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1. Introduction

Encouraged by the superior perfor-
mance of organic-inorganic perovskite 
films in solar cells and light-emitting 
diodes,[1–3] a lot of research attention has 
been recently devoted to the synthesis 
and characterization of their low-dimen-
sional nanocrystal (NC) structures.[4–10] 
The purpose is not only to extend the 
optoelectronic functionalities by taking 
advantage of the quantum-confinement 
effect of organic-inorganic perovskites, 
but also to promote their potential appli-
cations in the emerging area of quantum 
information technologies. Single-particle 
optical studies of these organic-inorganic 
perovskite NCs, mainly in the forms of 
MAPbX3 or FAPbX3 (MA+  = CH3NH3

+, 
FA+  = CH(NH2)2

+, and X–  = Br– or I–), 
are thus critical in revealing the intrinsic 
photophysical processes that are other-
wise hidden from the ensemble-averaging 
measurements.[11,12] In the case of single 
FAPbX3 NCs, the photoluminescence 
(PL) blinking behavior[13,14] and the single-

photon emission feature[13–16] are now being routinely reported, 
with the additional demonstrations of the exciton-phonon cou-
pling[16–18] and the crystal phase-transition[16,17] effects. More-
over, besides the extraction of charge-exciton and biexciton 
binding energies from single FAPbX3 NCs,[18] they have also 
played a key role to demonstrate that the dark-exciton state is 
located lower in energy than those of the bright-exciton ones.[19]

In great contrast to the above FAPbX3 NCs, the single 
MAPbX3 NCs have received less research attention, especially 
in the quantum-optical studies, which is mainly caused by 
their structural and chemical instabilities promoting an irre-
versible process of light-induced degradation.[20–24] As such, 
the majority of the literature reports on single MAPbX3 NCs 
are focused on the PL quenching/blinking[25–32] and the phase-
transition characteristics,[33,34] the former of which is intimately 
related to the structural defects and the associated exciton 
charging or trapping events.[35,36] Despite recent advances in 
observing single-photon emission from single MAPbX3 NCs 
on several occasions,[26,28] their exciton fine structures are yet to 
be revealed whose effective manipulations are currently one of 
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the most exciting research topics covered by single all-inorganic 
CsPbX3 and organic-inorganic FAPbX3 NCs.[19,37–45] It is thus 
imperative to adopt new synthesis strategies or material struc-
tures for more robust investigations of single MAPbX3 NCs, 
which are aimed not only to develop highly-efficient optoelec-
tronic devices where their bulk materials have been studied the 
most,[1–3,46–48] but also to complement the well-studied CsPbX3 
and FAPbX3 NCs for the joint advancement into quantum 
information technologies.

Here we have synthesized single MAPbI3 microplates with 
the lateral dimension of several micrometers and the vertical 
thickness of tens of nanometers, and characterized their single-
particle optical properties mainly at the cryogenic temperature. 
It is universal to see that multiple optical emitters are present 
in such a single MAPbI3 microplate with the PL linewidths 
as narrow as ≈200  μeV, and they can behave like quantum-
confined NCs with the single-photon emission feature. Due to 
the protection role played by the surrounding bulk material, the 
environmental charge fluctuations are effectively isolated from 
these single microplate MAPbI3 NCs with the spectral diffusion 
effect being greatly suppressed. This allows us to reliably extract 
their exciton fine structures determined by the electron-hole 
exchange interaction, each of which is manifested as one set of 
doublet PL peaks with the orthogonally linear polarizations and 
a fine-structure splitting of ≈600 μeV. The above findings have 

thus demonstrated that the as-synthesized organic-inorganic 
microplates can serve as a potent platform to study the photo-
physical properties of single MAPbI3 NCs, thus promising their 
potential applications in classical optoelectronic devices and 
quantum information technologies.

2. Results and Discussion

According to a two-step method as reported previously,[49,50] the 
single MAPbI3 microplates are synthesized on top of a SiO2/Si  
substrate by exposing solution-processed PbI2 microplates to 
the MAI vapor in a chemical vapor deposition (CVD) system 
(see more details in the Experimental Section). As can be seen 
from the atomic force microscopy (AFM) image in Figure 1a, 
the lateral size and the vertical thickness of the as-synthesized 
single MAPbI3 microplates are averaged at ≈1.1 µm and ≈51 nm, 
respectively. In Figure 1b, we present an optical image taken at 
one region of the sample substrate, wherein the single MAPbI3 
microplates are well separated from each other to facilitate the 
single-particle optical characterizations. To this end, the sample 
substrate is attached to the cold finger of a helium-free cryostat 
and the 640 nm (1.94 eV) output from a picosecond pulsed laser 
is focused to the spot size of ≈1 µm for the photoexcitation of a 
single MAPbI3 microplate (see more details in the Experimental  

Adv. Optical Mater. 2022, 10, 2200606

Figure 1.  Room-temperature structural and optical characterizations of single MAPbI3 microplates. a) AFM image of the sample substrate with a height 
profile measured across the solid red line being shown in the inset. b) Optical image of the sample substrate. c) PL spectrum (blue line) measured 
with an integration time of 1 s for a single MAPbI3 microplate and fitted by a Gaussian function (red line). d) PL decay curve measured for this single 
MAPbI3 microplate and fitted by a bi-exponential function with the short and long lifetimes of ≈8 ns (≈26%) and ≈110 ns (≈74%), respectively. In (c) 
and (d), the single MAPbI3 microplate is excited at 640 nw with the laser power of ≈150 nW.
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Section). In Figure  1c, we plot the PL spectrum measured at 
room temperature for a representative single MAPbI3 micro-
plate, which is centered at ≈1.61 eV with a linewidth of ≈94.3 ± 
0.2 meV. The PL decay curve measured for this single MAPbI3 
microplate is provided in Figure 1d, which can be fitted by a bi-
exponential function with the short and long lifetimes of ≈8.0 ± 
0.4 ns (≈26%) and ≈110.0 ± 4.9 ns (≈74%), respectively.

After room-temperature characterizations, we switch to the 
helium temperature of 4 K to explore how the PL spectrum of 
a single MAPbI3 microplate would manifest itself under the 
reduced thermal influence. As shown in Figure 2a for a rep-
resentative single MAPbI3 microplate, on top of a broad back-
ground signal, a strong PL peak can be resolved at ≈1.619 eV 
together with several weak ones at its lower-energy side. The 
degree of linear polarization of this PL peak is estimated to be 
≈35% from the polar plot shown in Figure 2b, where its inten-
sity varies with the transmission angle of a linear polarizer 
placed in the PL collection path. It is further demonstrated in 
Figure 2c that this PL peak possesses the single-photon emis-
sion feature, with a g(2)(0) value of ≈0.26 being estimated from 
the second-order photon correlation measurement. As addi-
tionally shown in the Supporting Information, this kind of 
sharp PL peaks (Figure S1a,c, Supporting Information) with 
linear polarizations (Figure S1b,d, Supporting Information) 

and single-photon emissions (Figure S2a,b, Supporting Infor-
mation) are commonly observed in 59 of the 71 single MAPbI3 
microplates studied in our experiment. For convenience, here-
after we will denote these sharp PL peaks as emanated from 
single microplate MAPbI3 NCs due to their quantum-emitter 
feature. In a recent report on all-inorganic CsPbBr3 microcrys-
tals,[51] such single quantum emitters have also been discovered 
while the proposed origin of thickness variation and the associ-
ated formation of local energy minimum might also be applied 
to our current case.

The PL linewidth measured for the ≈1.619 eV peak in 
Figure 2a is ≈271 μeV and it can be as narrow as ≈200 μeV (see 
Figure S3, Supporting Information, for one example) among 
all the single MAPbI3 NCs resolved by us from the studied 
microplates. Being on a par with those values associated with 
single all-inorganic CsPbX3 NCs,[37–43] this PL linewidth is sig-
nificantly smaller than what have ever been reported for single 
organic-inorganic FAPbX3 (FAPbI3: ≈0.8 meV[16]; FAPbBr3: 
≈0.4–3 meV[17–19]) or MAPbX3 (MAPbI3: ≈0.6 meV[33]; MAPbBr3: 
≈8 meV[34]) NCs at the cryogenic temperature. For the PL spec-
trum acquired with an integration time of 1 s in Figure  2a, 
its time evolution from 1 to 300 s is plotted in Figure  2d to 
reveal more clearly the coexistence of multiple single MAPbI3  
NCs and thus multiple energy minima localized in a single 

Adv. Optical Mater. 2022, 10, 2200606

Figure 2.  Optical characterizations of a single MAPbI3 microplate at 4 K. a) PL spectrum (blue line) measured with the integration time of 1 s. The 
strong PL peak centered at ≈1.619 eV is fitted by a Lorentzian function with a linewidth of ≈271 ± 6.5 μeV. b) Polar plot showing intensity variation of 
this strong PL peak with the detection polarizer angle. c) Second-order photon correlation measurement of this strong PL peak with a g(2)(0) value of 
≈0.26. To remove the background signal, this PL peak is spectrally filtered by a 1200 grooves per mm grating before entering the spectrometer exit slit. 
d) Time-dependent image constructed from 300 individual PL spectra measured for this single MAPbI3 microplate. This single MAPbI3 microplate is 
excited at 640 nm with a laser power of ≈150 nW.
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microplate. A striking observation is that the PL spectra emitted 
by the two single microplate MAPbI3 NCs at ≈1.619 and ≈1.616 eV  
are quite stable during the measurement time, while the other 
ones suffer strongly from the spectral diffusion effect. As has 
been well documented in the literature,[52–55] the MA+ cations 
possess a higher polarity and a larger dipole moment than 
the Cs+ and FA+ anions, making the MAPbX3 material more 
sensitive to the disturbance of local electric fields. Then the 
record-narrow PL linewidth measured here for single MAPbI3 
NCs, compared to those for single FAPbX3 and MAPbX3  
NCs,[16–19,33,34] signifies the protection role played by the micro-
plate in suppressing the spectral diffusion effect, which is nor-
mally caused by the surrounding charge fluctuations and the 
associated quantum-confined Stark effect.[56]

For the same single microplate MAPbI3 NC studied in 
Figure  2, we next perform laser power- and temperature-
dependent measurements to gain further insight into its pho-
tophysical properties. In Figure 3a, we plot the PL spectra 
measured at elevated laser powers from 100 to 180 nW. The 
integrated PL intensities (I) are shown in Figure  3b at dif-
ferent laser powers (P), which can be fitted by a power-law 
function of I∝Pα with the exponent α of ≈0.96. This quasi-
linear dependence of the PL intensity on laser power verifies 

that the optical emission should originate from exciton instead 
of trap-state recombination.[57,58] Still for this single micro-
plate MAPbI3 NC in Figure  3c, the PL spectrum is measured 
at increasing temperatures from 4 to 17 K, whose peak energy 
moves slightly to the blue side due to the dominance of lat-
tice expansion over other bandgap shifting mechanisms.[53,58] 
When the sample temperature is further increased above  
17 K, optical emission from this single microplate MAPbI3 NC 
is completely quenched due to thermal activation of excitons 
from the local energy minimum to the surrounding bulk mate-
rial.[51] The PL linewidth extracted from Figure 3c at each tem-
perature is plotted in Figure 3d, which increases from ≈271 μeV  
at 4 K to ≈445 μeV at 15 K as a direct consequence of the 
enhanced exciton-phonon coupling.[16,17,33,34,53] This broad-
ening of PL linewidth suggests that the optical emission of a 
single microplate MAPbI3 NC is contributed by free excitons 
other than bound excitons, the latter of which should be tem-
perature-insensitive owing to its lack of kinetic energy.[59] At 
the low temperatures below 20 K, the PL linewidth (Γ) broad-
ening should be mainly contributed by the exciton-acoustic 
phonon coupling.[60] From the linear fit in Figure  3d using  
Γ = Γ0 + γACT, we can obtain Γ0 = ≈172 μeV for the PL linewidth 
at 0 K and γAC = ≈22 μeV K−1 for the exciton-acoustic phonon 

Adv. Optical Mater. 2022, 10, 2200606

Figure 3.  Laser power- and temperature-dependent optical properties of a single microplate MAPbI3 NC. a) PL spectra measured at different laser 
powers at 4 K. b) Variation of the integrated PL intensity (I) with the laser power (P). The solid line is a power-law fitting of I ∝ Pα with α = ≈0.96 ± 0.08.  
c) Temperature-dependent PL spectra measured at the laser power of 150 nW. d) PL linewidth (Γ) plotted as a function of the temperature (T) and 
fitted by the function form of Γ = Γ0 + γACT, with Γ0  ≈ 172 ± 27.6 μeV and γAC  ≈ 22 ± 3.3 μeV K−1. This single microplate MAPbI3 NC is excited at  
640 nm, while the PL spectra in (a) and (c) are each acquired with an integration time of 1 s and offset to each other for clarity.
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coupling coefficient. The exciton-acoustic phonon coupling of 
MAPbI3 was normally ignored in previous optical studies of the 
bulk crystals[29,53] and the ensemble NCs,[61] while it was esti-
mated to be ≈5 μeV K−1 for the single FAPbI3 NCs,[16] ≈8 μeV K−1  
for the single CsPbBr3 NCs,[62]  ≈8.9–23.9 μeV K−1 for the 
ensemble CsPbBr3 NCs,[63] ≈60 μeV K−1 for the bulk FAPbBr3 
film,[60] and ≈60–78 μeV K−1 for the bulk FAPbI3 film.[60,64]

In addition to the narrow single PL peak discussed above 
in Figures  2 and  3, the suppression of spectral diffusion has 
also allowed us to resolve the PL doublets, or exciton fine struc-
tures, from the remaining 12 of the total 71 single microplate 
MAPbI3 NCs studied at 4 K. As shown in Figure 4a for a rep-
resentative single microplate MAPbI3 NC, one set of doublet 
PL peaks emerge from the background signal with the cen-
tral emission energies of ≈1.5935 and ≈1.5931 eV, respectively. 
From the Lorentzian fittings in the inset of Figure  4a, the PL 
linewidths are estimated to be ≈208 and ≈274 μeV, respectively, 
for the high- and low-energy peaks of this PL doublet with a 
fine-structure splitting of ≈430 μeV. From the time-dependent 
spectral image plotted in Figure  4b, the high- and low-energy 
peaks suffer synchronously from a slight spectral diffusion 
effect, confirming their underlying origin from the same single 
microplate MAPbI3 NC. Moreover, these doublet PL peaks have 

similar dependences on the laser power and sample tempera-
ture, as can be seen from Figure S4, Supporting Information. 
Most importantly, they possess orthogonally linear polariza-
tions according to the anti-correlated intensity variations with 
the detection polarizer angles in Figure 4c, agreeing well with 
the same behavior demonstrated by fine-structured exciton 
states in single CsPbX3 and FAPbX3 NCs [19,37–40,43]

In Figure S5, Supporting Information, we have provided 
four more examples for the doublet PL peaks observed in 
single microplate MAPbI3 NCs. The fine-structure splittings 
obtained for the total 11 single microplate MAPbI3 NCs emit-
ting PL doublets are plotted in Figure  4d versus their respec-
tive lower emission energies. The calculated average splitting 
of ≈597 ± 10.4 μeV is not significantly different from the value 
of ≈356 μeV previously reported for single CsPbI3 NCs.

[39] This 
is naturally expected since the conduction and valence bands of 
semiconductor perovskites are formed mainly by the Pb and I 
orbitals,[65,66] and the electron-hole exchange interaction giving 
rise to the exciton fine structure[19,38–40] should be little influ-
enced by the MA+, FA+ or Cs+ cation. This is further corrobo-
rated by the PL lifetime of ≈1 ns measured at 4 K for the single 
microplate MAPbI3 NCs (see Figure S6, Supporting Informa-
tion, for two examples), which is comparable to those values 

Adv. Optical Mater. 2022, 10, 2200606

Figure 4.  Exciton fine structures of single microplate MAPbI3 NCs at 4 K. a) PL spectrum measured for a single microplate MAPbI3 NC. Inset: enlarged 
view of the doublet peaks fitted by two Lorentzian functions. b) Time-dependent image of this single microplate MAPbI3 NC constructed from  
300 individual PL spectra. c) Polarization-dependent spectral image measured for this single microplate MAPbI3 NC. d) Fine-structure splittings 
versus the emission energies for 12 single microplate MAPbI3 NCs (see Table S1, Supporting Information, for the fitting errors of these fine-structure 
splittings). In (a)–(c), the single microplate MAPbI3 NC is excited at 640 nm with a laser power of 150 nW, while each PL spectrum is acquired with 
an integration time of 1 s.
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reported for single CsPbI3
[39] and FAPbI3

[16] NCs to imply the 
similar strengths of exciton transition dipole moments.

3. Conclusion

To summarize, we have synthesized single MAPbI3 micro-
plates and discovered at the single-particle level that abundant 
optical emitters are present therein with the quantum feature 
of single-photon emission at the cryogenic temperature. Such 
novel quantum emitters, denoted by us as single microplate 
MAPbI3 NCs, can possess a PL linewidth of ≈200 μeV that 
is the narrowest among all the currently-available values for 
single organic-inorganic perovskite NCs. This record-narrow 
PL linewidth is a direct consequence of the suppressed spectral 
diffusion effect, which has also allowed us for the first time to 
resolve the exciton fine structure from a single MAPbI3 NC in 
the form of a PL doublet with the orthogonally linear polariza-
tions and the energy separation of ≈600 μeV. The above find-
ings in single microplate MAPbI3 NCs, which are otherwise 
unachievable in their free-standing counterparts synthesized 
by traditional approaches, mark the successful addition of an 
important member into the family of low-dimensional perov-
skites carrying the quantum-optical and atomic-like characteris-
tics required for quantum information technologies.

One unique structural anomaly of the MAPbI3 material is 
that both the tetragonal and orthorhombic phases could coexist 
at the cryogenic temperature,[52,53,60,67–69] so that the single 
microplate NCs might originate from the small-sized tetrag-
onal-like inclusions within the orthorhombic matrix. However, 
this possibility can be largely ruled out based on the temper-
ature-dependent PL spectral measurements on single MAPbI3 
microplates (see Figure S7, Supporting Information, for one 
example), showing that their optical emission at 4 K is contrib-
uted exclusively by the orthorhombic phase. The temperature-
dependent PL spectra shown in Figure S7, Supporting Informa-
tion, also suggest that the single microplate NCs are not related 
to the trap-state emission due to the existence of impurities, 
since their emission energy should be hundreds of meV lower 
than that of the band-edge excitons.[69,70]

In analogy to the origin previously proposed for the single-
photon emission from all-inorganic CsPbBr3 microcrystals,[51] 
the single MAPbI3 NCs observed here should be formed 
by thickness variation of the parent microplate. This kind 
of thickness variation is indeed observed on the surface of 
a single MAPbI3 microplate, as can be seen from the SEM 
(scanning electron microscopy) and AFM images shown in  
Figures S8 and S9, Supporting Information, respectively. The 
photo-generated excitons would be trapped at local energy 
minima corresponding to different thicknesses, with the 
subsequent emission of multiple sharp PL peaks attached 
to a broad background spectrum from the remaining bulk 
material. In order to trigger the quantum-confinement 
effect, the vertical thickness or lateral size of a single micro-
plate NC should be comparable to the bulk Bohr diameter of  
≈4.4 nm.[71] As such, there exist more challenges and oppor-
tunities in future synthesis routes toward a full control over 
these structural parameters, aiming at the development of 
desired tunability and versatility for the newly-discovered 

single microplate MAPbI3 NCs. Overall, we have demon-
strated that the microplate host can render great optical 
stability to the embedded single MAPbI3 NCs, which are 
equipped with superior photophysical and optoelectronic 
properties inherited from their bulk material. For example, 
the large absorption cross-section and the ease of being inte-
grated into practical optoelectronic devices should be benefi-
cial for the realization of ultrabright and electrically-pumped 
classical/quantum-optical light sources.

4. Experimental Section
Chemical Synthesis: The PbI2 precursor solution was prepared by 

dissolving the PbI2 powder in deionized water (1 mg mL−1) at 90 °C 
under continuous stirring, and a small amount of it was drop-cast onto 
an oxygen-plasma-cleaned SiO2/Si substrate, which was then heated 
from the room temperature to 180 °C within 5 min for the nucleation 
of PbI2 microplates. The MAI powder was put in the upstream zone 
of a CVD tube heated at 115 °C for 100 min, and the evaporated MAI 
was transported at a flow rate of 50 sccm by a mixture of argon and 
hydrogen gases to the downstream zone. Therein, the MA+ cations were 
successfully intercalated into the PbI2 microplates on top of the SiO2/Si  
substrate kept at 90 °C to yield the eventual formation of isolated 
MAPbI3 microplates after 200 min.

Optical Characterization: The sample substrate containing single 
MAPbI3 microplates was attached to the cold finger of a helium-free 
cryostat that could be operated at either room or cryogenic temperature. 
The output beam from a 640 nm picosecond diode laser operated at 
a repetition rate of 5 MHz was focused to a spot size of ≈1 µm onto 
the sample substrate by a dry objective with a numerical aperture of 
0.82. The PL signal of a single MAPbI3 microplate was collected by the 
same objective and sent through a 0.5 m spectrometer (with either 
150 or 1200 grooves per mm grating) to a CCD camera for the PL 
spectral measurement. For the polarization-dependent measurement, 
a motorized half-wave plate would be rotated before a linear polarizer 
placed before the spectrometer, whose transmission axis was parallel 
to the grating grooves for maximizing the PL signal collected from a 
single MAPbI3 microplate. After passing the spectrometer with a spectral 
resolution of ≈1 nm selected by the exit slit, the PL signal of a single 
MAPbI3 microplate could be alternatively sent through a non-polarizing 
50/50 beam splitter to two avalanche photodiodes (APDs) for the PL 
decay and second-order photon correlation measurements with a time 
resolution of ≈100 ps.
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