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Regulating the Phase and Optical Properties of
Mixed-Halide Perovskites via Hot-Electron Engineering

Chun-Ho Lin, Changxu Liu,* Jialin Yang, Jiyun Kim, Long Hu, Chien-Yu Huang,
Shuo Zhang, Fandi Chen, Rishabh Mishra, Shamim Shahrokhi, Jing-Kai Huang,
Xinwei Guan, Alexander J. Baldacchino, Tao Wan, Shujuan Huang, Michael P. Nielsen,
Kewei Liu, Dewei Chu,* Stefan A. Maier, and Tom Wu*

The rapid development of mixed-halide perovskites has established a versatile
optoelectronic platform owing to their extraordinary physical properties, but
there remain challenges toward achieving highly reliable synthesis and
performance, in addition, post-synthesis approaches for tuning their
photoluminescence properties after device fabrication remain limited. In this
work, an effective approach is reported to leveraging hot electrons generated
from plasmonic nanostructures to regulate the optical properties of
perovskites. A plasmonic metasurface composed of Au nanoparticles can
effectively tailor both photoluminescence and location-specific phase
segregation of mixed-halide CsPbI2Br thin films. The ultrafast transient
absorption spectroscopy measurements reveal hot electron injection on the
timescale of hundreds of femtoseconds. Photocurrent measurements confirm
the hot-electron-enhanced photon-carrier conversion, and in addition,
gate-voltage tuning of phase segregation is observed because of correlated
carrier injection and halide migration in the perovskite films. Finally, the
characteristics of the gate-modulated light emission are found to conform to a
rectified linear unit function, serving as nonlinear electrical-to-optical
converters in artificial neural networks. Overall, the hot electron engineering
approach demonstrated in this work provides effective location-specific
control of the phase and optical properties of halide perovskites, underscoring
the potential of plasmonic metasurfaces for advancing perovskite
technologies.
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1. Introduction

Halide perovskites have emerged as a class
of highly sought-after materials for vari-
ous optoelectronic applications, including
solar cells, light-emitting diodes, photode-
tectors, and lasing devices.[1–6] Perovskite
solar cells have been extensively exploited
in the past decade and realized a single-
junction efficiency exceeding 26%, mak-
ing them the fastest-advancing photovoltaic
materials so far.[7] The superior optoelec-
tronic characteristics, such as high absorp-
tion coefficient, excellent carrier mobility
and lifetime, defect-tolerant nature, and di-
rect bandgap, make perovskite materials de-
sirable for conducting efficient photoelec-
tric conversion.[8–11] Furthermore, the ver-
satility of the perovskite structure APbX3 (A
= MA, FA, and Cs; X = Cl, Br, and I) al-
lows ionic mixing on the A- or X-site, which
provides ample opportunities to modify the
optoelectronic properties of perovskites.[12]

Particularly, halide ratio engineering is the
prevalent technique for tuning the opti-
cal bandgap of mixed-halide perovskite to
cover the whole visible light spectrum from
380 nm to 760 nm, thus meeting the de-
mands of a wide range of applications.[2,13]
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Further modulation of the perovskite properties may be
achieved with hot carriers which have been envisioned to en-
able novel applications, including photovoltaics, photocatalysis,
and photodetectors, via circumventing bandgap limitations.[14–16]

Through strong light-matter interactions, hot electrons are en-
dowed with energy much higher than the ones at thermal equi-
librium, thereby potentially facilitating a wide range of thermody-
namic processes.[17–19] Metasurfaces made from metal nanopar-
ticles (NPs) with subwavelength dimensions have demonstrated
extraordinary capability to produce localized resonances and to
couple hot electrons into semiconductors.[20–23] In a recent work,
Huang et al. investigated the interface between metal NPs and
perovskite and discovered a markedly high hot-electron transfer
efficiency,[20] suggesting a strong coupling effect. However, the
deliberate control of perovskite properties through hot-electron
engineering remains a nascent field that is yet to be extensively
explored. Furthermore, injecting hot carriers into perovskites
represents a highly sought-after strategy for post-synthesis mod-
ulation of the physical properties and achievement of reliable de-
vice operation.

In the prevalently employed mixed-halide perovskites, it is
well recognized that under even mild external stimuli, phase
segregation often occurs and modifies the characteristics of
perovskites.[24–29] For example, under light irradiation, the
change of thermodynamic free energies can lead to the desta-
bilization of mixed-halide states.[30–31] Up to date, significant ef-
forts have been made to investigate and tune the phase segrega-
tion in mixed-halide perovskites.[32–35] In a representative work,
Gualdron-Reyes et al. demonstrated the control of phase segrega-
tion through nanocrystal size tuning, and they found that phase
separation becomes severe when the nanocrystal size exceeds the
charge diffusion length.[34] Recently, our group also employed the
thermal annealing technique to control the grain size and phase
segregation in mixed-halide perovskite thin films for achieving
reliable solar cells.[35] The primary focus of current research ef-
forts is on material engineering aimed at mitigating phase seg-
regation and enhancing the stability of perovskites. Meanwhile,
there are some reports on unexpected observations showing that
phase segregation could be a double-edged sword in regulating
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physical properties. For example, Caprioglio and coworkers re-
cently demonstrated the enhanced radiative efficiency and quan-
tum yield of the phase-segregated perovskites,[36] and Motti et al.
observed the increased charge-carrier mobility in segregated I-
rich domains using Terahertz spectroscopy.[37] These phenom-
ena underscore the complexity of phase segregation that necessi-
tates further research. In this context, the capacity to manipulate
phase segregation is crucial for advancing our understanding and
potentially unveiling novel applications. However, despite all the
efforts, few strategies are available to control phase segregation
in mixed-halide perovskite films.

Considering the potential of hot-electron engineering, we pos-
tulate that hot carriers from plasmonic nanostructures can be
leveraged as an external stimulus to modulate the phase segre-
gation in mixed-halide perovskites. Despite remaining uncharted
territory, imposing plasmonic metasurfaces on mixed-halide per-
ovskites provides a valuable opportunity to control the phase and
properties via leveraging the light-matter interactions and hot-
electron coupling. This study demonstrates such an approach of
hot electron engineering to regulate the phase segregation and
optical properties of mixed-halide perovskite CsPbI2Br (CPIB). A
significantly enhanced photoluminescence (PL) and phase segre-
gation of the mixed-halide perovskite films were observed when
a plasmonic metasurface was introduced atop, suggesting the ef-
fective role of hot carriers, which was confirmed by a comple-
mentary suite of PL, absorption spectroscopy, and current-voltage
(I-V) measurements as well as simulation results. Furthermore,
we found that the hot-electron transfer and associated phase seg-
regation can be tuned by a gate bias, which provides an additional
tool to actively regulate the optoelectronic properties of mixed-
halide perovskites. As a proof-of-concept, we demonstrated that
the gate voltage input and iodine-domain light output of the per-
ovskite device follows a rectified linear unit (ReLU) function, thus
suggesting the potential of metasurface/perovskite heterostruc-
tures as nonlinear electrical-to-optical converters in artificial neu-
ral networks.

2. Results and Discussion

As illustrated in Figure 1a, a plasmonic metasurface composed
of high-density hemisphere-like Au NPs was designed and fab-
ricated on top of the mixed-halide perovskite layer. Among the
variables of experimental configuration, such as the dimensions
of Au NPs and the incident light wavelength, the perovskite layer
thickness plays a vital role in the light-matter interactions. Ac-
cording to recent reports, the thickness of the semiconductor, or
equivalently the resonance of the Fabry–Pérot cavity, can impact
the absorption of the plasmonic metasurface above.[38] Mean-
while, the top metasurface can act as an auxiliary layer to en-
hance the absorption of the semiconductor beneath by maximiz-
ing the near-field. On the other hand, certain designs may result
in absorption loss due to the thickness mismatch and shading ef-
fect from metal NPs.[39] This flexibility of the thickness selection
can drive the device to operate in a regime where the additional
hot-electron generations enhance the photo-carriers produced
in the perovskite layer, consequently tuning or even improving
the device performance. To search for the target thickness, we
performed a simulation of optical absorption for the perovskite
layers with different layer thicknesses coupling with Au NP
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Figure 1. a) Illustration of the Au NP metasurface on the mixed-halide perovskite thin film and hot-electron injection. b) Simulated optical absorption of
CPIB layers (thickness: 60, 100, 150, and 200 nm) without and with Au NPs (high density: one NP per 100 nm × 100 nm; low density: one NP per 150 nm
× 150 nm) under 532-nm light illumination. c) Simulated distribution of absorption power density in 60-nm-thick CPIB layers without and with Au NPs
under 532-nm illumination. Top-view SEM images of d) pristine CPIB film and e) CPIB film with Au NP metasurface structures. f) UV–vis absorption
spectra of pristine CPIB film, Au NPs/CPIB hybrid film, and pure Au NPs.

metasurface structures (Figure 1b). Among the thicknesses con-
sidered, a desirable thickness of 60 nm was identified as the most
suitable one, with which the absorption power per unit area of
perovskite remains nearly unchanged after introducing a high-
density Au NP metasurface structure, as shown in Figure 1c.
This design helps exclude the influence of optical variation so
that the impact of hot-electron injection on perovskite can be ex-
clusively investigated. In contrast, the thicker perovskite films
may lead to certain degrees of change in perovskite absorption
(Figure 1b).

To effectively couple with Au NPs with high oscillation
strength,[40] we employed perovskite thin films based on
nanocrystals with controlled thicknesses and good surface
coverage.[41] Since small-sized inorganic perovskite nanocrys-
tals have high oscillation strength,[20] they have a good match
with the plasmonic metasurface to enable efficient hot-electron
transfer. The characterizations of synthesized CPIB perovskite
nanocrystals can be found in Figure S1 (Supporting Informa-
tion), and thin perovskite films of ≈60 nm were prepared by
the spin-coating method (see Supporting Discussion and Figures
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S2–S5 in the Supporting Information). To fabricate the plas-
monic metasurfaces, half of the perovskite films were deposited
with 11.4 μg cm−2 Au utilizing thermal evaporation, and then,
after rapid annealing, the NP nanostructures were generated.
The film was examined using a scanning electron microscope
(SEM), as displayed in Figure 1d,e, and Figure S3 (Supporting
Information), showing well-constructed perovskite thin film and
hemisphere-shaped Au NP metasurface structures.

To further examine the optical absorption of CPIB films and
Au NP structures, UV–vis spectroscopy measurements were car-
ried out. As shown in Figure 1f, the pristine CPIB film exhibits
a band edge cut-off at around 635 nm that corresponds to a Tauc
optical bandgap of 1.95 eV (Figure S6, Supporting Information).
For the Au NPs/CPIB hybrid film, an additional absorption peak
at 535 nm that corresponds to the local mode of surface plasmon
resonance of Au NPs was observed, indicating enhanced plas-
monic absorption in the metasurface/perovskite structures. Note
that the absorption baselines of perovskites with and without Au
NPs are well-matched (in wavelength region >570 nm), which is
consistent with our simulation result that the perovskite optical
absorption remains unchanged.

The presence of plasmonic Au NPs exerts a significant influ-
ence on the photoluminescence properties of the mixed-halide
perovskite films because of strong Au NP resonance, revealed by
the simulation results (Figure 2a; Figure S7, Supporting Informa-
tion). Figure 2b shows the steady-state PL spectra of both pristine
CPIB and Au NPs/CPIB films excited by a 532-nm laser, which
matches well with the plasmonic peak of Au NPs at 535 nm. With
Au NPs on the surface, a notable increase in the PL intensity was
obtained. PL mapping on the CPIB film over the boundary be-
tween the regions with and without Au NPs is shown in the inset
of Figure 2b. An overall enhancement of the PL intensity was ob-
served in the region covered with the Au NP metasurface, in good
agreement with the steady-state PL results. In general, the inci-
dent light may produce several effects in the Au NPs/CPIB, in-
cluding far-field light scattering, near-field plasmonic resonance,
and hot electron transfer.[42,43] Herein, even though the Au NPs
might cause some light scattering, this is not the source of en-
hanced PL as the scattered photons might not be collected by the
spectroscopy setup (without an integrating sphere), and any light
scattering effect would decrease the PL of the film. On the other
hand, the near-field resonance between plasmonic NPs and inci-
dent photons produces localized electromagnetic field enhance-
ment and resonant oscillation of conduction electrons, and the
resultant increase in spontaneous emission rate is known as the
Purcell effect.[42] Thus, the significantly enhanced PL observed in
Au NPs/CPIB is consistent with the existence of the Purcell ef-
fect due to strong intensity at the near-field. On the other hand,
hot-carrier injection also plays an important role since it can en-
hance the population of excitons and make a profound impact
on the optical properties of the perovskite,[44] which will be dis-
cussed in a later section. The notably enhanced PL intensity ob-
served here also suggested that the regulation of the optical prop-
erty of the perovskite films is induced by the plasmonic metasur-
faces rather than the potential defects due to Au NPs/CPIB reac-
tion or Au diffusion because such defects would quench the PL
through nonradiative recombination. To explore the universality
of the metasurface-based approach to enhancing the PL of per-
ovskite films, another supplementary experiment was performed

on a CsPbBr3 film, and significantly enhanced PL emission was
also observed (Figure S8, Supporting Information).

To understand the PL characteristics in-depth, time-resolved
PL measurements were also performed on the perovskite films,
as shown in Figure S9 (Supporting Information). The PL decay
curves were analyzed using the biexponential fitting, in which the
short carrier lifetime 𝜏1 (surface recombination) and long carrier
lifetime 𝜏2 (bulk recombination) are 3.3 ns and 17.1 ns for the
pristine CPIB and 2.3 ns and 9.6 ns for the Au NPs/CPIB, respec-
tively. The shortened PL decay of Au NPs/CPIB can be attributed
to the perovskite/metasurface heterostructure interface that ac-
tuates fast charge transfer from CPIB to Au NPs and reduces car-
rier recombination.[45] Similar observations of reduced PL life-
times have also been reported in other plasmon/semiconductor
systems due to interfacial charge transfer.[46–48] Here, the charge
transfer in the time-resolved PL measurement could be complex
as mixed-phase perovskite, Br/I-rich regions, and Au NPs all exist
in the system. Also, it is worth mentioning that interfacial defects
might also reduce the PL lifetime, and thus the synergistic effect
of charge transfer and interfacial recombination leads to the fast
decay of PL at the Au NPs/CPIB interface.

We then measured the PL spectra of the pristine CPIB un-
der continuous excitation with a 532-nm laser at an intensity of
5 mW cm−2 (Figure 2c). A redshift of the PL peak from 629 nm to
690 nm was observed after 15 min illumination, suggesting the
onset of I-rich emission and phase segregation because of light-
induced halide diffusion. In comparison, as shown in Figure 2d,
the PL shift in the Au NPs decorated CPIB was much faster under
the same illumination condition and took only 4 min, indicating
that the plasmonic metasurface can significantly promote and
accelerate the halide segregation in the mixed-halide perovskite
film.

Localized surface plasmon resonance and hot-electron transfer
are crucial coupling routes in hot-electron optoelectronics, as il-
lustrated in Figure 2e. Upon light excitation, the localized surface
plasmon resonance or so-called Landau damping tends to gener-
ate hot carriers with higher energy than typical photoexcited carri-
ers, which can more easily transfer across the Schottky interface
and couple with the conduction electrons in the perovskite.[15]

From the energetic point of view, thermodynamic variation of
the Gibbs free energy plays a critical role in dictating the light-
induced phase segregation in mixed-halide perovskites.[27,30,33,49]

Upon light illumination, the absorbed photon energy can gener-
ate high-density photocarriers, which increases the overall Gibbs
free energy in the system and enhances the phase segregation.[49]

With the additional metasurface imposed as in our study, the
strong localized plasmon resonance causes the injection of high-
energy hot electrons into the CPIB film. Consequently, the equiv-
alent carrier concentration in CPIB is effectively enhanced un-
der continuous light illumination as evidenced by the enhanced
steady-state PL (Figure 2b), thereby accelerating the phase segre-
gation behavior.

It is worth noting that the phase segregation phenomena in
both the pristine and the Au NPs/CPIB films are reversible in
dark. As shown in Figure 2f and g, the PL spectra of phase-
segregated samples almost returned to their original mixed-
halide states after storage in dark for 50 min. Additionally, pho-
toinduced halide segregation and dark recovery of Au NPs/CPIB
were repeated 10 times, indicating a fully reversible process
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Figure 2. a) Simulation of cross-sectional field distribution of CPIB/SiO2/Si with and without Au NPs at the wavelength of 532 nm, showing a strong
resonance of the Au NP metasurface. b) Steady-state PL spectra of the pristine CPIB film and the Au NPs/CPIB hybrid structure. The inset demonstrates
the PL mapping result over the two perovskite regions with and without the plasmonic Au NP structure. PL evolution of c) the pristine CPIB film and
d) the Au NPs/CPIB film under the continuous illumination of a 532-nm laser (5 mW cm−2). e) Illustration of localized surface plasmon resonance and
hot-electron transfer from the Au plasmon to the perovskite film. PL evolution of f) the pristine CPIB film and g) the Au NPs/CPIB film during dark
recovery. h) Optical microscope image of the Au NPs patterned CPIB film. The Au patterned regions are marked by white dashed lines. i) PL mapping
of the Au NPs/CPIB film with a filter wavelength of 690 nm (I-rich emission). j) PL spectra obtained from the positions A (without Au NPs) and B (with
Au NPs) marked in Figure 2i. The filter wavelength employed for PL mapping is highlighted.
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(Figure S10, Supporting Information). When the light illumi-
nation on the sample was turned off, the free carrier concen-
tration in CPIB film was reduced and the overall Gibbs en-
ergy changed,[49] which led to the remixing of segregated halide
ions.[50]

The metasurface-dependent characteristics discussed above
suggest the effectiveness of hot electron management in fine-
tuning the phase segregation and photoluminescence property of
mixed-halide perovskite films. In addition, unlike previously re-
ported approaches of crystal size engineering or thermal anneal-
ing that tunes the phase segregation property of entire perovskite
specimens,[34,35] the metasurface nanostructures allow specific
control of halide phase and photoluminescence in localized po-
sitions owing to the near-field nature of plasmonic metasurface.
As a proof of concept, we selectively patterned the metasurface
on a CPIB film and studied its PL characteristics. The experimen-
tal procedures are illustrated in Figure S11 (Supporting Informa-
tion). First, the Au NPs were patterned on CPIB film through a
shadow mask with a circular intercrossing structure as shown in
the optical microscope image in Figure 2h. Then, the patterned
Au NPs/CPIB film was illuminated by solar simulator AM 1.5G
for 1 min to induce phase segregation. Note that the resonant
wavelength region of Au NPs (from 500 nm to 600 nm) matches
the intense radiation region of AM 1.5G (Figure S12, Supporting
Information), and therefore, the Au NPs can efficiently generate
hot carriers and inject them into semiconductor systems as re-
ported in the literature.[51,52] After light illumination, PL mapping
was executed on the perovskite film and the filter wavelength was
set to 690 nm, which corresponds to the I-rich emission. The
mapping result in Figure 2i displays an obvious boundary, and
the bright yellow color in the Au plasma patterned region indi-
cates the significant enhancement of iodine emission. The PL
spectra of CPIB film without (point A) and with Au NPs (point B)
are taken and shown in Figure 2j. The enhanced I-rich emission
can be seen for point B, signifying that the metasurface struc-
tures can regulate the photoluminescence and phase segregation
at localized positions.

While it is generally believed that phase segregation should be
avoided for achieving reliable device performance, recent stud-
ies unveiled the enhanced properties in terms of radiative ef-
ficiency, quantum yield, carrier mobility, and carrier lifetime
at phase-segregated I-rich domains.[36,37,50] The metasurface-
enabled location-specific regulation of the phase segregation phe-
nomenon presents a new opportunity to innovate the device de-
sign and to advance the performance of optoelectronic devices
based on mixed-halide perovskites.

To further investigate the dynamics of hot electron injection,
ultrafast transient absorption spectroscopy (TAS) was used in this
study. Three effects may occur when a light pulse incident to
the Au NPs/CPIB structure, including (i) photocarrier excitation,
(ii) hot-electron transfer, and (iii) phase segregation. Hot-electron
transfer typically features a longer time scale than photocarrier
excitation and can be distinguished in a TAS spectrum. However,
in the case of Au NPs/CPIB, the concurrent phase separation oc-
curs simultaneously with hot-electron transfer, making it difficult
to discern the behavior of hot electrons. For this reason, pure-
halide CsPbBr3 films with and without Au NPs metasurfaces
were examined by TAS (Figure 3a,b), which can exclude the segre-
gation effect and help determine the hot electron transfer dynam-

ics between perovskite and Au NPs. Figure 3c depicts the normal-
ized transient transmissions (ΔT/T) for both perovskite samples
at the peak wavelength, 514 nm, as a function of time following
the excitation with an ultrafast light pulse. Due to the genera-
tion of photoexcited charge carriers, a sharp increase in transmis-
sion over a period of ≈500 fs was first observed for both samples
(Region I, photocarrier excitation region). Interestingly, while the
transmission of the pure perovskite film rapidly reached satura-
tion, the ΔT/T of the Au NPs heterostructure counterpart con-
tinued to rise over a longer period of 3 ps, confirming the pres-
ence of hot electron injection from the Au metasurfaces to the
perovskite film (Region II, hot-electron transfer region). The ki-
netic time constant of hot-electron transfer is further analyzed to
be ≈ 550 fs (Figure 3d) and corresponds to the excited state life-
time of the NPs. This finding is consistent with previous stud-
ies reporting that hot-electron transfer can occur within a short
timescale ranging from tens to several hundred femtoseconds.[43]

It should be noted that the obtained kinetics from pure-halide
CsPbBr3 might exhibit discrepancies when compared to CPIB,
as a result of variations in their bandgap and Fermi levels. Nev-
ertheless, since the hot carriers are endowed with energy much
higher than the energy bands of perovskites regardless of their
composition, the TAS test can still provide valuable insight into
the hot electron injection behaviour at the Au NP/perovskite in-
terfaces.

The metasurface nanostructures offer high tunability, which
can be leveraged to control the phase segregation in the mixed-
halide perovskite films. We changed the deposition density of Au
NPs from 3.8 μg cm−2 to 15.2 μg cm−2, and their optical im-
ages are shown in Figure 4a. The color variation of the meta-
surfaces implies the changes in the characteristics of plasmonic
absorption. The PL spectra of CPIB films with different meta-
surfaces were monitored under the 532-nm illumination for up
to 15 min (Figure 4b), and their peak emission wavelengths
over time with 150 s intervals are summarized in Figure 4c.
One can see that the phase segregation process of CPIB be-
comes faster as the Au density increases from 3.8 μg cm−2 to
11.4 μg cm−2, while the opposite was observed when the density
reaches 15.2 μg cm−2. The largest effect in the 11.4-μg cm−2 Au
NPs/CPIB sample can be attributed to the density dependence of
the plasmonic effect. As shown in the UV-Vis absorption data in
Figure 4d, with increasing density, the absorption peak of Au NPs
at around 525–535 nm is gradually enhanced, but the absorption
peak of the 15.2-μg cm−2 Au NPs shifts to ≈560 nm, weaken-
ing the plasmonic resonance. Such a density dependence of the
absorption wavelength and the hot carrier generation is consis-
tent with the previous reports.[53] The size of Au NPs can also
impact the hot-electron coupling. When the NP size decreases,
the enhanced quantum effect can promote the hot-electron gen-
eration rate, while decreasing the optical absorption due to re-
duced absorption cross-section. The size-dependent tradeoff be-
tween hot-electron generation and optical absorption warrants
more research efforts to optimize the hot-electron coupling with
perovskite devices for advanced applications.

Since the hot-electron injection in the Au NPs/CPIB system
presumably impacts the optoelectronic performance, photocur-
rent measurements were carried out on samples with interdigi-
tated electrodes (Figure S13, Supporting Information). Figure 4e
presents the I-V characteristics of the pristine CPIB and the Au
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Figure 3. Transient absorption spectroscopy (TAS) measurements to probe the charge carrier dynamics of the perovskite films with and without the Au
NPs metasurface structure. 2D plots of CsPbBr3 films a) without and b) with the Au NPs as a function of time and wavelength collected with 450 nm
pump with excitation pulse fluence of 6.4 μJ cm−2 and 0.05 μJ cm−2. The vertical line (black) denotes the response at 514 nm. c) ΔT/T trace at 514 nm as a
function of time, demonstrating the changes of excited state population over time. After light excitation, the photoexcited charge carriers are generated in
the perovskites, leading to a rapid change in transmission for both samples (Region I). With the addition of the Au NPs metasurfaces, the signal change
increases over a much longer timeframe (Region II). d) The transfer time constant is determined to be ≈550 fs by fitting the hot electron injection region
II with an exponential growth function.

NPs/CPIB films, measured in dark and under illumination. The
dark current of the pristine CPIB film is at the level of pA, and
no significant change in dark current was observed after coat-
ing the ultrathin layers of Au NPs. Under light illumination,
the photocurrent increased to the level of nA, and the signif-
icantly enhanced photocurrent in the Au NPs/CPIB evidenced
the effective hot-electron injection from the metasurface nanos-
tructures to the perovskite layer. Note that the photocurrents ob-
tained here correspond to a current density of ≈ 10 mA cm−2,
which can substantially impact the phase segregation behavior of
mixed-halide perovskites.[54] The time-resolved photoresponse of
the Au NPs/CPIB exhibited reversible switching of photocurrent
(Figure 4f) as the light was turned on and off. Furthermore, the
perovskite film with the Au density of 11.4 μg cm−2 revealed the
highest photocurrent, confirming the optimal design of the meta-
surface/perovskite structure as suggested by the simulation re-
sults in Figure 1b and c. A lower Au density can diminish the plas-
monic effect, while a higher density may reduce the perovskite
absorption. The photocurrent data here are in line with the PL re-
sult shown in Figure 4b, in which the enhanced free carrier den-
sity leads to accelerated PL peak shift. The statistic PL and pho-
tocurrent for samples with different Au NPs densities are sum-
marized in Table S1 (Supporting Information). These results also

exclude the role of defects that would suppress the photocurrent,
and instead, the hot-electron injection from the Au NP metasur-
faces dominates the regulation of the optoelectronic properties
of the mixed-halide perovskites.[12,54,55] It is worth noting that the
hot electron may provide some level of heating at local positions,
especially in the area contacted with Au NPs. However, the par-
tially increased temperatures are unlikely to significantly tune the
phase segregation behavior in the entire film according to the
reported thermodynamic calculation.[30] Instead, the increased
carrier density plays a dominant role in the phase segregation
as evidenced by Figure 4c,e. The response time of CPIB photo-
conductors with and without Au NPs was also measured (Figure
S14, Supporting Information). Both devices revealed a similar
rise time of around 100 ns, while the fall time decreased from
65 μs to 58 μs after imposing the metasurface, which implies the
efficient charge transfer between the CPIB layer and the Au NPs.

Since hot-electron injection plays a key role in the metasur-
face/perovskite system, electrical gating was introduced to regu-
late the hot-electron transfer and to tune its impact on perovskite
optical properties and phase segregation (Figure 5a). Here, both
top electrodes are grounded to avoid parasitic horizontal current
flow, which would hinder the examination of the hot-electron ef-
fect. The pristine CPIB and Au NPs (11.4-μg cm−2)/CPIB films

Adv. Funct. Mater. 2024, 2402935 2402935 (7 of 13) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Optical images of Au NPs with different deposition den5sities on transparent glasses to highlight their colors (Au1: 3.8 μg cm−2; Au2:
7.6 μg cm−2; Au3: 11.4 μg cm−2; Au4: 15.2 μg cm−2). b) Time-dependent PL spectra of Au NPs/CPIB films with different Au deposition densities under
532-nm illumination (5 mW cm−2). Arrows illustrate the direction of the time stream up to 15 min with 150 s intervals. c) PL peak positions over time of
the Au NPs/CPIB films extracted from Figure 4b. d) UV–vis absorption spectra of Au NPs (on glass substrate) with deposition density from 3.8 μg cm−2

to 15.2 μg cm−2. e) I–V characteristics of pristine CPIB and Au NPs/CPIB films with Au density from 3.8 μg cm−2 to 15.2 μg cm−2 under illumination and
in the dark. f) Photoresponse of the pristine CPIB film and different Au NPs/CPIB films measured under a bias of 2 V as the light is switched on and off.

Figure 5. a) Illustration of the experimental setup for controlling the phase segregation and photoluminescence using electrical gating. PL spectra of b)
the pristine CPIB film and c) the Au NPs/CPIB heterostructure before and after 532-nm excitation (5 mW cm−2) for 30 s with different gate biases. d)
Illustration of Au NPs/CPIB band alignments without and with a gate bias.

Adv. Funct. Mater. 2024, 2402935 2402935 (8 of 13) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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were illuminated with a 532-nm laser (5 mW cm−2) and a positive
gate voltage bias was applied to the bottom electrode at the same
time. The PL spectra of two samples before and after applying
the illumination/gate bias are shown in Figure 5b,c. When the
gate bias increases from 10 V to 40 V, only a small variation in
PL spectra takes place in the pristine CPIB and the peak position
of mixed halide emission remains almost unchanged. In addi-
tion, the extended band tails indicate that the electrical field does
promote the halide ion migration[32,56] but is not enough to trig-
ger the entire phase demixing in our experimental setup. On the
other hand, for the Au NPs/CPIB heterostructure, a significant
peak shift toward the I-rich emission was observed as the gate
voltage increased, indicating a large enhancement of halide seg-
regation. Since electrical gating cannot shift the PL peak to I-rich
domain for the pristine counterpart (Figure 5b), the substantially
enhanced halide demixing in Au NPs/CPIB (Figure 5c) is mainly
attributed to the promoted hot-electron transfer under a stronger
positive gate bias. The gate tuning of hot-electron transfer has
also been reported previously in other plasmon/semiconductor
systems.[57] As illustrated in Figure 5d, when applying a positive
gate bias, negative-charged mobile ions and free electrons can
move toward the dielectric interface, which acts like n-type dop-
ing and enhances the probability of hot-electron transfer across
the Schottky junction at the Au/perovskite interface.[57] Conse-
quently, the increased carrier density in the Au NPs/CPIB film
under the electrical gating enhances the phase segregation. Note-
worthily, to the best of our knowledge, the experiment presented
here is the first demonstration of tuning phase segregation of
mixed-halide perovskites using a gate bias. The gate-tunable
phase segregation of Au NPs/CPIB film not only confirms the
important role of hot-electron transfer in the hybrid nanostruc-
tures but also provides an additional opportunity to control the
mixed-halide phase and photoluminescence in plasmonic per-
ovskite devices. Furthermore, unlike previous approaches en-
tailing the modification of crystal size and defect characteris-
tics during synthesis to change the phase segregation proper-
ties of mixed-halide perovskites,[34,35] this study introduces post-
synthesis tuning with a gate bias to modulate the hot-electron
transfer efficiency, offering unprecedented flexibility to regulate
the optical properties of perovskites for versatile applications
such as nonlinear ReLU output conversion, as demonstrated in
the latter section.

To further confirm the role of hot-electron transfer in our de-
sign, a polymethyl methacrylate (PMMA) layer with a thickness
of ≈100 nm was spin-coated on perovskite film before the meta-
surface deposition to form Au NPs/PMMA/CPIB structure, as il-
lustrated in Figure S15a (Supporting Information). The PL spec-
tra of Au NPs/PMMA/CPIB film were measured using the same
illumination period and positive gate biasing (Figure S15b, Sup-
porting Information). The PL data indicate that the sample re-
tained the mixed halide emission, and no phase segregation was
observed at different gate voltages. In this control sample, the ad-
dition of a 100-nm PMMA interlayer would block the hot-electron
injection from the metasurface to the CPIB, and therefore, no
phase segregation occurred due to much lower carrier density.
According to these results, we conclude that the gate-dependent
phase segregation of Au NPs/CPIB film in Figure 5c should be
attributed to hot-electron transfer across the interface, which can
be effectively tuned by using a positive gate bias.[57] Since elec-

trical fields might also facilitate ion migration,[32,56] the negative
gate bias conditions (−10, −20, −30, and -40 V) were also tested
(Figure S16, Supporting Information). Interestingly, negligible
PL peak shifts were observed for the Au NPs/CPIB film, indicat-
ing that the electrical field is not the main reason for the phase
segregation. The dependence on the bias polarity can be better
explained by the hot-electron behavior because the negative bias
does not facilitate the hot-electron transfer process, leading to un-
changed or even lower carrier density in perovskite film and re-
taining the mixed-halide phases. Similar observations have also
been reported that the hot-electron transfer in the plasmonic het-
erostructure was enhanced under a positive gate bias while re-
duced under a negative one.[57,58] To understand the impact of
electrical gating in-depth, dark recoveries of Au NPs/CPIB with-
out and with gate bias were performed, respectively, after light-
gate synergistically triggered phase demixing (Figure S17, Sup-
porting Information). Compared to the typical phase remixing
in dark, it was found that the addition of either positive or neg-
ative gates would delay the recovery process, which can be at-
tributed to the enhanced ion accumulation in the presence of
electric fields,[37] leading to slower processes of halide remixing.

In this work, the measurements were undertaken based on
fresh Au NPs/CPIB samples. To further understand the stability
of the Au NPs/CPIB heterostructures, PL and X-ray photoelec-
tron spectroscopy (XPS) analysis were performed on specimens
before and after 3 cycles of light-induced phase segregation mea-
surements (at 0 day) and after storing the sample in air for 3 days.
As shown in the PL measurements in Figure S18a (Supporting
Information), compared to the fresh state, the Au NPs/CPIB re-
tains a high PL emission of ≈93% after reversible phase segre-
gation measurements, indicating its good resistance against the
light soaking used in our experiments. Furthermore, no appar-
ent defect peaks were observed on the sample after phase segre-
gation measurements in the XPS spectrum (Figure S18b, Sup-
porting Information) and, together with the enhanced current
density and gate tuning observed in Figures 4e,5c, we can con-
clude that the accelerated phase demixing in the Au NPs/CPIB is
due to hot-carrier transfer at the heterostructure interface rather
than triggering by defects. However, after storing the sample in
air for 3 days (≈50% relative humidity), the light coupling effect
of Au NPs/CPIB was drastically decreased (Figure S18a, Support-
ing Information), and the gate-tunable segregation property was
largely lost compared to the fresh sample (Figure S18c, Support-
ing Information). XPS analysis (Figure S18b, Supporting Infor-
mation) revealed that undercharged Pb0 appeared on the aged
perovskite surface, which can significantly increase the nonradia-
tive recombination and degrade the optical properties. Due to the
ionic nature of perovskite materials, stability is a long-lasting is-
sue in perovskite-related research.[59,60] Under a humid environ-
ment, the interfacial reactions between Au and CPIB can be trig-
gered by moisture.[61,62] The interfacial defects would hinder the
hot-electron transfer in the heterostructure, thus obscuring the
gate-tuning effect in the Au NPs/CPIB. The adverse interfacial
reactions can be potentially addressed by sample encapsulation
and incorporating a thin interlayer between the metal plasmonic
NPs and the perovskite layer.[63] As an example, we adopted a thin
PCBM electron transport layer to form an Au NPs/PCBM/CPIB
structure, in which the electron transport layer allows the trans-
fer of hot electrons and slows down Au diffusion, if any, into the
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Figure 6. a) Metasurface/perovskite device for presenting the ReLU function in a nonlinear hidden layer to convert gate voltage input to optical output.
b) PL optical response characteristic of the metasurface/perovskite device under a series of gate inputs from −40 to 40 V. The light emissions from
I-rich domains are highlighted by the arrows. c) Output signal (red light intensity at 685–690 nm) versus input signal (gate voltage) of the metasur-
face/perovskite converter. d) Architecture of convolution ANN based on electrical-to-optical ReLU. e) Handwritten digit recognition rate as a function of
learning processes.

CPIB film at the same time. As shown in Figure S19 (Support-
ing Information), the modulation of phase segregation was main-
tained when incorporating the thin PCBM interlayer, which not
only provides an additional means towards heterostructure engi-
neering with desired properties but also confirms from another
angle that the accelerated phase segregation is not a result of lat-
tice defects induced by Au diffusion.[64–66] Here, the thickness of
PCBM is ≈ 20 nm,[67] which can slightly hinder the hot-electron
transfer as the segregation in Au NPs/PCBM/CPIB is not as fast
as the Au NPs/CPIB counterpart in Figure 2d. Future research ef-
forts are warranted to optimize the interlayer thickness, thereby
simultaneously ensuring intact sharp interface and efficient hot-
carrier transfer.

As the foundation of artificial intelligence, research on neu-
ral networks has achieved impressive progress.[68] However, elec-
tronic artificial neural networks (ANNs) are facing inherent bot-
tlenecks, such as the susceptibility to interferences and the cor-
relation between computation speed and energy loss.[69,70] As an
alternative, photonic ANNs have been exploited due to their ultra-
low power consumption, sub-nanosecond operation speed, and
abundant computing parallelism.[70] Despite their tremendous
success in linear computation, photonic ANN models are diffi-
cult to execute nonlinear functions because of their limited and
invariable network complexity compared to electronic circuits.[71]

Recently, in order to combine the advantages of electronic and
photonic ANNs for high-performance and energy-efficient neu-
romorphic computing, researchers have turned their attention

to exploring optoelectronic networks with a focus on electrical-
to-optical and optical-to-electrical converters, which play a key
role in connecting the neural networks.[69,72,73] In a representative
work, Xu et al. developed a linear optical-to-electrical converter
using an opto-resistive switching device in electronic-photonic
ANNs and realized intricate functional computation.[69]

As demonstrated above, the optical properties of metasur-
face/perovskite architecture can be systematically tuned through
electrical gating, which offers a new platform for developing
electrical-to-optical converters in ANN hidden layers (Figure 6a).
In this metasurface/perovskite converter, the gate voltage repre-
sents the electrical input while the PL emission of iodine-rich
domains (wavelengths from 685 nm to 690 nm) is read as the
optical output. The gate-dependent optical spectra of the meta-
surface/perovskite device are shown in Figure 6b, in which the
iodine-domain emission is generally inhibited with gate biases
from -40 V to 0 V while linearly enhanced from 0 V 40 V. This
characteristic superbly matches the ReLU function, which is
the most extensively used nonlinear activation function in ANN
deep learning. The relationship between electrical input and op-
tical output of the metasurface/perovskite device is plotted in
Figure 6c, which can be perfectly fitted by the ReLU function,
defined as ReLU(x) = max(0, ax) + b, where a and b are con-
stants, x is electrical input, and ReLU(x) represents the optical
output. As a result, a high coefficient of determination (R2) of
0.9907 is obtained, suggesting that the metasurface/perovskite
devices can be ideal electrical-to-optical converters to perform
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nonlinear activation ReLU function. Different from recently de-
veloped electrical- and optical-only ReLU converters (Table S2,
Supporting Information), the electrical-to-optical ReLU converter
has not been achieved thus far, which possesses great potential
for future network connections in electronic-photonic ANNs.

We further adopted the experimental obtained electrical-to-
optical ReLU in an ANN application to classify handwritten dig-
its from the MNIST database. The convolution ANN structure is
shown in Figure 6d. For the given classification challenge, we
set the batch size to 100 and the learning rate at 0.001, using
a 3 × 3 kernel size and a stride of 1 for the convolution. With
the electrical-to-optical ReLU function implemented in the ANN
(Figure 6e), a high accuracy rate of 97.4% was achieved, a figure
in line with what was attained when employing the ideal ReLU
and other nonlinear functions for the identical neural network
(Table S3, Supporting Information). This outcome underscores
the validity and potential of electrical-to-optical ReLU as a non-
linear activation function in ANN applications.

3. Conclusion

In summary, we incorporated the hot-electron injection into the
perovskite optoelectronics by constructing Au NPs metasurfaces
and studied its impact on photoluminescence and phase segrega-
tion of CPIB films. Owing to efficient hot-electron coupling with
the plasmonic Au NPs, the photocurrent and the light-induced
phase segregation of CPIB were substantially enhanced. Further-
more, a gate electric field was used to tune the hot-electron injec-
tion, thereby achieving fine control of photoluminescence and
phase segregation in the CPIB films. Due to the capability of
near-field light-harvesting of the metasurface, we realized con-
trol of perovskite phases at localized positions by selectively pat-
terning the plasmonic metasurfaces on the perovskite film. Fi-
nally, we demonstrated that the superior property tunability of
metasurface/perovskite heterostructure provides a potential so-
lution for electrical-to-optical converters to perform nonlinear
activation ReLU functions in ANN hidden layers. With suitable
metasurface management strategies, the functionality and viabil-
ity of mixed-halide perovskites in a wide range of applications can
be rationally engineered on demand. This study opened a new
door toward leveraging light and hot-carrier management tech-
niques to propel the development of mixed-halide perovskite de-
vices. Additionally, the plasmonic metasurfaces presented here
demonstrate desirable capabilities to enhance PL emission and
photocarrier density, which is promising to be further leveraged
to advance perovskite optoelectronics. Besides the optimization
of hot-electron injection, light absorption of perovskite films can
be further optimized in future by careful design of the metasur-
face and perovskite layers. Finally, such rationally designed per-
ovskite/metasurface heterostructures may be applied in other ar-
eas including photovoltaic, photodetection and photocatalysis to
promote the perovskite-based technologies.

4. Experimental Section
Fabrication of Perovskite Thin Films and Au NP Metasurfaces: The CPIB

nanocrystals were synthesized employing a hot-injection method, followed
by purification and redispersion processes, as reported in the previous

work.[41] The SiO2/Si substrates were cleaned by ultrasonication in ace-
tone (20 min), ethanol (10 min) and deionised water (10 min), and then
cleaned by O2 plasma at a power of 75 W for 2 min. The CPIB nanocrys-
tals were spin-coated onto the SiO2/Si substrate at 3000 rpm for 1 min.
Then, methyl acetate was dropped onto the film for soft soaking. After
1 min soaking, the methyl acetate was removed by spinning at 3000 rpm.
The perovskite film was annealed at 120 °C for 10 min. All the processes
were performed in a glove box with inert atmosphere. To construct the
Au NP metasurfaces, different densities of Au were thermal evaporated
on the CPIB films with a slow deposition rate of 0.019 μg s−1 cm−2. Fi-
nally, the Au NP/CPIB samples were rapidly annealed at 120 °C for 3 min
in a glove box. For the experiments using an electron transport interlayer,
PCBM/chlorobenzene (15 mg mL−1) solution was spin-coated onto the
perovskite films at 4500 rpm for 30 s in a glove box.

Optical and Device Measurements: Fresh Au/CPIB samples (0 day)
were used for all measurements to avoid degradation, except for the stabil-
ity test. The CPIB nanocrystals were examined using transmission electron
microscopy (model JEM-F200, JEOL Ltd.) operated at 200 kV. X-ray diffrac-
tion measurement on CPIB was undertaken by a Bruker D8 ADVANCE
diffractometer. The surface morphologies of pristine and Au NPs/CPIB
films were studied by a high-resolutionSEM (model Nova NanoSEM 450,
FEI) with a voltage setting of 5 kV. The absorption spectra of different sam-
ples were measured using a double-beam UV/Vis/NIR spectrophotome-
ter (model Lambda 1050, PerkinElmer). WITec Alpha300 confocal spec-
troscopy equipped with a 532-nm laser was employed for PL measure-
ments and investigation of phase segregation in mixed-halide perovskite
films with an intensity of 5 mW cm−2 (≈1.34 × 1016 photons cm−2 s−1).
For PL measurements with a gate field, a commercial field-effect transis-
tor measurement adapter (Fraunhofer-Gesellschaft) was used to apply the
gate bias. The dynamics of hot-electron injection were examined using the
HELIOS transient absorption spectrometer, driven by a cavity-dumped Ti:
Sapphire laser operating at 800 nm with an output train of ≈80 fs pulses.
Within the 4 W of total output power, a dedicated 80 mW was allocated for
probe supercontinuum generation. The remaining power was directed to
a TOPAS Optical Parametric Amplifier to produce the pump wavelengths
essential for this investigation. The measurements were performed using
magic angle transient absorption spectroscopy with an excitation wave-
length of 450 nm and a white light continuum probe. Time-resolved PL
measurements were carried out using a confocal fluorescence microscope
(MicroTime 200, PicoQuant) and a 470-nm excitation laser combined with
a 519-nm long-pass filter for PL intensity monitoring. The laser spot size
was around 2 μm and the collecting time was set to 100 s. XPS analysis
was performed using an Escalab MkII system equipped with monochrom-
atized Al K𝛼 radiation under a pressure of 5.0 × 10−7 Pa. A Keithley 4200-
SCS semiconductor characterization system was used to measure the I-V
characteristics of perovskite devices.
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the author.
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