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ility of FAPbBr3 nanocrystals from
temperature-dependent photoluminescence and
first-principles calculations

Xiaozhe Wang, Qi Wang, Zhijun Chai* and Wenzhi Wu *

The temperature dependence of FAPbBr3 perovskite nanocrystals (PNCs) is investigated experimentally by

steady-state and time-resolved photoluminescence (PL) spectroscopies. With the temperature increase,

photon energies of line width and emission peak become larger due to stronger exciton–phonon

coupling. Furthermore, theoretical calculations of first-principles simulations are used to estimate

comparatively the thermal stability of typical FAPbBr3 PNCs. It is found that the PL peaks of PNCs slightly

change with increasing temperature below 175 K and then blueshift steeply decreases rapidly till 400 K,

which is related to phase transition from orthorhombic to tetragonal and cubic phase. The simulated

results show the PL and the crystal structure of FAPbBr3 are largely dependent on the temperature. With

higher temperature, the photon energy of the PL peak becomes larger, and the calculated band gap of

FAPbBr3 is about 2.15 eV at 80 K, which is in good agreement with the experimental results. It is

confirmed that temperature-dependent PL is composed of a band-edge exciton state and trapping state

emission. The results obtained will be of certain significance to further expand other hybrid organometal

perovskite materials.
1. Introduction

Organic–inorganic hybrid Pb-based perovskite materials have
achieved remarkable successes of being used as luminescent
materials in optoelectronic devices, and possess excellent
characteristics of broadly tunable photoluminescence (PL),
high photoluminescence quantum yields (PLQYs), and narrow
bandwidths.1 Hybrid Pb-based perovskites with a general
formula of APbX3 (A ¼ CH3NH3

+ (MA), or CH(NH2)2
+ (FA); and X

¼ Br�, I�, or Cl�) are now emerging as a new generation of
functional semiconductors for photonics and optoelectronics
due to their outstanding device performance and low-cost
solution processability.2 Compared with their corresponding
bulk materials, perovskite nanocrystals (PNCs) with remarkable
quantum connement and enhanced optical performance, have
potential applications such as in bioimaging,3 photocatalysis,4

solar cells,5 lasing,6 and light-emitting diodes (LEDs).7 Within
this class of materials, formamidinium lead halide (FAPbX3)
PNCs have been extensively investigated and reported.8,9

Besides their application to photovoltaic devices, FAPbX3 PNCs
are desired as light emitters with characteristics of being bright,
color-tunable, and narrow-band, which make them attractive
working materials for fabricating LEDs10 and lasers.11 Since
high-efficiency LEDs usually use organic components such as
methylamine, formamidine and the like contained in organic–
jiang University, Harbin, Heilongjiang,

cn; wuwenzhi@hlju.edu.cn

f Chemistry 2020
inorganic hybrid metal halide perovskite, they are is easy to
decompose in the presence of high working temperature and
photobleaching, affecting their performance, thus causing the
thermal stability to become another important performance
parameter for evaluating perovskite materials.

In addition to remaining the network structure of perov-
skite,12 the substances generated in the decomposition process
can further interfere with the charge transfer and recombina-
tion process inside perovskite devices, also lead to the decline of
optoelectronic performance of the device due to its poor optical
performance and weak absorption capacity. Consequently, it is
important to understand the mechanisms on temperature-
dependent exciton recombination for LEDs and lasers.
Compared to the bulk counterparts, PNCs show a higher PLQY
and exciton binding energy due to the strong spin–orbit
coupling in the conduction band of perovskite combined with
Rashba effect.13 The temperature dependence of FAPbX3

perovskite has been investigated experimentally using spectro-
scopic ellipsometry,2 PL spectroscopy,14,15 Raman spectros-
copy16, neutron diffraction17 and photocurrent18 techniques. For
FAPbBr3 material, its temperature-dependent phase transitions
are orthorhombic (a), tetragonal (b), and cubic (g) with the
temperature increasing. Following photoinduced excitation,
various relaxation processes typically occur, in which other
photons are re-radiated. This re-radiated process comes from
the recombination of the excited pair of electron and hole
(exciton). The observation of PL at a certain energy can be
viewed as an indication that an electron populated an excited
RSC Adv., 2020, 10, 44373–44381 | 44373
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state associated with this transition energy. Temperature-
dependent PL spectroscopy is an extremely important method
to characterize the internal structure of perovskite material.
Peak shi, intensity and line width of PL can be provided to
investigate the mechanism on exciton–phonon coupling, which
is closely related to the optical band gap of the light absorption
layer and the existence of material structure and internal
defects. The broadening of the PL in FAPbBr3 PNCs at room
temperature is due to the presence of emissions from the free
carriers as well as the excitons, and the scattering by phonons.19

FAPbBr3 undergoes a tetragonal phase transition at about 240
K, and a successive phase transformation to low symmetrical
orthorhombic phase at lower temperature monitored by Raman
spectroscopy.20 Exciton–phonon (EP) couplings of MAPbX3 or
FAPbX3 are ascribed to the scattering from longitudinal optical
phonons via Fröhlich interaction based on rst-principles
calculations, which underlines the suitability of an electronic
band-structure picture for describing charge carriers in hybrid
perovskites.21 Experimental measurement and theoretical EP
couplings in hybrid lead halide perovskites are signicant for
the performance of hybrid perovskite in photovoltaics and
LEDs. Therefore, we choose one typical FAPbBr3 PNCs to
investigate comparatively the thermal properties using
temperature-dependent PL spectroscopy and Monte Carlo
simulation.

In this study, the photophysical properties of FAPbBr3 PNCs
are investigated by temperature-dependent steady-state and
time-resolved PL spectroscopies, and Monte Carlo simulation.
Compared with the experimental results, based on Monte Carlo
simulation, the thermal stability of FAPbBr3 perovskite material
is discussed through the PL properties of its temperature
dependence under PL spectra at different temperatures. The
combined experimental-theoretical analysis indicates that
temperature is a key factor for the performance of FAPbBr3
PNCs, which induces the structural phase transition and
inuences the band gap and exciton–phonon couplings.
2. Experimental and theoretical
methods
2.1 Preparation of perovskite FAPbBr3 PNCs

The FAPbBr3 PNCs are synthesized by ligand-assisted repreci-
pitation method.22 FAPbBr3 PNCs in n-hexane are dropped on
a BK7 glass substrate due to the volatilization of solvent closed-
packed PNC lms are prepared for temperature-dependent PL
measurements.
2.2 Experimental methods

The ground-state absorption spectrum of FAPbBr3 PNCs is
performed on a UV-Vis spectrometer (TU-190, Persee). A
continuous-wave (CW) laser (MLL-III-200 mW, CNI) at 405 nm is
used as an excitation light source for steady-state excitation. A
supercontinuum picosecond laser (Surperk Extreme EXB-4,
NKT Photonics) is employed as the excitation source at
405 nm, which provides the pulse with the width of 60 ps. The
measurement of temperature-dependent steady-state and time-
44374 | RSC Adv., 2020, 10, 44373–44381
resolved PL is described previously.23 The temperature-
dependent steady-state and time-resolved PL measurements
are performed using a vacuum liquid-nitrogen cryostat (Cryo-
77, Oriental Koji), with the capability to have temperature
variation from 80 to 400 K.
2.3 Theoretical method

In our theoretical investigation, both Monte Carlo and density
functional methods (DFT) are applied to study the PL mecha-
nism, including the intensity dependency on temperature,
which is set from 80 to 400 K with every 40 K interval. In order to
optimize the structure of FAPbBr3 PNCs, 10

6 Monte Carlo steps
are set at every temperature. Aer that, the DFT calculations are
performed to obtain the optical properties of FAPbBr3 PNCs.24

The epsilon function is obtained from the DFT calculation and
then calculated to analyze the PL. All the DFT calculation is
done under the package of CASTEP25 of Material Studio. Heyd–
Scuseria–Ernzerhof (HSE) hybrid pseudopotential is applied to
better describe the exchange–correlation functionals than that
of PBE functional. The energy cutoff is set at 490 eV, which is
large enough to make sure the convergence. The Brillouin zone
is set to be within a 3 � 3 � 3 k point mesh, and the maximum
displacement is set 1.0 � 10�4 nm. In the optimization calcu-
lation, Broyden–Fletcher–Goldfarb–Shanno algorithm is
applied to obtain a better lattice structure. Furthermore, the
energy and force thresholds for optimization are 10�5 eV and
0.3 eV nm�1, respectively.
3. Results and discussions
3.1 Characterization of FAPbBr3 PNCs

As shown in Fig. 1(a), transmission electron microscopy (TEM)
image is utilized to characterize the morphology of FAPbBr3
PNCs, of which average sizes, is 6–8 nm, and the corresponding
lattice distance of nanoparticle can be observed clearly. As
shown in Fig. 1(b), the absorption spectrum of FAPbBr3 PNCs is
measured at room temperature, of which lowest energy exci-
tonic band is centered at 2.4 eV. PL spectrum excited by 405 nm
CW laser is centered at 2.3 eV, with full width at half-maximum
(FWHM) of 22.6 nm (97 meV). Stokes shi between absorption
peak (rst exciton peak) and the emission peak can be observed
in traditional II–VI or perovskite NCs due to the band-edge
emission, which is similar to those of MAPbX3 PNCs via LARP
synthetization at room temperature.26 The photograph of
FAPbBr3 PNCs in hexane is green under UV lamp irradiation as
shown in the inset of Fig. 1(b). With the pump laser uence
decreasing from 177 to 10 mW, the 405 CW laser pump-power
dependent FAPbBr3 PNCs PL spectra at 78 and 290 K are
measured as shown in Fig. 1(c) and (d), which shows the
negligible variation in the shape of the integrated PL spectrum
with increasing excitation density. The black line is linear tting
curve with a slope of 1.03 and 0.88, respectively, which reveals
the existence of one-photon absorption. The PL intensity of
FAPbBr3 PNCs has a better linear increase with the pump power
changing, suggesting that thermal effects can be considered
when the laser pulses interact with perovskite materials.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) TEM images of FAPbBr3 PNCs, (b) UV-Vis absorption and PL spectra of FAPbBr3 PNCs recorded at room temperature, PL spectra of
FAPbBr3 PNCs under 405 nmCW laser excitation at the temperature (c) 78 K and (d) 290 K. The inset is the linear fitting between pump power and
PL intensities.
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3.2 Temperature-dependent steady-state PL properties

3.2.1 Experimental results. To investigate the temperature
inuence on electronic structure and luminescent properties of
FAPbBr3 PNCs, the temperature-dependent PL spectra of
FAPbBr3 PNCs at the range of 80–400 K are taken and shown in
Fig. 2(a) and (b). Some groups reported PL behavior from
FAPbBr3 PNCs at the temperature of 80–350 K,14 however, the
characteristics origin of temperature-dependent PL emission is
not clearly understood yet. Here, there are no obvious double
emission peaks exist in our FAPbBr3 PNC and the spectral band
is approximately symmetrical. As the temperature increases, the
peak wavelength (lmax) of PL spectra shows obvious blue shis,
and the PL spectra exhibit increased line width and decreased
intensity. The green points in Fig. 2(c) show the shi of emis-
sion peaks at various temperatures, which is ascribed to the
coexistence of lattice expansion and exciton–phonon
couplings.23 The evolution of PL peak with temperature for
FAPbBr3 PNCs is linearly tted. PL peaks of PNCs slight changes
with increasing temperature below 175 K and then blueshi
steeply decreases rapidly till 400 K, which is related to phase
transition from orthorhombic to tetragonal and cubic phase.
With the temperature increasing, the blue peak shis are
observed in other perovskite materials.27,28
This journal is © The Royal Society of Chemistry 2020
IðTÞ ¼ I0

1þ Ae�Eb1=kBT ðBe�Eb2=kBT Þ (1)

where I0 is the intensity at 0 K, Eb1 and Eb2 are the exciton
binding energy at low (80–175 K) and high (175–400 K)
temperature, respectively. Eb can be extracted from eqn (1) by
tting experimental data, which are 42.3 and 80.2 meV for
FAPbBr3 PNCs at the size of 6-8 nm, respectively.

It is reported that FAPbBr3 PNCs have structural evolution
driven by temperature, in which the decrease of temperature
makes the band gap in FAPbBr3 structure network smaller and
changes the energy distribution of carriers. Based on the space
group symmetry, the structure of FAPbBr3 can be classied as a,
b and g phase, with Pm�3m, P4/mbm and Pnma symmetry,
respectively, under different temperatures. It can be seen from
the steep slope change in PL peak of FAPbBr3 that it experienced
two phase transitions from 80 to 400 K, from g to b at 150 and
125 K and from b to a at 275 and 250 K, this phenomenon is
found in PL spectrum of MAPbI3 and MAPbBr3 PNCs.29

Simulation of FWHM and temperature based on Bose–Ein-
stein statistics function as:30

GðTÞ ¼ G0 þ sT þ Gop

exp
��ħuop

�
kBT

� (2)
RSC Adv., 2020, 10, 44373–44381 | 44375
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Fig. 2 (a) PL spectra of FAPbBr3 PNCs measured at various temperatures from 80 to 400 K. (b) Temperature dependence of PL integrated
intensity and FWHM for FAPbBr3 PNCs, experimental data is represented by symbols, whereas solid lines are the best-fit curves with Arrhenius
equation, Boson model, separately. (c) The experimental and fitting curves of peak energy with temperature. (d) PL intensity and FWHM of
FAPbBr3 PNCs in experiments. The normalized PL and FWHM are plotted versus with 1/K, in an increasing and decreasing tendency (red and
green lines), respectively.
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where G0 is the temperature-independent inhomogeneous
broadening contribution; s and Gop are the exciton–acoustic
phonon interaction and the exciton–optical phonon coupling
coefficient, respectively; ħuop is optical phonon energy. With the
change of temperature, the crystal structure gradually changes
from longitudinal to transverse, and the Bayer temperature
increases. Compared with G0, s is more sensitive to phase
change from g to a phase. It is found that the ħuop decreases,
suggesting that the activity of optical phonon mode decreases
with the phase structure.

3.2.2 Theoretical simulation. The basic chemical structure
formula of perovskite can be expressed as ABX3, where A and B
are cations and X are anions as shown in Fig. 3(a). In an ideal
perovskite cubic structure, the B cation is 6 coordination and is
surrounded by the anion octahedron, while the A ion is 12 cubic
coordination. The cubic cells of these compounds are
composed of A cation at the cubic angle, B cation at the body
center, and X anion at the face center. For perovskite, mono-
valent A cations may be cesium (Cs+) or rubidium (Rb+), divalent
B cations may be lead (Pb2+), tin (Sn2+), or germanium (Ge2+),
and X anions represent halogen ions (i.e., chlorine (Cl�),
bromine (Br�), iodine (I�), or their mixtures). However,
organic–inorganic hybrid perovskite compounds take FA+ as A
cation.

Several research groups have investigated temperature
inuences on the properties of FAPbX3materials experimentally
44376 | RSC Adv., 2020, 10, 44373–44381
and theoretically. From previous investigations, the increase in
temperature can induce the phase transition of FAPbBr3.31,32 By
steady-state PL, transient PL, and photocurrent measurements,
Tan et al. have studied the temperature-dependent optoelec-
tronic properties of FAPbI3 lms. As the temperature decreases
from 295 to 77 K, FAPbI3 undergoes a series of phase transition,
from a to b, and nally g phase. The crystal structure of the
ABX3 type perovskite is shown in Fig. 3(a). It belongs to the
equiaxed crystal system. The atomic coordinate parameters in
cells are A (0, 0, 0), B (0.5, 0.5, 0.5) and X (0.5, 0.5, 0), the space
group is Pm�3m. The crystal structure can be regarded that
formed by BX6 octahedra connected by common apex angle,
and the cations at a site are in the center of the gap formed by
the octahedra, and the coordination number is 12. Since the
ionic radii of A and X are very similar, from the point of view of
dense stacking, the structure can be regarded as the formation
of A and X atomic layers by the hexagonal packing along the
direction of [111], and B ions lling in the octahedral voids.
However, this structure is prone to deformation under the
pressure of temperature changes or the arrangement of atoms
space. The change of temperature may lead to the disorder
orientation or uidity of organic cations, which is difficult to be
bound in octahedral lattice, so the phase transition occurs.
Furthermore, the phase transition temperature varies with the
size, and the symmetry of the structure of the ions is higher. For
example, for FAPbBr3 PNCs, the phase transition temperature
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Three crystal phases of FAPbBr3 PNCs. The configuration of the front atoms is rotated with a certain angle, respect to the back atoms.
The angles are temperature-dependent. With higher temperature, the rotated angle is smaller. The electronic band structure of FAPbBr3 PNCs
for phase (b) Pm3�m, (c) P4/mbm and (d) Pnma, respectively. The valence and conduction bands are highlighted by blue and red colors,
respectively. The bandgaps are listed as Eg ¼ 2.15, 1.96 and 1.85 eV for these three phases at 275, 175 and 100 K, respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 6
:2

6:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
from cubic phase of a transition to tetragonal phase of b tran-
sition, then from the tetragonal phase of b transition to
orthogonal phase of g transition is 175 and 100 K, respectively.
The phase transition of FAPbBr3 induced by temperature can be
seen in Fig. 3(a). Generally, the higher temperature, the crystal
symmetry is higher. In the rst-principles calculation, the
default temperature is 0 K. At such a low temperature, the
orthogonal phase is usually the most stable. At 275 K, the crystal
structure has the space group Pm�3m. As the temperature
decreases, the symmetry of FAPbBr3 becomes lower, from P4/
mbm at 175 K to Pnma at 100 K. Different perovskite crystal
structure results in different electronic band structure, which
inuences the band gap of our FAPbBr3, as it is shown in our
theoretical result in Fig. 3(b)–(d) for these three kinds of phases.
The band gap of FAPbBr3 for phase Pm�3m in our calculation is
about 2.15 eV, which is quite close to our experimental results,
as shown in Fig. 2(a). For phases P4/mbm and Pnma, the gaps are
a little smaller, which is 1.96 and 1.85 eV, respectively. Both the
experimental and theoretical PL results show wider broadening
at the high temperature, and this temperature-dependent
broadening is close related to the density of excitons in FAPbBr3
materials.33
This journal is © The Royal Society of Chemistry 2020
The band structure is plotted along with the high symmet-
rical K point (G–X–S–Y–G–L–M). The valence band maximum
(VBM) and conduction band minimum (CBM) are located at the
same high symmetry point M, which indicates that FAPbBr3 is
a semiconductor with direct band gap. As we can see from the
electronic band structure, the band gap is about 2.2 eV, located
at M. Compared with our simulation and experimental results,
the peak of PL is in the range of 2.2–2.3 eV. This band gap is
quite close to our peak of PL, which can explain the location of
the peak. Because the crystal structure of FAPbBr3 depends on
the temperature, the band gap should be temperature-depen-
dent. According to the research,34 the VBM of FAPbBr3 PNCs is
composed of 4p electrons of Pb and 6s electrons of Br, and the
CBM is composed of 4p orbitals of Pb. The electronic states of
FA cation are far below the VBM, so the main factors affecting
low energy electrons and holes are Pb and Br elements. The
energy band structure is related to the symmetry of the crystal
and affected by the temperature. The symmetry decreases
gradually from cubic phase to quadrate phase, and part of the
energy band collapses.

Aer obtaining the optimized cell structure, the electronic
structure properties are further calculated as shown in Table 1.
RSC Adv., 2020, 10, 44373–44381 | 44377
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Table 1 The parameters for the local exciton dynamics of FAPbBr3 PNCs in the temperature range of 80 to 400 K by Monte Carlo calculations.
The physical meaning of parameters are as follows, d is inhomogeneity factor; N is localized states density; EB is tolerant maximum of exciton
binding energy; E0 is energy of extended state, s0n0 is longitudinal fitting parameter; Na is chronological fitting parameter

Simulation parameters T (K)
d

(meV)
N
(%) EB (meV) E0 (meV) s0 (ns) s0n0 Na

FAPbBr3 80–400 13 25 70 50 10–120 (1 � 1011) � s0 0.5
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PL spectrum calculation is based on the following Van Roos-
broeck–Shockley formula:35

RðyÞ ¼ 8paðyÞy2n2
c2ðexpðhy=kBTÞ � 1Þ (3)

With the change of temperature, the peak value of PL is
continuously transferred to higher energy. In the PL spectrum
changing with temperature, no sudden change of spectrum is
observed, which indicates that the main peak comes from the
same phase of materials. When the temperature is from 80 to
100 K, the number of excitons is dominant, the occupation of
optical phonons can be basically ignored, and only phonons
contribute to the spectrum broadening. When the temperature
is from 100 to 200 K, the width of PL line gradually widens with
the temperature increasing. At this temperature, and the spec-
trum broadening is mainly due to the interaction between
excitons and phonons, with the increase in temperature, the
proportion of free charge increases gradually. The experimental
relationship between PL line width and phonon scattering is
also described in above eqn (2), the rst term G0 dominate at
low temperature, and electrons have less energy at a lower
temperature (less than 100 K) and cannot emit optical phonons,
although phonons still exist. The obtained acoustic phonons
coupling strength s (0.1 meV K�1) is higher than that of
FAPbBr3 bulk crystals (0.06 meV K�1),21 indicating that in
FAPbBr3, acoustic phonons scattering contributes more than in
the bulk counterpart. As the temperature increases, the optical
phonon contribution dominates and the PL linewidth increases
almost linearly with temperature.36 At the high temperature,
high-energy electrons fully emit optical phonons, and the
thermal occupation of optical phonons also increases the
probability of optical phonon scattering. Evidently, the
temperature is an important factor, which leads to the thermal
expand coefficient due to the high temperature.

One important factor may be the temperature, which leads to
the change of coefficient of thermal expansion due to high
temperature. From the Van Roosbroeck–Shockley formula, the
temperature plays an important role in the PL of FAPbBr3,37 the
intensity of PL spectrum should be much more extended. With
temperature reaches 400 K, the energy is up to 2.36 eV. So, from
our simulation, we can conclude that, the temperature plays an
important role to the PL, through the thermal expand coeffi-
cient, which may change the volume of FAPbBr3,38 thus leads to
the changes of electronic property.30 The PL is quite closely
related to exciton in the materials, which is related to defects
with optical phonons in FAPbBr3.39 Fig. 4(a) shows the
44378 | RSC Adv., 2020, 10, 44373–44381
simulated variable temperature PL spectra of FAPbBr3 at 80–400
K, we use the Monte Carlo simulation method to show the blue
shi behavior of PL peaks and the change of FWHM at different
temperatures. When the temperature rises from 80 to 400 K, the
blue shi of lmax shis from 555 nm to 525 nm, and the shi of
peak is 30 nm. The blue shi of the PL of FAPbBr3 is similar to
that of MAPbI3, which is caused by the phase transition from
orthogonal to cubic, and the blue shi of photoluminescence is
accompanied by the increase of FWHM. The blue shi of PL
spectra is a typical characteristic of lead-based composite
semiconductors, which may be caused by the inverse arrange-
ment of the band edges or may be related to the electron–
phonon renormalization interaction. According to the thermal
distribution, when the temperature is 80–190 K, the exciton
population increases, although the electron and the hole are
still bounded to the FA molecule. As the temperature continues
to rise above about 190 K, the exciton energy continues to
increase. The delocalization becomes stronger, even to the
nearest transition dipole moment molecule, where the electron
or hole may be transferred or the charge transferred to the
nearest molecule. The electrons and holes on the same mole-
cule are separated from each other. Because the distance
between the organic molecules is quite large, the electrons and
the holes cannot return to the same molecule aer separation.
Thus, reducing the probability of radiation recombination, and
greatly increases the probability of nonradiative deexcitation.
Due to the change of exciton energy and its interaction with
phonons, the photoluminescence spectra have a monotonic
blue shi as shown in Fig. 4(b). The FWHM shows the inter-
action between the phonon and exciton, and the simulation
results are in good agreement with the experimental results.40
3.3 Temperature-dependent time-resolved PL properties

The time-resolved wavelength and temperature-dependent PL
dynamics of FAPbBr3 PNCs lm is shown in Fig. 5(c). The life-
time is similar to that of other FAPbBr3 PNCs, and can be tted
as a double exponential function, the PL decay dynamics is
tted41,42 as:

IðtÞ ¼ A0 þ
ðt
0

�
A1e

�ðt�t0Þ=s1 þ A2e
�ðt�t0Þ=s2

�
e�ðt0=sfwhmÞdt0 (4)

where A0 is background, A1 and A2 represent the ratio of fast
decay to slow decay, respectively. And the s1 and s2 represent the
lifetime of the trapped carriers and free carriers. The shorter
attenuation s1 comes from the recombination of surface defects
of nanocrystals, while the longer attenuation life s2 comes from
the radiation recombination inside nanocrystals. The
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Simulated variable temperature PL spectra of FAPbBr3 from 80 to 400 K; (b) PL intensity and FWHM of FAPbBr3 from 80 to 400 K. The
normalized PL and FWHM are plotted versus with 1/K, in an increasing and decreasing tendency (red and green lines), respectively.
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biexponential tting strongly implies the involvement of other
excited states in this luminescent process. Fig. 5(a) shows the
experimental and tted PL decay curves of FAPbBr3 PNCs at the
emission peak, respectively, in the temperature range from 80
to 300 K. The average PL lifetimes of the PNCs can be calculated
as

s ¼ (A1s1
2 + A2s2

2)/(A1s1 + A2s2) (5)
Fig. 5 (a) PL decay curves of FAPbBr3 PNCs at 80, 120, 180, 220, 260, 30
PL spectrumof FAPbBr3 PNCs at 80 K; (d) PL decay curves of FAPbBr3 PNC
the theoretical fitting.

This journal is © The Royal Society of Chemistry 2020
It is noted that the PL decays are basically unchanged at the
temperature below 180 K, and then become shorter with the
increasing temperature to 320 K, which is different with that of
all-inorganic CsPbX3 PNCs43 due to the incorporation of organic
ligands. The wavelength dependence of the PL decays provides
an evidence that surface excitonic emission indicates the
difference between the populations of different sizes of PNCs as
shown in Fig. 5(d). The larger PNCs, emitting at the longer
wavelength, have a longer PL lifetime.
0 K; (b) average PL lifetime of FAPbBr3 PNCs at various temperatures (c)
s at 80 K and the photon energy of 2.19, 2.22, 2.25 eV. Black dash line is
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4. Conclusion

The simulation results of local exciton dynamics enable us to
quantitatively explain the anomalous temperature behavior of
photoluminescence spectra of perovskite materials from 80 to
400 K. In our work, we apply Monte Carlo simulation method to
analyze the phonon assisted dynamics of local exciton and its
effect on the PL spectra of FAPbBr3. The simulation results are
in good agreement with the experimental results. From our
simulation and experimental results, we conclude that, the peak
is temperature-dependent: with higher temperature, the peak of
location increases. This is because of the temperature-depen-
dent crystal structure and band gap of electronic band
structure.
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