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ABSTRACT: Perovskites with reduced dimensions are very attractive for LED
applications due to their improved stability and efficient energy transfer. This is
exemplified by 2D perovskites reported in the literature, predominantly either
Dion-Jacobson or Ruddlesden−Popper systems, which typically use long chain
alkyl moieties as spacers in order to form 2D layers. Here, we report an approach
which uses an inorganic 2D material�silicene�as a template to form two-dimensional quantum-confined CsPbBr3 (qc-CsPbBr3)
layers of less than 5 nm in thickness. This approach can be further generalized to synthesize other types of perovskites with reduced
dimensionality. The structural and optical properties of the qc-CsPbBr3 layers inside silicene were characterized. The qc-CsPbBr3-
based LEDs demonstrate improved stability under ambient conditions, along with a current efficiency of 13.7 Cd A−1 and external
quantum efficiency of 8.5%.
KEYWORDS: silicene, 2D material, perovskites, LEDs, quantum confinement

■ INTRODUCTION
Perovskites have attracted much attention in recent years due
to their useful properties such as high charge carrier
mobility,1−4 high dielectric constant,5 and processability,
making them uniquely suitable for applications in photo-
voltaics, light emitting diodes (LEDs), lasers, and photo-
detectors.6−9 Most perovskites reported in the literature are
found in either thin film or bulk material morphologies;
however, recent studies have shown that the physical
properties of 2D perovskites are more easily tuned when
compared to these other two morphologies. Structural control
in such 2D perovskites is typically limited by the selection of
the identity of a long alkyl chain.10 Stable exciton states with
unusually high binding energies are found in 2D perovskites
even at room temperature due to the confinement of electrons
and holes within the thin perovskite layers.11 This leads to an
increase in the electron−hole recombination, thus making 2D
perovskites ideal for LED applications.12

Most 2D perovskites reported in the literature are formed
with the addition of a large cation, usually organic, with a very
long alkyl chain which cannot enter the octahedron spaces and
thus limits the growth along the out of plane direction. The 2D
perovskites fabricated using this method have a generic
formula, RAn−1BX3n−1 or (Ruddlesden−Popper series), where
A is the cation (A = Methylammonium (MA), Formamidinium
(FA) or Cesium (Cs)), B is Lead (Pb) or Tin (Sn), X is the
halogen (X = Cl, Br, and I)), and R is the spacer between the
perovskite layers. The R group can be an aliphatic or aromatic
alkylammonium cation, of which the most commonly used are
butylamine (BA+ = CH3(CH2)3NH3) and phenethylamine
(PEA, C6H5C2H4NH3), respectively.

10,13,14 This 2D system

acts as multiple quantum wells with the R layer serving as a
potential barrier between the 2D perovskite layers.15,16 The
Dion-Jacobson system is another type of 2D perovskite, in
which the R spacer between the perovskite layers is a divalent
cation, such as ethylenediamine or 1,4-butanediamine.17

Current research has shown that the cation-containing
spacer layer is key to the formation and stabilization of 2D
perovskites. In this study, we, for the first time, obtained two-
dimensional quantum-confined CsPbBr3 (qc-CsPbBr3) ultra-
thin layers sandwiched inside 2D silicene (i.e., silicon
nanosheets) by using silicene as a template. It is well-known
that silicene is a single 2D layer of silicon nanosheets analogous
to graphene. The morphological and structural properties of
qc-CsPbBr3 were studied using X-ray diffraction (XRD),
transmission electron microscopy (TEM), and energy
dispersive X-ray spectroscopy (EDX). The sandwiched perov-
skite nanosheets show significantly improved stability in air.
Photoluminescence (PL) and electroluminescence (EL) of the
quantum-confined perovskite-based LEDs show stable light
emission over 8 weeks, demonstrating a great improvement
over unstable emission from their bulk analogs.
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■ RESULTS AND DISCUSSION
We have previously produced silicene through an exfoliative
process, using CaSi2 as a starting material.18 In short, this
process consists of the removal of Ca from CaSi2 using HCl,
followed by sonication and centrifugation, after which the
silicene are dried and stored in vacuum for use. Figure S1
shows XRD patterns of the starting material, CaSi2, and
silicene after exfoliation and confirms that silicene layers were
indeed obtained.19,20 Scanning electron microscopy (SEM)
images of the CaSi2 and silicene are shown in Figure S2. Here,
it can be seen that the removal of Ca from CaSi2 leaves a
layered silicon structure, which can then be used as a template
for perovskite growth with reduced dimensionality. Figure 1a

shows a schematic diagram for the templated growth of
quantum-confined perovskites. The perovskite infiltration
process begins with the immersion of the silicene template in
a solution containing the perovskite precursors CsBr and
CsPbBr2 in a 1:1 mole ratio, followed by a separation process
using centrifugation and ending with the samples being baked
at 95 °C for 30 min.
Figure 1b shows XRD patterns for bulk CsPbBr3 and for qc-

CsPbBr3 in silicene. Bulk CsPbBr3 XRD peaks are located at
15.2°, 22.1°, 26.4°, 30.6°, 34.3°, 37.7°, 43.9°, and 46.8° and
can be assigned to the (100), (110), (111), (200), (210),
(211), (220), and (300) planes of CsPbBr3, respectively. A

typical SEM image for bulk CsPbBr3 is shown in Figure S3.21,22

The XRD spectrum for qc-CsPbBr3 shows peaks, which are
consistent with those seen in bulk CsPbBr3 along with a few
additional peaks, which are associated with the silicene
template. The perovskite-associated peaks from qc-CsPbBr3
are broader than those of the bulk material due to nanoscale
thin layers.
Figure 1c,d shows TEM images of the silicene template and

the qc-CsPbBr3 in silicene respectively. Before infiltration,
empty gaps can be seen between the silicene layers of the
template (Figure 1c). After perovskite infiltration, the empty
gaps between silicene layers are filled with CsPbBr3 as
demonstrated by the dark regions representing the thin
CsPbBr3 sandwiched between the lighter silicene layers (Figure
1d,e). The thickness of the two-dimensional quantum-confined
perovskite layers is less 5 nanometers. In order to verify the
uniformity of perovskite infiltration between the silicene layers,
a TEM-EDX map was performed and is shown in Figure 1f.
The distribution of elements associated with the perovskite
composition, that is, Cs, Pb, and Br matches that of silicon and
is consistent with the uniform formation of ultrathin perovskite
nanostructures confined between the silicene nanosheets.
The absorption spectrum for qc-CsPbBr3 in silicene is

shown in Figure S4. The PL spectra from the bulk and qc-
CsPbBr3 in silicene were taken using a laser with an excitation
wavelength of 375 nm and are shown in Figure 2. The inset of

Figure 2 shows the corresponding PL image of qc-CsPbBr3 in
silicene, while the typical PL image for bulk CsPbBr3 is shown
in Figure S5. A peak shift from 507 nm for qc-CsPbBr3 in
silicene to 523 nm for bulk CsPbBr3 is observed. The blue shift
of the PL peak in qc-CsPbBr3 is most likely due to the
quantum confinement of the electrons within the two-
dimensional layers, although charge transfer between the
silicene layers and ultrathin CsPbBr3 might also affect PL
emission. If the PL shift is related purely to a quantum
confinement effect, then the peak energy E for the confined
perovskite can be written as E = Eg + b/r2, where Eg is the band
gap for the bulk perovskite, r is the perovskite thickness, and b
is a constant with a value of 2.6 eV nm2 for CsPbBr3.

23,24 By
taking the PL maxima as the optical band gaps E and Eg of the
confined and bulk CsPbBr3 respectively, the average thickness
(r) is estimated to be about ∼8 nm, which is equivalent to ∼10
layers of CsPbBr3. This value is close to the thickness obtained
in our TEM measurements. The single PL peak from qc-
CsPbBr3 suggests that the perovskite loading into the template
does not produce bulk residues inside or outside the silicene
layers.

Figure 1. (a) Schematic representation of the silicene template and
qc-CsPbBr3 in silicene; (b) XRD of qc-CsPbBr3 in silicene and bulk
CsPbBr3; (c) TEM image of the silicene template; (d) TEM image of
qc-CsPbBr3 in silicene; (e) TEM image of an individual qc-CsPbBr3
layer in silicene; and (f) TEM-EDX map of qc-CsPbBr3 in silicene.

Figure 2. Normalized PL spectrum of bulk and qc-CsPbBr3 in
silicene. (Inset: PL image from qc-CsPbBr3 in silicene).
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The stability of qc-CsPbBr3 in silicene was studied by XRD
and PL measurements over the course of 2 months. For
comparison, the XRD and PL spectra of bulk CsPbBr3 were
also measured over the same period of time and are shown in
Figure 3a,b, respectively. Figure S6 shows the XRD spectrum

of the Si wafer substrate. The fresh bulk perovskite sample
shows the typical XRD peaks as expected for CsPbBr3.
However, after storage under ambient conditions for 2 weeks a
new peak at ∼11.5° is observed. This diffraction peak is due to
the phase transformation and degradation of CsPbBr3 into
CsPb2Br5 as a result of moisture incorporation into the crystal
lattice. This is consistent with the reported instability of
CsPbBr3 in air and was previously observed in CsPb2Br5
synthesized using different ratios of PbBr2 and CsBr in
water.25,26 The PL spectrum taken after 2 weeks (see Figure
3b) shows a decreased intensity along with two emission peaks
due to the mixture of CsPbBr3 and CsPb2Br5.

25,27,28 After 8
weeks in air, the PL intensity further decreases and more peaks
are observed. As expected, this result again demonstrates the
instability of the bulk CsPbBr3 under ambient conditions.
Figure 3c shows the XRD patterns from qc-CsPbBr3 in

silicene up to 8 weeks after preparation. Unlike the bulk
sample, the confined perovskite sample does not show any
obvious signs of degradation even after aging for 8 weeks. This
demonstrates the stability improvement of qc-CsPbBr3 due to
the reduced dimensionality of the perovskite. The protection
of silicene might also play a role in stability improvement;
however, a slow degradation usually occurs under protection.
Figure 3d shows the PL spectra of qc-CsPbBr3 in silicene. After
the sample was stored in air for 2 weeks, the PL intensity
decreases slightly. After this initial decrease, the PL spectra are
stable for the remainder of the time, once again indicating that
the quantum-confined perovskites in silicene are highly stable.
The stability of qc-CsPbBr3 in silicene coated with a

protection layer of 15 nm Al2O3 was also studied. Figures S7
shows PL intensity change over time for the unprotected and
Al2O3-protected qc-CsPbBr3 in silicene, and Figure S8 shows
the corresponding XRD spectra. The sample coated with the

Al2O3 protection layer shows only a very slight improvement in
the PL stability over time. Both the XRD and PL studies show
that qc-CsPbBr3 silicene is very stable.
The LED devices based on qc-CsPbBr3 in silicene were

fabricated on FTO glass substrates. The device architecture
consists of a layer of poly(3,4-ethylene dioxythiophene):poly-
(styrene sulfonate), also known as PEDOT:PSS, as a hole
transport layer, qc-CsPbBr3 in silicene on top of PEDOT:PSS,
silver as the top electrode, and FTO as the back electrode. The
cross-sectional SEM image of the device is shown in the inset
of Figure 4c, which clearly shows the FTO and CsPbBr3 layers.

PEDOT:PSS is hard to distinguish in the image because the
polymer has small contrast and its thickness is only around 65
nm. The holes injected from the hole transport material,
PEDOT:PSS, and the electrons from the Ag electrode come
into the recombination layer of CsPbBr3 in siliene, where the
electrons and holes recombine to release energy in the form of
photons.
Figure 4a shows the measured PL and EL spectra at 7 V for

qc-CsPbBr3 in silicene. Note that the EL peak position is at
517 nm, while the PL peak position is at 507 nm. This shift in
emission peak can be attributed to the fluctuation of the
interfacial states at the PEDOT:PSS layer and the band
bending between PEDOT:PSS and qc-CsPbBr3 in sili-
cene.29−31 The exact same cause also results in the broadening
of the EL peak. For comparison, an LED based on bulk
CsPbBr3 in the same device architecture was also fabricated
and studied. The EL emission for this bulk CsPbBr3 device
exhibits an EL peak at 532 nm as shown in Figure S9. This
represents a peak position shift of 9 nm between PL and EL for
the bulk CsPbBr3, which is similar to that of 10 nm shift for qc-
CsPbBr3. It is noted that the EL peak position difference
between bulk and the confined CsPbBr3 is 15 nm, which is
similar to the observed peak position difference of 16 nm in PL
due to quantum confinement.
Figure 4b shows the electroluminescence spectra of the LED

device measured at different applied voltages while the inset

Figure 3. Stability study of CsPbBr3 after storage for different times
under ambient conditions. (a) XRD and (b) PL spectra of bulk
CsPbBr3; and (c) XRD and (d) PL spectra of quantum-confined
CsPbBr3 in silicene.

Figure 4. (a) Normalized PL and EL of the quantum-confined
CsPbBr3 in silicene; (b) EL spectra measured at different applied
voltages; (c) current−voltage plot of the LED device (inset: SEM-
device cross-section); (d) Commission Internacionale de l’Eclairage
(CIE) chromaticity coordinates.
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shows the plots of the EL intensity vs the applied voltage. It is
hard to observe the EL emission at voltages below 3 V. As the
applied voltage increases above 3 V, the EL intensity increases
quickly, while the EL peak shape stays the same, indicating that
the quantum-confined perovskite is stable under an applied
electric field. The turn-on voltage for EL emission is consistent
with the current density increase with the measured electric
current increasing slowly at voltages lower than 3 V, and then,
it increases relatively steeply above 3 V as shown in Figure 4c.
Figure 4d shows the Comission Interationale de l’Eclairage
(CIE) chromaticity coordinates, including our data at (0.113,
0.681). It is located in the pure green region, making the
CsPbBr3 ideal for pure green light-emitting sources. The
triangle in Figure 4d represents the chromaticity standard for
ultra-high-definition television UHD TV (ITU-R BT 2020).
Table 1 lists the performance of a number of perovskite LED

devices from the literature as well as the data from the
quantum confined perovskites in this study. The details of the
device structures and the types of perovskite materials are also
included in the table. To ensure a valid comparison, only the
devices with green emission are selected. The perovskite
devices in this study show a competitive external quantum
efficiency (EQE) and stability with a moderate CE. The EQE
shown in the table for this student was obtained by using the
ratio of emitted photons to the injected electrons based on the
current at 7 V. The EQE %, CE, and luminance vs current
density are shown in Figure S10. The PL lifetime τ was
measured for both bulk CsPbBr3 and qc-CsPbBr3 in silicene
with values of 3.6 and 5.5 ns, respectively (see Figure S12).
The longer lifetime shows a better exciton confinement,
inhibiting the trapping of the excited electrons by surface
defects and resulting in an efficient usage of the excited carriers
in the confined perovskite than the bulk materials. The
improved emitting properties in qc-CsPbBr3 is associated with
the quantum confinement effect, which is consistent with the
literature.32−34 More efforts are needed to systematically study
the dependence of lifetime on the confined layer thickness in
order to have a better understanding of the underlying physics.
The performance of these two-dimensional quantum-confined
perovskite devices may be further improved by adding layers
such as LiF and NiO as reported in refs 35, 37, 38.

■ CONCLUSIONS
In this study, we used 2D silicene as a template to fabricate
two-dimensional quantum-confined perovskite of CsPbBr3.
The TEM and PL data show that the perovskites were
confined between the 2D silicene layers with a thickness of less
than 5 nanometers. The XRD and PL measurements confirm
that the stability of the quantum-confined CsPbBr3 in silicene
was significantly improved as compared to the bulk material.
We demonstrate that the confined CsPbBr3 in silicene has

potential applications in light-emitting devices with a EQE of
8.5% and a CE of 13.7 Cd/A. The template-assisted process
can be further generalized to the synthesis of other types of
confined perovskites.

■ EXPERIMENTAL METHODS
Materials and Equipment. The chemicals and materials that

were purchased from Sigma-Aldrich include dimethyl sulfoxide
(DMSO), calcium silicide (CaSi2), lead bromide (PbBr2), and cesium
bromide (PbBr2). Poly(3,4-ethylene dioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) were purchased from Polyscience. All the
materials were used as received without further purification.

Characterization was done with scanning electron microscopy
(SEM, FEI Quanta 200 and JEOL-JSM-7100F), transmission electron
microscopy (TEM, JEOL JEM-2100), X-ray diffraction (XRD, Rigaku
Ultima III). Electrical characterization was measured by a Keithley
4200 semiconductor analyzer. Photoluminescence (PL) spectroscopy
and images were taken using a Nikon fluorescence microscope with
an excitation wavelength of 375 nm.

2D Silicene Synthesis and Perovskite Loading. CaSi2 (0.5 g)
was kept for 3 days in HCl at −10 °C under continuous stirring. The
Si ML product was separated by centrifugation and rinsed several
times with ethanol. Si MLs (100 mg) were mixed with 200 mM of
CsBr and PbBr2 with 1:1 mol ratio in DMSO overnight at room
temperature. The product was separated by centrifugation at 2000
rpm and placed in a filter paper, which was baked at 95 °C for 30 min.
Finally, the sample was kept in vacuum until further use.

For comparison, the bulk material, 1 drop of the solution of 200
mM of CsBr and PbBr2 with 1:1 mol ratio in DMSO, was placed on
the substrate and baked for 30 min at 95 °C.

Device Fabrication and Characterization. The fabrication of a
typical LED device involves spin-coating of PEDOT:PSS on an FTO
glass at 3000 rpm for 40 s, followed by baking at 120 °C for 15 min.
The sample was then kept overnight in a vacuum oven. The quantum-
confined CsPbBr3 in silicene was deposited by the drop cast method,
which involves the dispersion of the confined CsPbBr3 in toluene, by
placing 20 μL on the FTO-PEDOT:PSS, drying in vacuum,
depositing Ag paste in contact with a working area of 0.15 cm2,
and finally curing at 95 °C for 15 min. The electrical properties were
characterized using a Keithley 4200 semiconductor analyzer. The
emission power was measured by a power meter and used to calculate
the number of emitted photons with the given wavelength. The
current at a given voltage was used to calculate the injected electrons
so that the EQE was obtained by using the ratio of emitted photons to
the injected electrons.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.3c00404.

XRD patterns, SEM images, absorption spectrum, PL
emission spectrum, PL tracking, EL emission spectrum,
QE% vs current density plots, EL stability measurement,
and PL lifetime measurement (PDF)

Table 1. Comparison of LED Devices Based on Perovskites

device structure λEL peak (nm) CE (cd/A) EQE (%) T50 stability ref

ITO/poly-TPD/PFN/(PEA)2CsnPbnBr3n+1/TPBi/LiF/Al 512 45.2 14.4 ∼25 min−3.5 V 35
ITO/PEDOT:PSS/(PEA)2MAn−1PbnBr3n+1/TPBi/LiF/Al 526 7.4 36
ITO/PEDOT:PSS/(PEOA)2MAn−1PbnBr3n+1/TPBi/Ba/Al 494 2.1 1.1 37
ITO/PEDOT:PSS/PFNBr/(p-FPEA)2MAn−1PbnBr3n+1/PMMA/TmPyPB/LiF/Al 525 12.1 203 s 38
ITO/PEDOT:PSS/PA2Csn−1PbnBr3n+1/TmPyPB/Cs2CO3/Al 505 7.32 3.6 30 min−4.8 V 39
ITO/NiOx/(BA)2FA2Pb3Br10/TPBi/LiF/Al 540 62.4 14.6 102 min 40
ITO/PEDOT:PSS/CBP/(OLA)2MAn−1PbnBr3n+1/TPBi/LiF/Al 492 0.23 41
FTO/PEDOT:PSS/qc-CsPbBr3/Ag 518 13.7 8.5 ∼40 min this work
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