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and Igor O. Osorio-Romań*
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ABSTRACT: Because of the growing demand for the use of photovoltaic cells to transform
solar energy into electrical energy, radiation concentration systems such as luminescent solar
concentrators (LSCs) have gained significant attention. This work presents an LSC system based
on the effect of SiO2-capped silver nanoparticles (AgSiO2@NPs) on the optical efficiency of the
LSC. For this purpose, AgSiO2@NPs were deposited on a polymethylmethacrylate (PMMA)
substrate using the layer-by-layer technique, and the luminescent material tetraphenylporphyrin
(TPP) and Coumarin 6 were deposited by the spin-coating technique on a PMMA substrate
with AgSiO2@NPs. Then, the emission analysis of the two systems (PMMA/AgSiO2@NPs/
Coumarin 6 and PMMA/AgSiO2@NPs/TPP) demonstrates that the nanoparticles enhanced
fluorescence 20 and 8 times for TPP and Coumarin 6, respectively. Finally, the optical efficiency
of the LSC was determined using a photodiode system. The results show an increase in optical
efficiency because of two effects, the amplification of the luminescence and the dispersion caused
by the nanoparticles, obtaining a maximum efficiency of 1.8 for our LSC system.
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1. INTRODUCTION

In recent decades, the use of energy from the sun as renewable
energy has been growing, mainly conversion of solar energy
into electrical energy through photovoltaic cells. However,
given its high cost of production, alternatives have been sought
to concentrate the light and thus reduce the size of the
photovoltaic cells.1 An alternative to the solar cell classic
systems is the luminescent solar concentrator (LSC), which
takes advantage of the luminescent properties of molecules or
nanocrystals to concentrate the light. Its operation is based on
the absorption of light by the molecule or nanocrystal that is
inserted in a transparent matrix and then emits photons via
luminescence. These photons are guided by multiple internal
reflections and concentrated on the edge of the matrix.2,3 A
schematic representation of an LSC is shown in Figure 1. The
ability of an LSC to concentrate sunlight is called optical
efficiency and is determined by several factors.4 One of these
factors is the efficiency of photoluminescence, related to the
ability of molecules or nanocrystals to emit light via
luminescence, or their quantum yield.5 Also, the optical
efficient and the photostability of the molecules are
independent parameters for the LSC system; hence, they
must be evaluated separately. In this sense, it is desirable that
the solar devices are made up of photostable molecules.6,7

Luminescent emission of a molecule or nanocrystal can be
increased by the interaction with metallic nanoparticles, a
process known as metal enhanced fluorescence (MEF),8

surface-enhanced fluorescence (SEF),9 or shell-isolated nano-

particle-enhanced fluorescence (SHINEF).10 In MEF, SEF,
and SHINEF, the most common nanoparticles used are silver
and gold, and to be an effective process, the fluorophore must
be at a nanometric distance greater than 2 nm from the
nanoparticles. It is important to maintain this distance to avoid
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Figure 1. Schematic representation of LSC. Luminophores absorb
radiation from the sun and emit photons via luminescence, which are
transported by multiple internal reflections to the edge of the matrix
(waveguide) and subsequently transformed into energy by the
photovoltaic cell (PV cell).
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deactivation of the excited state by the energy transfer process
between fluorophores and nanoparticles.11,12 An alternative for
this separation is to cap the nanoparticles with different types
of compounds such as amines,13,14 carboxylates,15,16 thiols,17

and SiO2.
18,19

Recent papers have reported enhanced fluorescence in the
LSC system using silver and gold nanoparticles,20−26 that
increase the effect up to 24-fold. However, the previous reports
have not studied the effect of the separation distance between
metal nanoparticles with SiO2-capped and fluorophores in LSC
systems. In addition, the use of fluorophores with high
quantum yields, which generally produce low enhanced
luminescence, was reported in literature.27

The main goal of this work is to determine the effect on the
optical efficiency in LSC systems with TPP and Coumarin 6,
molecules that have different photophysical properties, and the
role that SEF of those fluorophores would play on the optical
efficiency.

2. EXPERIMENTAL SECTION
2.1. Materials. A piece of 22 × 22 × 2 mm of polymethylme-

thacrylate (PMMA) was used as a matrix. PMMA pieces were
purchased from Polymershapes S.A. Chile. The luminophores
employed were tetraphenylporphirine (TPP) and Coumarin 6 (both
from Sigma-Aldrich). Solutions of luminophores were prepared in
chloroform (Sigma Aldrich) and polyvinylformion (FORMVAR,
Sigma-Aldrich). AgNO3 (Sigma-Aldrich) and tetraethylortisilicate
(TEOS, Sigma-Aldrich) were used to synthetize silver nanoparticles
(AgNPs) capped with SiO2.
2.2. Synthesis of AgNPs. The synthesis of AgNPs is based on

protocols described by Lee−Mesiel.28 AgNO3 (18 mg) was dissolved
in 100 mL of Milli-Q water and the solution was brought to boil; at
this point, 2 mL of trisodium citrate (38.8 mM) was added into it.
This solution was boiled for 1 h and let to cool down at room
temperature to obtain a colloidal suspension of AgNPs, which was
centrifuged for 10 min at 1000 rpm. The supernatant was collected for
the next step.
2.3. Formation of AgNp Capped with SiO2 (AgSiO2@NPs).29

For silver coating, 9 mL of colloidal suspension was added into 40 mL
of ethanol. To this solution, 1.25 mL of ammonia 30 % wt and 40 μL
of TEOS (40 mM) were added. The solution was agitated for 2 min
and allowed to settle down for 48 h. After 48 h, the solution was
centrifuged for 45 min at 5000 rpm, and the precipitate was collected
and dispersed in water.
2.4. AgSiO2@NPs Deposition on the PMMA Matrix. The

deposition of AgSiO2@NPs on the PMMA matrix was carried out
through the layer-by-layer methodology, taking advantage of the fact
that the AgSiO2@NPs have a negative surface charge density.30 This
allows the AgSiO2@NPs to adsorb on the surface. The PMMA matrix
was submerged into a solution of NaOH (1 M) for 1 h. Then, the
matrix was brought to a solution of polydiallyldimethylammonium
chloride (1% wt) for 30 min. Finally, the matrix was introduced to the
colloidal solution of AgSiO2@NPs for 12 h.

2.5. Molecules Deposition on the PMMA−AgSiO2@NPs
Matrix. The molecules used in this study were TPP and Coumarin
6, which were dissolved in a solution of FORMVAR 0.01% in
chloroform. The polymer creates a thin film on the PMMA matrix,
and this protected the molecules deposited by spin coating.
Deposition of molecules was realized by spin coating at 2000 rpm
for 1 min. The volume added were 50 μL of each molecule, and the
concentration of the solutions varied from 5 × 10−4 to 1 × 10−3 M.

2.6. Characterization. The UV−visible studies were carried out
using a Shimadzu UV-1800 spectrophotometer. The fluorescence
spectrophotometer ISS PC1 was used to measure the fluorescence
intensity. The excitation of TPP was realized with a xenon arc lamp at
420 and 514 nm, while the excitation of Coumarin 6 was realized with
a laser of 445 nm. Fluorescence spectra were measured in the front
and in the border of the PMMA matrix. Additionally, because of the
optical nature of the LSC system, it is important to perform the
measurement of the emission, at the front and the edge of the matrix.
A schematic representation of this measurement is shown in Figure 2.

Lifetime measurement of the luminophores was performed with a
Lifetime II instrument. The study of the size of nanoparticles and the
thickness of the SiO2 layer, was performed by transmission electron
microscopy (Hitachi HT7700 TEM). Atomic force microscopy
(WiTec Alpha 3000) was used to determinate the distribution of
AgSiO2@NPs on the PMMA matrix, using a 75 kHz tip.

2.7. Optical Efficiency. To measure the optical efficiency of LSC,
an apparatus proposed by Carlotti31 was build (see Figure S1 at the
Supporting Information). In this case, the Solar simulator SS150
Sciencetech AAA class was used, which is equipped with an air/mass
filter 1.5. The detection system consists of five OSRAM photodiodes
connected in parallel with active area 2.7 × 2.7 mm and high response
in the visible spectrum (400−1100 nm). The current generated by the
photodiodes was measured using the multimeter Keithley 2400.

3. RESULTS AND DISCUSSION

3.1. Characterization of AgNPs and AgSiO2@NPs. The
SiO2 coated around AgNPs is used as a spacer between
fluorophores and nanoparticles to avoid the deactivation of the
excited state by the energy transfer process between
fluorophore−nanoparticle and so obtained SEF. Figure 3A
shows the extinction spectra of AgNPs and AgSiO2@NPs. It is
possible to observed that the spectrum of AgSiO2@NPs
presents a redshift because of silica coating. This occurs
because of the dielectric constant surrounding the nano-
particles changes.32,33 The TEM image observed in Figure 3B
confirms that the AgSiO2@NPs are coated.34,35 The nano-
particles diameter is 65.0 ± 6.5 nm and surrounding the
AgNPs is a layer with 5.0 ± 1.0 nm thickness (see Figures 3C
and S2).
The Figure 4A shows the extinction spectrum of AgSiO2@

NPs deposited on the PMMA matrix and the comparison with
the extinction spectrum of AgSiO2@NPs in a colloidal
solution. A blueshift of the resonance plasmon, from 431 to

Figure 2. Scheme of measurement fluorescence (A) in front and (B) at the edge of the matrix.
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418 nm, was observed; this change is a response to the variance
in the refractive index of the medium that surrounds the
nanoparticles.
In this sense, Figure 4B shows a Mie theory calculation to

corroborate the effect previously cited,36 the extinction
spectrum for a 65.0 nm diameter nanoparticle, with a 5.0 nm
coat layer of silica, shows a similar shift, when nanoparticles
change from water to air. For that reason, these results endorse
that the spectrum shift is not related to a change in the
structure of AgSiO2@NPs, but it is a consequence of the
variance in the dielectric constants of the medium that
surrounds the nanoparticles as mentioned in the previous
paragraph.
Figure 5A shows the AFM image of AgSiO2@NPs that was

transferred to the PMMA surface, and it is possible to observe
that the nanoparticles are separated from each other, and the
coating does not allow their aggregation in solid. Figure 5B
shows the AFM of the Ag nanoparticles without SiO2 in
PMMA and the aggregation of these nanoparticles is clearly
noticed (see the yellow square). Additionally, the bottom of
the AFM images shows height profiles, and it could be
discerned that (i) nanoparticles without coated are smaller
than the coated ones and (ii) nanoparticles with SiO2 have a
height profile, similar in size to the observed in the images of
TEM.
Consequently, it is important to remark that the process of

transferring the coated nanoparticles to the PMMA matrix
does not change or damage the SiO2 coating. In this sense, this
result is corroborated by the resonance plasmon spectra from
Figure 4A. The extinction spectrum maintained a similar shape
and only a blue shift was observed, indicating that the
AgSiO2@NPs are intact on the surface of the PMMA matrix.

3.2. SEF by AgSiO2@NPs. Analyzing the Figure 6, for the
TPP, a typical one Soret band at 420 nm and four Q-bands at
514, 548, 591, and 646 nm in the absorption spectrum and two
emission peaks at 650 and 717 nm in the emission spectrum,
respectively, are observed. The Coumarin 6 shows a band with
two peaks at 446 and 466 nm in the absorption spectra and
one emission with a maximum at 508 nm. The absorbance and
emission spectra were recorded for TPP and Coumarin 6 on
PMMA and are shown in Figures S3 and S4 (Supporting
Information).
The spectral overlap with the plasmon resonance of the

nanoparticle and the molecules is one of the important factors
which determines SEF.37−39 Figure 6 shows the overlap of the
plasmon resonance of the AgSiO2@NPs with TPP and
Coumarin 6, and we observe a considerable overlap between
the absorbances and the extinction spectrum. In this sense, if
excited-state fluorophores are an overlap with near-field from
metal nanoparticles (plasmon) and a optimized distance from
the nanoparticles, the fluorophore-induced by the plasmons is
able to emit to the far-field and observable as surface-enhanced
emission. In this sense, our systems fulfill this condition,
therefore, it was possible to observe enhanced emissions for
TPP and Coumarin 6.
The SEF spectra were measurement at 420 and 514 nm

excitation wavelengths for TPP and 445 nm excitation
wavelength for Coumarin 6. Enhanced factors (EF) were
calculated using the eq 1

I

I
EF np

f
=

(1)

Thus, Inp is the total intensity of emission spectra in the
presence of nanoparticles and If is the total intensity of
emission spectra without nanoparticles. Table 1 shows the
amplification factors of TPP and Coumarin 6 measured at the
front and at the edge of the matrix. All emission spectra for the
calculation of the amplification factor are shown in the
Supporting Information (Figures S5−S7). The study of the
emission at the front and at the edge of the matrix is necessary
to evaluate the path of the emission into the matrix.
In general, Table 1 shows that TPP has greater EF than the

Coumarin 6 samples. According to the literature, the values of
the enhanced factor present the same tendency as amplified
fluorescence studies in solution, and is evident that the
photophysical properties play a important role in the enhanced
factor of SEF.40−43

An important result shown in Table 1 is the comparison
between the amplification factors when the emission is

Figure 3. (A) Extinction spectra of AgNPs and AgSiO2@NPs (B,C)
TEM image of AgSiO2@NPs.

Figure 4. (A) Extinction spectrum of AgSiO2@NPs in solution and deposited on PMMA and (B) Mie theory calculation of extinction cross
sectional area of AgSiO2@NPs in water and air.

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c01094
ACS Appl. Energy Mater. 2020, 3, 7680−7688

7682

http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01094/suppl_file/ae0c01094_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01094/suppl_file/ae0c01094_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01094/suppl_file/ae0c01094_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01094?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01094?ref=pdf


measured at the front and at the edge of the sample. It is
observed that for both TPP and Coumarin 6, the amplification
is greater when measured at the front of the sample. This
amplification it is probably observed because of a part of the
photons emitted by the luminescent molecules are not being
transmitted through the matrix and does not reach the edges of
the LSC; the reasons for this event could be the follows: (i) the
photons emitted from the molecules escape from the matrix,
(ii) self-absorption photons in the solid sample, and (iii)
related to the surface roughness, which, as seen in the AFM
image, is not smooth.
Furthermore, the results associated with TPP molecules are

interesting, while Coumarin 6 has average amplification values
of 11 and 2, at the front and at the edge, respectively. The TPP
molecules change their amplification factor for both (front and

edge) when we change the excitation wavelength. Interestingly,
under the same experimental conditions, the fluorescence of
TPP increases up to 3.5 times when using 514 nm than 420
nm as the excitation wavelength, resulting in the modification
of the enhanced factor for TPP. In this sense, Klem and
Waluk44 and Kim et al.45 describe this phenomenon for TPP in
the presence of silica-coated gold nanoparticles using
theoretical and experiment data. The TPP molecules presents
an unusual SEF behavior, that is, their enhanced fluorescence
gradually increases when the wavelength used for TPP
excitation moves from the Soret band to the Q-bands
(redshift). These results corroborate the values presented in
our work in Table 1. Besides, Kim et al. report that the optimal
distance between the TPP and the metal is between 2 and 11
nm; hence, the nanoparticle coating thickness of 5 nm used in
this work is suitable for SEF studies.45

On the other hand, the spectral overlap at 420 nm is higher
than at 514 nm, but experimentally we observed an upper
enhanced factor when the excitation wavelength was at 514
nm, and this result clearly indicated that SEF of the TPP is
depend on the plasmon effect (near-field) and the absorption
wavelengths of fluorophores.19,46 In the case of TPP, different
absorbance coefficients in the molecular system, could be
another control factor of the enhanced fluorescence and
probably in the enhanced optical efficient of the LSC system.

3.3. Lifetime TPP and Coumarin 6. In classical
fluorescence experiments, the changes in quantum yields and
lifetimes are due to changes in the nonradiative decay rates knr,
which result from changes in a fluorophore’s environment,
quenching, or Förster resonance energy transfer.40,47 When a
nanoparticle interacts with a fluorophore, the lifetimes are
given by the following equation43

k
1

m
m nr

τ =
Γ + Γ + (2)

where τm is the lifetime in the presence of nanoparticles, Γ is
the radiative deactivation constant, Γm is the radiative
deactivation in the presence of nanoparticles, knr is the
nonradiative deactivation constant in the presence of AgSiO2@

Figure 5. (A) AFM image of AgSiO2@NPs deposited on PMMA. (B) AFM image of Ag NPs deposited on PMMA. AFM height profiles for the
corresponding lines drawn in images A and B (yellow line).

Figure 6. Overlap of the extinction spectrum of AgSiO2@NPs and
absorbance spectra of TPP and Coumarin 6.

Table 1. Amplification Factor of TPP and Coumarin 6 on
the Side and Edge of LSC

EF on the front EF on the edge

Exc
420 nm

Exc
514 nm

Exc
420 nm

Exc
514 nm

PMMA−AgSiO2@NPs−TPP 5.1 19 2.8 10
Exc 445 nm Exc 445 nm

PMMA−AgSiO2@NPs−Coumarin 6 11 2.0
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NPs. The nanoparticles decrease the lifetimes and increase the
emission, and this is a unique spectral change for fluorophores
near the metal nanoparticles or metal surfaces.40,47

Table 2 shows the average lifetimes for both molecules TPP
and Coumarin 6, and the time-correlated single-photon

counting values obtained for these molecules are shown in
the Supporting Information, Figures S8 and S9 and Tables S-1
and S-2.
The values summarized in Table 2 shows that both

molecules present a decrease in lifetime by interacting with
the nanoparticles. This is a typical effect when fluorophores
interact with metal nanoparticles and values are agreed with
the literature.27,48,49

In this study, the fluorophores (TPP and Coumarin 6) in the
presence of AgSiO2@NPs not only has the normal deactivation
channel of the free molecule, but also, a new deactivation
process from the excited-state are generated because of the
coupling between the molecule and near-field from plasmon,
resulting in an enhance fluorescence and decreasing the
lifetime of excitation state of the fluorophore, which leads to
the conclusion that the emitting system is the fluorophore−
nanoparticle couple. Therefore, if the system experiences more
deactivations process, mathematically, more terms in the
denominator of eq 2 will be added, resulting in a shorter
lifetime40,47,50 leading to photobleaching decrease.
Our results for surface enhanced-fluorescence and the

lifetime excitation state agree with the literature and the
theoretical concepts described above (see Figures S5−S7 and
in Tables S-1 and S-2). Additionally, to the shorter lifetime, the
presence of AgSiO2@NPs could change the molecule photo-
stability in terms of photobleaching. The photobleaching is the
photochemical destruction of a fluorophore in an excited state.
Therefore, a decreased lifetime should allow the fluorophore to
undergo more excitation−deexcitation cycles prior to the
photobleaching process.51−53

3.4. Study of Photostability (Photobleaching). The
stability of the fluorophore was evaluated by the variation of
the emission intensity of the samples with TPP and Coumarin
6 with and without AgSiO2@NPs over time. The excitation

wavelength of TPP was 420 nm while for Coumarin, 6, 445
nm; the intensity of emission was measured at 508 nm for
Coumarin 6 and 650 nm for TPP.
The Figure 7 shows normalized fluorescence intensity versus

time, for both experiments, for 170 min.
The data in Figure 7 indicate an increase in the fluorescence

intensity of both molecules in the presence of AgSiO2@NPs.
This result is expected because of the decrease in the lifetime
of the molecules, indicating a better molecule photostability
over time, and consequently, could improve the LSC system
permitting a long exposure times to solar radiation.
In other words, the normalized intensity for Coumarin 6

with AgSiO2@NPs decrease a 13% from 1.0 until 0.87 in 170
min, while TPP decreases rapidly, in two steps; first from 1.0 to
0.50 in the first 20 min, and then reach a constant value of 0.35
in 160 min, corresponding to a decrease of 65%.

3.5. Optical Efficiency of LSC (% ηopt). The ability of an
LSC to concentrate sunlight is called optical efficient, and as
mentioned in the introduction, photoluminescence or
luminescence is one of the determining factors to the efficiency
of the LSC system because of total internal reflection of the re-
emitted light, which is waveguided to the edges for conversion
to electricity.
The optical efficiency is defined as

I
I G

% 100opt
LSC

SC
η =

×
×

(3)

G
A

A
top

edge
=

(4)

where ILSC is the current measured at the edge of LSC, ISC the
measured current from the photodiodes under direct
illumination by the radiation source, Atop is the area exposed
to the radiation of LSC and Aedge is the edge area of LSC, the
value of Aedge is multiple by 4 (number of the edges of the
PMMA matrix); all the currents were measurement with the
solar simulator SS150 Sciencetech AAA. The G value is 2.75
and ISC is 6.50 mA (6500 μA). Further, different samples with
concentrations of fluorophores were prepared to study the
effect of this parameter on optical efficiency.
Tables 3 and 4 shown the values of optical efficiency (%

ηopt) for different fluorophore concentration of TPP and
Coumarin 6, respectively. The currents were measurement in
microampere (μA), the source of illumination is the solar
simulator (see Figure S1, Supporting Information). Addition-
ally, the Figure 8 show a photograph of the LSCs built with
and without AgSiO2@NPs, exposed to the sun light.

Table 2. Average Lifetime of TPP and Coumarin 6 on
PMMA and PMMA−AgSiO2@NPs.

samples ⟨τ⟩ (ns)

PMMA−TPP 9.78
PMMA−AgSiO2@NPs−TPP 4.85
PMMA−Coumarin 6 3.22
PMMA−AgSiO2@NPs−Coumarin 6 1.72

Figure 7. Intensity profile over time and the change in photostability, i.e., produced by AgSiO2@NPs. (A) TPP. (B) Coumarin 6.
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The results from Tables 3 and 4 showed two important
effects: (i) the concentration of fluorophores increases leading
to a current increment and (ii) the fluorophores with
nanoparticle generate an increase in the current when
compared to the values of the fluorophores without nano-
particles; this effect was observed for both, TPP and Coumarin
6. Consequently, these two effects are seen clearly when
calculating the optical efficiency considering the system with

and without nanoparticles. In this sense, the optical efficiency,
considering just the photons from the fluorophore (emission
without nanoparticles), has a maximum value of 0.05 and
0.12% for TPP and Coumarin 6, respectively, while for the
samples with SEF, the values were 1.60% for TPP and 1.84%
for Coumarin 6.
Therefore, the nanoparticles permitted an increase in the

optical efficiency, shown in Figure 9A, and for both
fluorophores, the optical efficiency increases until it reaches a
constant value. In this point is important to note that the data
shown in Figure 9A and Tables 3 and 4 represent the whole
values, that is, without discounting the background of the
sample.
The background is considering as a current in the absence of

fluorophores, in other words, the current evaluation was
performed in samples with PMMA−AgSiO2@NPs and
generated an average current is 195 μA. This amount is
correlated with the scattering of the PMMA−AgSiO2@NPs.
Hereupon, Figure 9B shows a comparative to the optical
efficiency, discounting the background for the system, and will
be discussed ahead.
Particularly, Coumarin 6 has a better performance in optical

efficiency for both systems, with and without nanoparticles,
comparing to the TPP samples. Initially, the higher SEF́s
enhanced factor of TPP could induce to consider that this
system will have better optical efficiency than Coumarin 6,
conversely, the information provided in this paper establish
that the Coumarin 6 has an optical efficiency and it allows to
conclude that Coumarin 6 is a better candidate to be used in
our LSC system.
The results observed in Figure 9B, discounting the

scattering,54 have a tendency similar to those seen in Figure
9A, but the optical efficiency is reduced. The reduction in this
parameter leads to conclude that the background has an
important impact on the optical efficiency, for this reason, the
contribution of the interaction between light and nanoparticles
should be considered and evaluated in the global analysis for
the LSC system in future investigations.54

Finally, comparing our system with those published in the
literature,55,56 perhaps the amounts are below to the maximum
optical efficiency values reported; but it is important to
consider that the systems proposed here use thin film with a
low amount of material (fluorophore−metal nanoparticles) to
develop an LSC device, influencing the cost of the device,
which could convert windows of the house and/or building
into an LSC system with a low amount of material. In this

Table 3. LSC Photocurrent (Pc) for TPP with and without
Nanoparticles for Different Concentrations

molar concentration
(M)

TPPa Pc
(μA)

NPs−TPPb Pc
(μA) % ηopt

c % ηopt
d

5.0 × 10−4 2.0 235.0 0.01 1.32
1.0 × 10−3 5.3 260.0 0.03 1.46
5.0 × 10−3 8.0 290.0 0.05 1.62
1.0 × 10−2 9.0 285.0 0.05 1.60

aPMMA−TPP. bPMMA−AgSiO2@NPs−TPP. cOptical efficiency
without nanoparticles. dOptical efficiency with nanoparticles.

Table 4. LSC Photocurrent (Pc) for Coumarin 6 with and
without Nanoparticles for Different Concentrations

molar concentration
(M)

C6a Pc
(μA)

NPs-C6b Pc
(μA) % ηopt 1

c % ηopt 2
d

5.0 × 10−4 5.0 240.0 0.03 1.34
1.0 × 10−3 13.7 280.0 0.08 1.57
5.0 × 10−3 19.7 317.0 0.11 1.77
1.0 × 10−2 21.8 328.0 0.12 1.84

aPMMA−Coumarin 6. bPMMA−AgSiO2@NPs−Coumarin 6. cOp-
tical efficiency without nanoparticles. dOptical efficiency with
nanoparticles.

Figure 8. LSC built with and without AgSiO2@NPs. On the left are
those without AgSiO2@NPs [Coumarin 6 (A) and TPP (C)] and on
the right those with AgSiO2@NPs [Coumarin 6 (B) and TPP (D)].

Figure 9. (A) Optical efficiency for LSC and its dependence with the concentration of fluorophores. Triangle points (black and red) correspond to
TPP data, and circle points (black and red) correspond to Coumarin 6 data. (B) Optical efficiency for LSC and its dependence with the
concentration of fluorophores without background. Star (red) correspond to TPP data, and star (black) correspond to Coumarin 6 data. All of the
points were fitted to an exponential curve.
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sense, the idea is to continue modifying other elements of the
LSC system to obtained better results as (i) different polymeric
matrices,57,58 (ii) other organic and inorganic dyes,59,60 (iii)
the effect of light scattering from the nanoparticles, (iv)
photostability associated to the photobleaching process,51−53

(iv) change the size and shape of the AgNPs46 and (v) change
the aggregation of the AgNPs,61 inter alia, it could be futures
projects to enhance the optical efficiency of the LSC system.

4. CONCLUSIONS

To begin with, the LSC systems with TPP and Coumarin 6
were analyzed and as a conclusion, the SEF and the scattering
of the AgSiO2@NPs are responsible to increase the optical
efficiency in both systems. Furthermore, a molecular system
such as TPP presents an unusual property in the presence of
AgSiO2@NPs associated with the excitation wavelength and a
better SEF, when compared to the Coumarin 6; however,
Coumarin 6 has better optical efficiency results and less
photobleaching.
According to SEF, results the shell-isolated AgNPs

(AgSiO2@NPs) in an LSC allow the maximum amplification
of the fluorescent of TPP and Coumarin 6 of 20-fold and
eightfold, respectively. In addition, AgSiO2@NPs produce an
effect of dispersion of the incident radiation that is added to
the fluorescence of the molecules, affecting the optical
efficiency of the LSC.
On the one hand, SEF could be a key to control the optical

efficiency of the LSC system; however, the photostability of
the molecule plays an important role as well in the
management of the LSC parameters. Finally, the concentration
of TPP and Coumarin 6, increases the current in the system
and leads to greater optical efficiency until reaching a constant
value.
In conclusion, the combination of Coumarin 6 and

AgSiO2@NPs is an advantageous option to use in an LSC
considering the molecule photostability, the SEF, and the
optical efficiency.
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Ciencias, Universidad de Chile, Santiago 7800003, Chile;
orcid.org/0000-0002-5126-6699

Rodrigo A. Valenzuela-Ferna ́ndez − Departamento de
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