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Hydrophobic-capped nanocrystals of formamidinium lead 

bromide (FAPbBr3) perovskite (PNC) show bright and stable 

fluorescence in the solution and thin film states. When 

compared with isolated PNCs in a solution, close-packed 

PNCs in a thin film show extended fluorescence lifetime (ca 

4.2 µs), which is due to hopping or migration of photo-

generated excitons among PNCs. Both fluorescence 

quantum efficiency and lifetime decrease in a PNC thin film 

doped with C60, which is attributed to channeling of exciton 

migration into electron transfer to fullerenes. On the other 

hand, quenching of fluorescence intensity of a PNC solution 

isn’t accompanied by any change in fluorescence lifetime, 

indicating static electron transfer to C60 adsorbed onto the 

hydrophobic surface of individual PNCs. Exciton migration 

among close-packed PNCs and electron transfer to C60 

places C60-doped PNC thin films among cost-effective 

antenna systems for solar cells. 

Metal halide perovskites have emerged into a class of 

promising materials for top 10 future technologies such as solar 

cells, which is owing to their distinctive optical and electronic 

properties and cost-effective production. Recent reports show 

solar photon to electricity conversion efficiency of perovskite 

solar cells exceeds 20%, keeping the upper limit open to further 

research, which, on the other hand, hits the roof for silicon 

photovoltaics.1 The commendable optical and electronic 

properties of perovskites make them also useful for several 

other optical and electronic devices such as light-emitting diodes, 

lasers, photodetectors, sensors and memory devices.2 Besides 

the straightforward preparation and applications of perovskite 

films, very recently, hybrid PNCs have become popular with 

great research interest and technological relevance.3 PNCs 

exhibit intense fluorescence due to quantum confinement effect 

which is easily tuned by band-gap engineering and chemical 

composition4  and show great promise when compared with 

perovskite films.5  

Addressing fundamental photophysical properties of PNCs in 

combination with other materials calls for exploration, and is 

expected to further the applications of PNCs in LEDs and solar 

cells. Photoinduced electron transfer (PET) is the fundamental 

process in natural and artificial photosynthesis.6 Recently, 

electron transfer studies in perovskite-based electron donor-

acceptor systems receive great momentum, which is owing to 

their potential application in solar cell technology. For example, 

Grätzel et al. revealed ultrafast electron transfer from photo-

excited perovskite to mesoporous titanium dioxide, leading to 

efficient charge separation.7 In a subsequent report, 

Sunderström et al. pinpointed the time scale and mechanism of 

electron transfer from perovskite to an organic acceptor 

molecule.8 PNCs have been explored in electron transfer to 

classical acceptors such as benzoquinone,9 phenothiazine9 and 

perylene.10 Recent studies by Huang et al. and Sargent et al. 

show improved stability and photocurrent response for solar 

cells based on C60-layered perovskites, which are attributed to 

passivation of surface defects and removal of grain boundaries 

in perovskites by C60.
11,12 In contrast with these reports, in the 

current work, we evaluate the effect of C60 on the fluorescence 

of FAPbBr3 PNCs in solutions and thin films. Here, C60 acts as 

an electron acceptor and efficiently quenches the fluorescence 

of photoactivated PNCs isolated in a solution or closely-packed 

in a film.  In the latter case, electron transfer to C60 competes 

with the migration of photo-generated excitons, which results in 

a drastic decrease of the fluorescence quantum efficiency and 

lifetime of PNC. Thus, we reveal channeling of exciton migration 

in closely-packed PNCs in a thin film into electron transfer to C60 

doped in the film. 

We investigate steady-state and time-resolved fluorescence 

of formamidinium lead bromide (FAPbBr3) PNCs in solutions and 

films with or without C60. FAPbBr3 PNCs were prepared as 

follows. Octylammonium bromide was dissolved in a mixture of 

oleic acid and octadecene at 80 C, which was followed by 

addition of formamidinium bromide and lead (II) bromide 

dissolved in N,N-dimethylformamide. The addition of acetone to 

the above reaction mixture precipitates PNCs which were 

separated by ultracentrifugation. Dry powders were re-dispersed 

in toluene and used in fluorescence measurements. Details of 

preparation of PNC and samples are provided in the Supporting 

Information. The transmission electron microscope (TEM) 

images reveal that the above synthesis provides mostly spheroid 

PNCs with an average diameter of 5 nm (Figure 1a). TEM image 

of a thin film sample is 
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Figure 1. (a,b) TEM images of (a) isolated FAPbBr3 PNCs and (b) a thin film 

of PNCs (scale bars: 20 nm). (c,d) Photographs of a PNC thin film under (c) 

room light and (d) UV light. (e) Absorption (i,ii) and fluorescence (iii,iv) spectra 

of (ii,iv) a PNC solution (0.1 mg/mL in toluene) and (i,iii) a PNC thin film. 

Fluorescence spectra were recorded by exciting the samples at 400 nm. 

also shown in Figure 1b, which indicates uniform distribution of 

PNCs in the film. The powder, solution and film of PNC are 

yellow in color with an intense green fluorescence (Figure 1c 

and 1d). The absorption and fluorescence spectra of PNCs in a 

solution and a film are shown in Figure 1e. In the solution, PNCs 

absorb light broadly in the UV-visible region with the sharp 

absorption band at ca 537 nm. The fluorescence is intense 

(quantum yield =  

 

 

Figure 2. (a) Fluorescence spectra of a FAPbBr3 PNC solution supplemented 

with different concentrations (0 to 4 µM) of C60 (concentration of FAPbBr3: 0.1 

mg/mL, ex = 400 nm). (b) Photographs of PNC solutions supplemented with 

different concentrations of C60 (from left to right; 0, 0.5, 1.5 and 4 µM).  

0.72) and sharp with a narrow (24 nm) full-width at half 

maximum. When compared with the PNC solution, the 

fluorescence band of the film is red-shifted from 538 to 548 nm 

(Figure 1e). The red-shift is attributed to energy transfer from 

smaller to larger crystals in the close-packed film sample. 

Interestingly, the fluorescence remained intense (quantum yield: 

60%) and sharp in the films state, with a spectral full-width at 

half maximum of 25 nm. 

To test electron transfer from FAPbBr3 PNCs, we selected 

fullerene (C60) as the electron acceptor. At first, we recorded the 

fluorescence spectrum of a PNC solution (0.1 mg/mL in toluene) 

and to which C60 (1 mg/mL) dissolved in toluene was added in 

0.5 µM portions. The addition of C60 resulted in continuous 

quenching of the PNC fluorescence, indicating efficient electron 

transfer from perovskite to C60 (Figure 2a). The initial quenching 

was remarkably large, and the rate at which C60 quenched the 

fluorescence of PNC decreased further with increase in the 

concentration of C60. As the concentration of C60 was increased 

up to 4 µM (2.8 wt% with reference to PNC), the fluorescence of 

PNC was quantitatively (ca 98%) quenched (Figure 2a), which is 

attributed to efficient electron transfer from photoactivated PNC 

to C60. Visual changes to the fluorescence are clearly seen in 

the photographs of PNC solutions supplemented with different 

concentrations (0 to 4 µM) of C60 (Figure 2b). These 

observations suggest that the static quenching of PNC 

fluorescence dominant at lower concentrations of C60 shifts into 

dynamic quenching at higher concentration of C60. In other 

words, the quenching does not follow the theoretical 1:1 ratio at 

higher concentrations of C60.  

We obtained additional insight into electron transfer from 

PNC to C60 from time-resolved fluorescence data. Fluorescence 

decay profiles of a solution of PNCs in toluene without or with 

different concentrations of C60 were examined by excitation of 

the samples with 400 nm fs laser pulses. Interestingly, the 

fluorescence lifetime of the samples remained essentially intact 

(1.3 µs) by the concentration (0.5 to 4 µm) of C60 (Figure 3a); 

whereas, the number of photons emitted by the sample linearly 

decreased with increase in the concentration of C60, indicating 

the quenching of photo-excited PNC by C60. Correlation between 

emitted photons and fluorescence lifetime of PNC is presented 

in the photocount-wavelength-lifetime 3D images (Figure 3b,c). 

The intact fluorescence lifetime, which is accompanied by the 

monotonous decrease in the number of emitted photons 

indicates static quenching of the excited state of PNC by C60. In 

other words, the excited state of PNC is deactivated by electron 

transfer to C60, whereas residual fluorescence at a given 

concentration of C60 represents PNCs without any adsorbed C60. 

In other words, a temporal decrease of fluorescence quantum 

efficiency without any notable change to the fluorescence 

lifetime indicates adsorption of C60 onto more and more FAPbBr3 

PNCs, the surface of which are capped with hydrophobic ligands.  
To understand the nature of fluorescence quenching by C60, 

PNC solutions supplemented with different concentrations of C60 

were processed into thin films by drop-casting, and fluorescence 

intensities and decay profiles of the films were recorded. We 
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observed monotonous decrease of both fluorescence lifetime 

and intensity of PNC films with increase in the doping density of 

C60 (Figure 3d), an observation completely different from the C60-

independent fluorescence lifetime of PNC in the solution phase. 

The corresponding photocount-wavelength-decay 3D images 

collected from film samples with and without C60 are shown in  

 

Figure 3. Fluorescence decay profiles of FAPbBr3 PNCs (a) dissolved in 

toluene and supplemented with different concentrations of C60 (top to bottom: 0 

to 4 µM @ 0.5 µM), (d) in thin films prepared from PNC solutions 

supplemented with different concentrations of C60 (top to bottom: 0 to 4 µM @ 

0.5 µM), and (b,c,e,f) photocount-wavelength-decay profiles of (b) a PNC 

solution without C60, (c) a PNC solution with 4 µM C60, (e) a PNC film without 

C60 and (f) a PNC film with 4 µM C60.  

Figure 3e,f. The fluorescence lifetime of a pristine PNC film is 

4.2 µs, which in the presence of 4 µM C60 solution is decreased 

to 210 ns. Interestingly, the concentration of C60 needed for 

quantitative quenching of the excited state of PNC in a film 

sample was only one-half (1.4 wt% of C60 with respect to PNC) 

of that needed for a solution sample. Yet another important 

observation is that the fluorescence lifetime of a PNC film 

without C60 (4.2 µs) is much longer than that of pristine PNC in 

the solution phase (1.3 µs). The PL lifetime value of PNC films 

suggests that the electron diffusion length is in the same range 

as that of solution processed mixed halide perovskites,14a but 

longer than that for solution processed trihalide perovskites.14b 

These observations guide us to propose two hypotheses that 

may have important implications for perovskite-based electron 

transfer systems: (i) diffusion or migration of excitons by hopping 

among PNCs is promoted in close-packed film samples, which 

lowers the rate at which photo-generated charge carriers 

recombine, and (ii) C60 molecules doped in the film not only 

perturb exciton migration but also act as centers of non-radiative 

carrier recombination.  

We correlate key results in this study with our hypothesis by 

coining a schematic presentation (Figure 4) of exciton migration 

among PNCs and electron transfer to C60. When dissolved in 

toluene, the capping ligand’s octyl chains well-extend into the 

solvent, rendering PNCs isolated (Figure 4a). On the other hand, 

in the film state, the alkyl chains self-assemble by hydrophobic 

interactions (Figure 4b,c). Our assumption is that such a self-

assembly promotes close-packing of PNCs and exciton diffusion 

in the films state (Figure 4b). In solution samples, the 

fluorescence intensity is decreased nearly quantitatively but 

without any change to the fluorescence lifetime, suggesting that 

adsorption of C60 molecules onto the hydrophobic-capped 

surface of a PNC leads to static and quantitative quenching of 

the excite state by electron transfer. Here, efficient trapping of 

electrons by C60 in the PNC-C60 composite does not allow us to 

retrieve any fluorescence from the composite. Thus, whatever 

fluorescence we detect at a given concentration of C60 in the 

PNC-C60 mixture should originate from free PNCs, leaving 

fluorescence lifetime, but not intensity, C60-independent. With an 

increase in the concentration of C60, more and more PNCs 

adsorb one or more C60, and the overall fluorescence intensity of 

the solution decreases. In a film sample, exciton recombination 

is not limited to the point of generation because of the hole and 

electron migrations by hopping among closely-packed PNCs, 

making fluorescence lifetime unusually long when compared 

with that in a solution where PNCs are isolated. However, when 

the film is doped with C60, the migrating electrons can be 

trapped by C60, leading to fluorescence quenching. As the 

density of doped C60 increases, the area of exciton migration 

domain shrinks. When compared with isolated PNCs in a 

solution, which need at least one C60 per PNC for deactivation of 

the excited state, efficient quenching of fluorescence intensity 

and lifetime of films doped with low concentrations of C60 

suggests that migrating excitons can be efficiently trapped by 

C60 sparsely doped in the film. Correlation between results and 

our hypothesis on exciton migration in a FAPbBr3 PNC thin film 

and fluorescence quenching by electron transfer to C60 are 

presented in Figure 4.  

In summary, the addition of C60 into a solution of 

hydrophobic-capped FAPbBr3 PNCs results in the quantitative 

quenching PNC fluorescence, but without any change to the 

fluorescence lifetime. Such static quenching of fluorescence is 

credited to adsorption of C60 molecules onto the hydrophobic 

surface of NCs and efficient electron transfer from PNC to C60. 

When compared with pristine PNCs in a solution, their film 

shows unusually long fluorescence lifetime, indicating hopping 

or migration of photo-generated excitons among PNCs before 

radiative recombination. Both  
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Figure 4. Schematic presentation of exciton dynamics in photoactivated 

FAPbBr3 PNC-fullerene composites: (a) fluorescence of PNCs and electron 

transfer to C60 in a solution, b) exciton migration in a PNC film, and (c) trapping 

of migrating exciton by C60 doped in a PNC film. 

fluorescence intensity and lifetime of the PNC film monotonously 

decrease with increase in the doping density of C60, which is 

attributed to channeling of exciton migration into electron 

transfer to C60 molecules. Here C60 acts as an electron acceptor 

and center of non-radiative carrier recombination. Therefore, by 

analyzing steady-state and time-resolved fluorescence of highly-

luminescent FAPbBr3 PNCs in the solution and films states, we 

successfully detect not only the diffusion of photo-generated 

excitons in films but also the restriction of exciton migration by 

electron transfer to C60 molecules doped in the film. Such 

migration of excitons and the channeling of exciton migration 

into electron transfer to C60 are promising for PNC sensitized 

solar cells. 
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