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Localized surface plasmon resonance (LSPR) has caused extensive concern and achieved widespread applications in
optoelectronics. However, the weak coupling of plasmons and excitons in a nanometal/semiconductor system remains to be
investigated via energy transfer. Herein, bandgap tunable perovskite films were synthesized to adjust the emission peaks,
for further coupling with stable localized surface plasmons from gold nanoparticles. The degree of mismatch, using steady-
state and transient photoluminescence (PL), was investigated systematically in two different cases of gold nanoparticles
that were in direct contacting and insulated. The results demonstrated the process of tuning emission coupled to LSPR
via wavelength-dependent photoluminescence intensity in the samples with an insulating spacer. In the direct contact case,
the decreased radiative decay rate involves rapid plasmon resonance energy transfer to the perovskite semiconductor and
non-radiative energy transfer to metal nanoparticles in the near-field range.

Keywords: plasmons, photoluminescence, tunable emission, perovskite

PACS: 73.20.Mf, 78.55.—m, 79.60.—

1. Introduction

Localized surface plasmon resonance (LSPR), generally
produced by photoexcitation of noble metal nanoparticles, has
attracted great attention due to its characteristics of ultra-
confined light.['=*1 It has a wide applications in optoelectron-
ics such as SPASERs,>~7! enhancing light-emitting diodes,®!
all-optical switches, ! super light absorbers!!'”) and energy
conversion.['"12] Numerous experiments on the enhancement
of light fields and emission have been extensively demon-
strated in recent years,!'3-18] and there have been many in-
vestigations into how surface plasmon resonance enhances the
light emission!!°2% between plasmonic nanostructures and
emitters. Particularly, the energy transfer process remains
to be investigated systematically with regard to the enhance-
ment of the electromagnetic field and emission intensity in the
perovskite semiconductor around localized surface plasmonic
nanostructures.

There have been many advances in surface plasmon-
enhanced light emission, and several types of energy transfer
processes have been investigated and explored in different flu-

[26] developed a nanometal

orescent systems. Breshike et al.
surface energy transfer model that predicted gold nanoparti-
cle (Au NP) size-dependent photoluminescence (PL) quench-
ing of a dye at a fixed separation distance by the modified
size-dependent dielectric constant of the gold nanoparticle.
Cheng et al.!”’! optimized an insulating spacer in a monolayer
transition metal dichalcogenide—plasmonic system. A one

nanometer-thick spacer on silver film had the best PL enhance-
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ment at the same temperature. Furthermore, they observed
quenching of the temperature-variable PL in the absence of a
spacer, but gave no detailed explanation for their observations.
Li et al.'?81 reported localized surface plasmon-enhanced light
emission intensity as a function of insulating spacer thickness
in core-shell nanostructures. They pointed out that plasmon-
induced resonance energy transfer (PIRET) is a non-radiative
coherent energy transfer between metal NPs and the semicon-
ductor in the core-shell nanostructures through dipole—dipole
coupling, which differs from the unidirectional Forster reso-
nance energy transfer (FRET) process. Another type of non-
radiative energy transfer is the direct exchange of electrons be-
tween two molecules, involving the overlap of electron clouds
or the contact of molecules.?”! This process, called Dexter
energy transfer (DET), is different from FRET and is suit-
able for long-range energy transfer with an intermolecular dis-
tance of 5 nm to 10 nm.*%! It is only suitable for short-range
energy transfer with intermolecular distances within 1.5 nm.
However, investigations on localized surface plasmon—exciton
coupling in nanometal/semiconductor systems are limited, and
study of the energy process is still ambiguous.

This study aims to achieve a nanometal/perovskite cou-
pling system. For this, perovskite semiconductor films with
different emission peaks, realized by the modulation of per-
ovskite composition and small-sized gold nanoparticles, have
been prepared. After constructing the system, steady-state PL
spectroscopy and micro-region absorption spectroscopy are
used to detect the changes in absorbance and emission inten-
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sity, and to analyze the enhancement or quenching of pho-
toluminescence under different degrees of detuning between
the perovskite films and the LSPR peak. In addition, a two
nanometer-thick alumina spacer was introduced into this sys-
tem to illustrate the fact that the PIRET enhances perovskite
PL with higher efficiency than non-radiative energy transfer,
and the perovskite exciton emission peak matched the LSPR
peak. Time-resolved photoluminescence (TRPL) explicitly
demonstrates that radiative decay rates decrease, consistent
with the results of steady-state PL spectroscopy. This also
partially revealed that the plasmon-induced resonance energy
transfer process decreased the excited state decay time, and
the non-radiative energy transfer process extended the excited
state decay time. This work provides some references for
the experimental design of semiconductor device performance
that is enhanced by localized surface plasmons. Our study
of the resonant coupling of the nanometal/perovskite system
could inspire further studies on the energy transfer mechanism
of localized surface plasmon—exciton interaction.

2. Results and discussion
2.1. Preparation of gold nanoparticles and perovskites

Gold nanoparticles supporting localized surface plas-
mons were synthesized using a chemical solution method. A
transmission electron microscope (TEM) image of the gold
nanoparticles is illustrated in Fig. 1(a). The uniformly dis-

persed gold nanoparticles, with an average size of about 4 nm,
can be clearly seen in Fig. 1(b). According to the particle-size
distribution diagram, most of the gold nanoparticles are in the
range of 3.5 nm—4.5 nm in size. Precisely, as presented in the
inset of Fig. 1(c), the gold nanoparticles were dispersed in n-
hexane as a solvent.

Furthermore, in the extinction process of metal nanopar-
ticles, part of the light is absorbed by localized surface plas-
mon resonance (LSPR), another part is absorbed by excit-
ing the forbidden transition, and the last part is scattered to
the far field. Since the particle diameter completely varies
in the range of 3.5 nm—4.5 nm in our samples, the scattered
part of the extinction cross section may be neglected and the
extinction curve corresponds to an absorption curve. Thus,
the absorption curve of the smaller metal NPs is attributed to
both the forbidden transition and LSPR. In general, the sin-
gle LSPR peak is described as a Lorentzian curve according to
the free electron Drude model, and the forbidden transition is
also called interband transition of metal NPs that is electronic
transition from the d-band to the conduction band.*!! The ab-
sorbance spectrum in Fig. 1(c) appears distinctly as a single
resonance about 520 nm, corresponding to LSPR. Therefore,
the absorbance spectrum of Au NPs can be divided into local-
ized surface plasmonic absorption of free electron collective
oscillation (purple segment curve) and interband transition ab-
sorption of bound electrons (red segment curve) by exciting at

short wavelengths below 500 nm.[3?!
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Fig. 1. (a) TEM images, and (b) the size distribution obtained by TEM of Au nanoparticles. (c) Absorbance spectra of Au nanoparticles (inset:
an image of Au NPs in glass bottles) divided into absorption curves of the LSPR and the interband transition.

To tune the emission wavelength to match the LSPR peak,
we designed four perovskite films of luminescent material on
glass sheets (1.5 cm x 1.5 cm) and varied the fluorescence
peak position from 470 nm to 536 nm. Scanning electron mi-
croscope (SEM) images of the MAPbBr3;_,Cl, films are il-
lustrated in Figs. 2(a)-2(d). All the images show dense and
uniform stacked granular film morphology. Using an energy
dispersive spectrometer, we acquired the chloride ion content
of the MAPbBr;_,Cl, films as x =0, x = 0.3, x = 0.8, and
x = 0.9, corresponding to Figs. 2(a)-2(d), respectively.

In addition, the crystallinity and cubic crystal structure of

the initial MAPDbBr3 film were verified using x-ray diffraction
(XRD) analysis. The XRD pattern of the initial film has the
main diffraction peaks in Fig. 2(e) at 15.02°, 21.26°, 30.2°,
and 43.2°, corresponding to the (100), (110), (200), and (220)

33341 respectively. The

crystal planes of perovskite MAPbBr3, !
cubic crystal structure of the perovskite MAPbBr3;_,Cl, is ver-
ified using ex situ XRD measurements. The peak for a (100)
diffraction plane shifts from 15.02° (pure Br), 15.22°, 15.36°,
to 15.44°,135-381 indicating that the chloride ion had exchanged
a certain percentage in the x = 0, 0.3, 0.8 and 0.9 bromine ion

based on the pure MAPbBr; film in Fig. 2(f). From the ba-
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sic morphology, structure and crystallinity, it can be seen that
we have successfully synthesized perovskite films with differ-

ent compositions, namely, different bromine and chloride ion

ratios.
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Fig. 2. SEM images of perovskite MAPbBr3;_,Cl, films with successively increased chloride ion content from (a), (b), (c) to (d). (¢) Normalized
XRD patterns of perovskite MAPbBr3_,Cl, films. (f) Normalized peaks of (100) diffraction planes from different films.

2.2. Steady-state spectral analysis

Next, the test of the PL and absorbance spectrum of the
MAPDbBr3_,Cl, films was performed. Based on changes in the
composition of the films, the gradient absorption band edges
and PL peaks can be obtained using a steady-state PL spec-
trometer and micro-zone absorption spectrometer. The nor-
malized absorbance peak grades from 456 nm to 523 nm, cor-
responding to the normalized PL peak grading from 470 nm to
536 nm, as shown Figs. 3(a) and 3(b). Additionally, we found
the emission wavelength of the perovskite MAPbBr; 7Clg 3 at
518 nm in Fig. 3(b) is very close to the LSPR wavelength. This
means it may have tuned the emission peak of the perovskite
to successfully match the LSPR peak.

Thereafter, the four perovskite films could be combined
with the Au NPs in the spacer and in direct contact, respec-
tively. A simple coupling system was used to directly drip

the same dose of gold nanoparticle solution onto the four per-
ovskite films, respectively. The fluorescence intensity of the
simple coupling system was weakened to varying degrees un-
der a continuous wave laser at 405 nm wavelength. Here, the
degree of enhancement or quenching can be described by an
enhancement factor (EF), which is equal to the ratio of the
film’s fluorescence peak area after dripping Au NPs onto the
previous counterparts. All EFs less than one have been dis-
played intuitively by a translucent purple line, as shown in
Fig. 3(b). Therefore, Au NPs quenched the fluorescence of
the perovskite films to varying degrees in cases of direct con-
tact. In the system with Au NPs in contact with perovskite,
fluorescence quenching may result from the fact that the coat-
ing of the Au NPs absorbs part of the excitation and emission
light and weakens the fluorescence intensity of the perovskite
films. In addition, the perovskite film of the emission peak
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at the highest overlap with the LSPR peak obtains the largest
EF, which can be seen more clearly from the scatter plot in
Fig. 4(e). This may result from the fact that the resonant cou-
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Fig. 3. (a) Normalized absorbance spectra of MAPbBr3_,Cl, films. (b) Normalized photoluminescence spectra of the perovskite MAPbBr3;_,Cl,
films and the relative change in their photoluminescence intensity after dripping Au NPs. (c¢)—(f) The change in photoluminescence intensity on

the single sample decorated by Au NPs.

With regard to the best-known perspective, a widely ap-
plied FRET process was proposed to reveal the fluorescence
quenching of fluorescent molecules.?") The energy released
from an excited donor could simultaneously excite the ground-
state acceptor based on the Coulombic interaction between
these two chemical groups. The Dexter energy transfer (DET)
is thought to be energy transfer as a result of exchanging elec-
trons at an electron cloud overlap.*! It (also called Dex-
ter electron exchange) is a fluorescence quenching mecha-

nism in which an excited electron is transferred from one
molecule (a donor) to a second molecule (an acceptor) via
a non-radiative path. This process requires a wavefunction
overlap between the donor and acceptor, which means it can
only occur at short distances, typically within 1 nm. These en-
ergy transfer mechanisms can be called a non-radiative energy
transfer (NET) mechanism. Another energy transfer process,
called plasmon-induced resonance energy transfer (PIRET),
can harvest visible to near-infrared light energy.!?®! In our
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nanometal/perovskite system, according to NET, Au NPs will
possibly get more energy from the perovskite films at the
worse alignment of their PL peaks and the absorption peak of
gold nanoparticles in direct contact cases. However, in PIRET,
localized surface plasmons will provide the most energy for
the perovskite film, with the emission peak matched to the
LSPR peak.

To eliminate energy loss by exchanging electrons in a
nanometal/perovskite system, an about 2 nm thick Al,O3
spacer was deposited on the four perovskite films using pulsed
laser deposition, and subsequently dripped the gold nanoparti-
cles onto the perovskite films with the insulating spacer. As a
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result, the fluorescence intensity of the perovskite films shows
different degrees of enhancement under the same continuous
wave laser in Figs. 4(a)-4(d), which means that all the EFs
are greater than one. The largest enhancement factor can be
obtained, as shown in Fig. 4(c), and this means that the per-
ovskite MAPbBr; 7Clg 3 got the most energy compared to the
other films in the case of the insulating spacer. The enhance-
ment factors varying with wavelength are displayed intuitively
in Fig. 4(f). By comparing Figs. 4(e) and 4(f), we find that
the coating of Au NPs to block light is not the main reason
for weakening of the fluorescence intensity of perovskite films
after depositing the alumina spacer. Moreover, it is found that
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Fig. 4. (a)—(d) The variations of fluorescence intensity for the perovskite films with the alumina spacer after dropping Au NPs. The enhancement
factors versus wavelength (e) before depositing alumina and (f) after depositing alumina.
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the EFs, as shown in Fig. 4(f), first increase and then decrease
as the Cl doping concentration increases. The reason for this
is that, depending on the LSPR peak, the semiconductor with
the PL peak center closer to its peak center gets bigger en-
hancement. The PL peak center of the perovskite films in this
paper is blue-shifted from 536 nm to 470 nm as the CI doping
concentration increases, while the LSPR peak center is about
520 nm; therefore, the PL intensity of Au/Al,Os/perovskite
will first increase and then decrease. Furthermore, efficient lo-
calized surface plasmon—exciton coupling has occurred due to
the largest EF. As mentioned previously, it is evident that dif-
ferent oscillation intensities at different positions of the local-
ized surface plasmonic peak mean different enhancement ef-
fects, and the largest enhancement effect is located at the cen-
ter frequency. In the Au/Al,Os/perovskite system, the PIRET
can be described as coherent transfer of plasmonic energy to
perovskite excitons, which makes the overall emission inten-
sity higher. The FRET can be described as non-radiative en-
ergy transfer to the metal NPs, especially when the emission
peak matches the absorption peak of Au NPs, as shown in
Fig. 4(e).

2.3. Transient photoluminescence measurements

To further explore the carrier behavior of the per-
ovskite semiconductor coupling with localized surface plas-
mons, time-resolved photoluminescence spectroscopy was
performed to uncover the photogenerated carrier behavior of
perovskite induced by a possible energy transfer process in the
near-resonant coupling system. The fluorescence lifetimes of
the perovskite films, with or without Au NPs, were detected
using a streak camera under the same power 400 nm pulsed
laser (150 fs, 1000 Hz). Isolated perovskite films generally
have only one spontaneous emission recombination channel,
which is the spontaneous transition of electrons in the ex-
cited state. Meanwhile, the decoration of gold nanoparticles
will cause an additional spontaneous emission recombination
channel, which is the spontaneous transition of electrons in
different states after exchanging electrons. Therefore, a sin-
gle exponential decay function was used to fit the fluorescence
lifetime decay curve of isolated perovskite MAPbBr, 7Cly 3,
and a biexponential decay function was used to fit the fluores-
cence lifetime decay curve of the Au/MAPDbBr; 7Clg 3 system.
The multi-exponential decay function is expressed by

n
n ,;Ai’fiz
1(t) :IOJrZA,-exp(ft/Ti), Tavg = .

=1 AT
=1

i=

Here, Iy is the fit constant, while A; and 7; are the amplitude
and decay time constant of the i-th component function, re-
spectively. In Fig. 5(a), 71 and 7, are short and long fluores-
cence lifetimes, respectively. The T,y is the average value of

the fluorescence lifetimes in multi-exponential decay. Accord-
ing to the results of the fitting decay curve, fluorescence life-
time values have been calculated as exactly shown in Fig. 5(a).
The 7; is described as a shortened fluorescence lifetime in-
duced by PIRET, and 7, is described as extended fluorescence
lifetime, mainly induced by DET. The 0.42 ns fluorescence
lifetime of the isolated film is extended to the average fluores-
cence lifetime 0.97 ns, which means that the radiation decay
rate I}, corresponding to emission intensity, is reduced. This
result is consistent with the weakened emission intensity mea-
sured via steady-state PL spectroscopy in Fig. 3(b).

(a) =z
5 MAPbBBr, ;Cly 5
z o MAPbBr, ,Cly 5/Au
£ i\
& $ 3
42 8 7, =149.6 ps
g g T, = 1032.7 ps
- ; Tavg = 967.4 ps
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g 1 1 1
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—6.7 eV VBM
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Fig. 5. (a) Normalized time-resolved photoluminescence spectra for the
perovskite MAPbBTr; 7Cly 3 before and after dripping Au NPs, as well as
the fitting fluorescence lifetimes. (b) A schematic diagram of the phys-
ical process in the composite system of MAPbBr, 7Clj 3/Au. Purple ar-
row: photoexcited electronic transition; orange dotted arrow: nonradia-
tive process; green arrow: radiative process; blue bidirectional curved
arrow: electron exchange process.

According to the electronic properties of gold nanoparti-
cles with diameters less than 10 nmP%! and semiconductors,
a photophysical schematic diagram of the gold nanoparticles
and perovskite is given in Fig. 5(b). Photoexcited electronic
transition of the perovskite and LSPR, as well as d-band elec-
tronic transition of Au NPs occurs, as shown by the purple
arrow, when a 400 nm pulsed laser enters the coupling system.
The localized surface plasmonic energy is coherently trans-

ferred to the semiconductor by FIRET. Thus, oscillating elec-
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trons quickly relax to hot electrons and the electrons in the
conduction band of the semiconductor also relax, as shown by
the orange dotted arrow, which results in a short lifetime of
0.15 ns. Then, the overlapping of the electron wave-functions
of gold nanoparticles and perovskite films is likely to cause
electron exchange between them; therefore, the DET process
occurs in the gold—semiconductor direct contact case. Thus,
the energy of the excited electrons in the semiconductor is
lost. Moreover, the photons radiated by the semiconductor will
be partially reabsorbed by FRET due to the matching of the
emission peak and the gold absorption peak. The electronic
exchange process of DET may quench semiconductor fluores-
cence and result in a long lifetime of 1.03 ns in Fig. 5. Hence,
the average fluorescence lifetime is longer than the fluores-
cence lifetime of isolated perovskite semiconductors. Finally,
the recombination channel caused by PIRET and NET leads
to the total reduced radiative decay rate, and then the fluores-
cence lifetime is extended.

3. Conclusion

In summary, the optical properties of multiple emis-
sion wavelengths are achieved via multiple perovskite
MAPBBr3_Cl,. The single LSPR peak is derived from the
absorption spectrum of the synthesized small-sized Au NPs.
From the configuration of the Au/perovskite system, the differ-
ent degrees of coupling between excitons and localized surface
plasmons are observed by the steady-state PL spectrum; the
emission intensities of the original isolated films are weakened
to different degrees. Based on the existing research results,
the possible energy transfer, including FIRET for energy into
perovskite and NET undergoing energy dissipation, have been
discussed and categorized. After the introduction of the alu-
mina spacer, the emission intensity of the perovskite films has
been enhanced to different degrees, indicating that the DET
effect is eliminated, and the perovskite MAPbBr; 7Clg 3 still
obtains the biggest EF. Moreover, the process of tuning emis-
sion coupled to LSPR has been demonstrated by wavelength-
dependent EFs. Furthermore, the measurement of lifetimes
via TRPL spectroscopy also illustrates energy transfer pro-
cesses in the Au/MAPbBr; 7Clp 3 system. NET can weaken
perovskite fluorescence more, which results in a long life-
time of 1.03 ns. Therefore, the average fluorescence lifetime,
0.97 ns, of the whole system is longer than the 0.42 ns lifetime
of isolated perovskites. This work could promote the effective
utilization of localized surface plasmon effects and may in-
spire further research on localized surface plasmon-mediated
studies on the energy transfer mechanism of localized surface

plasmons on metals interacting with semiconductor excitons.

Appendix A: Methods

Materials Pbl,, N,N-dimethylformamide (DMF) and hy-
drochloric acid (HCI) were purchased from Sigma-Aldrich.
Methylamine hydrochloride (MACI) and methylammonium
bromide (MABr) were purchased from Xi’an Polymer Light
Technology Cory Company. Oleylamine was purchased from
Shanghai D-chem. N-octane was purchased from Shanghai
Macklin Biochemical Technology Co., Ltd.

Gold chloride trihydrate and borane-tert-butylamine com-
plex powder were purchased from Aladdin, and n-hexane was
purchased from Nanjing Chemical Reagent Co., Ltd. The ab-
solute ethanol was from Sinopharm Chemical Reagent Co.,
Ltd.

Preparation of MAPbBr;_,,Cl, films Initially, the raw
Pbl, material (purity 99.99%) was placed in a vacuum de-
position chamber, and the ion-cleaned glass sheet (1.5 cm X
1.5 cm) was kept upside down over the material. Then, it
was preheated at 200 °C for about 15 min in a nitrogen atmo-
sphere, and the air was pumped three times to remove the en-
trained moisture therefrom. Next, the temperature of the vac-
uum chamber was increased to 300 °C at a rate of 50 °C/min,
then increased to 360 °C at a rate of 10 °C/min, and finally
increased to 370 °C at a rate of 1 °C/min, followed by reaction
for 12 h. By lowering the temperature of the glass substrate to
room temperature in the same manner as before, the final film
thus obtained was annealed in a high-temperature tube furnace
at 10 °C/min to a central temperature of 180 °C for 1-2 h and
returned to room temperature.

Quartz boats containing 300 mg MAI powder and Pbl,
film were placed in the middle and downstream of the tube
furnace, respectively, at 10 °C per minute to increase the cen-
tral temperature to 110 °C for 4 h, and finally the MAPbBr3
film precursor was obtained.!?®! Next, the quartz boats, with
100 mg of MACI powders and MAPbBr3 film precursor, were
placed in the middle and downstream of the tubular furnace,
respectively. Then, the tubular furnace was pumped down to
20 Pa and 30 sccm nitrogen was introduced. Then, it was
heated up to 80 °C at 10 °C/min and maintained the reaction
temperature for around 30 min, 90 min and 130 min, thus ob-
taining different MAPbBr3;_,Cl, films.

Preparation of Au nanoparticles A mixture of 10 mL
oleylamine and 10 mL n-octane was added to a 50 mL double-
necked round-bottom flask, and stirred for 5-10 min under a
constant temperature water bath at 20 °C. Then, 0.1 g solid
chloroauric acid was added to the round-bottomed flask, and
stirred for 5-10 min under a nitrogen protective atmosphere.
Another 0.25 g tert-butylammonium borane powder was dis-
solved in 1 mL oleylamine mixture, and then poured into the
round-bottomed flask, and stirring was stopped after about 1 h.
Finally, the original reaction solution was settled in 60 mL ab-
solute ethanol to concentrate the solution by centrifugation,
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and the bottom precipitate was dispersed in 10 mL n-hexane
to obtain approximately a few nanometers of gold nanoparti-
cles.

Characterizations A field emission scanning electron
microscope (Carl Zeiss Ultra Plus) and x-ray energy disper-
sive spectrometer (EDS, Oxford X-Max 50) were used to ob-
tain the morphology and elemental compositions of the per-
ovskite film, respectively. The XRD pattern of the sample was
obtained using x-ray diffraction analysis (Cu Ko, Rigaku Cor-
poration). The pulsed laser deposition (PLD) system is mainly
composed of a laser and vacuum deposition system. The laser
is a KrF excimer laser (Coherent Company, the United States)
with 248 nm wavelength, a frequency range of 1-50 Hz and
a maximum energy of 700 mJ. The vacuum deposition system
was purchased from Shenyang Scientific Instrument Co., Ltd.,
Chinese Academy of Sciences, and the model is a PLD-300a.
It adopts a two-stage vacuum system consisting of a mechan-
ical pump and a molecular pump, and the ultimate vacuum
is 6.67 x 107> Pa. The PL decay lifetimes of samples were
measured using an optically triggered streak camera system
(Optronic GmbH SC-10).
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