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ABSTRACT: We report a robust method of hot addition (HAM)
to prepare methylammonium lead trichloride (MAPbCl3) and Mn-
doped MAPbCl3 (Mn:MAPbCl3) perovskite nanocrystals (PeNCs)
for application in luminescent solar concentrators (LSCs). The
HAM, which is free of solvent and operates at high temperatures, is
applicable to the synthesis of highly crystalline and stable organic−
inorganic PeNCs with tunable optical properties. The
Mn:MAPbCl3 PeNCs showed a remarkable energy-transfer shift
from 400 to 600 nm that enhanced the optical efficiency when
these PeNCs were incorporated in an LSC with a silicon solar-cell
module. An optical efficiency (OE) greater than 8% was achieved
on incorporation of only 0.094 mass % Mn:MAPbCl3 PeNCs in the
LSC. A Monte-Carlo ray-tracing simulation was developed to
improve the understanding of the experimental results and estimate the ultimate device performance for future application in
building-integrated photovoltaic devices.

KEYWORDS: perovskite nanocrystals, hot addition method, luminescent downshifting, optical efficiency,
Monte-Carlo ray-tracing simulation

■ INTRODUCTION

Apart from bulk halide perovskites that serve as light absorbers
for perovskite solar cells,1−6 perovskite nanocrystals (PeNCs)
are materials of interest as emitter centers for lighting
applications.7−9 PeNCs of varied compositions that have
been synthesized with diverse methods exhibit varied optical
properties, crystallinity, and chemical stability.10,11 Various
synthetic methods such as ligand-assisted reprecipitation
(LARP),12 top-down13,14 and hot-injection15 methods have
been developed for the synthesis of PeNCs. The LARP
method utilizes polar solvents, the residues of which lead to
rapid degradation of PeNCs;16,17 these synthesized PeNCs
have poor crystallinity and stability, but researchers sub-
sequently developed modified LARP techniques to stabilize
PeNCs.17,18 The top-down method is an easy way to
synthesize PeNCs, but a large distribution of size of PeNCs
and a prolonged reaction are drawbacks of this method. The
hot-injection method is popular for the synthesis of crystalline
all-inorganic PeNCs such as CsPbX3 (X represents a halide
ion). In the traditional hot-injection method, only a metal salt
(e.g., PbCl2) acts as a halide source, which leads to a halide
deficiency in the PeNC structure;16 the conventional hot-
injection method is almost inapplicable for the synthesis of
organic−inorganic PeNCs. Moreover, the chemical stability of
PeNCs synthesized with this method is a problem to be

resolved. When PeNCs are exposed to polar solvents with
moisture, they precipitate and change phase, ultimately
degrading their optoelectronic performances.16,17

Doping of metal cations in PeNCs using cationic species,
such as Zn2+, Sn2+, Cd2+, and so on, has been studied;19 the
dopants affect the crystal size, optical properties, and stability
of PeNCs. Mn2+ is another doping element that has been
extensively studied for PeNCs; Mn2+ is equivalent to Pb2+ and
replaces Pb2+ in the crystal structure at high temperatures.20

Mn2+-doped PeNCs exhibit a transfer of exciton energy from
the host PeNC to the excited state 4T1 of Mn2+, resulting in a
yellow-orange emission.21 As the transition between the
ground state (6A1) and the excited state of Mn2+ is spin-
forbidden, it has a negligible absorption coefficient. Mn2+

doping has been explored for prospective optical properties
and magneto-optical properties.22 Chloride-based PeNCs
provide sufficient energy transfer to excite Mn2+ with a dual
emission feature at 400 and 600 nm.21 This large emission
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band shift from 400 to 600 nm in chloride-based PeNCs makes
them suitable candidates for application in a luminescent solar
concentrator (LSC).23 As Mn2+ doping in PeNCs requires
processing at temperatures 180−260 °C, Mn2+ doping in all-
inorganic PeNCs has been extensively studied,24 but little
attention has been focused on organic−inorganic PeNCs.
Building-integrated photovoltaic (BIPV) devices has a great

appeal for future architectures. LSCs and conventional solar
cells can become integrated as photovoltaic windows in urban
buildings to generate solar energy. LSCs are made with plastic
or glass that is doped or coated with an emissive material;25

after irradiation with sunlight, luminescent materials emit
photons of less energy by downconversion; these photons are
guided by total internal reflection toward the solar-cell devices
located at the edges of the LSC.25 Emissive materials of various
types, such as organic dyes, polymers, and inorganic semi-
conductors, have been applied for LSC devices.26−28 Organo-
metallic materials lack a suitable spectral coverage; the
absorption and emission spectra of semiconductor quantum
dots and organic dyes overlap.29

Here, we report a new method of hot addition (HAM) for
the synthesis of hybrid organic−inorganic PeNCs. Even
though this method resembles the hot-injection method,15 it
involves a different solvent for the organic cation, and the
precursor addition is different (Figure 1a). Organic−inorganic
PeNCs synthesized with the hot-injection method require an
additional halide precursor to compensate for the halide
deficiency in the perovskite structure; also, organic precursor
addition is performed at a low temperature (65−100 °C).30,31

In the HAM, we can synthesize PeNCs at 180−200 °C without
the use of an additional halide source, such as an organic salt
(e.g., MACl), to decrease the halide deficiency; high-temper-
ature synthesis aids in doping of metal ions in the perovskite
nanostructure. We synthesized pristine MAPbCl3 and Mn-
doped MAPbCl3 nanocrystals with this method and applied
them for LSC application because of the excellent energy-
transfer shift of Mn-doped MAPbCl3 that downconverts
absorption in the UV region to emission in the visible region,
a phenomenon known as luminescent downshifting (LDS). In
addition, our LSC has the effect of scattering to enhance the
optical efficiency at a larger concentration of PeNCs. Figure 1b
shows a schematic working mechanism of the LSC device. A

Monte-Carlo ray-tracing (MCRT)32,33 simulation was per-
formed to provide insight into the role played by PeNCs and
to estimate the ultimate performance of devices.

■ RESULTS AND DISCUSSION

In our HAM approach, PbCl2 was dissolved in 1-octadecene in
the presence of trioctylphosphine (TOP); oleyamine and oleic
acid acted as protective ligands for PeNCs. After the
temperature of the reaction was increased to 200 °C, MACl
in 2-propanol (IPA) was added to the clear solution. For the
MACl solution, various solvents, such as dimethylformamide,
dimethyl sulfoxide, ethanol, and methanol, were tested instead
of IPA; although these solvents dissolve MACl easily, they also
dissolve PeNCs so as to hinder their formation. IPA is an
appropriate solvent for MACl or other organic halide salt and
acts as an antisolvent to form PeNCs. Additionally, as IPA has
a boiling point of 82.6 °C, it evaporates rapidly at high
temperatures. In the HAM, the MACl precursor dissolved in
IPA was slowly added into the reactor containing the PbCl2
precursor in 1-octadecene. In contrast, in the hot-injection
method, the MACl/IPA precursor must be injected into the
reactor at a high temperature (200 °C) so that the IPA rapidly
evaporates because of its low boiling point. The needles
thereby become blocked by the MACl solid through the rapid
evaporation of the IPA solvent using the hot-injection method.
Instead of rapid injection, we used a slow addition of a
precursor solution to synthesize organic−inorganic PeNCs.
After addition of MACl/IPA at 200 °C, the reaction was
cooled rapidly to form PeNCs. Our method involves the
addition of MACl to a precursor solution at a high temperature
(hot addition), which differs from an injection of Cs oleate at a
high temperature (hot injection).15 The hot-injection method
is also reported for organic−inorganic PeNCs30,31 but requires
an additional halide precursor. The organic precursor in the
hot-injection method was added at 65−100 °C, which was
much lower than the temperature that we used in the HAM.
According to the literature,24 for efficient Mn2+ doping, a
higher temperature (260 °C) is required; the HAM is hence
more suitable for synthesizing Mn-doped organic−inorganic
PeNCs than the traditional hot-injection method.
Other methods of synthesis of PeNCs were also tested to

prove the superiority of our method. We synthesized MAPbCl3

Figure 1. Schematic representation of (a) the method of hot addition for the synthesis of PeNCs and (b) the working mechanism of a luminescent
solar concentrator (LSC) and a photograph of a flexible LSC.
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with the LARP and top-down methods. Figure S1 shows
absorption spectra of PeNCs synthesized differently for storage
periods up to 3 weeks. The absorption spectra of PeNCs
synthesized with the LAPR and top-down methods clearly
show degradation of those samples, whereas the PeNCs
synthesized with the HAM are stable. The residual polar
solvent remaining after the LARP synthesis is the major issue
causing the degradation of PeNCs in the LARP method.16,17

The method of hot addition allows us to synthesize highly
crystalline and stable organic−inorganic hybrid PeNCs at a
high temperature and avoids the use of high boiling-point polar
solvents such as dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP); this
method is hence ideal for doping metal cations inside PeNCs.
For this purpose, Mn2+ was doped in MAPbCl3 in varied
proportions in molar ratios MnCl2/PbCl2 of 20, 30, 40, and

Figure 2. Absorption and emission spectra of (a) MAPbCl3, (b) 20% Mn:MAPbCl3, (c) 30% Mn:MAPbCl3, (d) 40% Mn:MAPbCl3, and (e) 50%
Mn:MAPbCl3. (f) PL intensity ratio between 600 and 400 nm for Mn in the MAPbCl3 PeNC in varied proportions.

Figure 3. TEM images and size distribution of (a−c) MAPbCl3 and (d−f) 40% Mn-doped MAPbCl3.
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50% in the precursor solution. The absorption spectra show no
significant alteration upon doping Mn2+ in varied proportions
(Figure 2a−e); an excitonic absorption is located at 400 nm. In
contrast, the corresponding PL spectra show two specific
emissions at 400 and 600 nm with distinct PL intensities
(Figure 2f). The emission at ∼400 nm was due to the
contribution of pristine excitonic MAPbCl3 PeNCs, but a
further emission at ∼600 nm appeared when Mn2+ was doped
inside the MAPbCl3 PeNC. The observed PL at 600 nm is
assigned to a forbidden transition 4T1 →

6A1 of cation Mn2+.21

On increasing the proportion of MnCl2, we observed that the
PL intensity at 400 nm decreased, whereas that at 600 nm
increased. At 600 nm, photoluminescence quantum yields
(PLQYs) with 2.3, 3.5, 4.0, and 5.9% were obtained for 20, 30,
40, and 50% Mn doping, respectively. The ratio of the PL
intensity at 600 nm to that at 400 nm increased for MnCl2/
PbCl2 ratio from 20 to 40% because of an enhanced energy
transfer from the host (MAPbCl3) to the dopant (Mn2+), but it
decreased at 50% (Figure 2e,f) because of the enhanced Mn−
Mn interaction that quenched the emission of Mn2+.34,35 The
best condition for the downconversion of solar energy from
400 to 600 nm occurred for the Mn:MAPbCl3 PeNC with the
ratio MnCl2/PbCl2 of 40%, which exhibits a photolumines-
cence quantum yield of 4% at 600 nm; we thus used that
PeNC for our LSC application.
Other than the HAM, Mn:MAPbCl3 PeNCs can be

synthesized with the LARP method. We synthesized 40%
Mn-doped PeNCs according to the LARP procedure;36 the
corresponding PL spectrum is shown in Figure S2a. The
stability of Mn-doped PeNCs fabricated with the LARP
method is, however, poor compared with Mn-doped PeNCs
from the HAM (Figure S2b,c). Mn-doped PeNCs cannot be
produced using the top-down method.

Powder X-ray diffraction (XRD) patterns of thin-film PeNC
samples are shown in Figure S3. These patterns of MAPbCl3
and 40% Mn:MAPbCl3 are similar, with a cubic crystal
structure Pm3m.36,37 The diffraction signals of both samples
are slightly shifted with respect to the standard crystallographic
data, which is attributed to the nanocrystalline nature of these
samples.38 No shift of XRD patterns was observed for the 40%
Mn-doped sample compared to the standard undoped PeNC
sample, indicating that the proportion of Mn2+ in PeNCs is
small. To determine that proportion, we recorded an
inductively coupled plasma optical-emission spectrum (ICP-
OES); the results are listed in Table S1. Even though MnCl2 at
40% with respect to PbCl2 was added to the precursor solution,
Mn2+ at only 0.021% was found inside the host PeNC. This
minute proportion of Mn2+ dopant in MAPbCl3 PeNCs plays a
key role in the crystallinity (Figure S3) and size of the PeNCs.
Figure 3 shows images from a transmission electron micro-
scope (TEM) under varied magnifications. Figure S4 shows
HRTEM images of PeNCs; interplanar distances of 0.25 nm in
MAPbCl3 and 0.32 nm in Mn-MAPBcl3 are assigned to the
(210) and (111) planes of a cubic phase, respectively. The
average sizes of the two PeNCs are 7.8 ± 1.4 nm for MAPbCl3
and 6.5 ± 1.4 nm for 40% Mn:MAPbCl3. The latter smaller
size is attributed to the Mn-doping effect according to which a
small portion of the Pb2+ vacancies are replaced by the Mn2+

species.39,40

As mentioned above, the large energy-transfer shift of
Mn:MAPbCl3 avoids the self-reabsorption of PL emission by
PeNCs and makes them suitable as emissive centers in LSCs.23

To fabricate a flexible LSC, we used soft poly-
(dimethylsiloxane) (PDMS) as a polymer base that is
transparent in the solar spectrum;41 PeNCs were dispersed
in the polymer slab. We followed a typical design for the LSC
in which the silicon solar cell (SSC) was submerged in the

Figure 4. Transmittance (at 600 nm) and optical efficiency vs mass percentage (wt %) of PeNCs in PDMS: (a) PLSC and (b) MnLSC devices and
simulation results for (c) PLSC devices and (d) MnLSC devices.
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polymer and attached onto one side of the LSC (Figure 1b).
To test the effect of Mn:MAPbCl3 in LSCs, LSCs of
dimensions 2.8 × 2.5 × 1.4 cm3 (G factor ∼ 5.0) were
fabricated according to three experimental conditions: (i) an
LSC fabricated with only PDMS (BLSC), (ii) an LSC
fabricated with pristine MAPbCl3, which has photolumines-
cence quantum yield of 0.7% (PLSC), and (iii) an LSC
fabricated with 40% Mn-doped MAPbCl3 (MnLSC). In the
second and third conditions, LSCs in a series with varied
proportions of PeNCs inside PDMS were prepared to study
the effect of mass percentage (mass %) on the LSC
performance. As shown in Figure S5, the transmittance of
the LSC decreased and the corresponding PL intensity
increased on increasing the proportions of PeNCs. A
current−voltage curve and an IPCE spectrum of a commercial
silicon solar cell under one-sun irradiation are displayed in
Figure S6. Figure S7a,b shows the current−voltage curves of
the PLSC and MnLSC devices, respectively, under one-sun
irradiation; the actual LSC device is shown in Figure S8. The
corresponding photovoltaic results are summarized in Tables
S2 and S3 for the PLSC and MnLSC devices, respectively. For
both PLSC and MnLSC devices, the values of the short-circuit
photocurrent (Isc) increased upon increasing the mass % of the
PeNCs inside LSCs, whereas the transmittances of the devices
decreased. At small mass %, Voc decreased as the number of
photons reaching the solar cell decreased because of a smaller
contribution from LDS and scattering.42

The enhanced Isc of MnLSC devices is due to the effects of
both light scattering and luminescent downshifting, whereas
that of the PLSC devices is due to only the scattering effect.
The irradiated areas of the device were also considered. We
define the optical efficiency (OE) as OE = Isc (LSC) × ASSC/Isc
(SSC) × ALSC, where Isc (SSC) are photocurrents generated by
LSC and SSC devices, and ASSC and ALSC are areas of SSC and
LSC, respectively.43 The OE values of the PLSC and MnLSC
devices are listed in Tables S2 and S3, respectively.
Although increasing the proportion of PeNCs in the LSC

enhances the optical efficiency of the devices, the transmittance
of the LSC decreases. Figure 4a,b shows the transmittance and
optical efficiency vs concentration of PeNCs for the PLSC and
MnLSC devices, respectively. The results indicate that, even
though the same proportions of PeNCs were present in the
LSCs, the MnLSC device has a lower transmittance than the
PLSC device. This effect is attributed to the varied sizes of Mn-
doped PeNCs and pristine PeNCs. As shown in Figure 3, as

the Mn-doped PeNCs were much smaller than the pristine
PeNCs; the number of Mn-doped PeNCs would be much
greater than that of the pristine PeNCs. The effect of scattering
hence became much greater for the former than for the latter;
this effect caused a rapid decrease of the transmittance upon
increasing the PeNC concentrations in the MnLSC devices.
The small transmittance with a large PeNC concentration is
inapplicable for photovoltaic windows even though the
obtained optical efficiency is large. These LSCs are most
suitable for applications such as integrated wearable devices or
clothing-integrated photovoltaics. Both curves of transmittance
and optical efficiency have a crossing point at transmittance
60−70% and optical efficiency ∼6%, for which the optimal
PeNC amounts are ∼0.09 and ∼0.04 mass % for PLSC and
MnLSC, respectively.
An MCRT simulation of light propagation in LSCs filled

with MAPbCl3 and Mn:MAPbCl3 PeNCs was undertaken
based on the experimental absorption and PL spectra in Figure
2. The MCRT model was used to calculate the OE of the LSCs
containing MAPbCl3 and Mn:MAPbCl3 PeNCs at varied mass
percentages. For each LSC, the OE vs PeNC concentration
was investigated for varied luminescent quantum yields (QYs).
The experimental and MCRT-simulated OE values are shown
in Figure 4c,d for PLSC and MnLSC, respectively; the
calculated OE of MnLSC agrees satisfactorily with the
experimental results for a luminescent QY of less than 10%.
The simulation results show that the OE obtained for each
LSC is due to not only the effect of luminescent downshifting
but also the effect of scattering of incident photons in the LSC.
The extent of contributions of LDS and scattering effects to
OE are listed in Tables S4 and S5 for PLSC and MnLSC,
respectively. Although the scattering effect decreased the
transparency of the LSC, it guided photons toward the solar
cell and increased the number of photons reaching that cell.
There are reports in the literature on inducing a scattering
effect of the LSC either by adding scatterer particles to the
LSC or by painting white the back plate of the LSC,41,44,45 but
our Mn-doped PeNCs showed a dual-functionality to have a
scattering-enhanced LSC device.
Light absorption by the LSC increased on increasing the

PeNC proportion. Enhanced light absorption by PeNCs in the
LSC led to an increased number of downshifted photons,
thereby an increased OE of the LSC. Comparing Figure 4c,d,
one sees that, when using MAPbCl3 PeNCs, the change in OE
as a function of concentration occurred more smoothly. This

Figure 5. Simulated data: (a) relative optical efficiency vs LSC length and (b) optical efficiency vs LSC area.
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effect is attributed to the greater reabsorption in the LSC
containing MAPbCl3 PeNCs compared to the LSC containing
Mn:MAPbCl3 PeNCs. We quantified the reabsorption with a
parameter radiative overlap (RO). The RO values for PLSC
and MnLSC at varied weight percentages are tabulated in
Table S6. At a concentration of 0.094 mass %, RO was 0.89 for
PLSC and 0.23 for MnLSC. When the RO was large, although
light absorption increased on increasing the PeNC proportion
in the LSC, the chance of reabsorption of the emitted photons
was also large. The OE hence did not increase substantially on
increasing the PeNC amount; this behavior was pronounced in
cases of small QY. As a result, the QY determined the extent of
the negative effect of RO on the performance of the LSC.
When the QY was small, the chance to contribute to the OE
via the reabsorbed photons was small and the loss due to RO
was considerable and vice versa; the larger the QY, the smaller
the RO loss.
To estimate the ultimate device performances achievable

using MAPbCl3 and Mn:MAPbCl3 PeNCs, we also simulated
the LSC OE in varied LSC sizes. In the calculation of the
following results, the concentration and QY were fixed at 0.09
mass % and 0.1, respectively, for both MAPbCl3 and
Mn:MAPbCl3 PeNCs.
Figures 5a and S9a show plots of the relative OE calculated

using MCRT simulations with increasing LSC length (from 0.1
to 30 cm) and G factor (from 0 to 55), respectively, for PLSC
and MnLSC devices. The width and thickness (height) of
LSCs were fixed at the experimental values in these
calculations. As expected, the OE decreased exponentially
with increasing LSC length because of the combined effects of
reabsorption loss and escape loss. The total OE of MnLSC and
PLSC decreased by 16 and 22%, respectively, at length ∼5 cm
and then remained almost unchanged for MnLSC with greater
lengths. A larger decrease of OE of PLSC compared with that
of MnLSC is attributed to the effect of RO. For the LSC with a
greater RO, the chance of reabsorption of emitted photons
increased on increasing the photon path caused by increased
LSC length. In a longer LSC, the chance of photon escape due
to scattering is also greater. The OE hence decreased on
increasing the LSC length. The simulation results show,
however, that the OE of the MnLSC device does not decrease
more than 20% even for a long LSC. Figures 5b and S9b show
the calculated OE for MnLSC and PLSC devices with varying
areas and G factors, respectively. In general, as the area of the
top surface of the LSCs increased, more photons entered the
LSC but had a greater chance of being lost through
reabsorption or escape of photons. For a fixed LSC thickness,
the simulation results thus show a decreased OE on increasing
the LSC area from about 2.5 × 2.5 cm2 to 100 × 100 cm2. The
amount of decrease of LSC OE is about 14−15% for both
PLSC and MnLSC devices. Table S7 shows that both the LDS
share and scattering share decreased on increasing the LSC
area, which is attributed to the effects of greater reabsorption
and photon escape, respectively.
The stability of an LSC is an important factor to consider for

its commercial applications. Stability tests of both PLSC and
MnLSC devices were undertaken to address this issue. The
stability of Mn:MAPbCl3 nanocrystals was analyzed by
monitoring the PL intensity of a sample for 1 month. Figure
S10 shows excellent stability of the PeNC synthesized with the
HAM; only a slight change was observed in the PL spectrum
after the sample was stored in darkness for 1 month. The slight
red shift in PL at 400 nm for the aged solution is related to the

progressive release of Mn2+ from the host structure.20

Moreover, the performance stabilities of the PLSC and
MnLSC devices were analyzed when they were stored in
darkness under ambient conditions for 3 months (Figure S11).
Because the perovskite nanocrystals in PDMS are not evenly
distributed, a slight change in the LSC position alters the light
scattering, thus reflecting the fluctuation of the stability data.
The great stability of LSCs is attributed to the robust silicone
backbone of the PDMS enclosing the PeNCs. We thus provide
strong evidence for the excellent stability of both PLSC and
MnLSC devices with PeNCs synthesized with the HAM.
MnLSC at a concentration of 0.094% was tested for the
flexibility study because PDMS is flexible with excellent
mechanical properties. Two cylinders were used to bend the
LSC with bending radii 9 and 15 mm. The current−voltage
curves shown in Figure S12; the corresponding photovoltaic
parameters are listed in Table S8. The results show that both
15- and 9-mm bending devices have poorer photocurrents and
efficiencies of power conversion than those of the flat device
because, on bending, the photocurrent decreases as the path
length of light reaching the solar cell increases.46

■ CONCLUSIONS
We developed a novel method of hot addition to prepare
organic−inorganic perovskite nanocrystals (MAPbCl3 and Mn-
doped MAPbCl3). The stability of PeNCs made with our
HAM is better than that with other commonly used synthetic
methods (LARP or top-down methods). Doping of Mn2+

cations in MAPbCl3 induces a luminescent downshifting
(LDS) effect with a significant energy-transfer shift from 400
to 600 nm that avoids reabsorption of the emitted photons and
makes them suitable for application in an LSC. On application
of PeNCs as emitter centers in the LSC, a greater optical
efficiency for the MnLSC relative to the PLSC at the same
mass percentage of PeNCs is achieved, which is attributed to a
smaller RO between the absorption and emission of the Mn-
doped MAPbCl3 nanocrystals. A Monte-Carlo ray-tracing
simulation confirmed the experimental observations of the
enhanced optical efficiency of the MnLSC device. We hence
demonstrated the feasiblity of synthesis of stable Mn-doped
MAPbCl3 PeNCs with the HAM and used them to enhance
the light-harvesting ability and serve as a potential candidate
for a luminescent solar concentrator.

■ EXPERIMENTAL SECTION
Materials. All materials were used without purification: lead

chloride (PbCl2, 99%, Sigma-Aldrich), methylammonium chloride
(MACl, 99%, Sigma-Aldrich), manganese chloride (MnCl2, 99%,
Sigma-Aldrich), oleylamine (OLA, technical grade, 70%, Sigma-
Aldrich), oleic acid (OA, technical grade, 90%, Sigma-Aldrich),
trioctylphosphine (TOP, anhydrous, 90%, Sigma-Aldrich), anhydrous
2-propanol and toluene (99.5%, Sigma-Aldrich), and Sylgard 184
silicone elastomer kit (Dow Chemical).

Synthesis of Perovskite Nanocrystals. Method of Hot
Addition. Perovskite nanocrystals (PeNCs) were synthesized with
the method of hot addition. PbCl2 (0.94 mmol) and TOP (5 mL)
were placed with 1-octadecene (25 mL) in a spherical flask; the
mixture was heated at 100 °C under vacuum for 1 h. MACl (0.94
mmol) was placed in a bottle (5 mL) to which IPA (3 mL) was
added. The mixture was heated to dissolve MACl in IPA resulting in a
clear solution. After heating PbCl2 in octadecene for 1 h, OLA and
OA (2.5 mL) were added; the temperature was increased to 200 °C.
MACl in IPA was added slowly to the clear solution; the solution was
cooled with an ice bath. For Mn doping, a molar percentage of MnCl2
varied with respect to PbCl2 was added in TOP and 1-octadecene.
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The procedures such as applying vacuum, heating, and precursor
addition were the same as those for undoped PeNCs. To purify the
PeNCs, the crude solution was centrifuged at 9500 rpm for 40 min;
the precipitate was washed with toluene. This washed precipitate was
dispersed in toluene.
Ligand-Assisted Reprecipitation. CH3NH3PbCl3 PeNCs were

prepared according to a reported procedure.36 A precursor solution
(1.5 mL) of PeNCs was prepared by dissolving MACl (0.05 mmol),
PbCl2 (0.05 mmol), oleylamine (40 μL), and oleic acid (40 μL) in
DMF (1.5 mL); the mixture was ultrasonicated until the solution
became transparent. The precursor solution (100 μL) was injected
into toluene (5 mL) to form a suspension of MAPbCl3 PeNCs. Mn2+-
doped MAPbCl3 PeNCs were prepared by adding MnCl2 at a molar
ratio of 40% with respect to PbCl2 to the precursor solution. The
remaining procedure was the same as that for the LARP method used
for the MAPbCl3 PeNC synthesis.
Top-Down Method. The top-down method was implemented

according to a previous report.13 PbCl2 (0.8 mmol) and MACl were
placed in a falcon tube. Oleic acid (40 mL) and oleylamine (4 mL)
were added to this mixture, which was sealed and sonicated
(Elmasonic Easy 120 H, frequency 50−60 Hz) for 3−5 days. During
sonication, bulk perovskite crystals were formed, which fragmented
into nanocrystals; these nanocrystals were protected with capping
ligands. After sonication, the reaction mixture was centrifuged at 2000
rpm for 10 min to remove large particles and then centrifuged at 9500
rpm for 40 min to extract the fine nanocrystals. The precipitate was
dispersed in toluene and again centrifuged to wash the excess capping
ligand. The final precipitate was redispersed in toluene.
Fabrication of the LSC. The LSC was fabricated using a PDMS

polymer.41 For a blank LSC, silicon elastomer A (13.0 g) and silicon
elastomer B (1.3 g) were mixed; the mixture was kept under vacuum
for 1 h to remove air bubbles. After 1 h, the mixture was poured into a
polyacrylic mold, in which a silicon solar cell was placed at the edge.
This assembly was heated at 70 °C for 60 min; after heating, the
solidified LSC device was peeled from the mold. For the fabrication of
PLSC and MnLSC, PeNCs with amounts 0.45 (0.003 mass %), 1.12
(0.008 mass %), 2.25 (0.016 mass %), 6.75 (0.047 mass %), and 13.5
(0.094 mass %) mg suspended in toluene were mixed in the silicon
elastomer mixture and then poured into the mold. The PeNC and
PDMS mixture was kept under vacuum to remove air bubbles and the
solvent toluene. After application of vacuum, the mold was transferred
to an oven and heated at 70 °C for 60 min; the solidified LSC device
was then peeled from the mold.
ICP-OES Sample Preparation. The nanocrystal solution was

evaporated; a nanocrystal powder was collected. This powder was
dissolved in aqua regia (2 mL, HCl/HNO3 = 3:1). The digested
PeNC solution was diluted with distilled water to 20 mL. Before
characterization, the diluted solution was centrifuged to remove
undigested materials.
Characterization. X-ray diffraction (XRD) patterns of PeNCs

coated on indium tin oxide (ITO) substrates were obtained with an
X-ray diffractometer (Bruker AXS, D8 Advance, Cu Kα irradiation, λ
= 154.18 pm). Absorption spectra for PeNCs were recorded in the
range 300−800 nm (V-780 JASCO), and photoluminescence (PL)
spectra were recorded in the range 380−700 nm (excitation at 350
nm, LDH-635, PicoQuant). The current density−voltage character-
istics of devices were recorded with a digital source meter (Keithley
2400) under one-sun illumination (AM 1.5G, 100 mW cm−2) with a
solar simulator (XES-40S1, SAN-E1) and calibrated with a silicon
diode and a KG-5 filter to decrease the mismatch of the spectrum.
The spectra of incident photons to current (IPCE) were recorded
with a system comprising a Xe lamp (A-1010, PTi, 150 W) and a
monochromator (PTi). The amount of Mn in PeNCs was determined
with an inductively coupled plasma optical-emission spectrometer
(Varian 720 ES).
Monte-Carlo Simulations. For 3D Monte-Carlo simulations, we

used the model of a box-shaped LSC, with experimental dimensions,
unless otherwise stated. The top surface pointed toward the sun; one
side was covered with a solar cell and the other sides were attached to
perfectly reflecting mirrors; and the bottom surface was clear. The

normally incident radiation was sampled from the solar spectrum and
105 photons were traced in each simulation. Propagation distances
inside the LSC were based on inverting the Beer−Lambert law using
measured absorbance and transmission spectra. Photons absorbed by
the luminescent species inside the LSC were considered to be emitted
isotropically. Photons striking the top or bottom surface were
probabilistically reflected or transmitted based on Snell’s law of
reflection with PDMS host refractive index n = 1.43. Photons were
monitored until they struck the side at which they would be collected
by the solar cell, escaped through the top or bottom surface, or were
lost by nonradiative routes and thus not re-emitted. The scattering of
photons by PeNCs in the LSC was also considered in all simulations
based on the transmission spectrum.
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