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A B S T R A C T   

Methylammonium lead bromide (MAPbBr3) nanocrystals have attracted great attention for potential optoelec
tronic applications. We synthesized highly emissive MAPbBr3 nanoplatelets (NPLs) by using a facile ligand 
assisted reprecipitation method with short-chain ligands. They exhibit an excitation-dependent photo
luminescence (PL) quantum yield (QY) with a maximum value of 98% upon ultraviolet (UV) excitation. The 
femtosecond transient absorption and temperature-dependent PL spectra confirmed the existence of continuous 
band at ~350 nm and demonstrated that the PLQY of near unity originates from the efficient ultrafast energy- 
down-shift from this band to exciton state in N phase, which quenches nonradiative recombination via trap 
states.   

Solution processed quasi-two dimensional (2D) lead halide perov
skites have become a promising class of material for optoelectronic 
applications such as light emitting devices and solar cells due to their 
flexible and controllable structures, tunable and excellent optoelectronic 
properties, and ease of synthesis [1–5]. Lots of efforts have been paid on 
the fabrication of quasi-2D perovskites with high photoluminescence 
(PL) quantum yield (QY) to serve as light emitting materials [6–11]. 
Among them, methylammonium lead bromide (MAPbBr3) is one of the 
mostly studied quasi-2D perovskites. Compared to silicon, MAPbBr3 has 
a relatively strong absorption in ultraviolet (UV)-blue shortwave length 
region [12]. Simultaneously, MAPbBr3 also exhibit higher PLQY (>90%) 
when irritated with UV light [7,13]. Therefore, it is highlighted as 
luminescent down-shifting layer in luminescent solar concentrators and 
solar cells, and also as emitters in light emitting diodes [14,15]. 

Recent studies have demonstrated that rapid reorganization makes 
quasi-2D perovskites prepared at room temperature generally possess a 
collection of phases with different layer thickness n even though with 
stoichiometry-controlled precursors for a specific thickness [14,16,17]. 
Different phase distribution would affect charge transport and device 
performance. Hence, a compressive understanding of photophysics in 
mixed phase systems is advantaged to better utilizing them in diverse 
optoelectronic applications. However, to date, researches about photo
physics in quasi-2D MAPbBr3 focus on the carrier dynamics upon exci
tation ranging from blue to near infrared [18–20]. Seldom effort has 

been paid on those with UV-blue excitation, which is crucial to device 
applications, especially down-conversion luminescent devices. 

Herein, we report the efficient ultrafast energy-down-shift process in 
mixed-phase MAPbBr3 nanoplatelets (NPLs) upon UV excitation. 
Structural and optical characterization demonstrate these mixed-phase 
MAPbBr3 possess excitation-dependent PLQY. Femtosecond (fs) tran
sient absorption (TA) spectra illustrate the influence of pump energy on 
the energy transfer routings and energy-down-shift rates from excited- 
to emissive- states. It confirms that efficient ultrafast energy-down-shift 
from continuous band produces a PLQY of near unity upon UV excita
tion. Temperature-dependent PL further demonstrates the quenching of 
nonradiative recombination via trap states at room temperature. This 
work reports the ultrafast energy-down-shift process upon UV excitation 
in quasi-2D MAPbBr3 and provides a comprehensive understanding of 
their carrier dynamics. 

The highly emissive perovskite NPLs were fabricated by a facile 
ligand assisted reprecipitation (LARP) method with a modification by 
replacing long-chain ligands with short-chain phenethylamine (PEA) 
and acetic acid (HAc) [21]. The modified protocol is also suitable for the 
one-step synthesis of colloidal MAPb(Br1-xClx)3 (x = 0 ~ 0.43) NPLs 
(Fig. S1) and solid-state MAPbBr3 NPLs thin films (Fig. S2). The detailed 
description about fabrication and characterization is given in supple
mentary material. Transmission electron microscopy (TEM) image in 
Fig. 1a shows that these square-shaped MAPbBr3 NPLs possess an 
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average lateral size of 43 ± 11 nm (Fig. S3). X-ray diffraction (XRD) 
pattern in Fig. 1b displays two series of diffraction peaks, a series of 
strong peaks (red solid circles) at 5.41◦, 10.76◦, 16.09◦, 21.49◦, 26.91◦, 
and 32.40◦, and another series of tiny peaks (blue solid circles) at 15.11◦

and 30.34◦. As shown in inset of Fig. 1b, the strong and tiny peaks 
correspond to the lattice spacing of 16.54 Å (d1, strong peaks) and 5.88 Å 
(dN, tiny ones). dN agrees well with the lattice constant of cubic-phase 
bulk MAPbBr3 [22,23], while d1 is in consistence with the thickness of 
single PbBr6

4- octahedral layer covered by phenethylamine [24,25]. 
Obviously, XRD pattern indicates the coexistence of NPLs with single 
and multiple layers. Atomic force microscopy (AFM) image in Fig. 1c 
and the cross section diagram in Fig. 1d demonstrate that the square- 
shaped NPLs have a typical thickness of ~4 nm and a lateral size of 
~60 nm (consistent with TEM observation). Further statistical analysis 
in Fig. 1e indicates an average thickness of NPLs is 5.2 ± 1.3 nm, much 
larger than that (16.54 Å) of NPLs with single PbBr6

4- octahedral layer. 
XRD and AFM results indicate the existence of NPLs with single (n = 1) 
and multiple layers (n = N) stacking within a single NPL, similar to 
previous reports [14,26]. Consequently, exciton states of single and 
multiple layers are possible to exist in a single mixed-phase NPL. 

UV–visible (vis) absorption spectrum of NPLs dispersed in toluene in 

Fig. 1f displays an obvious absorption peak at ~515 nm and a tiny ab
sorption peak at ~411 nm, corresponding to exciton absorption in n = N 
(N ≈ 8) and 1 phase [24,27]. PL spectrum in Fig. 1f further displays a 
dominant green emission centered at 529 nm with a full width at half 
maximum (FWHM) of 22 nm, which can be assigned to radiative exciton 
recombination in n = N phase [28]. Meanwhile, no emission is observed 
at ~411 nm, implying exciton energy in n = 1 phase is possibly trans
ferred via nonradiative routings. Similar PL behaviors are observed in 
Fig. S4 with different excitations. The excitation-independent emission 
centered at 529 nm indicates main emission indeed originates from 
radiative recombination of excitons confined in n = N phase. Absolute 
PLQY measurement in Fig. S5 shows a value of 93.5% (colloidal NPLs 
solution in toluene) at excitation of 350 nm. The excitation-dependent 
PLQY in Fig. 1g displays a U-shaped variation over the range of 320 
~ 530 nm. The PLQY with excitations near emissive state (ES, exciton 
state in N phase) energy is calculated by decomposing spectra into ab
sorption and emission peaks with two-peak Gaussian fitting (Fig. S6). 
High PLQY achieved at 530 nm illustrates less trap states lying below ES. 
The abrupt decrease at 520 nm indicates trap states are mainly distrib
uted a little higher than ES, suggesting the nature of shallow traps 
[29,30]. The sudden enhancement at short wavelengths implies the 

Fig. 1. (a) TEM image; (b) XRD spectrum; (c) AFM image; (d) Height profile; (e) Height distribution; (f) UV–vis absorption (abs, red) and PL (at 350 nm excitation, 
black) spectra of MAPbBr3 NPLs. The inset of Fig. 1(f) is the digital photograph under daylight and UV illumination. (g) PLQYs of MAPbBr3 NPLs with different 
excitations. 
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existence of energy level at ~350 nm, which possibly possess an ultra
fast charge transfer to ES. The shallow trap possibly come from Br va
cancies (VBr) since the mixed-phase NPLs were synthesized in a Br- 
deficient atmosphere. Control experiments demonstrate that Br-rich 
synthesis by using PEA and hydrobromic acid leads to the simulta
neous formation of blue-light and green-light emitting NPLs (Fig. S7) 
while using only PEA as ligands results in the rapid aggregation of NPLs 
and extremely low PLQY (11%, Fig. S8), implying the contribution of 
HAc to reaction kinetics and colloidal stability [31]. The high-resolution 
Pb 4f x-ray photoelectron spectroscopy (XPS) spectrum in Fig. S9 reflects 
the existence of Pb-Br and Pb-acetate, suggesting the imperfect lattice 
structure due to VBr. 

To explore the carrier dynamics behaviours, fs-TA spectra were 
measured at different pump energies. Fig. 2 and Fig. S10 display fs-TA 
spectra of colloidal MAPbBr3 NPLs pumped at 350 (Fig. 2a-c), 400 
(Fig. 2d-f) and 300 nm (Fig. S10) with a fluence of 84 μJ/cm2, corre
sponding to an average photons number absorbed in a single NPL 
〈N〉≈4.5 and average carrier density per NPL volume 〈n〉≈5 × 1017 

cm− 3. The carrier density 〈n〉 and average photon number 〈N〉 were 
evaluated from absorbance and pump intensity via method reported 
previously,[32] whose details are illustrated in the supplementary in
formation. TA spectra pumped at 350 (Fig. 2a) and 300 nm (Fig. S10) 
display three distinct photoinduced bleaching (PB) features at ~350 nm 
(CB2), ~400 nm (PB1), and ~515 nm (PBN). PB1 and PBN correspond to 
the filling of exciton states in n = 1 (PB1) and N (PBN) phases. The PB at 
~350 nm denoted by CB2 is probably from Pb-6p related step-like 
continuous band (3.3 ~ 3.5 eV) at the same point as quasi-continuous 
band (CB1) in the Brillouin zone [23,33], which has been observed in 
PbBr-based perovskites, such as bulk MAPbBr3 and monolayer NPLs 
[34,35]. The strong photoinduced absorption (PA) observed before 2 ps 
is probably induced by the exciton–exciton interactions [18]. When 
pumped at 350 nm (Fig. 2b-c), electrons were firstly excited to CB2 and 
then relaxed to exciton states in different phases to build up PB1 and 
PBN. TA kinetics in Fig. 2c show that both PB1 and PBN appear at ~0.2 

ps, indicating excitons in both n = 1 and N phases originate from CB2. 
However, as shown in Fig. 2d-f, when pumped at 400 nm, TA spectra 
exhibit an extra PB at ~453 nm (PB3) and different hot carrier relaxation 
process. Upon 400 nm excitation, PB1 appears instantaneously, implying 
excitons are directly generated in n = 1 phase. Following the ultrafast 
buildup, parts of photogenerated excitons transfer to n = 3 phase, 
resulting in a rapid establishment of PB3 (Fig. 2d). After that, parts of hot 
carriers travel through nonradiative channel to ground states. The 
remaining carriers transfer to N phase, leading to the rapid rise of PBN. 
TA kinetics further demonstrate that the rise of PBN seems to be well 
matched with the decay of PB1 and PB3, suggesting the transfer from n =
1 and 3 phase to N phase. Consequently, at the excitation of 400 nm, 
energy in small-n phases is transferred to large-n phase sequentially, 
similar to previous reports in 2D perovskites [8,36], but different from 
those excited with UV light. Meanwhile, TA spectra in Fig. S11–13 
excited by low intensities also display the different relaxation path 
induced by pump energy. Excitons created by 300 nm excitation with an 
intensity of 〈N〉 = 0.13, relax to continuous band and also exciton states 
in n = 1 and N phase (Fig. S11). When pumped at 350 nm with low 
intensities [〈N〉 = 0.42 and 2.1], hot carriers directly transfer to exciton 
states in N phase (Fig. S12). However, excitons created by 400 nm pump 
[〈N〉 = 0.45 and 2.3] relax to exciton states both in n = 3 and N phase 
rapidly, resulting in the fast buildup of PB3 and PBN (Fig. S13). 

To further reveal the ongoing photoinduced hot carrier relaxation 
process, global analysis [37] were applied on TA spectra. Fig. 3a-b and 
Fig. S14 display the decay associate spectra (DAS) with low excitation 
intensities [〈N〉 ≈ 0.16, 0.4, and 2] at 400 and 350 nm, respectively. 
Most of TA spectra were decomposed into three kinetics components. 
The slow component (>3 ns) associated with PBN was assigned to 
exciton radiative recombination, whose lifetime is on the timescale of ns 
(Fig. S15). The ultrafast component (<1 ps) with negative amplitude 
ranging from 430 to 506 nm was attributed to hot carrier cooling, which 
increases with pump intensity due to hot phonon bottleneck effect. [38] 
The middle component (tens of ps) displays a negative amplitude 

Fig. 2. (a) TA map as a function of probe photon energy and pump–probe delay after 350 nm excitation. (b) TA spectra of MAPbBr3 NPLs probed at different delay 
times extracted from (a). (c) Decay dynamics of exciton states in n = 1 and N phase extracted from (a). (d) TA map as a function of probe photon energy and 
pump–probe delay after 400 nm excitation. (e) TA spectra of MAPbBr3 NPLs probed at different delay times extracted from (d). (f) Decay dynamics of exciton states in 
n = 1, 3, and N phase extracted from (d). 

X. Wang et al.                                                                                                                                                                                                                                   



Chemical Physics Letters 763 (2021) 138192

4

centered at ~515 nm, which is probably related to band filling effect. 
Notably, when pumped at 400 nm with an intensity of 〈N〉=0.17, DAS 
spectra did not show this middle component, implying the weakening of 
band filling effect under low excitation intensity. Furthermore, for both 
350 and 400 nm pump, time constant of middle component becomes 
faster with increasing excitation intensity, indicating the enhanced 
carrier-carrier interactions induced by more hot carriers relaxing to 
band edge [39]. On the other hand, when pumped by same fluence, the 
time constants of middle component decomposed from TA spectra under 
350 excitation are shorter than those under 400 excitation, suggesting 
that more hot carriers relaxing to band edge when pumped at 350 nm. 
Because the minimums of CB1 and CB2 are at the same point in Brillouin 
zone [23,33], hot carrier cooling process is very likely to be direct 
transition, faster and more efficient than that under 400 nm excitation, 
which is a phonon-assisted indirect transition process. Fig. 3c displays 
the schematic of energy band diagram, which summarizes above dis
cussion about physical process in mixed-phase NPL. When pumped at 
400 nm (left), carriers are excited to exciton state in n = 1 phase (blue 
line) and CB1 (green square) in n = N phase. The carriers in n = 1 phase 

then transfer to CB1. After that, hot carriers in CB1 relax to band edge 
(blue arrows). During the transfer process from small-n to large-n pha
ses, carriers are possibly captured by shallow traps (black lines) lying 
above ES and lose their energy through nonradiative recombination, 
leading to the decreasing PLQY. Upon UV excitation, with low intensity 
(middle), electrons excited to CB2 transfer into CB1 rapidly, and then 
directly to band edge (violet arrows) and ES. If pumped with higher 
intensity (right), few electrons relaxed to exciton state in n = 1 phase. It 
could explain two local minimums of PLQY at 400 and 460 nm, and the 
sudden enhancement at 350 nm in excitation-dependent PLQYs shown 
in Fig. 1g. In addition, under the excitation of 350 nm, it seems that the 
nonradiative routing to shallow traps via exciton state in n = 1 phase is 
suppressed, which needs to be further verified by the aid of temperature 
dependent PL. 

To perform the temperature-dependent (83 ~ 303 K) PL spectra, 
NPLs were incorporated into polymethyl methacrylate matrix to form 
the composite films. The composite film exhibits PL emission centered 
at ~534 nm with a PLQY of 77% (Fig. S12a), and two decay constants of 
7.9 and 64.6 ns (Fig. S12b). Fig. 4a shows temperature-dependent (83 ~ 
303 K) PL spectra of NPLs thin film on silicon substrate excited by 325 
nm laser. Obviously, as observed in lead composite semiconductors 
[40], PL peak continuously blueshifts with increasing temperature, 
which is possibly due to lattice expansion with a positive expansion 
coefficient [41]. PL intensity in Fig. 4b shows a rapid decrease and then 
a slow enhancement with the increasing temperature. The rapid 
decrease of PL intensity at 83 ~ 203 K exhibits typical thermal 
quenching caused by thermal dissociation of excitons at higher tem
peratures, which is usually described as I(T) = I0/[1 + Cexp(-Eb/kBT)] 
with Eb of exciton binding energy. The best fitting curve (blue dash line) 
yields an exciton binding energy of 67 ± 1 meV, basically consistent 
with those reported values (65 ~ 76 meV) in bulk MAPbBr3 [31,34,42]. 
The abnormal increase of PL intensity at 200 ~ 300 K indicates other 
competitive mechanisms play a dominant role, such as delocalization/ 
capture of carriers by the trap/intermediate states. Therefore, another 
term considering the activation of carriers at trap/intermediate states 
must be added. As discussed above, shallow trap states and intermediate 
states such as exciton state in n = 1 phase, locate above ES, so that 
carriers are possibly recaptured by trap/intermediate states before 

Fig. 4. (a) PL spectra of MAPbBr3 NPLs at different temperatures. (b) 
Temperature-dependent PL intensity. The inset of (b) is the energy- 
level diagram. 

Fig. 3. Decay associated spectra of MAPbBr3 NPLs under the excitation of (a) 400 and (b) 350 nm. (c) Schematics of the band diagrams and illustration of pho
tophysical processes excited by 400 (left) and 350 nm with low (middle) and high intensity (right). 
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relaxed to ES in n = N phase. Here, a model based on delocalization and 
recapture of carriers is used to explain the temperature-dependent in
tensity I(T), described as [43,44]: 

I(T) = I0
1 + D1exp(− E2/kBT)

1 + C1exp( − Eb/kBT) + C2exp(− E1/kBT)
(1)  

where Eb is exciton binding energy of 67 meV obtained above, E1 and E2 
describes the activation energy for process that facilitate nonradiative 
and radiative recombination, respectively. A good agreement between 
experimental data (hollow diamond) and best-fit curve (red solid line) 
gives E1 = 530 ± 39 meV and E2 = 523 ± 51 meV, respectively. Previous 
discussion in Fig. 3c has demonstrated that energy difference between 
exciton state in n = 1 phase and CB2, and that from exciton state in n = 1 
phase and trap states are ~500 meV, in good agreement with activation 
energies E1 and E2. Consequently, there are two possible activation ap
proaches. The carriers localized in trap states are activated into the 
exciton state in n = 1 phase, or/and those in exciton state in n = 1 phase 
are excited into the CB2. Both of them suppress carrier transfer from CB2 
to n = 1 phase, and facilitate the transfer routing from CB2 to n = N 
phase, in consistence with TA observation. Therefore, we attribute the 
enhancement of integrated PL at 200 ~ 300 K to the quenching of 
nonradiative recombination via exciton state in n = 1 phase, which is 
usually benefit to nonradiative recombination.[45] Moreover, the 
variation curve of line width with temperature in Fig. S13 also displays a 
knee point at ~200 K. The slowing trend of broadening suggests the 
sudden weakening of electron–phonon interaction since linewidth 
broadening is mainly from the electron–phonon interaction [46,47]. 
This abrupt change of electron–phonon interaction possibly originates 
from the reorientation of organic cations or functional groups, which 
weakening the electron–phonon interaction [48]. 

In conclusion, we have synthesized highly emissive MAPbBr3 NPLs 
by using facile and fast LARP method with short-chain ligands. These 
NPLs exhibit excitation-dependent PLQYs, which reach near unity when 
excited with UV light. TA spectra further demonstrate the different 
carrier transfer process induced by pumped energy and the existence of 
Pb-6p related step-like CB2 in all phases of NPLs. The efficient ultrafast 
energy-down-shift from this band to ES is the key to realize a PLQY of 
near unity upon UV excitation. Temperature-dependent PL spectra 
further demonstrates the quenching of nonradiative recombination at 
room temperature. This work provides a detailed research on the carrier 
dynamics in mixed-phase quasi-2D MAPbBr3 systems upon UV excita
tion, and is instructive to improve the performance of perovskite-based 
optoelectronic devices. 

See supplementary material for the detailed synthesis and charac
terization of studied MAPbBr3 NPLs. 
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