ag, even a Ag
thin-film structure with the rough surface has a strong SPR
effect. However, when we changed the morphology of the Ag
film into a corrugated surface with nanometer-sized gaps by
modest heat treatment at 95 °C for 15 min, a further enhanced
SPR effect was achieved. This can be supported by enhanced
photocurrent on an annealed Ag thin film, as shown in Figure
4. When we modify both neat Ag film and annealed Ag film

300
250 +
200+
150 1
100

50

o,_l i-—L

L

Ag
Ag (Annealed) AnnAeF?ll)eld)
3

Photocurrent (nA)

/MAPbI3

Figure 4. Short-circuit photocurrent measured on an identical
concentration of MAPbI; precursor ink (40 mM)-modified Ag
nanodiodes with different morphologies of the Ag layer.

with the same concentration of MAPbI; precursor ink, we can
observe photocurrent enhancement on both structures.
However, a MAPbI;-modified annealed Ag film structure
exhibits a much higher photocurrent of 297 nA, while its
MAPbI;-modified neat Ag counterpart shows a lower value of
175 nA. This is associated with greater hot-electron flow on the
MADI; and annealed Ag layers due to a stronger SPR intensity.
To understand the hot-electron relaxation dynamics on a
perovskite-modified Ag Schottky nanodiode, we carried out a
femtosecond time-resolved transient absorption (TA) experi-
ment for a MAPbI;/Ag/TiO, structure. The sample
preparation procedure for the TA experiment was modified
from the Schottky nanodiode fabrication process to acquire
proper signals, which is described in the Supporting
Information. The TA spectra recorded on a MAPbI;/Ag/
TiO, structure excited at 2.95 eV with early delay times (~9.5
ps) and late delay times (~198 ps) are shown in Figure Sa,b,
respectively. According to the obtained TA spectra, we can
notice typical features of MAPbI;, including two negative
photobleaching peaks at 1.7 and 2.45 eV, which coincide w1th
state-filling at the band edge and subband gap states,
respectively. Besides, broad photoinduced absorption appears
between two negative valleys, which corresponds to refractlve
index changes caused by photoexcited states in MAPbI,."!
Meanwhile, we also discern an additional negative band at 2.65
eV for the MAPbI;/Ag/TiO, structure, which disappears in
longer delay times while the signals from MAPDI; are still well
preserved. This result implies that the decay time of the origin
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Figure S. Transient absorption spectra for a MAPbI;/Ag/TiO,
structure recorded at (a) early delay times (43 fs to 9.5 ps) and
(b) late delay times (2—198 ps) pumped at a photon energy of 2.95
eV. (c) Hot-electron relaxation dynamics probed at 2.65 eV for Ag
and 1.8 eV for MAPDI;. The solid line curves represent fitted results.
(d) Schematic illustration of hot-electron relaxation and extraction on
the MAPbI;/Ag/TiO, structure.

of the negative bleaching peak at 2.65 eV is much faster than
that of the excited electron in MAPDI;. To elucidate the origin
of the photobleaching peak at 2.65 eV, we measured the
steady-state absorption spectrum for TiO, and Ag/TiO,
structures (Figure S6). As shown in Figure S6, Ag/TiO,
indicates a strong absorption peak at 2.65 eV that is not
observed in bare TiO,, indicating that the peak can be assigned
to an SPR peak of Ag. Therefore, the negative band centered at
2.65 eV of the TA spectra results from surface plasmon-
induced hot electrons on Ag.

To estimate the relaxation time of hot electrons from Ag and
MAPDI;, the time profiles monitored at 2.65 and 1.8 eV fit a
biexponential function, as shown in Figure Sc. Since the high-
energy tail showing exponential decay ranging from 1.7 to 2.1
eV originated from redistribution of nonequilibrium hot
electrons on MAPbI;, whose temperature can be determined
using the Maxwell—Boltzmann equation,”” dynamics probed at
1.8 eV were traced to obtain the MAPDbI; hot-electron
relaxation time. The acquired time constants are summarized
in Table 1. The decay profile probed at 1.8 eV represents two

Table 1. List of Acquired Time Constants for the MAPbI;/
Ag/TiO, Structure

71 (ps) 7, (ps)
probed@1.8 eV 0.74 + 0.09 37.65 + 0.98
probed@2.65 eV 0.46 + 0.05 16.3 + 0.78

time constants, where the fast time component (0.75 ps) is
commensurate with hot-electron quenching through trap
states,”" and the long time component (37.65 ps) indicates
time comparable to the hot-electron thermalization rate within
the MAPbI; conduction band.”*** For the probe photon
energy of 2.65 eV, 0.46 and 16.3 ps are determined. As the
amplitude of the negative bleaching peak at 2.65 eV rapidly
decreases and subsequently produces rising features, we can
infer that rapid hot-electron relaxation occurs early on (0.46
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ps), but some portion of electrons are still at excited states.
Therefore, we suggest that the 0.46 ps results from hot-
electron thermalization within the Ag layer,””*> and 16.3 ps
probably originated from the injection rate of MAPbI; hot
electrons into the TiO, acceptor layer, as shown in Figure 5d.
The hot-electron injection rate of perovskite’® or plasmonic
metal** into the adjacent acceptor layer is reported at a sub-
picosecond timescale, which is within the resolution of our
setup. However, the hot carriers from perovskite in our system
have to pass through the Ag layer to reach TiO, so that the
injection rate could be delayed by electron scattering due to a
large discordance of electron effective mass. In addition, the
acquired injection rate, indicated within the range of hot-
electron lifetime of MAPbI; but longer than that of Ag,
supports our assumption. Markedly, hot-electron relaxation
time of MAPbI; is much longer than that of Ag, indicating that
the probability of hot-electron transfer into an electron
acceptor layer (TiO,) is highly improved on MAPbI;-modified
Ag nanodiodes compared to their pristine Ag counterparts. In
addition, the presence of injected hot-electron lifetime of
MAPbI; (16.3 ps) assists successful internal photoemission of
surface plasmon-induced hot electrons.

As stated in the previous literature,” the pristine 15 nm
thick Au film nanodiode showed a photocurrent of 25 nA,
while the pristine 40 nm thick Ag film nanodiode in this work
indicates 39 nA. Despite the higher probability of hot-electron
inelastic scattering on the Ag film due to its greater thickness,
the Ag nanodiode represents higher response to the light to
produce hot-electron flow. This can be attributed to the
inherent excellent plasmonic property of Ag, including its very
high optical extinction and strong field enhancement.'®*’
When the same perovskite precursor ink of 80 mM with a
single layer is deposited on both Au and Ag nanodiodes, the
photocurrent of the MAPbI;-modified Au nanodiode results in
35 nA, while that of the MAPbI;-modified Ag nanodiode
exhibits 360 nA, which is 10.3 times higher than the
photocurrent measured on the MAPbI;-modified Au structure.
We attribute such higher hot-electron flow on the MAPDI;-
coupled Ag structure to enhanced hot-electron generation due
to stronger near-field enhancement of Ag and facilitated hot-
electron transfer to the acceptor layers (Ag and TiO,).
Compared to a MAPbI;-modified Au structure, a MAPbI;-
coupled Ag structure shows a weaker initial TA signal at the
MAPbDI, hot-electron bleaching band (4,,qp. = 1.8 V), which is
—0.004 for MAPbI;/Ag and —0.009 for MAPbI;/Au structures
even though the same thickness of the MAPbI; layer was
deposited. Moreover, we observed a shortened hot-electron
lifetime of MAPbI;, which is 37.65 ps for MAPbI;/Ag and
67.38 ps for MAPbI;/Au. Since the intensity of the TA signal is
related to the carrier temperature based on the Maxwell—
Boltzmann equation, the weaker TA signal on the MAPDI;-
coupled Ag structure can be interpreted as hot electrons, with
high energies transferred into the acceptor layers.”> Corre-
spondingly, the quenched hot-electron lifetime obtained on the
MAPDI;/Ag structure implies an enhanced hot-electron
transfer process.*”*” Therefore, the comparison results signify
that the combined structure of perovskite and plasmonic
metals is beneficial to boosting hot-electron flow, and Ag
exhibits a stronger coupling effect with MAPbI; in a more
significant way than Au by showing greater near-field
enhancement due to higher SPR intensity and improved hot-
electron transfer. Here, we choose a thicker Ag film (40 nm)
than the Au film (15 nm), which was used in an earlier study”’
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because the higher surface energy of the 15 nm thick Ag layer
leads to an electrically disconnected circuit during MAPbI;
layer deposition. Hence, the field is open for research to
optimize the thicknesses of layers to achieve both maximized
hot-electron flow and stable devices. As this is in its initial
stage, there is room for advancement on the quantum
efficiency of a MAPbI;-modified Ag structure. To maximize
photoconversion efficiency, further investigation is needed into
optimizing layer thicknesses or adopting a silver nanostructure
such as nanorods,lO nanostripes,48 or a grating system.49

B CONCLUSIONS

In summary, we have demonstrated the enhanced hot-electron
flow on MAPbI;-coupled plasmonic Ag Schottky nanodiodes.
The photon conversion efficiency of the plasmonic Ag
nanodiodes modified with different thicknesses of the
MAPbDI; layer was analyzed by measuring short-circuit
photocurrent and IPCE as a function of incident photon
energy. The enhancement of hot-electron flow with MAPbI;
modification can be ascribed to additional hot-electron flow
generated from MAPDI; and a slow relaxation rate of MAPbI;
hot electrons, which contributes to increasing the probability
of hot-electron injection. However, MAPbI; coupled with
plasmonic Ag exhibits even greater hot-electron flux enhance-
ment compared to the MAPbI;-modified plasmonic Au
structure due to stronger optical response of plasmonic Ag
and effective hot-electron transfer identified by an ultrafast
pump—probe experiment. Indeed, we acquired a hot-electron
injection rate of 16.3 ps on MAPbI;-coupled Ag structures,
which indicates the presence of separated hot electrons.
Moreover, we observed three distinguishable SPR peaks of the
Ag layer generated by its asymmetric geometry. They are red-
shifted with MAPbI; modification due to changes in the
environmental dielectric, which supports strong coupling
between plasmonic Ag and MAPDI; layers. We believe our
findings offer a high potential of MAPbI; coupled with the
plasmonic Ag structure for achieving efficient light-harvesting
property and provide an alternative guideline for designing
sensitive hot-electron-based photovoltaics.
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