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The luminescence feature of perovskite NPs with high PLQY directs them to lighting and display applications. 2D A 2MAn−1
PbnBr3n+1 (n = 1 − 6) perovskites with A as octylammonium and benzylammonium cations are synthesized by the LARP
method, in which the highest PL emission is attained to the n = 6 sample with benzylamine cation. XRD results reveal the
appearance of diffraction peaks related to 3D perovskites with increasing n value. Mixing 3D perovskites with 2D ones leads to
the formation of core-shell MAPbBr3 − A 2MAn−1PbnBr3n+1 (n = 1 − 6) nanostructures, confirmed by TEM images and optical
properties. Incorporation of Zn to core-shell perovskites improves the PL intensity and induces higher crystallinity. A blue
shift in absorption and emission spectra of Zn-doped perovskites is observed. The highest PLQY (94%) is attributed to the Zn-
doped core-shell perovskite with n = 6 among the all-synthesized samples. Luminescent solar concentrators with thicknesses of
2mm and 5mm are fabricated with benzylamine-based perovskites, because of their greater PLQY versus octylamine-based
perovskites. The performance of LSC devices is boosted for the LSC with 5mm thickness. The relative PCE obtained for the
core-shell perovskite-based LSC with thickness of 5mm reaches to almost 60%.

1. Introduction

Perovskite quantum dots (QDs) have received much more
attention in optoelectronic applications [1–4] due to their
higher photoluminescence quantum yield (PLQY) relative
to thin films, narrow full width at half maximum (FWHM),
ease of solution processability, and low-cost synthesis proce-
dure [5, 6]. 3D perovskite QDs with an ABX3 structure pos-
sess astonishing electrical and optical properties while
suffering from low stability [7, 8]. To overcome this chal-
lenge, mixing 3D perovskites with 2D ones could be promis-
ing. 2D perovskites are among the low-dimensional
perovskites with outstanding optoelectronic properties orig-
inating from quantum confinement effects and their exciton
binding energies [9]. 2D perovskites with a formula A 2

MA n−1MnX3n+1 (1 ≤ n <∞) demonstrate higher water
resistance and a longer lifetime, where A is a long organic
cation [10, 11]. For n = 1, the structure is pure 2D perov-
skite, while mixed-dimensional (2D/3D) perovskite will
appear by increasing n. n =∞ belongs to the pure 3D perov-
skite [12]. Conducting the synthesis of QDs at room temper-
ature and the simplicity and low cost of the synthesis process
are the factors that make the ligand-assisted reprecipitation
(LARP) strategy more efficient than the hot-injection proce-
dure [13]. Incorporation of octylamine (OA) and oleic acid
as ligands in the LARP method during the synthesis of
MAPbBr3 QDs enhances the PLQY up to 70% [14]. Altering
the molar ratio of perovskite precursors without changing
the ligands also influences the size and PLQY of QDs, as
the highest PLQY (about 80%) is achieved for the QDs with
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a size of 3.3nm [15]. The carbon length of the organic amines
and also the reaction temperature of the synthesis procedure
are the factors affecting the morphology, stability, and PLQY
of perovskite nanocrystals (NCs) [16, 17]. To improve stability,
the synthesis of 2D perovskite colloidal nanoparticles (NPs)
with high PLQY has appealed widespread focus [18–20]. 2D
perovskite (n = 1 − 6) QDs with 1-butylammonium as a long
organic cation and an average size of 10nm are synthesized
for Br and I halides. The enhanced optical stability with respect
to 3D counterparts and also a relative high PLQY (48.6%) for
the 2D perovskites with n = 6 and Br halide are the features of
the synthesized QDs [21].

Growing a shell with a higher bandgap around a semicon-
ductor nanostructure is one of the strategies to improve pho-
toluminescence and stability [22, 23]. There are some kinds
of core-shell structures, such as semiconductor-organic passi-
vator core-shell, semiconductor-semiconductor hetero struc-
ture, perovskite-inorganic protective layer core-shell, and
chalcogenide quantum dot-perovskite core-shell [24]. Cap-
ping ZnO NPs with polyvinylpyrrolidone polymer enhances
the spectral purity and reduces the quantum efficiency [25].
However, a balanced photocatalytic and quantum efficiency
are obtained in silica-encapsulated ZnO QDs [26]. Defect
states, Forster resonance energy transfer (FRET), and charge
transfer (CT) are the dominant phenomena in the PL quench-
ing of surface-modified ZnO nanoplates [27]. Perovskite-
perovskite core-shell NPs belong to the semiconductor-
semiconductor core-shell type [24]. Bhaumik et al. [28]
succeeded in synthesizing perovskite-perovskite core-shell
NPs with 3D MAPbBr3 as a core and 2D (OA)2PbBr4 perov-
skite as a shell. Besides possessing a high PLQY (92%), the syn-
thesized core-shell structures are stable even after twomonths.
Study of the nonlinear optical properties of the synthesized
multidimensional core-shell perovskite exhibits a giant five-
photon absorption [29]. Incorporation of MA-OA core-shell
perovskites in polymethyl methacrylate (PMMA) polymer
matrix results in PL stability after fully immersing in water
for 18h [30]. Inorganic Cs-based core-shell CsPbBr3/
Cs4PbBr6 structures demonstrate a 12% enhancement in
PLQYwith respect to the control CsPbBr3 seeds. Furthermore,
the PL intensity of the synthesized core-shell perovskites drops
to half of its maximum intensity after 7 days, while PL quench-
ing occurs in 2 days for the bare CsPbBr3 [31]. The water resis-
tance of CsPbBr3/CsPb2Br5 core-shell perovskite is proved by
the addition of water into the perovskite solution, in which the
NCs still emit a green color after being sonicated for 2h [32].

Substituting metal halides such as Cu, Sn, Mn, and Zn
with outstanding properties of nontoxicity, stability, and
earth abundance for Pb-based halides could obtain achieve-
ments in the optoelectronic properties of metal halide perov-
skites [33]. Organic copper halides with high PLQY up to
92% are good candidates for X-ray scintillators [34]. PLQYs
up to 25% and 23% are reported for organic-inorganic Cu-
and Zn-based metal halides with potential applications in
fingerprint detection [35, 36]. A study on different morphol-
ogies of ZnO nanostructures reveals that visible emission
from these nanostructures originates from oxygen-related
adsorbed species [37]. The ZnO nanostructure dimension
is also varied by the hydroxide ion concentration of precur-

sors, which affects the surface defect states and hence the QY
[38]. Factors such as surfactants, dopants, precipitating
agents, and fluxing agents during the synthesis process of
rare earth-doped phosphors affect the product’s crystallinity
and morphology and hence the luminescence [39]. In perov-
skite structures, doping Zn is also a promising approach to
achieve uniform morphology, improved stability, and higher
PL intensity [40, 41]. Due to the hazardous risks of lead to
humans and the environment, a beneficial step is reducing
the amount of Pb in perovskite-based optoelectronic devices.
The presence of Zn in the 2D OA 2SnX4 (X = Br, I) perov-
skite lattice leads to highly qualified morphology and
boosted stability. The PLQY of the synthesized 2D perov-
skites is increased to 85% and 50% for Br- and I-based
perovskites, compared to the bare ones [42]. The photovol-
taic performance of fabricated solar cells based on Zn-
doped MAPbI3 is improved to 18.18%, while the efficiency
of a control solar cell is 17.44%. Reduced J-V hysteresis is
another advantage of Zn-doped perovskite-based solar cells
[43]. Strategies to enhance the PL emission of perovskite-
based materials are utilized in lighting, lasing, and display
applications [44–46]. Highly luminescent perovskites are
also a good candidate to be developed in luminescent solar
concentrators (LSCs). A polymeric matrix with fluorophores
doped in it is called LSC, in which the incident light can be
absorbed and emitted by the fluorophores. The emitted light
could be guided to the LSC edges by total internal reflection,
where the solar cells are attached [47]. The micron-sized
MAPbBr3 perovskites, synthesized by a sonochemical proce-
dure, are utilized in bulk LSCs by our group [48]. The LSC
geometry also influences the PCE in LSC devices, where
half-cylindrical LSCs based on MAPbBr3 QDs demonstrate
higher PCEs with respect to sheet LSCs [49]. The strong, stable
LSCs based on highly luminescent (99.4%) CsPbI3 perovskites
demonstrate an optical efficiency of 3.1% [50]. The integration
of a 0D perovskite-based LSC into a motor fan gives the
opportunity to drive a real device with LSCs for the first time
[51]. The modified synthesis of iodine-based 2D perovskites
improves the PLQY to 56%, and its incorporation into LSC
enhances the optical efficiency up to 2.0% [52].

In this work, 2D perovskite NPs with octylammonium
(OA) and benzylammonium (BZA) long organic cations
are synthesized with different values of n (n = 1 − 6). The
highest PLQY in this category belongs to the perovskite,
with n = 6. Mixing 2D perovskites with 3D ones leads to
the formation of a core-shell structure with enhanced PLQY
compared to the first category. The third category is formed
by doping ZnBr2 into mixed 3D-2D perovskites, in which
further enhancement of the luminescence emission is
achieved. Incorporation of prepared samples with n = 6, as
luminescent materials, into LSCs leads to enhanced PCE of
the LSC devices.

2. Experimental Section

2.1. Materials. Methylamine (MA, 40wt% in water), octyla-
mine (OA, ≥98%), benzylamine (BZA, >99%), hydrobromic
acid (HBr, 48wt% in water), lead bromide (PbBr2, ≥98%),
oleic acid (89–95%), oleylamine (70%), toluene (≥99.9%),
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and N, N-dimethyl formamide (DMF, ≥99.9%) from Merck
are utilized to synthesize 2D and 3D perovskite NPs. Methyl
methacrylate (MMA, 99%), polymethyl methacrylate
(PMMA, Mw = 996000), and photo initiator diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO, 97%) are
utilized in the fabrication process of LSC polymeric matrix.

2.2. Synthesis Procedure

2.2.1. 2D Layered Perovskites. Before the perovskite synthe-
sis, it is a priority to synthesize alkyl ammonium salts.
MABr, OABr, and BZABr salts are prepared by reacting
alkyl amine and HBr in an equal molar ratio, as mentioned
in Ref [15]. The LARP procedure for the synthesis of 2D
bromide perovskites follows Ref [21], where the butyl amine
is used as a long ammonium cation. The long organic
ammonium cations in this work are OA and BZA. In brief,
to synthesize 2D perovskites with n = 1, the precursor is pre-
pared by reacting 0.2mmol PbBr2, 0.4mmol OABr, 50μL
oleylamine, and 0.5mL oleic acid in 5mL DMF. Injection
of 50μL precursor solution in 5mL of toluene under vigor-
ous stirring results in 2D perovskite synthesis. The
(OA)2PbBr4 NPs are obtained after centrifugation for
10min. To synthesize 2D perovskites with higher values of
n, the precursor solution is prepared by mixing different
molar ratios of MABr, OABr, and PbBr2, with the molar
ratio of PbBr2 at 0.04mM. The quasi-2D perovskite NPs
are obtained by injecting the precursor solution into toluene.
The same process is repeated for the 2D perovskites with
BZA cations.

2.2.2. Core-Shell 3D-2D Perovskites. The synthesis of multi-
dimensional 3D-2D perovskites is conducted according to
Ref [29]. First, the 3D perovskite precursor is prepared by
adding 0.16mmol MABr, 0.2mmol PbBr2, 50μL oleylamine,
and 0.5mL oleic acid to 5mL DMF. The 2D precursor solu-
tions (n = 1 − 6) are also obtainable, as pointed out in Sec-
tion 2.2.1. Second, the 3D precursor solution is injected
into 5mL toluene under stirring, alongside the 2D
(OA)2PbBr4 precursor. 3D and 2D precursors are added to
toluene, just as though the molar ratio of MA in the 3D pre-
cursor to OA in the 2D precursor is 8 : 2. The 3D-2D core-
shell MAPbBr3-(OA)2PbBr4 NPs are then attainable after
centrifugation. For the synthesis of other (3D-2D) MAPbB
r3 −OA2MAn−1PbnBr3n+1 nanoperovskites with n, the 2D
precursor solutions are prepared with molar ratios related
to each n. The amounts of 3D and 2D precursors poured
into toluene have the same molar ratio of 8 : 2. The synthesis
procedure of BZA-based 3D-2D perovskites is the same as
that of OA ones.

2.2.3. Zn-Doped 3D-2D Perovskites. It is demonstrated that
the presence of Zn influences the luminescence of 3D perov-
skites, positively [43]. To enhance the PLQY of multidimen-
sional 3D-2D perovskites, the synthesis procedure of the 3D
precursor solution is modified. A Zn-doped 3D precursor is
prepared by the addition of PbBr2 and ZnBr2 in a molar
ratio of 9 : 1. The modified 3D precursor is prepared by mix-
ing organic and inorganic parts in equivalent amounts
(0.2mmol MABr, 0.18mmol PbBr2, and 0.02mmol ZnBr2).

The amount of other materials is constant. Therefore, the
Zn-doped 3D-2D perovskites are synthesized according to
Section 2.2.2, in which the 3D precursor is modified to a
Zn-doped 3D precursor.

2.3. LSC Fabrication. The fabrication of LSC devices is
accompanied by photopolymerization process. PMMA is
dissolved in MMA with a weight ratio of 3 : 7 (PMMA/
MMA) at 60°C. Then, the photo initiator, TPO, with a
weight ratio of 1% with respect to the total mixture is added
[53]. The perovskites with BZA cations are used as lumines-
cent fluorophores in LSCs due to their higher PLQY com-
pared with OA-based perovskites. The perovskite samples
are dried under vacuum before their incorporation into
polymeric solutions. Afterward, the solution is poured into
a mold consisting of two glass sheets with polyvinyl chloride
(PVC) gasket as a spacer. The gasket determines the mold
thickness, which is 2mm and 5mm in our LSCs. To com-
plete the photopolymerization, the mold is illuminated by
a UV lamp for 2-5 hours, depending on the mold thickness.
Finally, the polymeric samples are cut into 50 × 40 × 5mm3

and 50 × 40 × 2mm3 using a laser cutter. In order to deduce
the perovskite influence on LSC performance, the pure
PMMA LSCs with thicknesses of 2mm and 5mm are also
fabricated.

2.4. Characterization. Shimadzu UV-2450 spectrophotome-
ter and Jasco FP-6200 spectrofluorometer are the instru-
ments used for measuring the optical properties of
synthesized perovskites. All the samples are diluted in the
same concentration in toluene, and their absorption and
PL spectra are measured in the quartz cell. For the PLQY
measurements, the absorption and PL spectra for each sam-
ple are measured at different concentrations in the quartz
cell. The same measurements are done for the reference
dye, and then, the PLQYs are calculated, as will be men-
tioned in detail in Section 3.4. X-ray diffraction (XRD) pat-
terns help to investigate the structural properties of the
samples, attained by Siemens D500 and Tongda TD-3700
for OA- and BZA-based perovskites, respectively. To deter-
mine the size of synthesized perovskite NPs, Philips EM
208S transmission electron microscopy (TEM) is employed.

For electrical characterization, the LSC is illuminated by
a metal halide lamp (HQI-BT 400 W/D PRO, Osram).
Figure 1 shows the lamp spectrum. According to the stan-
dards of LSC measurements, the LSC is placed on a black
background to minimize the light reflections [54]. A solar
panel (AK5318) with a dimension of 3 8 × 0 5 cm2 and char-
acteristics of 0.5V and 160mA is attached to the LSC. The
characterization of LSC devices is measured by a Keithley
2410 source meter, which is connected to a computer.

3. Results and Discussion

3.1. Structural Properties. XRD patterns of the synthesized
perovskites drop-cast on the substrate are employed to study
the crystal structure of the samples. Figure 2 demonstrates
the XRD patterns of 2D perovskites (A2MAn−1PbnBr3n+1),
where A is OA or BZA, and their mixture with 3D MAPbBr3
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ones. As shown in Figures 2(a) and 2(b), the peaks at angles
below 14° belong to 2D perovskites, relating to (00n) planes
(where n = 2, 4, 6,⋯) [55–57]. The position of these peaks
and their d-spacing are presented in Table 1. The calculated
d-spacing for the (002) peak located at 6.14° is obtained
14.38Å for (OA)2PbBr4, while it increases for OA-based
2D perovskites with n ≥ 3. It is also observable that multiple
diffraction peaks (at angles below 14°) for the 2D OA-based
perovskites with higher n values originate from the presence
of lower n value perovskites in the composition, as shown in
Figure 2(b) [56, 58]. Furthermore, the quasi-2D OA-based
perovskites with n ≥ 3 exhibit a weak diffraction peak at
14.9°, relating to the (100) peaks of 3D MAPbBr3 perovskite
[59]. It is noteworthy to mention that regardless of the com-
position of the perovskite precursor, the quasi-2D perovskite
films consist of large n-phases (n⟶∞) or 3D perovskites
[60]. For the multidimensional 3D-2D perovskites, the peaks
at lower angles (2θ < 14 9°) still exist for n = 1 and n = 2
samples, as shown in Figures 2(c) and 2(d). Furthermore,
weak XRD peaks positioned at 14.9° and 30° are observable
for multidimensional perovskites with n = 1 and 2 that are
intensified with increasing n values. These peaks are related
to 3D perovskite formation [28]. It means that by increasing
the n value and hence decreasing the fraction of OA cation,
the crystal structures of the 3D-2D samples resemble 3D
perovskites [61]. In addition to lower angle peaks (belonging
to 2D perovskites), Zn-doped 3D-2D perovskites possess
diffraction peaks of 3D MAPbBr3 perovskites, located at
14.9° and 30°. The intensity of the peaks below 14° is dimin-
ished for the Zn-doped 3D-2D OA-based perovskites with
increasing n values. The presence of the peak at 13.8° for
the Zn-doped 3D-2D OA-based perovskite with n = 4 in
Figure 2(d) represents the existence of 2D perovskite with
n = 4 in this sample. It reveals that some 2D perovskites
are present separately during the synthesis process of mixed
3D-2D perovskite. To investigate the effect of Zn doping on
the crystal structure of perovskites, XRD patterns of the bare
and Zn-doped MAPbBr3 are given in Figure 2(e). It is clearly

apparent that the incorporation of Zn with small ion radii
intensifies the XRD peaks of the 3D perovskite significantly.
Narrower diffraction peaks in Zn-doped sample promise
higher crystallinity [62]. Figure 2(f) demonstrates the dif-
fraction peaks of 2D (BZA)2PbBr4 perovskite matching the
(00n) planes of pure 2D perovskites [20, 63]. Calculation
of interlayer spacing for the (002) plane of (BZA)2PbBr4 at
an angle 5.02° results in 17.60Å, which is in consistence with
literature [64]. The d-spacing for quasi-2D BZA-based
perovskites (n = 1 − 6) is given in Table 2. The XRD peaks
for quasi-2D BZA perovskites with n ≥ 3 are given in
Figure 2(g). It is found out that the peaks of 2D BZA-
based perovskites with n = 2 located at angles below 14° are
present in the XRD peaks of n = 4 sample. In addition, the
2D BZA-based perovskites with n = 5 and n = 6 also contain
the peaks of the perovskite with n = 3. It confirms the pres-
ence of lower n value phases in quasi-2D BZA-based perov-
skites with n ≥ 4 [58]. Despite the existence of lower angle
peaks (2θ < 14°) associated with the layered structure of 2D
perovskites, the appearance of 3D perovskite peaks is
observed in Figures 2(h) and 2(i) for bare and Zn-doped
3D-2D BZA-based perovskites. The lower angle peaks
related to 2D layered structures are weak for the multidi-
mensional BZA-based perovskites with n = 6, representing
their crystal structure resembling to 3D ones.

3.2. Size Distribution. TEM images help to prove the forma-
tion of core-shell structure in mixed 3D-2D perovskites. For
instance, the TEM images of 3D-2D MAPbBr3 − OA 2M
An−1PbnBr3n+1 (n = 6) and Zn-doped MAPbBr3 − BZA 2M
An−1PbnBr3n+1 (n = 6) NPs are demonstrated in
Figures 3(a) and 3(b), suggesting a core-shell structure for
several NPs. The core-shell NPs are circled, and the cores
are recognized via the darker region. Accordingly, the for-
mation of core-shell nanostructures is affirmed by the con-
trast in TEM images. The electron density contrast
between the core MAPbBr3 and the shell 2D perovskite with
n = 6 is low because of the similarity of quasi-2D perovskites
with higher n values to 3D ones [28]. Consequently, a vivid
TEM image for 3D-2D MAPbBr3-(BZA)2PbBr4 (n = 1) is
obtained (Figure 3(c)). The nanoparticle size distribution is
also depicted in Figure 3(d), representing the overall particle
size of 5.6 nm. The core-shell structures are indicated by red
circles in Figures 3(a)–3(c).

3.3. Optical Properties. The absorption spectra of the synthe-
sized perovskites based on OA and BZA are illustrated in
Figure 4. For 2D OA 2MAn−1PbnBr3n+1 perovskite with
n = 1, a strong exciton peak placed at 398nm is observed
[65]. For n = 2, the peak red shifts to 430nm, and a shoul-
der at 370nm exists (Figure 4(a)). The shoulder at n = 2
turns into a peak for perovskites with n ≥ 3, suggesting
the presence of a small fraction of perovskites with lower
n values. The difference in absorption spectra of 2D OA-
based perovskites with higher n values is not obvious, as
reported in Figure 4(a) [66]. However, the red shift in
absorption peaks of 2D BZA perovskites is more notice-
able with increasing n values (Figure 4(d)).
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Figure 1: Metal halide lamp spectrum for characterization of LSC
devices.
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Figure 2: Continued.
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Figure 2: Continued.
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According to Figures 4(b) and 4(e), a slight blue shift in
the absorption spectra of 3D-2D MAPbBr3-A2MAPbBr4
perovskite (A=OA or BZA) is observed in comparison with
nonstoichiometric synthesized MAPbBr3 (inset of
Figure 4(b)). This suggests the formation of a core-shell type
for the mixed 3D-2D perovskites [28]. With increasing n, there
is not a significant shift between 3D MAPbBr3 and A2MAn−1
PbnBr3n+1 perovskite samples for both OA and BZA cations
because the fraction ofMA in 3D-2D perovskites increases with
the rise of n values. Therefore, the optical properties of 3D-2D
perovskites tend to be similar to the 3D ones for higher n values.
The comparison of absorption spectra between bare and Zn-

doped MAPbBr3, shown in the inset of Figure 4(c), points out
a blue shift for Zn-doped 3DMAPbBr3 nanostructures. Doping
Zn induces unit cell decrement and bandgap increment, result-
ing in the blue shift [67]. Zn-doped core-shell perovskites
(Figures 4(c) and 4(f)) exhibit a similar optical absorption fea-
ture to 3D-2D ones (Figures 4(b) and 4(e)). A little blue shift
is also observed for 3D-2D Zn-doped MAPbBr3 −A2MAn−1P
bnBr3n+1 samples (A=OA, BZA), compared to Zn-doped
MAPbBr3, describing the feature of core-shell structure. Conse-
quently, the absorption spectra of all the synthesized 3D-2D
perovskites shift to longer wavelengths with respect to 2D ones,
due to the presence of 3D perovskites.
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Figure 2: XRD patterns of (a) 2D OA 2MAn−1PbnBr3n+1 with n = 1, 2, (b) 2D OA 2MAn−1PbnBr3n+1 with n = 3 − 6, (c) 3D-2D MAPbB
r3 − OA 2MAn−1PbnBr3n+1 (n = 1 − 6), (d) Zn-doped MAPbBr3 − OA 2MAn−1PbnBr3n+1 (n = 1 − 6), (e) MAPbBr3 and Zn-doped
MAPbBr3, (f) 2D BZA 2MAn−1PbnBr3n+1 with n = 1, 2, (g) 2D BZA 2MAn−1PbnBr3n+1 with n = 3 − 6, (h) 3D-2D MAPbBr3 − BZA 2M
An−1PbnBr3n+1 (n = 1 − 6), and (i) Zn-doped MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1 − 6) perovskites. The peaks related to (00n)
planes of 2D perovskites and also (100) and (200) planes of 3D MAPbBr3 are marked with star and square in the XRD patterns, respectively.

Table 1: Miller indices and d-spacing for OA 2MAn−1PbnBr3n+1 with n = 1 − 6.

OA 2MAn−1Pbn
Br3n+1 (n = 1)

OA 2MAn−1Pbn
Br3n+1 (n = 2)

OA 2MAn−1Pbn
Br3n+1 (n = 3)

OA 2MAn−1Pbn
Br3n+1 (n = 4)

OA 2MAn−1Pbn
Br3n+1 (n = 5)

OA 2MAn−1Pbn
Br3n+1 (n = 6)

Reflection 2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å)

(002) 6.14483 14.38 6.12733 14.42 5.807 15.21 5.8235 15.17 5.8235 15.17 5.87383 15.04

(004) 12.32667 7.18 12.20767 7.25 11.24567 7.86 11.88633 7.44

Table 2: Miller indices and d-spacing for BZA 2MAn−1PbnBr3n+1 with n = 1 − 6.

BZA 2MAn−1
PbnBr3n+1 (n = 1)

BZA 2MAn−1
PbnBr3n+1 (n = 2)

BZA 2MAn−1
PbnBr3n+1 (n = 3)

BZA 2MAn−1
PbnBr3n+1 (n = 4)

BZA 2MAn−1
PbnBr3n+1 (n = 5)

BZA 2MAn−1
PbnBr3n+1 (n = 6)

Reflection 2θ (
°
) d (Å) 2θ (

°
) d (Å) 2θ (

°
) d (Å) 2θ(°) d (Å) 2θ (

°
) d (Å) 2θ (

°
) d (Å)

(002) 5.02 17.60 4.93 17.92 4.3 20.54 4.10 21.55 4.04 21.87 4.04 21.87

(004) 10.3 8.58 9.34 9.46 9.48 9.33 9.24 9.57 9.26 10.32 9.26 10.32
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The PL spectra of synthesized perovskites are depicted in
Figure 5. A weak PL peak positioning at 408 nm (inset of
Figure 5(a)) corresponds to (OA)2PbBr4. The PL peak red
shifts to 451nm and 478 nm for OA- and BZA-based 2D
A2MAn−1PbnBr3n+1 perovskite materials with increasing n
values (Figures 5(a) and 5(d)). The maximum PL intensity
is related to the sample with n = 6.

As shown in Figures 5(b) and 5(e), a red shift in PL
peaks of core-shell perovskites with increasing n values orig-
inates from the layered nature of 2D perovskites. For the
OA- and BZA-based 3D-2D core-shell perovskites, the PL
peak starts at 483nm and 480 nm for n = 1 and continues
to 494nm and 491nm for n = 6, respectively. The PL peaks
shift to longer wavelengths for 3D-2D nanostructures, with
respect to 2D perovskites (Figure 5(a)).

The PL spectra for the nonstoichiometric synthesized
MAPbBr3 NPs with an emission peak at 496nm are given
in the inset of Figure 5(b). The blue shift in PL spectra of
core-shell MAPbBr3 −A2MAn−1PbnBr3n+1 nanostructures,
with respect to 3D MAPbBr3 NPs, relates to the core-
shell nature of mixed 3D-2D perovskites [68]. A noticeable

enhancement in PL emission spectra is also observed for
mixed 3D-2D structures shown in Figure 5(b) due to the
presence of MAPbBr3 NPs. Comparing the PL results for
OA- and BZA-based perovskites illustrates the PL intensity
enhancement for BZA-based perovskites, given in the inset
of Figures 5(d)–5(f) for the 2D, mixed 3D-2D, and Zn-
doped 3D-2D perovskites, respectively.

Doping Zn into MAPbBr3 perovskite NPs leads to an
enhanced and a slight blue-shifted PL peak (at 503nm)
compared to pristine MAPbBr3 NPs (at 507 nm), which is
illustrated in the inset of Figure 4(c). The existence of Zn
reduces the perovskite defect density and increases the radi-
ative recombination. High-qualified crystallinity and lattice
contraction, confirmed by XRD analysis, are responsible
for the blue shifting of the PL peak [69, 70]. The blue shift
in PL peak position of Zn-doped 3D-2D perovskites with
respect to Zn-doped MAPbBr3 NPs refers to the formation
of core-shell structures. Zn-doped 3D-2D perovskites show
a red shift in PL peaks with increasing n values. Since the
highest PL intensity in 2D A2MAn−1PbnBr3n+1 perovskites
belongs to the n = 6 one (Figure 5(a)), mixing them with
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Figure 3: TEM images of (a) MAPbBr3 − OA 2MAn−1PbnBr3n+1 (n = 6), (b) Zn-doped MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6), and (c)
MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1) perovskite NPs and (d) size distribution ofMAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1) perovskite.

8 International Journal of Energy Research



400 500 600 700
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
A

bs
or

ba
nc

e

Wavelength (nm)

n = 1
n = 2
n = 3

n = 4
n = 5
n = 6

(a)

0

1

2

3

4

5

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e

350 400 450 500 550 600 650 700
Wavelength (nm)

Non stoichiometric MAPbBr3

400 500 600 700
Wavelength (nm)

n = 1
n = 2
n = 3

n = 4
n = 5
n = 6

(b)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e

400 500 600 700
Wavelength (nm)

MAPbBr3

Zn doped MAPbBr3

400 500 600 700
Wavelength (nm)

n = 1 
n = 2
n = 3

n = 4
n = 5
n = 6

(c)

0

1

2

3

400
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16

A
bs

or
ba

nc
e

Wavelength (nm)

A
bs

or
ba

nc
e

400 500 600 700
Wavelength (nm)

n = 1
n = 2
n = 3

n = 4
n = 5
n = 6

(d)

0

1

2

3

4

A
bs

or
ba

nc
e

400 500 600 700
Wavelength (nm)

n = 1
n = 2
n = 3

n = 4
n = 5
n = 6

(e)

300 350 400 450 500 550 600 650 700
0.0

0.5

1.0

1.5

2.0

A
bs

or
ba

nc
e

Wavelength (nm)

n = 1
n = 2
n = 3

n = 4
n = 5
n = 6

(f)

Figure 4: Absorption spectra of (a) 2D OA 2MAn−1PbnBr3n+1 (n = 1 − 6), (b) 3D-2D core-shellMAPbBr3 − OA 2MAn−1PbnBr3n+1 (n = 1 − 6),
(c) Zn-doped 3D-2D core-shellMAPbBr3 − OA 2MAn−1PbnBr3n+1 (n = 1 − 6), (d) 2D BZA 2MAn−1PbnBr3n+1 (n = 1 − 6), (e) 3D-2D core-shell
MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1 − 6), and (f) Zn-doped 3D-2D core-shell MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1 − 6).
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3D perovskites gives the highest luminescence to MAPbBr3
−A2MAn−1PbnBr3n+1 with n = 6.

Figure 6 represents the light emission of BZA-based
nanoperovskites kept in ambient conditions for 20 days.

The PL emission of 2D perovskites is reduced significantly,
except for the samples with n = 4 and n = 6 (Figure 6(a)).
For core-shell perovskites, the luminescence remains stable
after 20 days. Zn-doped core-shell structures show bright
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Figure 5: PL emission spectra of (a) 2D OA 2MAn−1PbnBr3n+1 (n = 1 − 6), (b) 3D-2D core-shell MAPbBr3 − OA 2MAn−1PbnBr3n+1
(n = 1 − 6), (c) Zn-doped 3D-2D core-shell MAPbBr3 − OA 2MAn−1PbnBr3n+1 (n = 1 − 6), (d) 2D BZA 2MAn−1PbnBr3n+1 (n = 1 − 6), (e)
3D-2D core-shell MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1 − 6), and (f) Zn-doped 3D-2D core-shell MAPbBr3 − BZA 2MAn−1PbnBr3n+1
(n = 1 − 6).
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luminescence like the first day of synthesis, as shown in
Figure 6(c). The enhanced stability of these perovskites is
attributed to the presence of Zn and the core-shell nature
of the samples.

3.4. PLQY. The comparative method is used to obtain the
PLQY of the synthesized nanoperovskites that are dispersed
in toluene [71]. Coumarin 460 is selected as a standard ref-
erence dye (PLQY = 73% in ethanol) due to the relative over-
lap of its emission spectrum with the emission spectra of our
synthesized perovskites [72]. For each synthesized perov-
skite, the absorbance and PL spectra are measured with an
excitation wavelength of 373nm at different concentrations
in toluene. The same measurements are conducted for the
reference Coumarin 460 in ethanol. The PLQY is obtained
by the following equation:

PLQYS = PLQYR ×
IS
IR

× AR
AS

× n2S
n2R

, 1

where IS and IR are the integrated areas of PL intensity; AS
and AR are the absorbance at the excitation wavelength for
the perovskite samples (S) and reference (R), respectively;
IS/AS and IR/AR are the slopes of the integrated area of PL
intensity versus absorbance, obtained from the measurement
of PL, and absorbance spectra at different concentrations,
the same for the sample and reference; and n is refractive
index, which is 1.497 and 1.362 for toluene and ethanol,
respectively. All of the measurements are carried out at
room temperature. By calculating the slopes and inserting
the values of n (for the sample and reference) and PLQYR ,
the PLQY of the sample is obtained.

Calculations of PLQY for the 2D perovskites (n = 6), 3D-
2D core-shells (n = 6), and 3D ones are reported in Table 3.
As it is observed in Figure 5, the perovskites containing BZA
cation possess greater luminescence intensity than OA-
based perovskites, which is verified by PLQY calculations.
Substituting BZA cations with OA cations enhances the
PLQY by more than 1.5 times. The reason for this can be

(a) (b)

(c)

Figure 6: PL emission of (a) BZA 2MAn−1PbnBr3n+1 (n = 1 − 6), (b) MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1 − 6), and (c) Zn-doped
MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 1 − 6) perovskites under the illumination of UV lamp after 20 days kept in ambient condition.

Table 3: Calculated PLQY for the synthesized perovskites.

Sample PLQY

OA 2MAn−1PbnBr3n+1 (n = 6) 29%

MAPbBr3 − OA 2MAn−1PbnBr3n+1 (n = 6) 44%

MAPbBr3 − OA 2MAn−1PbnBr3n+1 (n = 6) in the presence of ZnBr2 62%

BZA 2MAn−1PbnBr3n+1 (n = 6) 50%

MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6) 81%

MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6) in the presence of ZnBr2 94%

MAPbBr3 54%

MAPbBr3 in the presence of ZnBr2 70%
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attributed to the special chemical structure of benzene,
which causes surface passivation of surface defects by reduc-
ing trap states. Therefore, the radiative recombination rate is
increased [73, 74]. Also, the samples containing 3D-2D mul-
tidimensional perovskite NPs have a higher emission inten-
sity than 2D samples, which is true for both categories where
OA or BZA cations are used. The PLQY for core-shell 3D-
2D perovskites containing OA and BZA is increased by over
1.5-fold and nearly twofold versus their 2D counterparts,

respectively. It is clear that ZnBr2 also has a significant effect
on improving the PLQY of the synthesized nanoperovskites.
For comparison, the PLQY for 3D perovskites is also given
in Table 3. The maximum PLQY is obtained for the Zn-
doped 3D-2D perovskites with n = 6.

3.5. LSC Characterization. In order to show the performance
of our synthesized highly luminescent perovskites in opto-
electronic applications, they are utilized in LSCs. Due to
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Figure 7: (a) (Top) Fabricated LSCs based on BZA 2MAn−1PbnBr3n+1 (n = 6) with thicknesses of 2mm and 5mm and (bottom) their
emission under incident laser light, I-V curves of the solar panel attached to the LSCs based on PMMA, BZA 2MAn−1PbnBr3n+1 (n = 6),
MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6), and Zn-doped MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6) core-shell with thicknesses of
(b) 2mm and (c) 5mm.
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the higher luminescence emission of BZA nanoperovskites
versus OA ones, BZA perovskites are utilized as luminescent
fluorophores in the manufactured LSCs. Optical properties
studies show a wider absorption spectral range and higher
PL emission for n = 6 of each category between different n
values. Therefore, for 2D and 3D-2D perovskites, the sample
with n = 6 is embedded into LSCs.

The fabricated LSCs with dimensions of 50 × 40 × 5mm3

and 50 × 40 × 2mm3 doped with 2D BZA 2MAn−1PbnB
r3n+1 (n = 6) and core-shell MAPbBr3 − BZA 2MAn−1PbnB
r3n+1 (n = 6) nanoperovskites are characterized by attaching
a PV panel to one of the LSC edges. As an example,
Figure 7(a) demonstrates 2D BZA 2MAn−1PbnBr3n+1
(n = 6)-based LSCs with thicknesses of 2mm and 5mm, in
which the luminescence of the LSCs from the edges is
noticeable under illumination of a diode laser with a
437nm wavelength. To characterize the LSCs with 2mm
thickness, the excessive area of the PV panel is marked with
a black tape. Therefore, the remaining area of the PV panel
to be attached to the 2mm LSC is 3 8 × 0 2 cm2. The PV
parameters of the fabricated LSC devices are presented in
Figure 7 and Tables 4 and 5.

Comparison of I-V curves for 2D and core-shell 3D-2D-
based LSC devices reveals higher ISC for MAPbBr3 −
BZA 2MAn−1PbnBr3n+1 (n = 6)-based LSCs than 2D LSCs
(Figures 7(b) and 7(c)). This trend is identical for both
LSC thicknesses. Higher PLQY of core-shell structure versus
2D nanoperovskites improves the amount of emission light
reached to the LSC edges, hence enhance ISC [75]. For thick
LSCs, the solar harvesting capability is boosted [76]. Conse-
quently, the power conversion efficiency (PCE) for 5mm
LSC devices is higher than the PCE of thin devices. Charac-
teristics of PV panel in adjacent to blank PMMA LSCs are
also presented in Tables 4 and 5. It is obvious that the LSCs
based on MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6)
perovskites perform better than other LSCs.

Although the LSCs based on Zn-doped 3D-2D perov-
skites possess the highest PLQY among the synthesized
perovskites in this paper, the PCE values for these devices
are low. This result is realized for all the Zn-doped perov-

skite LSCs. To understand, Zn-doped perovskites and their
mixture with PMMA are prepared, and their optical proper-
ties are studied. No change in PL emission is observed for
any of the solutions, which implies that PMMA has no side
effect on perovskite PL emission. It seems that the polymer-
ization process is responsible for the low performance of Zn-
doped perovskite LSCs. When ZnBr2 is incorporated into a
polymer solution, some chemical reactions occur during
the polymerization process and destabilize the polymer
[77]. It seems that this process results in reduced PL emis-
sion of Zn-doped perovskites.

4. Conclusion

2D perovskites with octylamine and benzylamine cations are
successfully synthesized, and the highest PL emission
belongs to the samples with n = 6. Core-shell nanoperovs-
kites are also prepared by mixing 3D and 2D perovskites.
The average size of MAPbBr3-(BZA)2PbBr4 perovskite is
obtained 5.6 nm from the TEM image. Benzylamine-based
perovskites exhibit higher PLQY than octylamine-based
ones. In addition to enhanced emission intensity, a positive
impact of doping Zn is an improved stability. The highest
PLQY (94%) is recorded for the Zn-doped MAPbBr3 −
BZA 2MAn−1PbnBr3n+1 (n = 6) perovskite. Doping highly
luminescent perovskites into LSC devices enhances their
performance. The LSCs are fabricated in 2mm and 5mm
thicknesses. Thick LSCs show higher PCE than thin ones,
due to the improvement of the solar harvesting capability
in 5mm LSCs. Among 2mm LSCs, the best result is
obtained for the LSC containing mixed 3D-2D perovskite
with a relative PCE value of 40.2%. The performance of
the mixed 3D-2D perovskite-based LSC with 5mm thick-
ness is the greatest, with a relative PCE yield of up to 60%.
Although the Zn-doped perovskites have the highest PLQY
with respect to the undoped samples, their fabricated LSCs
demonstrate lower PCE values. This is due to the polymeri-
zation process, which occurs in Zn-doped perovskites and
results in destabilizing the LSC.

Table 4: The PV panel parameters attached to the LSCs with thickness of 2mm.

LSC VOC (mV) ISC (mA) FF (%) PCE (%) ΔPCE (%)

PMMA 0.498 11.22 72.1 0.97 —

BZA 2MAn−1PbnBr3n+1 (n = 6) 0.501 14.86 71.9 1.29 32.9

MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6) 0.502 15.72 71.3 1.36 40.2

Zn − dopedMAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6) 0.484 13.05 71 1.08 11.3

Table 5: The PV panel parameters attached to the LSCs with thickness of 5mm.

LSC VOC (mV) ISC (mA) FF (%) PCE (%) ΔPCE (%)

PMMA 0.51 17.3 74.4 1.59 —

BZA 2MAn−1PbnBr3n+1 (n = 6) 0.519 20.36 72.3 1.85 16.3

MAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6) 0.529 27.46 72.2 2.54 59.7

Zn − dopedMAPbBr3 − BZA 2MAn−1PbnBr3n+1 (n = 6) 0.522 18.01 76.3 1.74 9.4
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