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Metal halide perovskites have emerged as leading materials in luminescence and photovoltaic research
due to their unique tunable optical properties, with applications spanning light sources, sensors and solar
cells. Recently, quasi-2D perovskites, characterized by their enhanced stability and superior moisture
resistance, have gained attention for their potential in ambient-condition applications. Enhancing the
properties of these materials to enable the development of highly efficient devices that can operate
under ambient conditions has become a critical and highly active area of research. This study
investigates the photoluminescence (PL) enhancement of (PEA)>(MA),_:Pb,lz,+1 perovskite films, with
n = 3,5, 10, through the deposition of silver nanoparticles (Ag NPs) via sputtering. The size distribution
and absorbance spectrum of Ag NPs were systematically analyzed to identify conditions for maximum
PL amplification. The results show that the strongest PL enhancement, a 7.4-fold increase, was achieved
for n = 10 films coated with Ag NPs exhibiting a plasmonic resonance peak at 528 nm and a size
distribution peak at 8 nm. This study provides critical insights into the interaction between plasmonic
nanostructures and quasi-2D perovskites, preparing the path for the development of highly stable and
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1. Introduction

Perovskites are among the most innovative materials in the
research of luminescence and photovoltaic processes.'™
In particular, metal halide perovskites have been the new bases
for the fabrication of nanolasers,® photovoltaic solar cells,® and
quantum light sources.” The general formula of 3D perovskites
is ABX3, where A is a monovalent cation, B is a metal such as
Pb**, Sn**, and X corresponds to a halide such as Cl, Br, . The
cation A typically is Cs*, CH;NH; " (methylammonium or MA) or
CH;N," (formamidinium or FA).* ™ The diverse combinations

@ Instituto de Fisica, Universidad Nacional Autonoma de México. Circuito de la
Investigacion Cientifica, Ciudad Universitaria, Coyoacdn, 04510, Mexico City,
Mexico. E-mail: reyes@fisica.unam.mx

b Engineering and Technology Institute Groningen (ENTEG), Faculty of Science and
Engineering, University of Groningen, 9747 AG, Groningen, The Netherlands

¢ Laboratorio de Fisicoquimica y Reactividad de Superficies (LaFReS), Instituto de
Investigaciones en Materiales, Universidad Autonoma de México UNAM, Coyoacdn,
04510, Ciudad de México, Mexico. E-mail: diego.solis@unam.mx

9 Institute of Advanced Materials (INAM), Universitat Jaume I. Avenida de Vicent
Sos Baynat, s/n. Castello de la Plana, Castellon, Spain

¢ Département de Physique, Faculté des Sciences, Université de Sherbrooke, J1K 2R1,
Sherbrooke, QC, Canada

i Electronic supplementary information (ESI) available: Sputtering process for Ag

NP coatings, PL intensity measurements of perovskite films, and TEM images

with size distributions of Ag NPs. See DOI: https://doi.org/10.1039/d4tc04288c

This journal is © The Royal Society of Chemistry 2025

highly efficient light-emitting devices and solar cells.

of cations (A and B) and, notably, the mixtures of different
anions (X) enable perovskites to achieve tunable bandgaps,
ranging from 1.2 to 3 eV, with well-defined emission between
400 and 1000 nm wavelengths.®

Furthermore, it is possible to add a fourth component (A’) to
separate sections of the perovskite and create quasi-2D perovs-
kite sheets increasing chemical and thermal stability, as
organic layers act as barriers against water and external
agents.'’ The general formula for this family of perovskites is
(A")mAn—1Bn X301, Wwhere A’ is a cation that intercalates between
perovskite layers, with m = 2 for monovalent cations and m = 1
for divalent cations, and n the number of interconnected
octahedral layers. For lead halide perovskites, only a small
number of organic or inorganic A-cations present stable 3D
phases (like MA, FA, or Cs), and the most commonly used A’-
cation spacers are phenethylammonium (PEA), butylammo-
nium (BA) or octylammonium (OA)."? These additional cations,
with their moderated size, provide stability while preserving the
integrity of the structure. In particular, (PEA),(MA),,_1Pb,I3,+1
has proven ideal for applications under ambient conditions.
(PEA),(MA),Pbsl,, (1 = 3) perovskite films have shown impress-
ive tolerance and stability, particularly concerning moisture
stability, under ambient-like conditions.”* These advanced
materials feature a wider bandgap (>2.0 eV) due to quantum
confinement, more intense photoluminescence emission ideal
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for LEDs and lasers, and more stable excitons with high
binding energy (~100-300 meV) from layer confinement.

On the other hand, plasmonic nanostructures play an
important role in the development of highly efficient light-
emitting devices, highly sensitive sensors, enhancement of
quantum emitters, and information transfer, owing to their
ability to confine light to nanometric dimensions and create
very intense local electromagnetic fields."*® In recent years,
the enhancement of the optical properties of materials by
plasmonic nanostructures has led to the fabrication of highly
efficient nanolasers,"*"® improved solar cells,>**" highly sensi-
tive sensors,'”**> low-loss waveguides,"> plasmonic-enhanced
light-emitting diodes,> and enhanced quantum emitters."®>*
The basis of these improvements lies in the effects generated by
the coupling between the materials and plasmonic nanostruc-
tures, such as PL enhancement. This enhancement can be
achieved through the direct interaction of photoluminescent
materials with metallic NPs.>**” Localized surface plasmons
(LSP) generated by oscillating electrons in metallic NPs can be
induced by either photoluminescence (PL) from an excited
material or by an excitation source. Electrons constituting
the plasmon are injected into the luminescent material and
function as hot carriers within the conduction bands.*>*"°
Subsequently, they transition to the valence band via radiative
decay. The resonance wavelength and intensity of the LSP
depend on the shape, size, and composition of the metallic
NPs, as well as on the properties of the surrounding media.>"*°
On the other hand, incorporating metallic NPs with plasmonic
characteristics has proven to be a fruitful strategy for enhancing
the performance of solar cells.*’** The non-absorbed spectrum
from a tandem photovoltaic cell can be used to generate plasmons
in metallic nanostructures, whose hot electrons can be transferred
to the cell’'s active medium, increasing in power conversion
efficiency (PCE). It has been reported that incorporating Au@TiO,
NPs in direct contact with or embedded in an active medium
composed of CH3;NH;PbI; perovskite in a photovoltaic cell can
increase its PCE from 12.6% to 18.2%.%* However, the most
suitable characteristics of plasmonic nanostructures for obtaining
maximum enhancement of quasi-2D perovskite films are still
not fully understood. As many novel lead halide perovskites have
emerged, it is highly desirable to understand the influence of
different metallic nanostructures on the quasi-2D perovskite
optical properties.

In this study, the PL enhancement of (PEA),(MA),,_1Pb, 13,1
(with n = 5, 10) perovskite films were achieved by sputtering of
Ag NPs coatings onto the films. The absorbance spectrum and
size distribution of the Ag NPs and the PL intensity of the films
were analyzed to determine the optimal characteristics of Ag
NPs for PL enhancement. PL amplification was observed for
various Ag NP depositions and perovskite phases (n = 5, 10).
The maximum PL enhancement occurred when the plasmonic
resonance wavelength of the Ag NPs matched the 532 nm
excitation laser source. A maximum 7.4-fold amplification in
the PL intensity was observed for (PEA),(MA)oPb,l3;1 (7 = 10)
perovskite films coated with an Ag NPs exhibiting a peak
absorbance at 528 nm and NPs size distribution peak at 8 nm.
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2. Materials and methods

2.1. Quasi-2D perovskite films synthesis

2.1.1. Materials. Phenethylammonium iodide salt (99%),
PbI, (99.9%), hydriodic acid (57%), chlorobenzene anhydrous
(99.8%), N,N-dimethylformamide (DMF), and diethyl ether
were purchased from Sigma-Aldrich. Isopropanol was pur-
chased from Tecsiquim. Methylamine, 40% w/w aq. This
solution was purchased from Alfa Aesar. All the chemicals were
used directly without further purification. The solvents used
were of reagent grade or higher purity. The DMF and diethyl
ether were dried and degassed using a JC Meyer solvent
purification system.

2.1.2. Methylammonium iodide. Methylammonium iodide
(MAI) was synthesized by mixing concentrated hydroiodic acid
(HI, 15.0 mL, 57 wt% in water) with an aqueous methylamine
(CH3NH,) solution (13.5 mL, 40 wt%) at 0 °C for 2 h under
vigorous stirring in a nitrogen atmosphere. Subsequently, all
volatiles were removed using a rotary evaporator, and the
resulting off-white powder was washed three times with diethyl
ether (10 mL) and dried under vacuum overnight. The final
product, MAI, was obtained as a white crystalline solid (19.38 g,
78% yield).

2.1.3. Dissolution of PEA,MA,,_Pb,I3,.;. A 1.0 M solution
of PEA,MA,,_,Pb,l;,.4, relative to lead content, was prepared.
The reagents were weighed inside a glove box and dissolved in a
4:1 DMF : DMSO ratio. The solution was stirred at 70 °C over-
night. Before deposition, it was filtered using a 0.22 pm poly-
tetrafluoroethylene (PTFE) membrane.

2.1.4. Glass substrates cleaning. Glass substrates were
cleaned before film deposition. First, they were sonicated
for 10 min in a mixture of distilled water and Hellmanex III
detergent. The substrates were then rinsed twice with hot
distilled water and isopropyl alcohol. After each bath, pressur-
ized nitrogen (N,) was used to dry the samples. Finally, the
substrates were treated in a UV-ozone cleaner (Ossila) for
20 min.

The deposition of (PEA),(MA),,_1Pb,I5,., films (n = 3, 5, and
10) was carried out using a two-step static spin-coating method.
First, glass substrates were preheated on a hotplate at 80 °C
for 10 min. In the first step, 100 pL of the perovskite precursor
solution was dispensed onto the substrate and spun at
1000 rpm for 10 s. In the second step, 200 pL of chlorobenzene
was added as an antisolvent during spinning at 3000 rpm for
30 s. Finally, the samples were annealed at 80 °C for 10 minutes
and stored in a nitrogen-filled glove box.

2.2. Perovskite optical characterization

The (PEA),(MA),_1Pb,ls,.; perovskite films displayed optical
characteristics according to the sheet thickness. n = 3 phase
perovskite films showed peak absorbance at 505 nm wave-
length, while n = 5 and n = 10 phase perovskites presented
peak absorbance at 563 nm (Fig. 1a). These differences in the
absorption spectra are associated with the variations in the
bandgaps of the different perovskite phases n.'" It is important
to note that, for the three cases, there is a large absorption at

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Optical characteristics of (PEA)>,(MA),_1Pb,ls,.1. (@) Absorbance
spectra for perovskite films with phases n = 3, 5, 10. (b) Photolumines-
cence spectra corresponding to the same phases.

532 nm, allowing easy excitation of the material at this wave-
length. However, it can be noted that the bandgap for the phase
n = 3 is significantly larger than for the other phases, and its
energy is higher than that of the excitation laser.

The perovskite films were excited using a 532 nm wave-
length laser with a power of 1 mW, resulting in distinct PL
spectra for each phase n (Fig. 1b). Perovskite films with n =
phase exhibited a PL maximum at 764 nm wavelength, along
with a considerably lower PL intensity than other types of
samples. Conversely, perovskite samples with n = 5 and
n = 10 displayed high PL intensity, with PL maxima at
759 nm and 761 nm wavelengths, respectively. Notably, the
samples with n = 10 exhibited twice the PL intensities of those
with phase n = 5.

2.3. Sputtering coating of Ag NPs

The Ag NPs coatings were generated using a CY-MSP180G-DC
sputtering system with an Ag target (99.9%) at a high chamber
pressure of 2.5 Pa, deposition time of 1 s, and sputtering
surface heating of 75 °C. Deposition time plays a crucial role
in the production of NPs under high-pressure conditions
within the chamber. Subtle variations in the deposition
time and pressure within the sputtering chamber resulted in
nuanced alterations in the morphology and size of the Ag NPs
(see Section S1, ESIt). Ag coatings exceeding a deposition time

This journal is © The Royal Society of Chemistry 2025
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of 1 s resulted in porous film layers owing to NP agglomeration.
In contrast, deposits lasting only a fraction of a second resulted
in deposits containing minimal NPs. The size distribution and
absorbance spectrum of the Ag NPs were tuned by varying the
sputtering power. Ag NPs were simultaneously deposited on
glass substrates and TEM grids for characterization, size dis-
tribution analysis, and absorbance spectrum analysis.

The characteristics of Ag NPs were tuned by controlling the
plasma power (see Fig. 2). A low sputtering power of 55 W
produced small Ag NPs with a size distribution centered at
3 nm and a localized plasmon resonance at a wavelength of
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Fig. 2 Sputtered Ag NPs on glass substrates. (a), (c) and (e) TEM images of
Ag NPs fabricated at sputtering powers of 55 W, 115 W, and 140 W,
respectively (scale bar: 20 nm). (b), (d) and (f) Corresponding size distribu-
tions for each sputtering power. (g) Absorbance spectra of Ag NPs
deposited at 55 W, 115 W, and 140 W. (i), (ii) and (iii) Insets show images
of Ag NPs on glass for sputtering powers.
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470 nm (Fig. 2a, b and g). As the sputtering power increased,
the size of the Ag NPs grew, accompanied by a red shift in the
absorbance spectrum. At a moderate power of 115 W, a well-
defined size distribution, shape, and absorbance spectrum
were achieved, with a size distribution centered at approxi-
mately 8 nm and an absorbance peak between 520 nm and
560 nm (Fig. 2¢, d and g). However, when the power exceeded
120 W, deformation and agglomeration of the Ag NPs deposits
were observed, along with the disappearance of a distinguish-
able peak in the absorbance spectra. (Fig. 2e-g). As explained
later, deposits with well-defined absorbance peaks, devoid of
agglomeration and spherical shapes, are crucial for generating
of plasmonic resonance and enhancing PL intensity. The
sputtering coatings were deposited simultaneously onto both
glass substrates and perovskite films. This approach allowed
for the correlation between the absorbance spectrum of the Ag
NPs coating and the optical effects observed in the PL spectra of
the perovskite films.

3. Results and discussion

Ag NPs coatings were applied onto perovskite films to observe
the perovskite PL intensity changes when exposed to a direct
lasing source of 532 nm wavelength after the coatings, as
shown in Fig. 3. The coatings were also applied simultaneously
on glass substrates to measure the absorption spectrum of the
Ag NPs and correlate it to the PL changes. An initial trial result
of the PL enhancement is shown in Fig. 3¢, where the PL of a
(PEA),(MA)oPb,0l3; (1 = 10) perovskite film without (black) and
with (purple) the Ag NPs deposit is shown. The PL intensity in
the area without Ag NPs (indicated by a green arrow in Fig. 3d)
was the same after sputtering coating. Meanwhile, the rest of
the films areas showed strong PL enhancement associated with
the Ag NPs coating (see Section S2 from ESIY).

Initially, (PEA),(MA),Pb;l;, (n = 3) perovskite films and glass
substrates were coated with different Ag NPs deposits. The Ag
NPs deposited on glass presented absorbance peaks ranging
from 455 nm to 590 nm (see Fig. 4a). All coatings generated a
reduction in the PL intensity of the perovskite films. A coating
with a peak absorbance at 455 nm, corresponding to a sputter-
ing power of 47 W, reduced the PL intensity by 0.8-fold. In
contrast, a coating with a peak absorbance at 505 nm, gener-
ated using a sputtering power of 111 W, quenched the PL
intensity by a factor of 0.5. The quenching of the PL is related
to the absorbance of the Ag NPs at the excitation wavelength,
and to the absorbance of the PL wavelength without plasmonic
layer, respectively. This effect is likely also influenced by the
intrinsic absorption characteristics of the Ag NPs.

Ag NPs coatings were also applied to (PEA),(MA),Pbsl¢ (1 =
5) perovskite films at different power levels (Fig. 5). When the
deposition on the glass substrate exhibited an absorbance peak
at 470 nm, and a lower absorption near the excitation laser
wavelength of 532 nm, the PL intensity remained consistent.
However, a notable increase in the intensity was observed for
deposits with absorbance peaks close to 532 nm. The deposit
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Fig. 3 (a) Optical setup for PL measurements. (b) Schematic representa-

tion of the interaction between plasmonic nanoparticles and a perovskite
film, where the LSP generates an electric field, leading to increased exciton
generation and, consequently, higher PL intensity. (c) Comparison of PL
intensity for a (PEA),(MA)gPbygls; (n = 10) perovskite film with (purple) and
without (black) an Ag NPs coating. (d) Glass substrate with an Ag NP
coating and a perovskite film, indicating regions without Ag NPs (black line)
and with Ag NPs (purple line).

with the highest power, 140 W, achieved maximum absorbance
at approximately 532 nm, resulting in a 2-fold increase in the
PL intensity. Notably, the most substantial PL enhancement
occurred with a power deposit of 115 W and an absorption peak
of the deposit on the glass at 530 nm, yielding a 3.7-fold
increase in PL intensity.

As shown in Fig. 5, perovskite films with n = 5 exhibited the
most significant enhancement when coated with Ag NPs depos-
ited using a sputtering power of 115 W, and when the excitation
laser wavelength closely matched the absorbance peak. Under
these conditions, the laser beam achieved the highest plasmo-
nic resonance, resulting in a more direct charge injection from
the Ag NPs in the perovskite. Although the absorbance peak for
the 140 W deposit was higher at 532 nm, the maximum

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 PL intensity enhancement in perovskite films for n = 3. (a) Absor-
bance spectra of Ag NPs deposited on glass substrate at different sputter-
ing powers (vertical black line at 532 nm). (b) Normalized PL intensity of the
perovskite films without Ag NPs (black line) and with a Ag deposited at
sputtering powers of 47 W, 52 W, 111 W, and 121 W.

plasmonic resonance occurred at a longer wavelength. This
mismatch reduced the plasmonic intensity when excited by the
laser, leading to a lower number of oscillating free charges
injected into the film and, consequently, a reduction in the
amplification of the PL intensity.

Similarly, coatings of Ag NPs were fabricated at different
powers on (PEA),(MA)oPb,,l3; (1 = 10) perovskite films. A coat-
ing deposited at 55 W exhibited an absorbance peak at 440 nm
and a minimum absorbance 0.02 at 532 nm (see Fig. 6a).
This behavior was attributed to the small size of the Ag NPs
generated under these conditions (see Fig. S6, Section S3, ESIt).
This deposit resulted in an up to 2-fold increase in PL intensity
when the sample was excited with the 532 nm laser beam.
A deposit generated at 55 W on the perovskite film produced a
maximum absorbance at 450 nm and an absorbance of 0.06 at
532 nm. This deposit led to a more than 3-fold enhancement in
PL intensity under laser beam.

A coating deposited at 110 W generated Ag NPs with a max-
imum absorbance at 495 nm and a high absorbance of 0.12 at
532 nm. This deposit resulted in 4.8-fold increase in PL intensity
compared to the uncoated film. The most notable enhancement
was achieved in a sample with n = 10, and a deposit generated at
120 W sputtering power. This deposit produced Ag NPs with a peak
absorbance at 550 nm, leading to a remarkable 7.4-fold amplifica-
tion in PL intensity when excited with a 532 nm beam.

Different enhancements in PL intensity were observed
across different perovskite phases (n) (Fig. 4-6). Fig. 7 shows

This journal is © The Royal Society of Chemistry 2025
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the PL amplification of the perovskite films with phases n =5
and 10 as a function of the characteristics of the Ag NPs
deposits. These results suggest that the optimal sputtering
power for depositing Ag NPs to enhance the PL of perovskites
lies near 115 W. For phase n = 5, the most significant enhance-
ment was observed at a sputtering power of 115 W. In contrast,
for phase n = 10, the maximum PL amplification occurred at a
sputtering power of 120 W. Another key characteristic of the
optimal deposits was their peak and high absorbance near
532 nm, the excitation laser wavelength, which caused varia-
tions in plasmonic excitation. The maximum enhancement
measured for phase n = 5 was a 3.7-fold increase with an Ag
NPs deposit exhibiting an absorbance peak was measured at
528 nm. For phase n = 10, a maximum PL amplification of 7.4-
fold was achieved with a deposit having a peak absorbance at
545 nm. These findings indicate that plasmonic resonance and
PL amplification were maximized under these deposition
conditions.

An important aspect to emphasize is the distinction in the
PL amplification generated by Ag NP deposits fabricated at
110 W and 120 W sputtering powers, as shown in Fig. 8. Despite
the similarity in their absorbance spectra, significant differ-
ences in PL amplification were observed. These differences are
attributed to the distinct morphologies of the Ag NPs formed
under these conditions (see Fig. S6, Section S3, ESIt). Specifi-
cally, deposition at produced Ag NPs with a mixture of spherical
and ellipsoidal shapes, while deposition at 110 W resulted in a
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(a) Absorbance spectra of Ag NPs deposited on glass substrate at different
sputtering powers (vertical black line at 532 nm). (b) Normalized PL
intensity of the perovskite films without Ag (black line) and with a
Ag NPs deposited at sputtering powers of 47 W, 55 W, 110 W, and 120 W.

combination of ellipsoidal and amorphous Ag NPs. In compar-
ison, the deposit at 110 W yielded a combination of both
ellipsoidal and amorphous Ag NPs. This variation in morphology
influenced the LSP resonance. Morphological deformations in the
Ag NPs modified the LSP wavelength, leading to variations in
plasmonic excitation when exposed to the 532 nm laser beam,
thereby limiting PL amplification. In contrast, Ag NPs with well-
defined shapes enabled stronger plasmon resonances that more
closely matched the excitation wavelength. This alignment facili-
tated a more uniform near-field interaction with the perovskite
sub-layers, resulting in enhanced PL amplification. Fig. 9 sche-
matically illustrates the interaction of the plasmonic electric field
with different alignments of perovskite sub-layers.

The energy transfer equation plays a key role in determining
the distance between the perovskite molecules and Ag NPs. The
energy transfer is given by the interaction potential between the
donor dipole (up) and acceptor dipole (us) by

k HpHa (1)

where R is the distance between them, with the Ag NPs donor
and acceptor perovskite sub-layers (Fig. 10). In this way, the hot
electron injection between the Ag NPs and perovskite sub-layers
is reduced by the spacing generated by the PEA by a factor of R®
(Fig. 9). However, energy transfer is proportional to the dipole
moment, representing the LSP resonance. Thus, both the shape
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at 120 W. (b) PL amplification as a function of the peak absorbance of Ag
NPs deposits, with a reference black line at 532 nm.
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Fig. 8 Comparison of PL amplification for different Ag NPs deposit with
similar absorbance spectra. Ag nanoparticle (NP) coatings prepared using
sputtering powers of 110 W and 120 W produced similar absorbance
spectra on a glass substrate. However, when applied to (PEA)>(MA)gPb1glz1
(n = 10) perovskite films, these coatings resulted in different PL
amplification.

and size of the NPs and the perovskite phase play crucial roles
in hot electron transfer under the excitation source.

However, perovskite films with a phase of n = 3 did not
exhibit an increase in PL intensity; instead, they showed a quench-
ing effect. This outcome is supported by two arguments associated
to the characteristics of low-phase (PEA),(MA), 1Pb,I3,:1

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 lllustration of the interaction volume between perovskite sub-

layers and the plasmonic electric field of NPs. The electric field generated
by the LSP interacts with a larger number of perovskite molecules as the
perovskite phase increases, due to alignment and thickness of the sub-
layer. (a) "Vertical” and (b) "horizontal” alignment of perovskite sub-layers.
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Fig. 10 Schematic representation of hot electrons injection from Ag NPs
into the conduction band of perovskite film. Hot electrons are generated in
Ag NPs through LSP resonance when excited by the laser source. These
electrons move to high-energy states as “hot electrons”. Once their
energy surpasses 1.63 eV (the perovskite PL peak), they are injected into
the high-energy conduction bands of the perovskite film.

perovskites. In the study conducted by Mingjian Yuan (2016),"
the band-gaps for different perovskite phases are presented,
revealing a significant difference between the n =3 and n =5
phases. Although both quasi-2D perovskites exhibit the same
valence band maximum at —5.27 eV, the n = 3 phase has a
conduction band minimum at —3.17 eV, in contrast to the
—3.55 eV conduction band minimum of the n = 5 phase. This
0.38 eV difference in the band-gap is critical, as it creates an
energy barrier that prevents hot electrons from the plasmons
from being injected into the conduction band of the n = 3 phase
and blocking PL amplification. Additionally, it has been
established that low-phase (n = 1-4) perovskites exhibit a
“horizontal” alignment and a higher concentration of PEA, in
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contrast to their high-phase (n = 5-10) counterparts, which
display a “vertical” alignment.>* The spacing between the PEA
and sub-layers reduces the number of perovskite molecules
interacting with the plasmonic electric field generated by the Ag
NPs. Thus, vertically aligned sub-layers interact with a larger
volume of perovskite molecules in the LSP field (see Fig. 9).
These findings, along with the results presented in Fig. 4
indicate that the PL enhancement by Ag NPs is not optimal
for low-phase (n = 1-4) of (PEA)y(MA),_,Pb,Is,.; perovskites.
This finding also helps to explain why a PL blueshift is observed
as n increases since, as shown in Fig. 9, the compaction of the
perovskite increases with n for the phases analyzed in this
work, strengthening the confinement effect.

This study provides indirect evidence for the orientation of
the inner sub-layers in quasi-2D perovskites. When the sub-
layers are horizontally oriented, the phenethylammonium acts
as a separator and insulator, as previously discussed by Ortiz-
Cervantes et al. (2019)."" Under these conditions, the insulating
layer blocks high-energy electrons generated by plasmonic
electric interactions in low-phase perovskite films. In contrast,
in vertically oriented sub-layers with a high phase value, the
electrons can flow efficiently along the perovskite structure. For
this reason, the orientation of the sub-layers in quasi-2D
perovskite films has been a subject of significant interest in
recent years, with studies demonstrating improved optical and
electrical properties in high n-phase perovskites, as reported by
H. Tsai et al. (2016)*° and R. Quintero-Bermudez et al. (2018).>*
However, as the phase-number increases, the range of synthe-
sized n-phases broadens within the sample. For instance, a
perovskite film recipe designed for n = 10 may include sub-
layers with n values ranging from 5 to 10. Despite this variation,
all sub-layers consistently maintain a vertical orientation,
ensuring enhanced properties across the entire film.

Finally, a spectrofluorometer (Edinburgh Instruments FS5)
was used to investigate the influence of Ag deposition on the
excitation spectrum of quasi-2D perovskite films. The study was
carried out covering the extension of the samples surface, with
excitation wavelengths ranging from 400 nm to 600 nm, while
monitoring emissions at the maximum PL wavelength of
770 nm. Fig. 11 presents the excitation spectrum of a perovskite
film with n = 10 before Ag deposition (black curve), exhibiting a
peak PL emission when excited at 448 nm. This emission
decreases significantly when exciting beyond 500 nm, particu-
larly at 532 nm, which corresponds to the excitation laser
wavelength previously used to measure the plasmonic enhance-
ment. The deposition of an Ag coating at a sputtering power of
40 W induced significant spectral modifications: while the
excitation peak near 450 nm remained, its intensity decreased
and a new peak emerged when exciting at 517 nm. A perovskite
film coated at 107 W (blue curve) exhibited further PL enhance-
ment when stimulating beyond 500 nm wavelength, with an
excitation peak at 520 nm. Finally, a perovskite film coated at
114 W displayed maximum PL emission when excited at
521 nm.

These findings confirm that Ag deposition induces substan-
tial modifications in the excitation mechanism of perovskite
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Fig. 11 Excitation spectrum of perovskite films of (PEA)>(MA)gPbiglsy
(n = 10). Excitation spectra of a perovskite film without Ag NPs (black
curve) and perovskite films with Ag deposited at sputtering powers of 40 W
(yellow), 107 W (blue), and 114 W (purple) (black line at 532 nm).

films, enhancing the generation of electron-hole pairs when
exciting within the spectral range corresponding to the Suns
peak emission or, in our case, when exciting with a laser
wavelength of 532 nm. The observed increase in PL is attributed
to the generation of highly energetic electron-hole pairs and
their subsequent recombination.*® In photovoltaic applications,
these energetic charge carriers can be efficiently redirected by the
electron transport layer (ETL) and hole transport layer (HTL),
thereby enhancing current generation. Rather than simply
increasing photoluminescence, this redistribution of charge car-
riers could improve the efficiency of solar energy conversion.
Therefore, Ag NPs coatings on quasi-2D perovskite films represent
a promising approach to optimize their optoelectronic properties
and enhance the performance of solar cells.

4. Summary and conclusions

We have demonstrated that depositing Ag NPs via sputtering on
quasi-2D (PEA)y(MA),_1Pb,I3,.1 perovskites is an effective and
accessible method for enhancing the PL of these advanced
materials. The Ag NPs coatings were simultaneously applied to
the perovskite films, glass substrates, and TEM grids, enabling
a comprehensive study of their effects on the optical properties
of the perovskites and the characterization of the Ag NP coat-
ings. Therefore, PL measurements conducted on the perovskite
films both before and after Ag NPs deposition revealed signi-
ficant enhancement in the PL for phases n =5 and n = 10. These
results are directly related to the lower energy bandgap exhib-
ited by these phases compared to lower phases, such as n = 3.
Consequently, hot electrons generated using a 532 nm laser
beam were sufficiently energetic to be efficiently injected into
the conduction band of the n = 5 and n = 10 phases.

Optimal matching between the plasmonic resonance in the
Ag NPs and the excitation source, as well as with the morphology
of the Ag NPs, emerged as key factors influencing PL enhance-
ment. For the n = 5 phase, the maximum PL amplification
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observed was a 3.7-fold increase with deposits generated at a
sputtering power of 115 W. These deposits exhibited an absor-
bance peak at 528 nm (measured on glass substrates) and an Ag
NP size distribution centered at 8 nm (+0.2 nm), when excited
with a 532 nm wavelength laser. For the n = 10 phase, the
maximum PL amplification measured was a 7.4-fold increase
with a deposit generated at a sputtering power of 120 W. These
deposits showed an absorbance peak at 545 nm and a Ag NPs
size distribution centered at 7.5 nm (+0.2 nm). Notably, depos-
its generated at 115 W and 120 W sputtering powers exhibited
spherical and ellipsoidal shapes, which enhanced plasmonic
resonance and maximized PL amplification in the different
perovskite phases.

This study highlights the significant influence of Ag NPs on
the optical response of quasi-2D perovskite films, suggesting
their potential to improve light-emitting and photovoltaic
devices through plasmonic nanostructure engineering strate-
gies. The injection of hot carriers from plasmonic NPs into the
band structure of perovskites to amplify PL can be extended to
exciton generation in semiconductors, enhancing different
optoelectronic effects and applications.
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