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ABSTRACT: Inorganic perovskites such as CsPbBr; have
attracted intensive research attention due to their excellent thermal
stability and high photoluminescence quantum efficiency. With the
decrease of the material’s dimension, quantum confinement effects
will take place, which will induce many interesting properties.
Here, quasi two-dimensional perovskite nanoplatelets (NPLs) and
three-dimensional perovskite nanocrystals (NCs) have been
grown, and their optical properties have been compared and
discussed. It is interesting to find that the photon energy of
CsPbBry; NPLs hardly changes with temperature due to strong
electron—phonon interaction. At the same time, the strong
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quantum confinement effect results in a smaller Stokes shift and a faster fluorescence lifetime. In addition, although the
NPLs have many surface defects, they exhibit a relatively strong negative thermal quenching effect of emission. These results

demonstrate the unique optical properties of perovskite NPLs that can pave the way for future nanoscale devices.

B INTRODUCTION

Due to the special crystal structure of ABX; (A = organic
ammonium cation or inorganic metal cation, B = Pb** or Sn*",
X = halogen anion), perovskite materials possess unique
electrical and optical properties which have attracted intensive
research interest for many optoelectronic devices applica-
tions,"”> such as photodetectors,”” light-emitting diodes
(LEDs),” and lasers.” The nearly perfect photovoltaic proper-
ties of organic—inorganic hybrid perovskites have been
witnessed in the past few years. For example, the power
conversion efficiency of the perovskite solar cell has increased
from 3.8% to 25.2%," which is comparable to that of
monocrystalline silicon-based solar cells.” Compared to
organic—inorganic hybrid perovskites,lo’11 inorganic perov-
skites such as CsPbX; (X = Cl, Br, or I) demonstrate higher
luminescence quantum yield up to 90%'>"’ and narrower
emission bandwidth and higher stability, which make them
promising candidates as new materials for light-emitting diodes
(LEDs). It is well-known that in addition to material
composition, the dimension of material not only influences
their chemical properties but also determines their optical and
electronic properties for a wide variety of applications."* For
example, Brumberg et al. showed that the electron transfer rate
from CsPbBr; to CdSe in two-dimensional (2D) materials is
faster than that in zero dimensional (0D) materials."” The
other report also shows that compared with the spherical
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nuclear system (0D),'® the efficiency of Forster resonance
energy transfer (FRET) in the nanorod system (1D) had been
greatly improved. In addition, Asaf Salant et al. used higher
dimensional nanorods (NRs) to replace quantum dots (QDs)
as sensitizers in the sensitized solar cells,'"” which improved the
charge injection from CdSe to TiO,, and the charge
recombination was significantly suppressed. The modification
of material’s dimension will lead to the change of energy bands
as well as band alignment, which will further influence the
optical recombination. These findings offer potential implica-
tions for the design of advanced optoelectronic devices.'”"”
However, up until now, many studies have focused on the
investigation of CsPbBr; colloidal QDs,” nanocrystals
(NCs),”" and thin films,”> while little research has been
devoted to the luminescence of CsPbBr; nanoplatelets
(NPLs). For quasi 2D NPLs materials, the strong quantum
confinement effect allows them to emit blue light, which is
quite different from perovskite CsPbBr; with other shapes.
Although the effects of dimensionality and composition on the
linear and nonlinear optics properties of the CsPbBr,l;
perovskite have been reported recently,”’ there is no in-
depth study on the unique optical properties of NPLs. Here, in
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order to study the optical properties caused by the dimensions,
we prepared CsPbBr; NPLs and NCs samples with similar
lateral sizes, respectively. By comparing the room temperature
and temperature-dependent photoluminescence (PL) spectra
of CsPbBr; nanomaterials with different dimensions, the
optical properties of NPLs were analyzed and discussed.
Regarding the optical emission, it is found that the competition
between electron—phonon interaction and thermal expansion
is comparable for NPLs, while it is stronger in the case of NCs.
This causes the photon energy of NPLs to hardly change with
temperature, which further leads to a better thermal color
purity of the materials. Meanwhile, there are more defects in
NPLs, which leads to a stronger negative thermal quenching
phenomenon. Our research has theoretical guiding significance
for the application of two-dimensional nanomaterials in the
design of perovskite optoelectronic devices.

B EXPERIMENTAL SECTION

Sample Preparation. CsPbBr; NPLs and NCs were
fabricated according to the procedures published in refs 14 and
24 with slight modifications. All samples were fabricated by
drop-casting of CsPbBr; NPLs and NCs solutions on quartz
substrates. All the measurements were performed under film
conditions.

Morphology Characterization. A transmission electron
microscope (TEM; Talos F200X) was used to characterize the
morphology and size of the NPLs and NCs. TEM samples
were prepared through dropping NPLs and NCs solution with
relatively dilute concentration on carbon-coated 200 mesh
copper TEM grids.

Steady-State Optical Measurement. Measurements for
absorption and absolute photoluminescence quantum yields
(PLQY) were performed by a UV—vis—NIR spectrophotom-
eter (Lambda 950, PerkinElmer, Inc.) and a spectrometer
(Zolix, SENS-9000), respectively. CsPbBr; NPLs and NCs
samples were placed inside a closed-cycle helium cryostat with
quartz windows for PL measurements. The PL spectra were
recorded using a charge-coupled device (CCD). A 325 nm
continuous wave (CW) He—Cd gas laser was used as the
excitation source. The temperature during the PL measure-
ment is well-controlled from 50 to 295 K.

PL Lifetime Measurement. Time-resolved PL experi-
ments were carried out at room temperature. The excitation
source was a pulsed ultraviolet picosecond diode laser
operating at 375 nm. The pulse width and repetition rate of
the laser were 40 ps and 20 MHz, respectively. The signal was
dispersed by a 320 mm monochromator (iHR320 from
Horiba, Ltd.) combined with suitable filters and detected
based on the time-correlated single photon counting (TCSPC)
technique.

B RESULTS AND DISCUSSION

The representative TEM images of CsPbBr; NPLs and NCs
are shown in parts a and b of Figure 1, respectively. It can be
seen that the NPLs and NCs are both with high uniformity. As
shown in Figure 1a, the lateral area and thickness of the NPLs
can be clearly seen. The average lateral size of CsPbBr; NPLs is
about 18.2 nm, and the thickness is around 3.5 nm, which
corresponds to four monolayers. In comparison, the NCs
possess cubic shapes and the size is around 15 nm determined
based on Figure 1b. From the images, it can be clearly seen
that the lateral sizes of NPLs and NCs are similar. However,
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Figure 1. (a, b) Transmission electron microscopy (TEM) image of
inorganic perovskite NPLs and NCs films. (c, d) Absorption (dashed
line) and photoluminescence (solid line) spectra at room temperature
of NPLs and NCs, respectively.

NPLs are much thinner than NCs in the z-direction with
thickness comparable to their exciton Bohr radius (3.5 nm) of
the CsPbBr; bulk crystal. Therefore, it is expected that NPLs
have a stronger quantum confinement effect. In addition, we
can see from Figure 1a that the synthesized NPLs are dispersed
and do not self-assemble into thicker platelets or even bulk
phases as reported in the literature.””** Therefore, the
accuracy of the experimental data can be ensured during the
measurements.

Parts ¢ and d of Figure 1 show the normalized UV—visible
absorption and PL emission of CsPbBr; NPLs and NCs,
respectively. It can be seen that CsPbBr; NPLs exhibit a very
clear exciton absorption peak at 2.69 eV, while a poorly
resolved absorption edge of NCs was observed at 2.45 eV,
which is perhaps related to the inhomogeneous size
distribution.”” Strong PL emission can be observed at 2.68
and 2.38 eV for NPLs and NCs, respectively. For CsPbBr;
NPLs and NCs, the full width at half-maximum (fwhm) of the
emission were 82.3 and 79.4 meV, res}z)ectively, which is similar
to the value in the recent reports.”*”” The narrow fwhm
indicates that the samples have good size uniformity.
Obviously, the Stokes shifts of 7 meV for NPLs and 57.1
meV for NCs are very different, which can be attributed to the
stronger quantum confinement effects and better crystal
quality of NPLs."”*” The smaller Stokes shift in the NPLs
indicates more proportion of absorbed energy for lumines-
cence, which is beneficial to the development of device
applications. Moreover, it is worth noting that NPLs have
longer PL tails than NCs, which implies a stronger electron—
phonon coupling.®”*’

The PL lifetime of NPLs and NCs are measured and the
decay curves are given in parts a and b of Figure 2. Both PL
decay curves can be well-fitted with a triexponential function

A(t) = A exp[—iJ + A, exp(—L] + A, exp(—i]

T ) 73
(1)
where A, A}, A,, and A; are constants, t is time, and 7, 7,, and
73 represent the decay lifetimes corresponding to the intrinsic
exciton relaxation, the interaction between excitons and
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Figure 2. (a, b) PL decay curves (black lines) corresponding fitting
curves (red lines) about NPLs and NCs.

phonons, and the interaction between excitons and defects,
respectively. The average lifetime (7,,) can be determined to
be as

AR+ AL+ AT
At + Ay, + Ayt ()

ave

The fitting result shown in Figure 2a and the derived average
lifetime (7,,) is 2.02 ns for NPLs and 4.47 ns for NCs,
respectively. The values of the lifetimes reveal the ratio of
radiative recombination to nonradiative transitions. The
relatively small lifetime of NPLs can be ascribed to their
strong quantum confinement effect, which leads to more
overlapping between electron and hole wave function, and
therefore a faster recombination rate has been realized. In
addition, high-density surface defects and trap states in NPLs
may also lead to shorter lifetimes.”” At the same time, it is
noted that the PLQY of NPLs film and NCs film were 36.8%
and 43.2%, respectively. The lower value of PLQY also
suggests more surface defects in NPLs. It is reasonable because
the surface to volume ratio is higher in the case of NPLs.

Parts a and b of Figure 3 plot the normalized temperature-
dependent PL emission of CsPbBr; NPLs and NCs,
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Figure 3. (a, b) Normalized PL spectra of a 2D pseudocolor plot of
the NPLs and NCs at temperatures from 50 to 295 K.

respectively. It can be clearly seen that, in Figure 3a, the
photon energy of NPLs does not change significantly with
temperature, while the peak position of NCs gradually
blueshifts as the temperature increases. This smaller change
indicates that NPLs have better thermal color purity. Detail
physical mechanism of the peak shift of the samples will be
discussed in the lateral section.

The comparison of photon energy, fwhm and integrated PL
intensity as a function of temperature are shown in parts a—d
of Figure 4, respectively. Figure 4a shows the trend of photon
energy versus temperature for NPLs and NCs. The difference
between the two materials with different dimensions can be
explained by the competition between thermal expansion and
electron—phonon coupling. By assuming a linear relationship
between lattice constant and temperature, the temperature
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Figure 4. (a) Photon energy as a function of temperature; (b) Fwhm
as a function of temperature; (c, d) Integrated PL intensity as a
function of temperature of NPLs and NCs, respectively.

dependence of the PL peak energy is generally estimated by
the following expression:™

2

E(T) =E,+ AT+ A + 1
() 0 TE EP eXP(flCU/kBT)—l

()
Here E, is the unrenormalized bandgap, Az and Agp are the
weight of the thermal expansion (TE) and exciton—phonon
(EP) interaction, respectively, and Aiw is the average optical
phonon energy. Due to the quantum factor in the phonon
distribution function, there is an energy correction of the
bandgap even at zero temperature, namely E,(T = 0) = E, +
Agp. Figure 4a shows the fitted results, and the parameters
obtained are Ej = 2.51 eV, A = 0.21 meV/K, Agp = —190.0
meV and A®w = 151.9 meV for NPLs and E, = 2.43 eV, Arp =
0.14 meV/K, Agp = 35.1 meV, and Aiw = 55.6 meV for NCs.
Obviously, the most fundamental difference lies in the
contribution of electron—phonon interaction to the photon
energy. In CsPbBr; NPLs, the exciton—phonon interaction has
a bigger contribution than the NC, leading to the constant or
even redshift of its photon energy.

Figure 4b shows the fwhm of NPLs and NCs as a function of
temperature. The value of the fwhm of NPLs is always larger
than that of NCs, which can be attributed to the stronger
electron—phonon coupling in NPLs than NCs. The analysis of
temperature-dependent emission broadening has long been
used to evaluate the mechanism of exciton—phonon coupling
for a large number of materials. The emission broadening can
be expressed as**

I(T) =T, + o (e"0/%T — 1) )

where I'; is about the temperature-independent inhomoge-
neous broadening, which results from the disorder and
imperfection scattering. The second term is the homogeneous
broadening term, which arises from longitudinal optical (LO)
phonon-charge scattering. ;o and E;, are electron—phonon
coupling strength and the LO phonon energy, respectively. By
using eq 4, the fitted curve of the temperature dependent fwhm
versus temperature was plotted in Figure 4c, yielding the
coupling strength y;o = 39.6 meV and an average phonon
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energy of E; 5 = 15.6 meV for NPLs, and y;5 = 35.1 meV and
an average phonon energy of E;, = 142 meV for NCs,
respectively. The LO phonon energy of NPLs is a little larger
than NCs, which is consistent with previous literature
reports.35 Exploring exciton—phonon interactions in perovskite
nanomaterials is indispensable because the proper under-
standing about the interaction between carriers and lattice
vibrations (phonons) is a prerequisite for the fabrication of
optoelectronic devices.

Parts ¢ and d of Figure 4 plot the integrated PL intensity of
NPLs and NCs against temperature, respectively. In Figure 4c,
the decrease of the emission intensity from NPLs is very slow
in the temperature range from 120 to 240 K, and after 240 K,
the intensity begins to decrease rapidly. The emission intensity
from NCs decreases faster with temperature compared to
NPLs. It is clearly observed that the PL intensity of NPLs
shows a negative thermal quenching at high temperatures,
which has been observed in many semiconductors and has
been attributed to either delocalization of carriers or quenching
of the nonradiative defects. It has been reported that more
defects will lead to more significant negative thermal
quenching.*® It can be described by a modified expression”**”

1+ z:leq exp(—E‘;/kBT)
1+ Z;.nzl CjT EXP(—Ej/kBT) (5)

1(T) = 1(0)

where E," describes the activation energies for processes that
increases the PL intensity with increasing temperature. The
fitted result shown in Figure 4c gives E; = 134.2 meV for
CsPbBr; NPLs film (which is consistent with the exciton
binding energy) and E; = 147 meV. For NCs film, the
obtained E; = 112.9 meV and E;' = 16.3 meV. Strong quantum
confinement effect can increase the overlap between electron
and hole wave functions, which further increase the exciton
binding energy of the material***° Therefore, the exciton
binding energy (E,) in NPLs is bigger than in NCs. The higher
E, value indicates that the excitons are highly stable and the
probability for their dissociation is less, in particular at
temperatures T < 300 K. The fitted results are consistent
with the discussion above, that is, NPLs has a larger exciton
binding energy and shallower defect levels.

B CONCLUSIONS

In summary, we have investigated the effects of material’s
dimension on the optical properties of CsPbBr; in forms of
NPLs and NCs, respectively. The more obviously exciton
absorption was found in NPLs suggesting that the exciton
binding energy is larger than that of NCs. Meanwhile, the
shorter lifetime of NPLs is more suitable for optoelectronic
devices such as photodetector or modulator. In addition, due
to the stronger electron—phonon interaction in quasi 2D
material system, CsPbBr; NPLs exhibit almost unchanged
photon energy at various temperatures below 300 K. Although
perovskite with quasi 2D geometry provides a larger specific
surface area which leads to more surface defects, the negative
thermal quenching effect of NPLs is more pronounced with
temperature increasing. This work demonstrates the unique
optical properties of perovskite nanoplatelets, which facilitates
the application of devices.
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