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A B S T R A C T   

Owing to the superior performance of lead-halide perovskites in various optoelectronic devices, their low- 
dimensional counterparts of quantum-confined nanocrystals (NCs) have started drawing intensive research 
attention. Here we report a systematic study on the optical properties of single FAPbBr3 NCs, which demonstrate 
high-purity single-photon emission, large absorption cross-section and narrow photoluminescence linewidth. 
Interestingly, linearly-polarized emission can be partially observed in single FAPbBr3 NCs at the room temper-
ature, the degree of which is significantly enhanced at the cryogenic temperature. The above polarization 
phenomenon is attributed to the large energy-level splitting of the bright-exciton states, leading to efficient 
exciton recombination from the lowest state with a 1D dipole moment. This unique feature of linear polarization 
in the optical emission of single FAPbBr3 NCs has not only provided a deep understanding of their exciton 
energy-level structures, but also suggested potential polarization-oriented applications such as in photo- 
detectors, light-emitting diodes and lasers.   

1. Introduction 

The chemical formula of lead-halide perovskites can be generally 
described as APbX3, where A is a cation (Cs, methylammonium (MA) or 
formamidinium (FA)) and X is a halogen (Cl, Br, or I). Inspired by the 
superior performance of lead-halide perovskites in various optoelec-
tronic devices, their low-dimensional structures have been recently 
synthesized in the forms of organic-inorganic hybrid [1,2] and 
all-inorganic [3] nanocrystals (NCs). The exciton energies of lead-halide 
perovskite NCs are strongly dependent on their sizes, resulting in the 
tunable optical emission from ~410 to 700 nm across the whole visible 
spectrum [3–6]. In addition, lead-halide perovskite NCs in the colloidal 
phase can be easily dissolved in different solvents to enable a flexible 
tuning of the halide compositions through the anion exchange reaction 
[7,8]. With the subsequent achievements in realizing precise size control 
[9] and ion doping [10] in lead-halide perovskite NCs, great research 
efforts are now being devoted to the investigation of their exciton 
recombination dynamics by means of transient absorption and 
time-resolved photoluminescence (PL) measurements at the ensemble 
level [11,12]. Meanwhile, single-particle spectroscopic technique has 
also been applied on lead-halide perovskite NCs, revealing novel optical 

properties such as high-purity single-photon emission, suppressed PL 
blinking and spectral diffusion, and the energy-level fine structures of 
band-edge excitons [13–22]. Accompanying the above fundamental 
studies, low-threshold lasers [23–25] and high-efficiency light-emitting 
diodes [26,27] have also been fabricated from lead-halide perovskite 
NCs to advance their potential applications in nano-optoelectronic 
devices. 

In contrast to the well-studied all-inorganic perovskite lead-halide 
NCs, the organic-inorganic hybrid ones are now subjected to fewer 
research explorations due to their relatively poor chemical and thermal 
stabilities. Following the successful synthesis of FA lead-halide perov-
skite NCs (FAPbX3) with a PL quantum yield as high as 85% [2,4,5,28], a 
bunch of interesting optical properties have been demonstrated, mainly 
including single-photon emission [29,30], exciton fine-structure split-
ting [31,32], room-temperature charged-exciton species [33] and strong 
exciton-phonon coupling [31,34]. In this work, we report a systematic 
study on the optical properties of single FAPbBr3 NCs, such as 
single-photon emission, large absorption cross section, charged-exciton 
emission and narrow PL linewidth. Interestingly, the degree of linear 
polarization as large as ~21% can be observed in the optical emission of 
single FAPbBr3 NCs at the room temperature, which is enhanced to 
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~92% at the cryogenic temperature of 4 K. This linearly-polarized op-
tical emission observed even at the room temperature is attributed to the 
large energy-level splitting of the bright-exciton states, leading to effi-
cient exciton recombination from the lowest state carrying a 1D dipole 
moment in the optical transition. 

2. Experiment methods 

To prepare the FA-oleate precursor, 0.521 g Formamidinium acetate 
and 20 mL oleic acid were dried at 120 �C under vacuum inside a 100 mL 
three-neck flask. After being heated to 130 �C under N2 until the reaction 
was completed, the above mixture was then cooled to 50 �C and dried for 
30 min under vacuum. For the subsequent synthesis of FAPbBr3 NCs, 5 
mL octadecene and 0.069 g PbBr2 were loaded into a 25 mL three-neck 
flask, and dried for 1 h at 120 �C under vacuum. 0.5 mL oleylamine and 
1 mL oleic acid were then added into the flask at 120 �C under N2 after 
being dried. As the PbBr2 powder was completely dissolved, the tem-
perature was raised to 160 �C and 2.5 mL FA-oleate precursor prepared 
above was quickly injected into the flask. After 5 s, the solution was 
cooled in ice-water bath to stop the reaction. The product was centri-
fuged for 5 min at 12000 rpm with the added 10 mL toluene and 5 mL 
acetonitrile. The precipitate was re-dispersed in 5 mL toluene and 
centrifuged again for 5 min at 4000 rpm, after which the supernatant 
was collected. The as-synthesized FAPbBr3 NCs have a cubic shape with 
an average edge length of ~12 nm [35], as can been seen from the TEM 
image shown in the inset of Fig. 1(a). 

For the optical measurements at room temperature, one drop from 
the diluted toluene solution containing the polymer of poly-DL-lactide 
and FAPbBr3 NCs was spin-coated onto a fused silica substrate, which 
was placed in a confocal scanning optical microscope. The output beam 
from a 405 nm ps pulse laser with a repetition rate of 5 MHz was focused 
onto the sample surface through an immersion-oil objective with a nu-
merical aperture of 1.4. Optical signal from a single FAPbBr3 NC can be 
sent either through a spectrometer to the CCD for the PL spectral mea-
surement, or to a pair of avalanche photodiodes (APDs) for the mea-
surement of single-photon emission, PL intensity time trace or PL decay 
lifetime with a resolution of ~200 ps. For the optical measurements of 
single FAPbBr3 NCs at the cryogenic temperature of 4 K, quite similar 
optical setups to the above was employed except that the sample sub-
strate was attached to the cold finger of a helium-free cryostat and the 
immersion-oil objective was replaced by a dry one with a numerical 
aperture of 0.95. To characterize the linear polarization of optical 
emission from a single FAPbBr3 NC, a half-wave plate and a linear 
polarizer would be inserted into the signal collection path. 

3. Results and discussion 

We first studied the ensemble and single FAPbBr3 NCs at the room 
temperature. From the solution measurements, the emission and band- 
edge absorption peaks of ensemble FAPbBr3 NCs can be estimated 
from Fig. 1(a) to be located at ~520 nm (~2.38 eV) and ~496 nm 
(~2.50 eV), respectively. The PL spectrum measured at the room 

Fig. 1. (a) Solution absorption and emission spectra measured for ensemble FAPbBr3 NCs, together with the PL spectrum measured for a single FAPbBr3 NC. Inset: 
TEM image of several single FAPbBr3 NCs with an average edge length of ~12 nm. (b) PL intensity of a single FAPbBr3 NC measured as a function of the laser 
excitation power, and fitted by the solid line with the function form of I∝1 � e� <N> ¼ 1 � e� jσ . (c) Second-order photon correlation function measured for a single 
FAPbBr3 NC with a g2(τ) value of ~0.09 estimated at τ ¼ 0. (d) PL decay curve measured for a single FAPbBr3 NC and fitted by a single-exponential function with an 
exciton recombination lifetime of ~7.74 ns. All the above measurements were performed at the room temperature. 
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temperature for a representative single FAPbBr3 NC is also plotted in 
Fig. 1(a) with a linewidth of ~18 nm, which is much narrower than that 
of ~27 nm for the ensemble PL peak. Due to nonradiative Auger 
recombination of multiple excitons, the PL intensity of a single FAPbBr3 
NC would become saturated with the increasing laser excitation power. 
This PL saturation behavior can be described by the function of I∝ 1 �
e� <N> ¼ 1 � e� jσ , where I is the PL intensity, <N> is the number of 
exciton created per pulse in a single NC, j is the excitation photon flux 
and σ is the absorption cross section [16]. Using the above function to fit 
the PL saturation curve shown in Fig. 1(b) for a single FAPbBr3 NC, we 
can obtain a value of ~2.19 � 10� 13 cm2 for its absorption cross section 
at 405 nm, which is comparable to that of ~2.23 � 10� 13 cm2 estimated 
previously for single CsPbBr3 NCs [16]. 

In the following experiments, we always set <N> ¼ 0.1 with a low 
laser power to avoid causing any nonlinear effect due to the generation 
of multiple excitons and no degradation effect was observed in the single 
FAPbBr3 NCs during the optical measurement lasting for as long as 30 
min. In Fig. 1(c), we plot the second-order photon correlation function 
measured for a single FAPbBr3 NC, where the g2(τ) value of ~0.09 
estimated at τ ¼ 0 unambiguously confirms the single-photon emission 
feature. Being able to emit such high-purity single photons, the single 
FAPbBr3 NCs studied here, among other types of single perovskite NCs 
[14–16], can be firmly pushed to the quantum-information-processing 
regime [36,37] beyond their traditional applications in optoelectronic 
devices [23–27]. The PL decay curve measured for a single FAPbBr3 NC 
is plotted in Fig. 1(d), from which an exciton recombination lifetime of 
~7.74 ns can be extracted with the single-exponential fitting function. 

By performing similar PL decay measurements for tens of single FAPbBr3 
NCs, an average lifetime value of ~8.4 ns could be obtained. 

In Fig. 2(a) and (b), we plot the PL intensities measured for two single 
FAPbBr3 NCs as a function of the linear polarizer angle tuned slowly 
with time from 0 to 360�. Attached to a mild fluorescence blinking time 
trace, a sinusoidal modulation of the PL intensity with the polarizer 
angle can be clearly observed for each single FAPbBr3 NC. It should be 
noted that the PL intensity variations of the two FAPbBr3 NCs are out of 
phase with each other, thus excluding possible contribution of the sys-
tem artifact to the polarizer angle dependence. This linear polarization 
was observed in 34 of the 63 single FAPbBr3 NCs studied in our exper-
iment, while the other 29 showed no such behavior as can be seen in 
Fig. 2(c) for another single FAPbBr3 NC. The degree of linear polariza-
tion (DLP) for a single FAPbBr3 NC can be defined as DLP ¼ Imax � Imin

ImaxþImin
, 

where Imax and Imin are the maximum and minimum PL intensities, 
respectively. In Fig. 2(d), we plot a statistical histogram for the DLP 
distribution of the 34 single FAPbBr3 NCs with polarized optical emis-
sion, where an average value of 11.24 � 4.74% can be obtained. As 
discussed later in the text, the linearly-polarized optical emission of a 
single FAPbBr3 NC should originate from the 1D dipole moment of a 
bright-exciton state. When this dipole moment is perpendicular (paral-
lel) to the objective optical axis, a maximum (minimum) value of DLP 
would be expected [38–40]. When a single FAPbBr3 NC is spin-coated 
onto the substrate, most likely its dipole moment could be lying be-
tween the above two extreme cases, which is one of the main factors to 
cause large variations in the measured DLP values. 

According to previous studies in the literature [40–45], a reduction 

Fig. 2. (a),(b) PL intensities measured for two single FAPbBr3 NCs showing obvious sinusoidal modulations with the changing polarizer angles. (c) PL intensity 
measured for a single FAPbBr3 NC without being modulated by the changing polarizer angle. (d) Statistical histogram showing the DLP values measured for 34 single 
FAPbBr3 NCs. Due to random PL intensity fluctuation even in the blinking “on” state, the minimum DLP value that can be resolved for a single FAPbBr3 NC is ~4%. 
The PL intensity time traces in (a)–(c) were obtained at the room temperature and plotted with a binning time of 100 ms. 
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of the crystal symmetry could yield asymmetric optical properties of 
semiconductor nanostructures. More specifically, the induced 
long-range electron-hole exchange interaction or Rashba effect is 
adequate to lift the exciton-state degeneracy, leading to fine-structure 
splittings that are intimately related to the linearly-polarized optical 
emission [20,44,46]. In the single FAPbBr3 NCs studied here, the crystal 
structure would be distorted by the large organic cation of FAþ, causing 
transitions from the cubic to the tetragonal and orthorhombic phases at 
the room and cryogenic temperatures, respectively [31]. In lead-halide 
perovskites, the highest valence band is contributed by the p and s or-
bitals of X and Pb atoms, respectively, while the lowest conduction band 
by the p orbital of Pb atom [47]. Consequently, the band structure is 
mainly determined by the bond angle of Pb-X-Pb, the closer value of 
which to 180� would lead to smaller energy bandgap due to weaker 
orbital hybridization between the Pb and halide atoms. It was calculated 
previously for MAPbI3 that, in both tetragonal and orthorhombic crystal 
structures, the bond angles of Pb–I–Pb in the apical direction is larger 
than that in the equatorial direction [48]. Therefore, the exciton-state 
energies for the 2D dipole moments in the equatorial direction (x-y 
plane) is higher than that for the 1D dipole moment in the apical di-
rection (z axis), leading to a higher probability for exciton occupation of 
the lowest-energy state with linearly-polarized optical emission. 
Depending on the energy separation between the 2D and 1D 
bright-exciton states, their thermal mixing would vary from NC to NC, 
which should be another contributing factor to the partial linear po-
larization and the large distribution of DLP values observed in our 

experiment. 
The energy-level splitting between the 1D and 2D exciton states can 

be roughly estimated from the DLP values measured in our experiment. 
At the room temperature, the 1D excitons could be populated to the 
upper 2D exciton state by thermal excitation. According to the Boltz-
mann distribution, the population ratio between the lower 1D (Plower) 
and upper 2D (Pupper) exciton states is  Plower

Pupper
¼ e Δ

kT, where Δ is the energy 
splitting, k is the Boltzmann’s constant and T is the temperature. The 

DLP is connected with the exciton population by  DLP ¼ Plower � Pupper
PlowerþPupper

¼

e
Δ
kt � 1

e
Δ
ktþ1

:  Since the measured DLP values might be underestimated when 

the dipole moment of 1D exciton is not perpendicular to the objective 
optical axis, we take the maximum value of ~21% instead of the average 
one of ~11% for the estimation of the energy-level splitting. By setting 

DLP ¼ e
Δ
kt � 1

e
Δ
ktþ1
¼ 21%, we can obtain a maximum value of ~10 meV for the 

energy-level splitting Δ between the 1D and 2D exciton states. The 
FAPbBr3 NCs studied in previous reports [31,32] normally have a cubic 
shape with a side length around 10 nm, and their exciton fine-structure 
splittings were observed to be several meV. In contrast, the FAPbBr3 NCs 
used in our current experiment have a side length of ~12 nm, and some 
of them are apparently elongated (see the inset of Fig. 1(a)). It is likely 
that the large side length and the asymmetric shape are playing a joint 
role to determine the energy-level splitting between the 2D and 1D 
exciton states, which might deserve future theoretical considerations. 

Fig. 3. (a) PL spectra of four single FAPbBr3 NCs with different peak wavelengths. (b) PL spectrum measured for a single FAPbBr3 NC with the PL peaks from both 
neutral (X) and charged (X*) single excitons. (c) Time-dependent PL spectral image measured for this single FAPbBr3 NC where the X and X* PL peaks demonstrate 
synchronous spectral diffusion. (d) PL decay curves measured for the X and X* PL peaks of the same single FAPbBr3 NC, and are fitted with single-exponential 
lifetimes of ~315 and ~289 ps, respectively. All the above optical measurements were performed at 4 K, and an integration time of 5 s was used for measuring 
each PL spectrum in (a)–(c). 
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After the room-temperature measurements, we then switched to the 
cryogenic temperature of 4 K to gain a better understanding of the 
intrinsic optical properties of single FAPbBr3 NCs. In Fig. 3(a), we plot 
the PL spectra measured for four single FAPbBr3 NCs with different peak 
wavelengths, which should be dictated by the quantum confinement 
effect due to the size variations. With the low-power laser excitation at 
<N>¼ 0.1, most of the studied single FAPbBr3 NCs possessed a single PL 
peak with an average linewidth of ~774 μeV, which should be caused by 
the fast spectral diffusion process discussed below. Occasionally, we 
could resolve an additional PL peak (denoted by X*) with a red-shifted 
energy relative to the main one (denoted by X), as can be seen in 
Fig. 3(b) from the PL spectrum of a representative single FAPbBr3 NC. 
From the time-dependent PL spectral image shown in Fig. 3(c) for the 
same single FAPbBr3 NC, the X* peak can be attributed to the charged- 
exciton emission since its spectral diffusion is synchronous to that of the 
main X peak from neutral excitons. The energy separation between the X 
and X* PL peaks in Fig. 3(b) and (c) is estimated to be ~17 meV, and this 
binding energy of charged excitons is consistent with those values ob-
tained previously from single CsPbBr3 NCs [17]. In Fig. 3(d), we plot the 
PL decay curves measured for the X and X* peaks of the same single 
FAPbBr3 NC, which can both be fitted well by single-exponential func-
tions to yield the exciton recombination lifetimes of ~315 and ~289 ps, 
respectively. 

In the last experiment, we performed polarization-dependent mea-
surements on single FAPbBr3 NCs at 4 K, which all exhibited linearly- 
polarized feature in the optical emission. In Fig. 4(a), we plot the PL 
intensities of two single FAPbBr3 NCs measured as a function of the 
polarizer angles, from which the respective DLP values of ~78% and 
~92% can be estimated. For the 14 single FAPbBr3 NCs studied, an 
average of 37.00 � 20.91% can be obtained from their DLP values, 
which are presented in the statistical histogram of Fig. 4(b). Compared 
to the room-temperature value of 11.24%, this significantly enhanced 
DLP reflects the reduced thermal mixing between the exciton states 
carrying 2D and 1D dipole moments at the cryogenic temperature. In the 
previous study of single CsPbBr2Cl NCs with three bright-exciton states, 
the appearance of single- or double-line PL spectrum was explained in a 
scenario where the one or two upper exciton states were not thermally 
populated at 5 K [20]. In our case with single FAPbBr3 NCs, the sizable 
DLP can be observed already at the room temperature, suggesting an 
even larger energy separation up to ~10 meV between the double 2D 
and single 1D exciton states. 

4. Conclusion 

To summarize, we have performed detailed optical characterizations 
of single perovskite FAPbBr3 NCs, mainly focusing on single-photon 
emission, absorption cross section, exciton recombination lifetime, 
charged-exciton emission and PL spectral linewidth. While the above 
optical properties are on a par with those already possessed by other 
types of single perovskite NCs, linearly-polarized optical emission was 
demonstrated by single FAPbBr3 NCs at both the room and cryogenic 
temperatures. We propose that this polarized emission originates from 
exciton recombination in a lower-lying state with 1D dipole moment, 
whose energy separation from the other two higher-lying states with 2D 
dipole moments could be as large as ~10 meV due to effective distortion 
of the Pb–I–Pb bond angle by the large organic cation of FAþ. The above 
findings have provided a deep understanding of the exciton energy-level 
structures of perovskite NCs, which could be influenced by the 
composing materials and the associated structure distortions. In prac-
tice, the polarized optical emission from perovskite NCs especially at 
room temperature can be utilized to favor various polarization-sensitive 
absorption and emission schemes, such as in photo-detectors, light- 
emitting diodes and lasers. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jlumin.2020.117032. 

Fig. 4. (a) PL intensities measured at 4 K for two single FAPbBr3 NCs showing obvious sinusoidal modulations with the changing polarizer angles. The DLP values are 
estimated to be ~78% (black curve) and ~92% (red curve), respectively, which are among the highest values for the single FAPbBr3 NCs studied in our experiment. 
(b) Statistical histogram showing the degree of linear polarization values measured for 14 single FAPbBr3 NCs at 4 K. 
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