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ABSTRACT 

Formamidinium lead bromide (FAPbBr3) quantum dots (QDs) are promising materials for light 

emitting applications in the visible spectral region because of their high photoluminescence (PL) 

quantum yield (QY) and the enhanced chemical stability as compared to, for instance, 

methylammonium based analogues. Towards practical harnessing of their compelling optical 

characteristics, the exciton recombination process - in particular the exciton-phonon interaction 

and the impact of crystal phase transition - has to be understood in detail. This is addressed in 

this contribution by PL studies on single colloidal FAPbBr3 QDs. Polarization resolved PL 

measurements reveal a fine structure splitting of excitonic transitions due to the Rashba effect. 

Distinct phonon replica have been observed within energetic distances of 4.3 ± 0.5 meV, 

8.6 ± 0.9 meV and 13.2 ± 1.1 meV from the zero phonon line, which we attribute to vibrational 

modes of the lead bromide lattice. Additional vibrational modes of 18.6 ± 0.3 meV and 

38.8 ± 1.1 meV are found and related to liberation modes of the formamidinium (FA) cation. 

Temperature depended PL spectra reveal a line broadening of the emission caused by exciton 

phonon interaction as well an unusual energy shift which is attributed to a crystal phase 

transition within the single QD. 
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MAIN TEXT 

 

Lead halide perovskites [APbX3, where A=Cs, FA (formamidinium) or MA 

(methylammonium); X=Cl, Br, I] have been shown to be a highly promising class of 

semiconductor materials for applications in solar-cells with power conversion efficiencies above 

22%
1-4

 or in light-emitting devices.
5-14

 In the optoelectronic context methylammonium lead 

halides are the materials studied the most, although the environmental and thermodynamic 

instabilities of the organic methylammonium cation hamper eventual practical applications.
15-19

 

Higher chemical stabilities have been attained in perovskites with Cs
+
 and FA cations in place of 

MA. FAPbBr3 and FAPbI3 are characterized by a cubic crystal structure at room temperature,
20-22

 

while CsPbX3 exhibit an orthorhombic crystal structure at room temperature.
23-26

 

CsPbX3 and FAPbX3 perovskites in form of ligand-stabilized colloidal nanocrystals, also 

known as quantum dots (QDs), exhibit bright emission spanning the whole visible spectral range 

with photoluminescence quantum yields (PL QYs) of up to 100% for CsPbI3 QDs and narrow 

emission linewidth with full width half maximum (FWHM) of less than 100 meV (e.g. down to 

18 nm in the green spectral range) as well as radiative lifetimes of 15 – 116 ns.
21,22,27-32

 In spite 

of the rapid development in material preparation and prototype devices, the fundamental 

understanding of the optical properties in these colloidal nanocrystals (NCs) is still in progress. 

Optical spectroscopy revealed that the band-edge levels are 2-fold degenerate and biexcitons as 

well as charged excitons (trions) and Auger recombination can contribute to the recombination 

process.
33,34

 Further experimental and computational investigations of the defect structure in 

CsPbX3 reveal most of the defect states being located within the bands; this is known as a very 

high defect tolerance of these QDs.
35-38
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Beside these analyses of QD ensembles, measurements on single cesium lead halide QDs came 

up only recently. For CsPbX3 QDs, photon antibunching was observed at room temperature 

demonstrating single-photon emission.
39,40

 High resolution PL spectroscopy reveals a fine 

structure splitting of the emission lines,
 41-43

 which is caused by the Rashba effect and leads to 

two or three emission lines with energetic distances in the meV regime.
44

 Besides, phonon 

replica which have been attributed to TO-phonons
41

 and LO-phonons,
45

 have been observed in 

CsPbBr3 NCs.  

Formamidinium lead halide (FAPbX3) QDs are less investigated up to now. Single-photon 

emission has been observed in FAPbBr3 single QDs just recently,
46

 but nothing is known about 

exciton-phonon interaction or fine structure effects in FAPbX3 QDs. 

Here we present an analysis of fine structure splitting, exciton-phonon interactions and phase 

transition in single FAPbBr3 QDs using temperature-dependent and polarization-resolved PL 

spectroscopy. Several phonon replicas are observed and attributed to diverse vibrational and 

liberation modes of the lead bromide lattice and the formamidinium (FA) cation, respectively. 

Exciton-phonon interaction is found to result in a temperature dependent broadening of the 

emission linewidth and clear signatures of a phase transition around 100 K are found in a single 

FAPbBr3 QD. 
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Figure 1. (a) Cubic crystal structure of FAPbBr3 NCs at room temperature. FA cation is 

represented in a disordered state. (b) Room temperature absorbance and PL spectra of FAPbBr3 

NCs in toluene solution. (c) High-angle annular bright-field scanning electron microscopy image 

(HAABF-STEM) from an ensemble of FAPbBr3 NCs. 

 

Colloidal FAPbBr3 QDs with nearly ideal cubic shape and an average size of 10 nm (see 

Figure 1), were prepared using a colloidal synthesis approach and are characterized by high PL 

QYs of typically 70 - 85 % and an emission in the green spectral range (peak wavelength of 

530 nm) with a narrow FWHM  of about 22 nm.22 The PL peak energy is blue shifted as 

compared to bulk material (530 nm vs. 550 nm), indicating a regime of weak quantum 

confinement.47 

 For single QD spectroscopy, the QDs were embedded into poly(methyl methacrylate) 

(PMMA) and the mixture was spin coated onto a silicon substrate. Predefined positioning 

markers were used to enable a reproducible access to the same QD for various experimental 

conditions, like e.g. different temperatures. The measurements were carried out using a home-

built micro-PL setup with a spectral resolution of 0.15 nm, covering a temperature range between 
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4 K and 350 K. Details of QD synthesis, sample preparation and experimental setup are 

described in the experimental section. 

Measurements on a QD ensemble have been used to verify that the energetic position and 

linewidth of the emission do not change as a result of embedding into a PMMA matrix. An 

emission energy of 2.33 eV (532.2 nm) and a linewidth of 0.1 eV (22 nm) were still obtained. By 

gradually lowering the particle concentration, the emission spectra change from an unstructured 

broad emission spectra over multiple emission lines to narrow single emission lines with a width 

of 0.5 – 2 meV (see supporting information Figure S1). Single QD emission with similar 

linewidth is known from CsPbX3 single QDs.
41,48

  

For getting statistical relevant data, we have measured 32 individual QDs which were labeled 

#1 - #32 for individual identification later on. Scanning across the individual QDs by moving the 

laser spot does neither change the energy and linewidth nor the relative intensity between the 

different contributions of the single QD emission (fine structure split states, phonon replica, see 

below), indicating that single QDs are addressed. In Figure 2, polarization angle depended PL 

measurements of a typical single QD (labeled #32) are shown. 
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Figure 2. Normalized PL emission spectra from a single FAPbBr3 QD excited with a power 

density of 130 W/cm² at a temperature of 4 K. The emission was detected with a linear polarizer 

in the detection pathway at polarization angles of (a) Θ1 = 130°, (b) Θ2 = 30° and (c) Θ3 = 230°, 

respectively. The angles are given in relation to the laser polarization angle being at 0°. The polar 

plot of the normalized emission intensity from all 3 main emission peaks is shown in (d). 

The normalized PL spectra depicted in Figure 2 (a – c) were detected with a linear polarizer in 

the detection pathway at polarization angles of Θ1 = 130°, Θ2 = 30° and Θ3 = 230°, respectively. 

The angles are given in relation to the incident laser polarization angle being at 0°. We refer the 

individual emission lines to peak 1, peak 2 and peak 3 from lower to higher emission energies 

(see dotted lines). The energetic distance between two neighboring peaks is about 0.5 meV with 

a FWHM of 0.5 meV, which is limited by the setup used. Depending on the detection angle, the 

relative contribution of the three emission peaks changes. Because of the apparently polarized 

nature of the individual emission lines of the single QD we were able to extract the angle 

dependent intensity normalized to the maximum intensity per peak as shown in Figure 2 (d). As 

can be seen from the graph, peak 1 has its maximum intensity at an angle of Θ1,max = 350°, and 

peak 2 and 3 show maximum intensities at Θ2,max = 190° and Θ3,max = 270°, respectively. Not all 
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of the 32 measured single QDs show 3 emission lines. Our statistical approach reveals that 10 

out of 32 single QDs show 3 emission peaks, 7 only show two emission peaks and 15 are 

characterized by a single emission peak. 

Similar observations have been reported earlier with CsPbX3 single QDs and explained with an 

excitonic fine structure splitting in lead halide perovskites.
42,44,48

 This splitting is mainly caused 

by two mechanisms. First, because of the strong spin-orbit coupling and the electron-hole 

exchange interaction the exciton splits into a dark J = 0 singlet and a bright J = 1 triplet state. 

Second, in semiconductors like lead halide perovskites with strong spin-orbit coupling and an 

inversion asymmetry a large Rashba effect occurs. According to Becker et. al. (see ref. 44), the 

Rashba effect splits the exciton triplet state into 3 bright states with transition dipoles oriented 

along the symmetry axis in case of orthorhombic symmetry - the symmetry of our QDs at low 

temperatures. Hereby, the breaking of the inversion symmetry required for a Rashba effect might 

arise from instabilities of the cation position
49

 or from surface effects.
48

 The emission from the 

individual sublevels seen in experiment is thus related to the orientation of the symmetry axes of 

each QD with respect to the direction of observation, i.e. a strong emission (no emission) is seen 

in case the dipoles are oriented perpendicular (parallel) to the observation axis. Thus, 1 - 3 

emission lines should be visible, depending on the orientation of the individual nanocrystals with 

respect to the observation axis.
44

 This is exactly what we observe in our FAPbBr3 single QDs. 

 The angles of about 160° between the maximum intensities of peak 1 and 2 and about 80° 

between the maximum intensities of peak 2 and 3 are consistent with those observed in CsPbX3 

perovskite single NCs by M. A. Becker et. al. (see ref. 44). Also the energetic splitting of 0.5 -

 2 meV for triple emissions and 1.5 - 2.2 meV for double emissions are comparable. Apparently, 

a similar excitonic fine structure like in CsPbX3 is present in FAPbBr3 single QDs having a 
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molecular, non-spherical cation instead of a single ion in the center of the lead bromide crystal 

cage. This indicates the general nature of this mechanism for lead halide perovskite QDs, in 

agreement with the predictions in ref. 44. 

In addition to the fine structure splitting, satellite emission peaks have been detected at about 

90% of the analyzed single QDs. These emissions cannot be referred to the fine structure 

splitting because the energetic distance from each other is much bigger, as can be seen in 

Figure 3. 

 

 

Figure 3. (a) Normalized emission spectra of two different single QDs (labelled #9 and #17) 

showing one or two satellite emission peaks at 4.5 meV (#9) and at 4.0 meV and 7.9 meV, 

respectively (#17), distance from the zero phonon line (ZPL). The energy axis is related to the 

ZPL emission energy E0. (b) Statistics over 32 different single QDs exhibiting one, two or three 

satellite peaks at an average distance of 4.3 meV, 8.6 meV and 13.2 meV from the ZPL. (c) 

Additional satellite peaks in the QD labelled #21 separated by about 18.3 meV and 37.2 meV 

from the ZPL. All data are obtained at T = 4 K. 
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In Figure 3 (a) normalized emission spectra of two characteristic single QDs (labelled #9 and 

#17) are shown. The ZPL emission energy E0 is subtracted from the emission energy for 

simplified comparison. As one can see QD #9 shows one satellite peak shifted by 4.5 meV to 

lower energy as compared to the ZPL, whereas QD #17 has two satellite peaks at an energetic 

distance of 4.0 meV and 7.9 meV, respectively, from the ZPL. We did a statistical analysis of 

these emissions for all 32 QDs, which is summarized in Figure 3 b). In 27 out of 32 QDs the first 

satellite peak is observed at an average energetic distance of 4.3 ± 0.5 meV from the ZPL. The 

second satellite peak can be seen in 19 QDs with an average distance of 8.6 ± 0.9 meV. For 6 

QDs, an additional emission peak with an average distance of 13.2 ± 1.1 meV from the ZPL is 

found.  

As these emissions seem to be characterized by a well-defined energetic distance to the ZPL, 

we attribute them to phonon replica. Such kind of satellite peaks have not yet been observed in 

any organic lead halide perovskites, whereas similar emissions - however at distances of 

3.7 meV and 6.3 meV, respectively, from the ZPL - have been found in CsPbX3 perovskite 

single NCs and attributed to different TO phonon modes.
41

 The fact that the intensity of the first 

order peaks raises linearly with higher excitation densities with the same slope as the main 

emission peak does (see supporting information Figure S2) is consistent with the assumption that 

these satellite peaks are related to phonon replica caused by exciton-phonon interaction during 

emission. The 3 replicas at energy E1 (4.3 ± 0.5 meV), E2 (8.6 ± 0.9 meV) and E3 

(13.2 ± 1.1 meV), respectively, clearly arise from different phonons as the energy splitting 

between the individual peaks within a single QD is not equidistant. This is confirmed by plotting 

the energy of the second phonon replica E2 versus the energy E1 of the first one for each 

individual QD. Hereby, it becomes obvious that for most of the QDs the energetic distance of the 
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second phonon replica E2 to the ZPL is not twice the distance of the first replica E1 to the ZPL 

(see supporting information Figure S3 (a)). This demonstrates that different phonons are 

involved. Also, according to the Huang-Rhys characteristics, the intensity of higher order 

phonon replica should be smaller than the one of the first replica, i.e. I(E3) < I(E2) < I(E1), which 

is in apparent contradiction to our data  (see supporting information Figure S3 (b)). Thus, we 

attribute the phonon replica observed in our single QDs to be related to three different phonons.  

This assignment is supported by comparing the determined phonon energies to Raman modes 

of lead halide perovskites discussed in literature. Lattice vibrations of lead halide perovskite are 

widely studied with Raman spectroscopy. Omer Yaffe et. al. analyzed MAPbBr3 and CsPbBr3 

bulk single crystals and measured Raman modes with highest intensity at 29.8 cm
-1

, 48 cm
-1

, and 

76.4 cm
-1

 corresponding to phonon energies of 3.7 meV, 6 meV and 9.5 meV for CsPbBr3.
49

 

Similar values of 36.8 cm
-1

, 47.4 cm
-1

 and 65.3 cm
-1

 (corresponding to 4.6 meV, 5.9 meV and 

8.1 meV) are found for MAPbBr3
49

, i.e. the phonon energies of CsPbBr3 and MAPbBr3 are 

comparable.
50,51

 These modes are attributed to the vibrations of the PbX6 cage in MAPbX3 and 

CsPbX3 perovskites.
49,52-54

 Detailed assignments of these modes were done by Dana M. Calistru 

et. al. analyzing a CsPbCl3 bulk single crystal with Raman spectroscopy and comparing the data 

with theoretical considerations.
52

 A double line with an energy around 4 meV was attributed to 

the TO1 mode, a 9 meV resonance to the TO2 mode and TO3 as well as LO1 modes are found to 

be located around 14.3 meV, while the modes around 6 meV are attributed to Cs
+
 motions.

52
 

Taken this as a basis and comparing these numbers to the measured phonon replica energies in 

our FAPbBr3 single QDs, we attribute the replica around 4.3 meV to the TO1 mode and the one 

at 8.6 meV to the TO2 mode. The satellite peak at a distance of around 13.2 meV from the ZPL is 

therefore assigned to either the TO3 or the LO1 mode or a combination of both.  
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Five of the measured single QDs show additional features at larger energetic distances from 

the ZPL as can be seen in Figure 3 (c). The emission of particle labelled #21 shows two extra 

peaks at a distance of 18.3 meV and 37.2 meV, respectively, from the ZPL. These two emissions 

are visible in five dots giving an average energy of 18.6 ± 0.3 meV and 38.8 ± 1.1 meV for these 

features, which are attributed to the first and second order contribution of another phonon mode. 

These energies are apparently much higher as expected for the vibrational modes of the PbBr6 

cage. Considering Raman spectra discussed in literature, it becomes obvious that CsPbX3 does 

not show any Raman activity in this energetic region 52 but MAPbX3 does.
50,55,56

 Quarti et. al. 

calculated the energy for the methylammonium cation liberation modes of MAPbX3 to be in the 

regions of 15 – 18 meV and 25 – 50 meV, respectively.
56

 These calculated modes have also been 

observed in Raman spectra by other groups.
51,53

 We thus conclude that the observed replica 

might be attributed to FA liberation modes; although values for their energy in lead halide 

perovskites have not been reported so far. However, we cannot exclude that these replica are 

related to the PbBr6 cage octahedral mode, as discussed recently by Iaru et al. for CsPbBr3.
45

 

 

The lithographically defined marker system on the substrate allows us to track the emission of 

a single QD over a large temperature range. This gives experimental access to both phonon-

induced linewidth broadening and temperature dependent bandgap shift in an isolated FAPbBr3 

QD. The temperature dependent PL spectra and emission FWHM as well as the temperature 

dependent energy shift are shown in Figure 4. 
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Figure 4. (a) Normalized emission spectra of a single FAPbBr3 QD measured at different 

temperatures at an excitation power density of 130 W/cm². (b) Linewidth FWHM of the zero 

phonon line extracted from the PL spectra (symbols) and fitted according to equation (1). (c) 

Energy shift of the ZPL emission peak versus temperature in relation to the emission energy at 

T = 4 K for a single QD. The data correspond to the peak center energy of the spectra shown 

in (a). 

The normalized emission spectra taken from a single QD at different temperatures are shown 

Figure 4 (a). The main emission peak shifts from 2.265 eV at 4 K to 2.298 eV at 120 K and then 

back to lower emission energies reaching 2.278 eV at 170 K. In addition, a distinct broadening of 

the emission line can be seen increasing from 2.6 meV at 4 K up to 24.7 meV at 170 K (see 

Figure 4 (b).  

It is well known in QDs that the line broadening of excitonic emission with increasing 

temperature is caused by exciton-LO-phonon interactions
57-61

 Rudin and Reinecke have shown 

that the linewidth broadening follows a Bose-Einstein statistics:
62
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Γ(𝑇) =  Γ𝑖𝑛ℎ + Γ𝐿𝐴𝑇 + Γ𝐿𝑂

1

𝑒
𝐸𝐿𝑂
𝑘𝑏𝑇 − 1

 (1) 

With Γinh as the inhomogeneous line broadening at 0 K, ΓLA as the acoustic phonon (LA) 

coupling constant, ELO as the LO-phonon energy and ΓLO as the LO coupling constant. 

According to equation (1), LO phonon scattering can usually be considered as a main source of 

line broadening at elevated temperatures. The data fit very well with the formula (s. Figure 4 (b) 

red line) by setting ELO = 13.2 meV, in very good agreement with the observed satellite peak 

which we related to the TO3/LO1 phonon replica in Figure 3. From the fitting values of 

Γinh = 2.6 meV for the inhomogeneous linewidth and ΓLO = 31.8 meV for the LO-phonon 

coupling constant are obtained. The LA-coupling constant ΓLA has to be much smaller than 

0.1 meV to fit the data, so the contribution of LA phonon scattering can be neglected here. 

 Besides the linewidth broadening due to exciton-phonon interaction the single QD PL 

emission exhibits a quite unusual energy shift with temperature. The peak emission energy of the 

single QD was extracted from Figure 4 a) and is depicted versus temperature in Figure 4 c) in 

relation to the emission energy at T = 4 K. Emission energy shifts from 4 K to 100 K by about 

30.6 meV to higher energies. Above 100 K, the emission energy successively drops reaching an 

energy red shift of about 18 meV at 170 K as compared to 100 K. A further increase of the 

temperature was impractical because of the decreasing signal / noise ratio.  

Similar PL energy shifts with temperature have recently been observed by other groups on 

nanocrystal ensembles. Diroll et. al.
63

 and Fang et. al.
64

 studied FAPbI3 nanocrystals exhibiting a 

blueshift up to 100 K followed by a red shift between 100 K and 150 K. This signature was 

related to a phase transition between the orthorhombic and the tetragonal phases.
63,64

 This 

assignment is also supported by X-ray diffraction measurements on FAPbBr3 bulk material 
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reported by Schueller et. al. revealing a cubic phase above 275 K, a tetragonal phase between 

175 K and 275 K and an orthorhombic phase below 175 K.
65

 Such phase transitions lead to a 

change of the materials bandgap
66

. Thus, the anomalous change of the emission energy observed 

in our single FAPbBr3 QD in the temperature range between 100 K and 160 K is most likely 

attributed to a crystal phase transition between an orthorhombic phase at low temperatures and 

the tetragonal phase at elevated temperatures.  

 

In summary, we have studied single FAPbBr3 single QDs by polarization resolved and 

temperature dependent PL spectroscopy. A fine structure splitting with polarized emission peaks 

was found – in agreement to what is known for inorganic perovskite QDs – demonstrating the 

generality of this finding for colloidal perovskite QDs. Pronounced satellite peaks separated from 

the zero phonon line are identified and related to the TO1, TO2 and TO3/LO1 phonon modes with 

energies of 4.3 meV, 8.6 meV and 13.2 meV, respectively. Further replica at 18.6 ± 0.3 meV and 

38.8 ± 1.1 meV could be attributed to liberation modes of the FA
+
 cation within the center of the 

lead bromide cage. Temperature dependent PL spectroscopy has been used to identify the impact 

of exciton – phonon interaction on the homogeneous linewidth broadening and to visualize a 

phase transition from an orthorhombic to a tetragonal phase with increasing temperature. Such 

kind of phase transition has never been observed within any single QD up to now. 
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Methods. 

Preparation of oleylammonium bromide (OAmBr). Ethanol (100 mL, Aldrich) and 

oleylamine (OAm, 12.5 mL, Acros Organics, 80-90 %) were mixed in a 250 mL flask. The 

reaction mixture was cooled in an ice-water bath and 8.56 mL HBr (48% aqueous solution, 

Aldrich) was added. The reaction mixture was left to react overnight under nitrogen flow. Then 

the solution was dried in a rotary evaporator and the obtained product was purified by rinsing 

multiple times with diethylether. The product (a white powder) was obtained after vacuum-

drying at room temperature. OAmBr was stored in the glovebox. 

 

Synthesis of FAPbBr3 nanocrystals. In a 25 mL three-necked flask, lead (II) acetate 

trihydrate (76 mg, 0.2 mmol, Sigma-Aldrich) and formamidinium acetate (78 mg, 0.75 mmol, 

Sigma) were suspended in ODE (8 mL) and oleic acid (OAc, 2 mL, Sigma-Aldrich), heated to 50 

°C and then dried under vacuum for 30 min. Subsequently, the reaction mixture was heated to 

130 °C and, at this point, the mixture of 266 mg (0.8 mmol) of OAmBr in toluene (2 mL) was 

injected into the reaction flask. After another 1 min, the reaction mixture was cooled by a water-

ice bath.  

Isolation and purification of nanocrystals: 16 mL of methyl acetate (ABCR) were added to the 

crude solution followed by the centrifugation at 12.1 krpm for 5 min (Centrifuge: Eppendorf 

5804) and the supernatant was discarded. The precipitate was dissolved in toluene (5 mL) and 

the solution was centrifuged again (3 krpm, 1 min). The supernatant, containing monodisperse 

nanocrystals, was retained for the DDAB-treatment, while the precipitated NCs were discarded. 
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DDAB-treatment of FAPbBr3 nanocrystals. Before treatment, the FAPbBr3 colloidal 

solution was washed again: 7 mL methyl acetate were added to 5 mL FAPbBr3 colloidal 

solution, prepared as described above, followed by the centrifugation at 12.1 krpm for 3 min. 

The precipitate was redispersed in 10 mL toluene. 0.1 mL of OAc and 0.6 mL of DDAB 

(didodecyldimethylammonium bromide, 0.05 M in toluene) were added to 10 mL colloidal 

solution of FAPbBr3 nanocrystals. The mixture was stirred for 1 h, followed by the precipitation 

with 16 mL of ethyl acetate and centrifuged at 12.1 krpm for 3 min. Precipitate was redispersed 

in 5 mL toluene and this solution was additionally filtered through a 0.45- -filter prior 

to optical measurements. 

 

Preparation of a Single Quantum Dot. The synthesized QD dispersion in toluene with 

c = 5 mg/ml was diluted with pure toluene down to 0.005 mg/ml. 1 wt% PMMA (Mw = 20,000) 

was dissolved in toluene and then mixed 1:1 with the diluted QD dispersion. A silicon substrate 

was structured with periodically arranged gold markers (thickness 40 nm) using chromium or 

titanium (thickness 10 nm) as adhesive agent. Patterning has been done with electron beam 

lithography. The cross markers were added periodically with a distance of 15 µm between the 

markers. Each cross is 7x7 µm in size. The QD - PMMA mixture was then spin coated onto the 

pre-structured silicon substrate at 2000 rpm for 60 s. 

 

Absorbance measurements. UV-VIS absorption spectra were collected using a Jasco V770 

spectrometer operated in transmission mode. 
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Photoluminescence Spectroscopy. Fluoromax iHR 320 Horiba Jobin Yvon 

spectrofluorimeter equipped with a PMT detector was used to acquire steady-state PL spectra 

from colloidal solutions. The excitation wavelength was 400 nm, provided by a 450W Xenon 

lamp dispersed with a monochromator. Measured intensities were corrected to take into account 

the spectral response of the detector. 

 

Transmission electron microscopy (TEM).  Scanning TEM images were collected using 

a JEOL JEM-2200FS microscope operated at 200 kV. 

 

Spatially Resolved Photoluminescence Spectroscopy. A home-built micro PL setup 

was used for the single quantum dot measurements. A 450 nm continues wave diode laser 

(Picoquant PDL-800D controller with PDL-450D laserhead) is focused by an optical microscope 

(magnification 63x, NA = 0.75) into a liquid helium cooled cryostat reaching a laser spot size of 

1 µm. The temperature within the cryostat can be adjusted from 4 K up to 350 K. The setup is 

equipped with piezo-elements for motion control of the microscope objective, moving the 

focused beam onto the sample’s surface. In the detection pathway the laser was cut off with an 

optical long-pass filter. For detecting the sample luminescence a monochromator (Horiba 

Scientific iHR-550) with an attached CCD device (Horiba Scientific CCD-3500) was used. A 

spectral resolution of 0.15 nm corresponding to an energetic resolution of about 0.5 meV in the 

considered wavelength region was achieved. 
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The following Figures are supplied as supporting  

Figure S1. PL spectra of FAPbBr3 QDs embedded in PMMA with different QD concentrations 

and measured at a temperature of 4 K with an excitation power density of 130 W/cm².  

Figure S2. Intensity of the ZPL and the first order phonon replica E1 versus excitation power 

density. The dashed lines have a slope of 1. 
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Figure S3. a) Energetic distance of the second phonon replica E2 to the ZPL versus distance of 

the first replica E1 to the ZPL. b) Intensity ratios I(E2) / I(E3) versus I(E1) / I(E2).  
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