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ABSTRACT: A fundamental understanding of hot electron
transport is critical for developing efficient hot-carrier-based
solar cells. There have been significant efforts to enhance hot
electron flux, and it has been found that a key factor affecting
the hot electron flux is the lifetime of the hot electrons. Here,
we report a combined study of hot electron flux and the
lifetime of hot carriers using a perovskite-modified plasmonic
nanodiode. We found that perovskite deposition on a
plasmonic nanodiode can considerably improve hot electron
generation induced by photon absorption. The perovskite
plasmonic nanodiode consists of MAPbI3 layers covering a
plasmonic-Au/TiO2 Schottky junction that is composed of
randomly connected Au nanoislands deposited on a TiO2 layer. The measured incident photon-to-electron conversion
efficiency and the short-circuit photocurrent show a significantly improved solar-to-electrical conversion performance of this
nanodiode. Such an improvement is ascribed to the improved hot electron flux in MAPbI3 caused by effective light absorption
from near-field enhancement of plasmonic Au and the efficient capture of hot electrons from Au nanoislands via the formation
of a three-dimensional Schottky interface. The relation between the lifetime and flux of hot electrons was confirmed by
femtosecond transient absorption spectroscopy that showed considerably longer hot electron lifetimes in MAPbI3 combined
with the plasmonic Au structure. These findings can provide a fundamental understanding of hot electron generation and
transport in perovskite, which can provide helpful guidance to designing efficient hot carrier photovoltaics.
KEYWORDS: hot electron, inorganic−organic hybrid perovskite, surface plasmon, Schottky nanodiode, hot carrier solar cells

Photogenerated hot carriers are highly energetic with 1−3
eV of excess energy and are not in thermal equilibrium

with lattice atoms.1−5 Hot-carrier-based solar cells that utilize
the generation of hot carriers have emerged as next-generation
solar energy converters, as they can overcome the maximum
efficiency of standard single-junction solar cells (i.e., the
Shockley−Quiesser limit).6 There have been significant efforts
to enhance hot electron flux, and it has been found that the
lifetime of hot electrons plays a crucial role in determining hot
electron flux.7,8

The first scheme to utilize hot electrons for solar energy
conversion was demonstrated by McFarland and Tang, who
proposed a photodiode composed of dye molecules coated on
a Au/TiO2 Schottky junction.9 The dye molecules were used
as photoreceptors, by which the light harvesting process was
demonstrated, but the efficiency was limited by ineffective
coverage of the dye molecules, which led to low photon

absorption. Using the same scheme of dyes combined with
Au/TiO2 Schottky diodes, Lee et al. generated additional
localized surface plasmon resonance (LSPR) by changing the
morphology of the Au thin film into connected Au islands.10

They confirmed that the combination of dye molecules and
surface plasmons exhibited a synergistic effect on the solar-to-
electrical conversion efficiency because of the additional hot
electron flow from the Au nanostructures and the dye
molecules. Despite the ongoing active research, the efficiency
of these solar cells still needs to be improved to reach practical
levels. In fact, the major bottleneck for hot-electron-based
photovoltaics is the rapid decay of hot electrons.11,12 The
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relaxation of hot electrons occurs so quickly (i.e., less than
several picoseconds13,14) that they lose their excess energy
prior to being extracted. Therefore, a significant amount of the
initial solar energy cannot be harvested, which leads to a low
conversion efficiency. One suggested strategy to overcome
such a critical problem is to use the LSPR effect generated in
nanostructured metals.15−18

The LSPR effect is the resonant oscillation of free electrons
in a metal nanostructure induced by an incident electro-
magnetic field.1,19,20 In the case of small metal nanoparticles
with small albedos, LSPR is accompanied by a strongly
enhanced electric field around the metal surface, called near-
field enhancement.21−23 Such radiative effects of LSPR can
concentrate incident light into the metal surface in a small
volume, and the intensity of the localized electromagnetic field
is several orders of magnitude higher than the incident photon
flux. Near-field enhancement helps neighboring materials to
effectively absorb the incident light and can also improve the
generation of active carriers in the vicinity because the
generation rate of electron−hole pairs is proportional to the
intensity of the electric field (|E|2).22−25 On the other hand, the
LSPR effect can also induce a nonradiative effect by using its
energy for creating other secondary hot electrons in metal
nanostructures, called Landau damping.1,26−28 Such remark-
able radiative and nonradiative effects of LSPR have motivated
various efforts to develop efficient solar cells based on hot
electrons.15,16

Recently, several researchers reported that hybrid inor-
ganic−organic perovskites (HIOP) have outstanding hot
electron properties compared with other semiconductors,29−31

which make HIOP a promising candidate for solar cells based
on hot electrons. Among them, methylammonium lead halides
(CH3NH3PbX3 (X = Cl, Br, I)), which have been actively
studied for solar cell applications,32−35 were shown to have
excellent hot electron dynamics. For example, the diffusion
length of hot electrons in CH3NH3PbI3 (MAPBI3) is about

∼230 nm,31 whereas diffusion lengths of ∼20, ∼85, and ∼14
nm were observed for Si,36 GaAs,37 and GaN,38 respectively.
Such effective hot electron transport is attributed to slow hot
carrier cooling mediated by the hot-phonon bottleneck29 and
Auger heating39,40 effects. This effective hot electron transport
can also be found in different types of HIOP because they
share similar cooling dynamics.31,41 Although such excellent
hot electron properties have been found in perovskites, most
studies have focused on revealing the mechanism for hot
electron relaxation, and there has been little effort to utilize
perovskites as hot carrier photovoltaics.
For the combined study of hot electron flux and the lifetime

of hot carriers, we fabricated a MAPbI3-modified plasmonic
nanodiode that combines MAPbI3 with the LSPR effect of
nanostructured Au. MAPbI3 was chosen because of its well-
known photoelectrical properties and ease of fabrication.
Schematic illustrations of the fabricated photonanodiode are
shown in Figure 1a. The active area is composed of a solution-
processed MAPbI3 film stacked on a plasmonic-Au/TiO2
Schottky nanodiode. The pure phase of the fabricated
MAPbI3 film was confirmed via X-ray diffraction (XRD) and
its absorbance spectrum (Figure S1). Because the incident
light is illuminated normal to the sample surface, the light goes
sequentially through the MAPbI3, the plasmonic Au, and then
through the TiO2. The active area was quantitatively
investigated by cross-sectional high-angle annular dark-field
(HAADF) and scanning transmission electron microscopy
(STEM) images (Figure 1b) and an overlapped elemental
mapping image from energy dispersive X-ray spectroscopy
(EDS) (Figure 1c). The nanosized Au clusters are located on
the TiO2 layer, and the perovskite is deposited as the top layer,
covering whole gold structures and filling the gaps between the
Au clusters. This structure is confirmed by separate EDS
elemental mapping images (Figure S2). For comparison, we
also conducted experiments on the nanodiode structure with
thin-film Au instead of plasmonic Au, where the LSPR effect

Figure 1. (a) Schematic of the MAPbI3/plasmonic-Au/TiO2 nanodiode (left) and magnified illustration of the active area (right). (b) Cross-
sectional HAADF-STEM image of the MAPbI3/plasmonic-Au/TiO2 structure. (c) Cross-sectional elemental EDS mapping image of the MAPbI3-
covered plasmonic nanodiode.
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does not exist. To confirm the morphology and thickness of
the nanodiode, both plane and cross-sectional scanning
electron microscopy (SEM) images were obtained (Figures
S3 and S4). The morphology of the bare Au thin film, which is
about 15 nm thick, exhibits a flat and uniform layer, while the
plasmonic Au structure shows a much thicker (30 nm) and
corrugated film with a portion of the area unfilled. This is
because the plasmonic Au was formed by heating the Au thin
film at 200 °C in ambient air. Because the Au film has a higher
surface energy than the TiO2 layer, the Au thin film undergoes
morphological changes into connected Au nanoclusters at high
temperature. Deposition of the perovskite film yields a densely
grained layer on top of both the thin-film Au and the
plasmonic Au film. In the case of plasmonic Au (Figure S4c),
the nanostructured Au layer image appears brighter than the
MAPbI3 film because the LSPR effect of the plasmonic Au
creates additional hot electrons, which can then eject more
detectable electrons. Nevertheless, the MAPbI3 layer is
uniformly coated as the top layer fully covering the gold
structures (Figure S4d).
For the experiment, we prepared plasmonic nanodiodes with

several different MAPbI3 thicknesses to investigate the
influence of MAPbI3 thickness on hot electron flow.
Consideration of the mean free path of hot electrons suggests
that the thickness should be several tens of nanometers;
accordingly, we used perovskite precursor ink concentrations
of 80 and 150 mM. The thickness of each perovskite layer is in
the range of 45 to 70 nm (Figure S5). At the beginning of the
experiment, the rectifying behavior of the fabricated nano-
diodes was characterized by measuring the current−voltage
curves (I−V curves) (Figure S6), and the Schottky barrier
heights were acquired by fitting the measured I−V curves to
the thermionic emission eq (Table S1). The results indicate
that the nanodiodes maintain their rectifying behavior, and the
change in Schottky barrier height is negligible with the
perovskite modification.
To investigate the photoelectrical performance of the

photonanodiodes, we measured the short-circuit photocurrent
with incident light, which has a broad visible light spectrum (9

mW/cm2), and the incident photon-to-electron conversion
efficiency (IPCE) as a function of photon energy. Figure 2a, b
shows the results of the IPCE and photocurrent measurements
of the MAPbI3-modified thin-film-Au/TiO2 nanodiodes. In the
case of the bare thin-film-Au/TiO2, the IPCE increases slowly
at first but increases rapidly in the high photon energy region
(>3.2 eV). The sudden increase over 3.2 eV is ascribed to
excitation from the valence band to the conduction band in the
titanium oxide layer. On the other hand, deposition of the
perovskite film on the thin-film-Au/TiO2 structure results in an
initial increase in the IPCE at around 2.5 eV followed by a
rapid increase over 3.2 eV. To better understand hot electron
transport in our diode structures, schematics of the hot
electron pathways (Figure 2c) and theoretical energy levels
(Figure 2d) were drawn. In terms of the energy levels, there are
two Schottky barriers created on each side of the Au interface
because the work function of Au is greater than that of MAPbI3
and TiO2. The built-in potential in the MAPbI3 (∼0.9 eV) and
the Schottky barrier at the Au/TiO2 interface (∼0.9 eV) play
roles as energy barriers so that only highly energetic carriers
(hot electrons) can be collected. According to theoretical
energy levels, a minimum photon energy of 2.5 eV is necessary
to collect hot electrons from the perovskite film, and thus, the
initial increase around 2.5 eV can originate from hot electrons
excited in the MAPbI3. This hypothesis is further supported by
the prominent increase around 2.5 eV with the thicker
perovskite film, which is caused by the thicker perovskite film
absorbing more incident photons to generate more hot
electrons. Correspondingly, the short-circuit photocurrent of
the bare thin-film-Au/TiO2 is 25 nA but that of the MAPbI3-
modified thin-film-Au/TiO2 nanodiodes increased from 30 to
50 nA as a thicker perovskite layer was deposited. However,
when the thickness of the perovskite film increased further to
70 nm, the photocurrent decreased to 30 nA (Figure S7a).
This is because the hot electrons are scattered in the perovskite
film within their mean free path, which supports that the
measured photocurrent is dominated by hot electron flow.
Therefore, the enhancement of photocurrent with the
deposition of a perovskite film is attributed to additional hot

Figure 2. (a) IPCE as a function of the incident photon energy and (b) short-circuit photocurrents measured on the MAPbI3/thin-film-Au/TiO2
nanodiodes according to the number of MAPbI3 layers. (c) Schematic drawing of the hot electron pathways for the MAPbI3/thin-film-Au/TiO2
structure. (d) Theoretically drawn energy levels of the MAPbI3/thin-film-Au/TiO2 structure.
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electron flow from the MAPbI3 film (pathway 2) as well as hot
electron flow from the Au thin layer (pathway 1).
On the other hand, for the MAPbI3/plasmonic-Au/TiO2

nanodiodes, the IPCE peaks show a marked increase in three
different photon energy regions (Figure 3a), and they also
demonstrate highly improved photocurrents (Figure 3b). The
hot electron pathways and theoretical energy levels in this
structure are illustrated in Figure 3c, d. The first IPCE peak at
1.6 eV is from excited electrons extracted at the conduction
band edge of the MAPbI3 resulting from the inevitable
formation of a direct p−n junction between the MAPbI3 and
the TiO2 in the plasmonic Au nanodiode (pathway 1). The
second IPCE peak occurs at 2.2 eV, which is dominated by hot
electron flow generated from the plasmonic Au layer. In other
words, when the morphology of the bare thin-film Au changes
into plasmonic Au, the diode shows a strong IPCE enhance-
ment at 2.2 eV. This is because the LSPR effect occurs strongly
in that particular photon energy region and creates additional
secondary hot electrons contributing to increase the IPCE.
Interestingly, the second IPCE peaks show further improve-
ment with perovskite film deposition compared with the bare
plasmonic-Au/TiO2 nanodiode. Because contact between the
MAPbI3 and Au also creates a Schottky junction, hot electrons
in the plasmonic Au can be collected not only through the
bottom Schottky interface (pathway 2) but also via the lateral
Schottky interface (pathway 3). It is well-known that the
formation of three-dimensional Schottky junctions can
considerably enhance the short-circuit photocurrent because
of the increased extraction possibility for hot electrons with
both transverse and longitudinal momenta.42−44 Lastly, the
third IPCE enhancement is observed over 2.5 eV, which is
attributed to hot electron extraction from the MAPbI3 film.
The measured photocurrent (Figure 3b) is 25 nA on the bare
thin-film-Au/TiO2, which increases to 128 nA after changing
the surface morphology to plasmonic Au. Perovskite film
modification leads to further photocurrent enhancement from
139 to 552 nA. These results indicate that hot electrons
created in the plasmonic Au can be efficiently extracted by the

formation of a three-dimensional Schottky interface, and
additional hot electron flow from the perovskite film can
significantly enhance the photoconversion performance
compared with bare thin-film Au and plasmonic Au counter-
parts. However, the photocurrent decreased dramatically to
120 nA (Figure S7b) when the perovskite film thickness
reached 70 nm because of hot electron scattering within the
electron mean free path.
To give detailed insight into the LSPR effect on hot electron

flow, we compared the results from the MAPbI3/thin-film-Au/
TiO2 nanodiodes and their MAPbI3/plasmonic-Au/TiO2
counterparts where identical perovskite layers were used
(Figure S8). The MAPbI3 coupled with LSPR structures
show higher IPCEs in most of the photon energy region, and
the short-circuit photocurrents were increased by factors of 5,
6, 7, and 12 for the single-, 3-, 5-, and 8-layered MAPbI3,
respectively. To reveal the effect of MAPbI3 combined with
LSPR, the absorbance spectrum was obtained from MAPbI3
coated on thin-film Au and on plasmonic Au structures (Figure
S9). In the low photon energy region (<2.7 eV), a strong
absorbance peak is observed for the MAPbI3/plasmonic-Au
structure (Figure S9a), which is in the identical region as the
LSPR absorbance peak (Figure S9b). Thus, IPCE enhance-
ment below 2.7 eV can be ascribed to an increased number of
Au hot electrons assisted by the LSPR effect. On the other
hand, there is a negligible difference in the absorbance in the
high photon energy region (>2.7 eV), but the IPCE is
considerably higher for the MAPbI3/plasmonic-Au/TiO2. We
suggest that this higher IPCE can be attributed to near-field
enhancement generated by LSPR in the Au nanostructure,
which causes the incident light to be focused on the plasmonic
Au surface with greater intensity. Thus, the MAPbI3, which is
located near the plasmonic Au, can efficiently absorb light,
which increases hot electron−hole pair generation. This can
also be verified by the higher photoluminescence intensity of
the MAPbI3 with an LSPR structure (Figure S10), where more
hot electrons can give a higher emission intensity.
Furthermore, the hot electrons are generated near the hot

Figure 3. (a) IPCE as a function of incident photon energy and (b) short-circuit photocurrents measured on the MAPbI3/plasmonic-Au/TiO2
nanodiodes according to the number of MAPbI3 layers. (c) Schematic drawing of the hot electron pathways for the MAPbI3/plasmonic-Au/TiO2
structure. (d) Theoretically drawn energy levels of the MAPbI3/plasmonic-Au/TiO2 structure.
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spot of the plasmonic Au structure; thus, efficient hot electron
extraction can be driven on the perovskite-deposited plasmonic
Au structure compared with the MAPbI3/thin-film-Au
structure. Therefore, MAPbI3 coupled with the LSPR effect
can give IPCE and short-circuit photocurrent values higher
than MAPbI3 without the LSPR effect.
In addition to the enhanced photoconversion performance

of the perovskite-modified plasmonic Au structure, we carried
out femtosecond transient absorption (TA) experiments to
elucidate the ultrafast hot electron relaxation dynamics.
Because the samples must absorb sufficient light for the TA
experiment, we modified the sample preparation to make
thicker layers. The detailed sample preparation procedures and
characterization are provided in the Methods section and in
Figure S11 in the Supporting Information. The TA spectra of
the MAPbI3/plasmonic-Au/TiO2 structure were obtained with
photoexcitation at 3.0 eV (Figure 4a). The TA spectra of the
TiO2 film deposited on quartz were measured in advance to
ensure that the TiO2 and substrate were not influenced by the
pump beam. Indeed, the TiO2 film deposited on quartz did not
exhibit any signal across the entire range of the probe photon
energy after excitation at 3.0 eV (Figure S12). In addition to
the MAPbI3/plasmonic-Au/TiO2 structure, the TA spectra of
the thin-film-Au/TiO2 and plasmonic-Au/TiO2 were also
obtained (Figure S13) for comparison. According to the
acquired TA spectra, the thin-film-Au/TiO2 exhibits only a
positive band centered at 2.4 eV, while the plasmonic-Au/TiO2
shows both a positive band at 2.4 eV and a negative band at 1.8
eV. It is known that gold nanoparticles with a diameter of less
than 10 nm have a positive absorption band at 2.6 eV, which is
related to interband excitation in the gold nanostructures, and
a negative bleaching band at 2.3 eV, which is associated with
depletion of surface plasmon electrons.45,46 The larger size of
our plasmonic-Au structure lead to a red-shifted plasmon band;
therefore, the negative bleaching band at 1.8 eV for the
plasmonic-Au/TiO2 is created by the LSPR effect. In the case
of the MAPbI3/plasmonic-Au/TiO2, several earlier reports
revealed that the high photon energy tail (ranging from 1.7 to
1.8 eV) of MAPbI3 ground state bleaching is attributed to hot-
carrier distribution.29,47,48 The time-resolved decay profiles of
the plasmonic-Au/TiO2 and MAPbI3/plasmonic-Au/TiO2
structures probed at 1.8 eV are plotted in Figure 4b to better
understand the cooling dynamics of hot electrons from
plasmonic Au and MAPbI3. The whole decay profile of the
MAPbI3/plasmonic-Au/TiO2 structure probed with longer
delay times is shown in Figure S14. The time components are
measured by fitting the decay profiles into a single exponential

function (Aexp(−t/τ1)) for the plasmonic-Au/TiO2 and a
biexponential function (A1exp(−t/τ1) + A2exp(−t/τ2)) for the
MAPbI3/plasmonic-Au/TiO2; the fitted results are summar-
ized in Table 1. The acquired time components of the

plasmonic-Au/TiO2 structures show a time constant of 2.87 ps,
which is commensurate with the electron−phonon scattering
lifetime of hot electrons in gold nanoparticles.45,49−51 Mean-
while, the MAPbI3/plasmonic-Au/TiO2 structure describes
two time constants (0.75 and 62.38 ps). We suggest that the
long time constant (62.38 ps) originated from the MAPbI3 hot
electron lifetime within the conduction band because the hot
electron lifetime for perovskite bulk film is known to be ∼100
ps.29,31,48 Because hot electron relaxation times are determined
by hot-carrier densities and the crystallinity of the film, the
shorter lifetime in our system can be explained by unfavorable
light absorption because of the thin film (∼80 nm) and small
grain sizes (less than 100 nm). The fast time constant (0.75
ps) of the MAPbI3/plasmonic-Au/TiO2 is ascribed to a hot
electron trap at the grain boundaries. We associate this with
the PbI2 bleaching peak at 2.5 eV in the MAPbI3/plasmonic-
Au/TiO2 TA spectra, which means that some portion of the
grain boundaries are unfilled and become trap states.52

Although the probe photon energy of 1.8 eV is governed by
hot electron decay from both the plasmonic Au and the
MAPbI3, we cannot obtain the plasmonic Au hot electron
lifetime (2.87 ps) and can acquire only the MAPbI3 hot
electron lifetimes (0.75 and 62.38 ps) from the MAPbI3/
plasmonic-Au/TiO2 structure. This is because the MAPbI3
layer absorbs the majority of the photons before the plasmonic
Au; thus, the MAPbI3 hot electrons become dominant.
According to the fit parameters, there are obvious features
showing that the MAPbI3 hot electrons exhibit inherently long
lifetimes, which are ∼22 times longer than that of Au hot
electrons. We expect that the MAPbI3/thin-film-Au/TiO2
structure exhibits a much shorter hot electron lifetime,
compared with the MAPbI3/plasmonic-Au/TiO2 structure
because of rapid hot electron relaxation. In case of the metal

Figure 4. (a) Transient absorption spectra of the MAPbI3/plasmonic-Au/TiO2 structure with photoexcitation at 3.0 eV. (b) Time profile of the
normalized time-resolved absorption changes probed at 1.8 eV for the plasmonic-Au/TiO2 and the MAPbI3/plasmonic-Au/TiO2 structure after
photoexcitation at 3.0 eV.

Table 1. Summary of the Fit Parameters for the Plasmonic-
Au/TiO2 and MAPbI3/Plasmonic-Au/TiO2 Structure

time constants (ps)

sample
hυprobe
(eV) τ1 τ2

plasmonic-Au/TiO2 1.8 2.87 ± 0.06
MAPbI3/plasmonic-Au/TiO2 1.8 0.75 ± 0.10 62.38 ± 1.13
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planar film, we can assume that electrons are mainly scattered
at the interface with few being transmitted. The scattering of
hot electrons can be induced at the metal−semiconductor
interface because of the high potential step and large electron
effective mass mismatch at the interface;53,54 thus, the hot
electrons are likely to dissipate into phonon modes and
surrounding carriers, giving rise to the short hot carrier
lifetime.
In addition, we can at least suggest that the combination of

MAPbI3 and the plasmonic Au structure shows a significantly
increased hot electron lifetime compared with the plasmonic-
Au/TiO2 structure because of the slow hot electron cooling
time of the perovskite, which can contribute to the higher
photoelectrical conversion efficiency. We anticipate that these
findings can also be applied to other types of HIOPs with
comparable hot electron properties as MAPbI3, and these
results can provide a fundamental understanding of hot
electron generation and transport in perovskite. Further work
for designing efficient photovoltaics based on perovskite hot
electrons can be done by tuning the time scales of hot electron
thermalization and extraction to realize a sufficient thermal hot
electron population. Alternatively, adopting a tandem or
tunneling structure with the suggested cell, which utilizes a
broad spectrum of wavelengths, can be a helpful approach as
well.
In summary, we fabricated MAPbI3-modified plasmonic-Au/

TiO2 nanodiodes and observed enhanced hot electron
generation from the LSPR effect of the Au nanostructure
measured using IPCE and the short-circuit photocurrent. We
confirmed that MAPbI3 deposition on both thin-film Au and
plasmonic Au structures leads to increased photocurrent by
creating additional hot electron flow from the MAPbI3 as well
as from the Au layer. MAPbI3 deposited on a plasmonic-Au/
TiO2 nanodiode showed even greater enhancement because
the formation of a three-dimensional Schottky interface
promotes effective hot electron extraction in the plasmonic
Au, and the generation of MAPbI3 hot electrons is enhanced
because of the near-field enhancement. Furthermore, using
femtosecond transient absorption experiments, we observed
significantly prolonged hot electron lifetimes in MAPbI3
coupled with a LSPR structure, which can be related to the
very high photocurrent in the MAPbI3/plasmonic-Au/TiO2
nanodiode. These results have meaningful applications in that
we revealed the synergistic interaction between MAPbI3 and
surface plasmons of gold by showing hot electron transport
mechanisms with systematic structure variation at the interface
using a macroscale photonanodiode. We reveal the origin of
each hot electron flow that contributes to the overall
photocurrent using photon energy dependence experiments
and theoretical energy levels. The majority of hot electron
studies for perovskites has focused on hot carrier relaxation
dynamics, and thus, the variation of hot electron transport
depending on changes in the interfacial structure was not well-
understood.
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