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Abstract 

Perovskite quantum dots (QDs) as a new type of colloidal nanocrystals have gained 

significant attention for both fundamental research and commercial applications 

owing to their appealing optoelectronic properties and excellent chemical 
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processability. For their wide range of potential applications, synthesizing colloidal 

QDs with high crystal quality is of crucial importance. However, like most common 

QD systems such as CdSe and PbS, those reported perovskite QDs still suffer from a 

certain density of trapping defects, giving rise to detrimental non-radiative 

recombination centers and thus quenching luminescence. In this paper, we show that a 

high room-temperature photoluminescence quantum yield of up to 100% can be 

obtained in CsPbI3 perovskite QDs, signifying the achievement of almost complete 

elimination of the trapping defects. This is realized with our improved synthetic 

protocol that involves introducing organolead compound trioctylphosphine-PbI2 

(TOP-PbI2) as the reactive precursor, which also leads to a significantly improved 

stability for the resulting CsPbI3 QD solutions. Ultrafast kinetic analysis with 

time-resolved transient absorption spectroscopy evidences the negligible electron or 

hole trapping pathways in our QDs, which explains such a high quantum efficiency. 

We expect the successful synthesis of the “ideal” perovskite QDs will exert profound 

influence on their applications to both QD-based light-harvesting and -emitting 

devices. 

 

Keywords: cesium lead halide perovskite nanocrystals, 100% photoluminescence 

quantum yield, perovskite quantum dot, stable perovskite, colloidal nanoparticles 
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Various properties of all-inorganic cesium lead halide perovskite (CsPbX3, X = Cl, Br, 

I, and mixed Cl/Br and Br/I) quantum dots (QDs), including size-tunable band gap, 

high photoluminescence (PL) quantum yield (QY), narrow emission peak widths, and 

improved air stability (contrary to CH3NH3PbX3), render these materials extremely 

attractive for a range of potential applications, such as solar cells, light emitting 

diodes, photodetectors, and lasers.1-8 In 2015, Kovalenko and co-workers synthesized 

highly luminescent CsPbX3 QDs using a hot-injection method, wherein Cs-oleate was 

swiftly injected into an octadecene (ODE) solution containing PbI2, oleic acid (OA), 

and oleylamine (OAm) (hereafter refer to as standard “OA/m” route).9 The resulting 

nanocrystals have nearly perfect surface stoichiometry and narrow size distribution. 

More recently, following the success of colloidal synthesis, appealing optoelectronic 

properties were revealed for CsPbBr3 QDs, such as remarkably high carrier mobility 

(∼4500 cm2V-1 s-1), large diffusion length (>9.2 μm), and ultrafast interfacial charge 

transfer, which further highlight their prospective use in photoelectric devices.10-12 Its 

iodine analogue, CsPbI3, should be of more interest for solar cell applications because 

the light absorption of CsPbI3 can exceed 700 nm by virtue of its narrower band gap 

(~1.73 eV for bulk CsPbI3) than either CsPbBr3 (~2.25 eV) or CsPbCl3 (~3.05 eV).13, 

14 In fact, an inspiring solar-energy conversion efficiency as high as 10.77% has 

recently been achieved for CsPbI3 QD solar cells.1 However, in comparison with the 

well-established CsPb(Cl/Br)3 and CH3NH3PbX3 optical systems, fundamental 

researches on CsPbI3 QDs are not as advanced. One of the main reasons might be due 

to the difficulty in preparing CsPbI3 nanocrystals with stable cubic perovskite phase. 

It was found that in standard OA/m route the resulting CsPbX3 QDs are dynamically 

stabilized with both long chain carboxylic and oleyammonium surface ligands.1, 12, 15 

While, in the case of CsPbI3 QDs, those of ammonium ligands can be easily lost 

during the routine but essential purification procedures because of the weak acid-base 

interactions between I- and oleylammonium, causing a fast agglomeration and an 
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undesired phase transformation from cubic to orthorhombic. In unpurified solution, it 

was observed that the QDs can still undergo such a degradation, which is primarily 

caused by a reaction with an excess of amines.12 A recent breakthrough was achieved 

by utilizing methyl acetate (MeOAc) as the anti-solvent during QD extraction, which 

has proven beneficial in stabilizing the cubic phase as it minimized the surfactant loss 

of the QDs, leading to a high photovoltaic efficiency achieved for CsPbI3 QD solar 

cells.1 However, like most common QD systems such as CdSe and PbS, a certain 

density of trapping defects still exist in those resulting perovskite QDs as evidenced 

by their maximum PL QYs of ~80% less than 100%.1,8 Trap states of the QDs 

significantly influence their optical and optoelectronic properties and consequently, 

the device performance.16, 17 For instance, when the QDs are applied in solar cells, the 

high density of defects in QD active layers will deteriorate the photovoltaic efficiency 

because the defects act as the recombination centers of the charge carriers.18, 19 

Similarly, in light-emitting devices, defects of the QDs create non-radiative 

recombination pathways that limit the efficiency of radiation.20-23 Hence, considerable 

scope remains for further enhancement in photovoltaic performance and 

photoluminescence efficiency if trapping defects of these synthesized CsPbI3 QDs are 

completely eliminated. Yet it should be noted that although colloidal synthesis of 

nanocrystals has developed for decades of years, it is still challenging to synthesize 

QDs with a perfect crystal structure and complete defect elimination.24-27 

Trioctylphosphine (TOP) as a kind of alkylphosphine is a commonly used 

coordinating solvent during the synthesis of II-VI, III-V, and IV-VI nanocrystals, for 

example, CdX (X=S, Se, Te), InP, PbS, and PbSe QDs.28-33 Due to the presence of 

lone pair electrons on the phosphorus atom, TOP possesses strong solvent ability 

toward both selenium and sulfur powder, thus oil-soluble anion precursors TOP-X can 

be facilely prepared. It is also generally thought that the TOP species can coordinate 

to the surface of the resulting QDs through a certain scheme, supplying a more 

complete surface passivation for the QDs.34-38 In this paper, we demonstrate that the 

warm TOP solution can readily dissolve PbI2 powder, forming stable and highly 
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reactive PbI2 precursor that can be used for the synthesis of high-quality CsPbI3 QDs 

with extremely high luminescence and enhanced chemical stability. The size of the 

QDs can be controlled by changing the reaction temperature during the synthesis. PL 

QY efficiency of the purified QDs as high as nearly 100% is achieved for 

different-sized QDs. Time-resolved photoluminescence study reveals a much longer 

photoexcited exciton lifetime in our QDs than the previous ones, which points to a 

significant reduction of the quenching defects. To further elucidate the mechanism of 

the superior PL QYs of the TOP route-prepared CsPbI3 QDs, we have also carried out 

ultrafast exciton dynamic study using transient absorption (TA) spectroscopy, which 

indicates the negligible electron or hole trapping pathways in the resulting QDs. Our 

findings thus lay the foundation for understanding the fundamental physics behind 

these amazing QDs. 

Results and discussion 
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Figure 1. (a) HRTEM image of the colloidal CsPbI3 QDs prepared under 160 °C. (b) 

XRD patterns of CsPbI3 QDs synthesized at different temperatures. The vertical bars 

represent the position of the diffraction peaks for the bulk cubic CsPbI3 lattice 

structure, and their lengths are proportional to their intensity. XRD samples are 

prepared by directly depositing purified QD suspension on a pre-cleaned glass 

substrate and dried by spin-casting at 1,500 r.p.m. for 20 s. (c) Steady-state PL 

emission spectra for a series of CsPbI3 QDs synthesized at different temperatures. 

From left to right, the PL emission maxima/FWHM of the samples are 673 nm/39 nm, 
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679 nm/35 nm, 684 nm/33 nm, 690 nm/31 nm, and 692 nm/31 nm, respectively. (d) 

UV-vis absorption and PL spectra of CsPbI3 QDs prepared under 160 °C, where the 

Stokes shift energy is 40 meV. The inset shows the photos of the QD solution under 

the room light (left) and bright red luminescence of the QD solution upon irradiation 

with a UV lamp (λ = 365 nm) (right). (e) Dependence of the Stokes shift of the TOP- 

and OA/m-CsPbI3 QDs on their particle sizes. (f) Optical absorption spectra of the 

different-sized TOP- and OA/m-CsPbI3 QDs. The inset shows the corresponding 

Urbach energies for these two kinds of QDs with different sizes. 

 

In a typical synthesis of CsPbI3 QDs using the method proposed by us, an ODE 

solution containing OA, OAm, and Cs-oleate was heated to 100-170 °C followed by 

the swift injection of a solution of TOP-PbI2 (more experimental details about the 

synthesis of the QDs can be found in Methods section, QDs prepared are thus denoted 

as “TOP-QDs”). Purification of the crude as-synthesized QDs was carried out with 

the recently developed washing process using anti-solvent MeOAc.1 To clearly guide 

the readers, we photographed every single step of our washing process, as shown in 

Figure S1. Attempts to synthesize CsPbBr3 or CsPbCl3 QDs using the same reaction 

scheme, however, failed, due to the extremely low solubility of PbBr2 and PbCl2 in 

the pure TOP reagent (˂˂ 0.1 mol/L, even at elevated temperatures). In fact, we found 

that PbI2 concentrations ≥ 0.5 mol/L are required to run the successful synthesis of the 

stable CsPbI3 QDs. Particle size of the resulting CsPbI3 QDs can be tuned by the 

choice of injection temperature, typically ranging from ~11 to 16 nm. Figure S2 

shows the size and shape of the TOP-QDs synthesized at various temperatures using 

high-resolution transmission electron microscopy (HRTEM). Figure 1a gives a 

representative HRTEM image of the product synthesized at 160 °C, revealing the 

presence of rather monodisperse cubic-shaped QDs with high crystallinity. Figure S3 

shows high-resolution X-ray photoelectron spectroscopy (XPS) spectra taken of the 

Cs, Pb, and I regions for TOP-QDs. The measured binding energies at 723.9 eV and 

138.5 eV can be well assigned to Cs(I) and Pb(II), respectively, which are in 
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agreement with values of perovskite in literature.39, 40 Particularly, the I 3d5/2 

spectrum of the TOP-QD sample can be well deconvoluted into two peaks located at 

619.5 eV and 618.4 eV, corresponding to the contribution from Pb-I and Cs-I 

interactions, respectively.41, 42 XRD patterns of the resulting QDs shown in Figure 1b 

can be well indexed to the bulk cubic CsPbI3.
9, 43-46 In particular, the measured 

interplanar spacing of 0.62 nm in the HRTEM corresponds to (100) plane of cubic 

phase of CsPbI3. Increasing the reaction temperature yields very narrow XRD features 

which correspond to larger particle size. Figure S4 and Figure 1c show the optical 

absorption and PL spectra measured at room temperature for the different-sized QDs 

ranging from ~11 to 16 nm, respectively. As the size increases, the absorption spectra 

of the QDs show red shifts where the wavelength of the optical absorption peak 

increases from 668 to 684 nm. Note that the exact optical absorption peak for each 

size QD is determined from TA spectra using TA bleach peak measured under the low 

excitation intensity, see Figure S5. Simultaneously, the PL peak wavelength increases 

from 673 to 692 nm, along with a decrease in the full width at half maximum (FWHM) 

of the PL spectrum from 42 to 31 nm. The slightly increased absorption band edge 

indicates that our resulting CsPbI3 QDs actually have a weak quantum confinement. 

This can be rationalized that particle size of these QDs (~11-16 nm) is actually very 

close to the exciton Bohr diameter (~13 nm) of CsPbI3.
9 For comparison, reference 

CsPbI3 QDs were also synthesized according to the standard OA/m route described in 

the literature (refer to as “OA/m-QDs”).9 A detailed spectra comparison in Figure S6 

demonstrates that in contrast to OA/m synthesis, our TOP route typically yields larger 

QDs under the same reaction temperature, as evidenced by both obvious red shifts of 

the UV-vis absorption and PL spectra compared to those of OA/m-QDs. In fact, 

particle size of the TOP-CsPbI3 QDs synthesized at 130 °C has already reached that of 

the OA/m-QDs synthesized at 160 °C (~13 nm), suggesting a much faster reaction 

rate and thus more active PbI2 precursor in our TOP route. Larger QD size which 

corresponds to a wider spectral absorption is preferable for their photovoltaic 

applications. Moreover, like the presented QDs synthesized at 160 °C (Figure 1d), 
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small values of Stokes shift (~40 meV) are resolved in all spectra of the TOP-QDs 

with different particle sizes, which points to a direct band-edge radiative 

recombination process in the resulting QDs (Stokes shift is defined as the energy 

different between exciton absorption peak and emission peak).47, 48 Values of the 

Stokes shift of the TOP-QDs were further compared to those of the OA/m-QDs in 

Figure 1e, which reveals much smaller Stokes shifts in the former. This result suggests 

that the photophysical properties of the resulting TOP-CsPbI3 QDs have significantly 

changed from those of the QDs prepared by traditional methods. In fact, as a critical 

component in nanocrystal synthesis, the reactive precursors greatly influence the 

surface chemistry as well as control the nucleation and growth dynamics of the 

resulting nanocrystals, and eventually determine their physical and chemical 

properties.49 In order to gain more insight about the superior photophysical properties 

of the TOP-CsPbI3 QDs, we further investigate the Urbach energies in these two kinds 

of QDs by plotting their absorption coefficient as a function of photon energy (Figure 

1f). In semiconductors and insulators, the fundamental absorption edge below the 

energy band gap increases exponentially, and the absorption edge is known as the 

Urbach tail.50 Fitting the exponential part of the Urbach tail with the following 

Urbach’s rule (eq. (1)) allows us to extract the Urbach energy (EU), which represents 

the absorption tail states of these materials and is closely related to the degree of 

electronic disorder within the crystals.50 A large EU value is a strong indicator that the 

samples suffer from a cumulative effect of impurities, inherent structural disorders, 

and electron-phonon interaction in the absorption processes.51-53 
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where α(E) is the absorption coefficient as a function of photon energy E, E0 and α0 

are the characteristic parameters of the material, σ(T) is the steepness parameter, kB is 

the Boltzmann constant, and T is the absolute temperature. The Urbach energy is 
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defined as EU = kBT/σ(T). Figure 1f shows the typical room-temperature logarithmic 

absorption coefficient of OA/m- and TOP-CsPbI3 QDs as a function of photon energy, 

where unusual sharp optical band edges can be observed in both kinds of QDs. 

Urbach energies derived by fitting eq. (1) to the exponential tails shown in Figure 1f 

for both OA/m- and TOP-CsPbI3 QDs are summarized in the inset of Figure 1f. 

Remarkably, TOP-CsPbI3 QDs in all sizes have EU values varying from ~18 to 19 

meV, while for OA/m-QDs, EU values are around 30 meV. This result indicates 

TOP-QDs have a lower level of electronic disorder and/or defect density compared to 

OA/m-QDs, and therefore better crystalline nature. In addition, the measured low 

Urbach energies for TOP-CsPbI3 QDs are similar to those of bulk CH3NH3PbI3 

perovskites (~15 meV).52 It is generally accepted that for an active light-absorbing 

material, the lower Urbach energy which corresponds to a superior electronic property 

is critical to achieving high open-circuit voltage for the solar cells.51, 52 

 

 

Figure 2. (a) XRD patterns of the fresh TOP-CsPbI3 QDs synthesized at 160 °C and 

those stored under ambient conditions for 30 days (both are purified twice with 

MeOAc). (b) FT-IR absorption spectra showing the IR absorption of a TOP-CsPbI3 

QD film as cast on a glass substrate (black) and after flooding the surface with 

MeOAc (red). Inset shows thin film XRD patterns of the two samples. 

 

Colloidal stability of a QD solution is of particular importance for both 

fundamental and applied researches. However, the standard OA/m route normally 
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yields unstable CsPbI3 QDs if just the routine washing method is employed.1, 54 

Remarkably, TOP-QDs can be kept stable and maintain an excellent dispersibility in 

non-polar solvent irrespective of the washing methods involved in the purification 

process. Figure 2a shows XRD patterns of the fresh MeOAc-washed TOP-QDs 

(washed twice) and those after storage in solution for 1 month, which are the same, 

indicating no degradation of the TOP-QDs within this period of time. To clearly 

demonstrate this advantage, in Table S1, we summarized and compared samples of 

TOP-QDs and OA/m-QDs with respect to their colloidal stability under the same 

washing treatment after synthesis. Obviously, OA/m-QDs could only exhibit stable 

phase with MeOAc washing, while those butanol-washed or crude samples degrade 

into orthorhombic phase after storage for 2-3 days, consistent with the previous 

observations.1, 54 In contrast, with either butanol washing or in crude solution (diluted 

with hexane), TOP-QDs maintain a stable cubic phase during a continuous 1-month 

observation period. The excellent stability of the purified TOP-QD solution is 

considered to result from the conservation of those protective alkylammonium oleate 

ligands around QDs (as discussed later), which prevents QDs from aggregation. 

Additionally, we have made a detailed comparison of the UV-vis absorption and PL 

spectra between the as-synthesized QDs with that of the purified samples since 

previous studies indicate that anti-solvent washing may have a large impact on optical 

properties of the resulting QDs.55, 56 As shown in Figure S7, for those reference 

OA/m-QDs, we found a ~15 nm red shift in both absorption and PL spectra between 

the as-synthesized product and the anti-solvent purified samples. Similar observation 

can be found in previous reports on CsPbBr3 QDs and can be attributed to the loss of 

part of the surface ligands, which causes nonnegligible agglomeration and fusion of 

the QDs.55, 56 While, interestingly, for TOP-QDs, such red shift is relatively lower, 

being ~3.4 nm, suggesting a better ligand protection for the resulting QDs. 

However, we also note the fact that although our washed CsPbI3 QDs maintain an 

excellent stability in colloidal solution, they still become less stable after evaporating 

their solvent and directly exposed to the open air (the ambient relative humidity was 
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40-60%, 20 °C). Figure S8 shows thin film XRD patterns of the CsPbI3 QDs after 

storage in air and under ambient conditions for 3 days, at which point peaks 

characteristic of the orthorhombic phase appeared and became dominant over time. 

This observation is in accordance with Luther et al.’s report, in which a notable 

decrease in photovoltaic performance was recorded for OA/m-CsPbI3 QD thin film 

solar cells after storage for 2 days in humid conditions.1 It should be noted, 

additionally, that for both TOP- and OA/m-based route, CsPbI3 QD thin films can be 

phase-stable when stored in a desiccator or a N2-filled glove box, emphasizing the 

need for additional strategies to stabilize the cubic phase of CsPbI3 QDs of solid films 

under humid conditions. 

It is worth mentioning that the above prepared QD thin films for XRD 

measurement through spin casting and drying process still contain considerable 

amount of organic species, which militate against efficient carrier transport in 

semiconductor thin films, and thus decreasing the efficiency of the solar cells or 

LEDs.57, 58 MeOAc washing proposed by Luther et al. has been demonstrated efficient 

in removing organic ligands from the surface of these CsPbI3 QDs while retaining 

their desired cubic phase.1 Here, we also employ this convenient method to explore 

the potential use of TOP-CsPbI3 QDs in efficient thin film solar cells and LEDs. 

Figure 2b shows the FT-IR absorption spectra of a TOP-CsPbI3 QD film as cast and 

after washing with MeOAc, which confirms the removal of most organic species in 

the washed sample as the strong C-H bending vibration peaks at 2853 and 2923 cm-1 

assignable to the hydrocarbon chains from those organics are much reduced. In 

addition, thin film XRD patterns of the samples shown in the inset figure indicate that 

the cubic phase of these washed QDs was intact. The above observations thus suggest 

that our colloidal TOP-CsPbI3 QDs can be potentially processed into thin films for 

practical use in optoelectronics. 
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Figure 3. (a) FT-IR absorption spectra of TOP-PbI2, TOP-I2, and TOP. Samples were 

prepared by freezing their liquid solution at 4 ℃ for 1 hour. All FT-IR measurements 

were performed under ambient conditions. (b) 31P NMR spectra of the TOP-PbI2 

complex solution with different PbI2 concentrations. Samples are measured in 

Toluene-d8. 

 

The successful synthesis of the phase-stable CsPbI3 QDs enabled by TOP route 

inspired us to examine the nature of the intermediate formed during the dissolution of 

PbI2 powder in TOP. This is also the key point and the major difference from that of 

the previous methods. Such a PbI2 dissolution scheme in TOP might resemble that of 

DMSOPbI2, a high-profile PbI2 adduct that is recently widely used for highly 

efficient perovskite solar cells. In the latter case, lone pair electrons on oxygen in 

DMSO donates to Lewis acid Pb2+ in PbI2, leading to the formation of reactive 

DMSOPbI2 adduct in DMSO solution.59, 60 In order to investigate such an adduct in 

our TOP-PbI2 system, we also performed Fourier transform infrared (FT-IR) 

spectroscopy on samples of TOP and TOP-PbI2 (Figure 3a). First, it is shown that in 

contrast to the pure TOP species, the spectrum of the TOP-PbI2 complex does not 

contain any O-H stretching absorption bands of water molecule at 3000-3600 cm-1, 

indicating the product is highly water-resistant. Further, importantly, distinct from that 

of the pure TOP, there exists a strong absorption peak located at 1047-1142 cm-1 in 

TOP-PbI2 sample, indicative of a new binding formation between TOP and PbI2, and 
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thus the PbI2 adduct.61 The new binding interaction in TOP-PbI2 can arise from P-Pb 

or P-I but the latter can be possibly ruled out because dissolving the elemental iodine 

in TOP (i.e., the sample of TOP-I2) does not induce such an absorption in that range 

(Figure 3a, purple line). We also gathered the initial XRD information on the 

proposed TOPPbI2 adduct shown in Figure S9, which reveal a completely different 

crystal structure from that of the free parent PbI2. Such a XRD change was also 

observed in the case of DMSOPbI2 adduct (Figure S9). 

To further investigate the interactions between TOP and PbI2, we then carried out 

nuclear magnetic resonance (NMR) measurement. Figure 3b shows the 31P NMR 

spectra of the free TOP and TOP-PbI2 precursor solution with different PbI2 

concentrations. It is seen that the narrow characteristic peak of the free TOP at -32.0 

ppm broadens and diminishes in intensity and moves downfield with the increase of 

the PbI2 content in TOP, which is also followed by the appearance of a sharp peak at 

~55 ppm. Based on a comparison to the case of TOP=O and TOP-Se, the two 

common compound states of TOP, which feature resonance positions at 47.4 ppm and 

30.0 ppm, respectively, we interpret our observed sharp peak at ~55 ppm as the 

formation of TOPPbI2 compound in the precursor solution. As for the broadening and 

shifting of the signal peak at -32.0 ppm, it can be due to the coordination effect of 

TOP solvent with PbI2, which helps to stabilize the formed TOPPbI2 compound. 

 

 

Figure 4. (a) 1H NMR spectra of the TOP-QD solutions that are unwashed, washed 

once, and washed twice with MeOAc (both are dispersed in Toluene-d8 with 
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concentration of ~10-3 mol/L). Inset in (a) is the blown-up of the characteristic signal 

change between unwashed and washed samples. (b) 31P NMR spectra of a TOP-QD 

Toluene-d8 solution after once- and twice-washing with MeOAc. 

 

Next, to clearly identify the possible ligands on surface of the TOP-QDs, we then 

carried out 1H NMR measurement. NMR spectroscopy is the most powerful and 

commonly employed method of identifying ligands on surface of the colloidal QDs. 

Within a NMR spectrum, ligands bound to the surface of the QDs can be 

distinguished from those in solution through their chemical shift or line width.62 In 

Figure 4a, focusing on the alkene resonance signal region around 5.4~5.5 ppm, we 

found that the unwashed QD solution features a broadened resonance peak with a 

slight shift to higher ppm values when compared to the neat oleic acid and oleylamine 

(5.42 ppm) (All reference 1H NMR spectra of the free MeOAc, oleic acid, oleylamine, 

TOP, and ODE are presented in Figure S10). In fact, this signal feature has been 

attributed to the oleylammonium oleate ligands (a product formed by deprotonation 

reaction between oleic acid and oleylamine) dynamically interacting with the QD 

surface.12, 15 Further, this broadened signal peak can be deconvoluted into two 

well-resolved contributions, one is detected at 5.47 ppm, which features weaker and 

broadened, it can be thus attributed to result from the bound ligands of 

oleylammonium oleate. The other peak is located at 5.42 ppm, which is sharp and can 

be assigned to the free oleic acid and/or oleylamine. This assignment is further 

supported by the observation in spectra of a once-washed sample, in which sharp peak 

located at 5.42 ppm was greatly reduced while the weak contribution at 5.47 ppm was 

almost unchanged. More significantly, after second washing with MeOAc, those 

residual organics such as ODE and unbound OA/m have been almost completely 

removed, yet the broad resonance component at 5.47 ppm still remains, suggesting 

tightly bound oleylammonium oleate ligand on surface of the QDs. The successful 

conservation of these protective organic ligands even after twice anti-solvent washing 

thus explains the excellent colloidal stability of the obtained TOP-QDs. However, we 
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also note that three times of MeOAc washing will completely strip the ligands from 

QDs and eventually cause aggregation of the QDs as shown in Figure S1. Additionally, 

it is important to stress that although our synthetic route involves using TOP in the 

preparation of the precursor of PbI2, but the resulting purified QD solution does not 

contain any detectable P signal as shown in Figure 4b. Therefore, we conclude that 

only alkylammonium oleate serves as the binding ligand on TOP-QD surface. Also, 

from the above results, we infer that in our preparation route TOP serves as a critical 

coordinating solvent that dissolves PbI2 powder and thus forming highly reactive 

intermediate precursor, which accelerates nucleation and growth of the nanocrystals 

and yields CsPbI3 QDs with improved crystalline quality. 

 

 

Figure 5. (a) Dependence of the PL QYs of the OA/m-QDs and TOP-QDs on their 

particle size. (b) Change of the PL QY of the OA/m-, TOP-CsPbI3 QDs versus storage 

time, where QD solutions synthesized at 140 °C were stored in a sealed bottle under 

ambient conditions. All QD samples were washed twice with MeOAc before QY 

measurement. 

 

Photophysical properties of the resulting CsPbI3 QDs were evaluated by measuring 

their PL QYs using a commercial Hamamatsu setup (see details in Methods section). 

The absolute QY was defined by the following equation, QY = Nemit/Nabsorb, where 

Nemit and Nabsorb are numbers of emitted and absorbed photons, respectively. Very 
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encouragingly, twice-washed QDs in all sizes prepared from TOP route exhibit the 

best-so-far QYs of up to near 100%, higher than that of the OA/m route-produced 

ones with 78-84% as summarized in Figure 5a. This behavior, indicative of the 

absence of non-radiative pathways within the TOP-QDs, is very unusual and rarely 

observed, even in those traditional high-quality QDs such as CuInS2 and CdS/Se QDs 

employing those advanced core/shell passivation techniques.63-67 Note that the 

measured QY values for the reference OA/m-CsPbI3 QDs are comparable to that of 

the previously reported literature values.9 The achieved near 100% PL QYs of the 

TOP-QDs along with their narrow emission line widths observed in Figure 1c thus 

suggest the almost complete elimination of the non-radiative defects in TOP-CsPbI3 

QDs, which are normally an intrinsic consequence of the nanometer-sized particles. 

This remarkable property of the TOP-QDs renders them superior for use in 

fluorescence devices and excitonic solar cells.68 In addition, it is worth mentioning 

that in standard OA/m route, a general decrease in QYs was found when increasing 

the size of the QDs as shown in Figure 5a, which means that the non-radiative 

recombination due to the trapping defects has larger influence with the size increasing. 

However, in our case, QYs remain constant even the size of the TOP-QDs reached 

about 16 nm (Figure 5a). Interestingly, we found that lowering the concentration of 

PbI2 in TOP to 0.5 mol/L and synthesized at 130 °C can also yield TOP-QDs with 

high QYs of ~100%. But similar to the typical trend in OA/m route, at this given 

concentration of PbI2, QYs decrease as the increase of TOP-QD size (drop from 

~100% of 11 nm to ~85% of 16 nm), highlighting the importance of Pb-rich 

conditions for achieving high-quality large-sized CsPbI3 QDs. More research work is 

needed to further investigate the influence of the reagent stoichiometric ratio on 

photophysical properties of the TOP-QDs. 

In order to show the retention of these resulting TOP-QDs in solution and evaluate 

their photochemical stability, we conducted the aging of a twice-washed QD colloidal 

solution by recording its QY. First, 1H NMR spectra shown in Figure 4a confirm that 

after twice MeOAc washing those remaining organics including ODE and unbound 
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ligands are almost completely removed from QD solution, given that the strong 

resonance signals assignable to these organics can not be observed. Figure 5b shows 

that after twice MeOAc washing, TOP-CsPbI3 QDs synthesized at 140 °C yield stable 

high QY of 100% for the first 9 days and retain ~85% of its initial value after storage 

for 1 month. In contrast, OA/m-QDs show a decreased QY from the initial 86% to 

60% after 30 days storage, which in turn suggests a better chemical stability of the 

resulting TOP-QDs. The excellent chemical stability of the resulting TOP-QDs is 

considered to result from their improved crystalline quality as revealed by the 

observation of smaller Stokes shifts and lower Urbach energies, which alleviates the 

formation of quenching defects within QDs. The slightly decreased QY of TOP-QDs 

over time is presumably attributed to the loss of part of the surface ligands, which 

leaves the QDs incompletely passivated and leads to the presence of trapping defects. 

 

 

Figure 6. (a) Time-resolved PL decay curves of the OA/m- and TOP-QDs 

(normalized to the initial PL intensity) with excitation intensity and wavelength of 0.9 

μJ/cm2 and 532 nm, respectively. (b) Excitation intensity dependence of the PL decay 

effective lifetimes for OA/m- and TOP-QDs. 

 

To understand the outstanding photophysical properties of the resulting 

TOP-CsPbI3 QDs, we then carried out PL decay measurements on both 

solution-dispersed samples. Figure 6a gives the typical time-resolved normalized PL 

decays for OA/m-QDs (~80% QY) and TOP-QDs (~100% QY) with similar particle 
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size and PL emission peak position (~685 nm), where the pump light wavelength is 

532 nm and the excitation intensity is 0.9 μJ/cm2. It is clearly observed that the PL 

kinetics of the TOP-QDs is slower than that of OA/m-QDs. According to the 

definition of PL lifetime t1/e, IPL(t1/e) = IPL(0)/e,69 where IPL(t) represents the PL decay 

dynamics, we obtained the effective PL lifetime of ~22 ns and 36 ns for OA/m-QDs 

and TOP-QDs, respectively. It is known that the exciton binding energy (Eb) in QDs is 

much larger than that of their bulk counterparts. For example, Eb of the CH3NH3PbBr3 

QDs is about 375 meV, while Eb of the bulk CH3NH3PbBr3 is about 40-65 meV.9, 47, 70, 

71 Then, the Eb of CsPbI3 QDs can be also expected much larger than that of the bulk 

counterpart (~20 meV).9, 47, 70 Therefore, the PL emission can be considered to 

originate from radiative relaxation of excitons in the CsPbI3 QDs.72, 73 

It is well known that in addition to the intrinsic properties of the semiconductors, 

surface chemistry and passivation of the QDs would have a great influence on their 

exciton lifetimes, i.e., if the QD surface is not well passivated, surface defects will 

exist, which in turn give rise to the non-radiative surface states and lead to shorter 

exciton lifetimes.11, 23, 58 It is found that the effective PL lifetime obtained for 

OA/m-QDs is consistent with previous reports,9, 74 but the lifetime for TOP-QDs 

increases largely, implying that our TOP-based synthetic route successfully suppresses 

the formation of non-radiative recombination pathways on surface of the CsPbI3 QDs. 

This finding is also in good agreement with the high QYs obtained in TOP-QDs. 

Dependence of the PL kinetics on excitation intensity is shown in Figure S11. 

Figure 6b summarizes the dependence of the effective PL lifetime on the excitation 

intensity. For all of the excitation intensities, we see a substantial increase in lifetime 

of the TOP-QDs as compared to those of OA/m-QDs, which can be understood by the 

above discussion. In addition, for both kinds of QDs, the average PL lifetimes 

decreased as the increase of excitation intensity. This phenomenon can be expected to 

result from two-body recombination (i.e., radiative electron and hole recombination) 

and/or three-body recombination processes (i.e., Auger recombination) in both QDs, 

which typically cause a reduction in PL lifetimes.69, 75, 76 
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Figure 7. TA response of the TOP- and OA/m-QDs measured with a pump light 

wavelength of 470 nm and probe light wavelengths of 670 and 650 nm for TOP-QDs 

and OA/m-QDs, respectively. The probe light wavelength is determined by their own 

maximum exciton bleach. Pump light intensity: 0.43 μJ/cm2. 

 

In order to gain more insight into the fundamental physics behind these appealing 

optical properties, we therefore monitored the ultrafast exciton relaxation dynamics 

through TA spectrum measurements. Figure S12 shows the TA spectra measured with 

a pump light intensity of 0.43 μJ/cm2, in which bleach signals with peaks at 670 and 

650 nm can be observed for TOP-QDs and OA/m-QDs, respectively, corresponding to 

the optical absorbance change (ΔA) between the LUMO and HOMO in the CsPbI3 

QDs. In this case, it is known that the ΔA is proportional to the exciton density n at 

the lowest excited states in the QDs.77 Figure S13 shows the normalized TA decays of 

TOP-QDs and OA/m-QDs at different pump excitation intensities with probing 

wavelengths of 670 nm and 650 nm, respectively. For both kinds of QDs, fast decay 

processes appear in their TA responses when the pump intensity is larger than 0.8 

μJ/cm2, and the TA responses decay faster as the pump intensity increases further. 

This phenomenon indicates the occurrence of three-body Auger recombination 

processes in both CsPbI3 QDs under the large pump intensity excitation.77-79 However, 

when the pump intensity is smaller than 0.8 μJ/cm2, we found that the fast decay 
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process disappeared and the waveforms of the TA responses overlapped with each 

other very well when they were normalized at the peak intensity. This result indicates 

that three-body recombination is negligible under such low pump intensity excitation, 

and only one-body and two-body recombination processes can be observed here. 

Figure 7a shows TA responses of TOP- and OA/m-QDs measured with a low pump 

light intensity of 0.43 μJ/cm2. It is seen that the exciton bleach signal of OA/m-QD 

sample shows a slow single-exponential decay with a background signal y0, while that 

of TOP-QDs is not changed in 1ns time scale. Fitting the TA response of OA/m-QDs 

to the following equation (2) gives a decay constant  of 400 ± 30 ps (A0/(A0+y0): 

15%). As discussed above, this result means that about 15% of the photo-excited 

excitons recombine through the non-radiative recombination pathway due to defects 

or surface trap states in OA/m-QDs and ~85% recombine through two-body radiative 

pathway, which is also consistent with their measured QYs of ~80%. 

 

0 0Y( ) exp( )
t

t yA



   (2) 

 

However, we couldn’t fit the TA curve of TOP-QDs using the same exponential 

function because no decay can be resolved in the initial 1 ns time scale, which in turn 

suggests the negligible electron or hole trapping pathways in these TOP-QDs. 

Conclusions 

In conclusion, we have presented a reproducible TOP-based route which yields 

phase-stable monodisperse CsPbI3 QDs with the best-so-far quantum efficiency up to 

100%. Time-resolved PL decays indicate longer radiative lifetimes in the resulting 

QDs compared to the previous ones. Ultrafast TA spectroscopy measurements confirm 

the negligible electron or hole trapping pathways in TOP-CsPbI3 QDs, which thus 

reveal the fundamental physics behind these superior properties. Another encouraging 

result employing TOP route is the enhanced chemical stability of the CsPbI3 QDs, 

which used to be the main problem preventing these amazing nanoparticles from 
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being further studied. The successful synthesis of the phase-stable CsPbI3 QDs with 

near-perfect photophysical properties not only benefits fundamental research in the 

field of nanocrystals but also significantly broadens the possibilities of using 

perovskite QDs for a wide range of practical applications. 

Methods 

Synthesis of TOP-CsPbI3 QDs 

All chemicals were used as received without further purification. 0.92 g of PbI2 

powder (98%, Kanto Chemicals, Japan, pre-dried at 60 °C under vacuum for 

overnight) was added to 2.5 mL of tri-n-octylphosphine (TOP, 90%, Aldrich) to 

prepare a 0.8 M TOP-PbI2 stock solution. The mixture was vigorously stirred on a hot 

plate for a sufficiently long time at 90-100 °C, usually one week (NOTE: using the 

other purity of TOP (e.g., 97%) would require a longer time, usually 8-10 days). Prior 

to use, TOP-PbI2 stock solution was centrifuged at 4,000 rpm for 3 min to remove any 

excess salts. A mixture of 0.12 g of Cs2CO3 (99.9%, Aldrich), 0.4 mL of oleic acid 

(OA, ≥ 65.0%, Wako Pure Chemicals, Japan), 0.4 mL of oleylamine (OAm, technical 

grade, 70%, Aldrich), and 12 mL of octadecene (ODE, technical grade, 90%, Aldrich) 

was loaded into a 50 mL three-neck flask and degassed at 110 °C for 3 h with stirring 

(temperature was monitored using a Sanyo mercury thermometer, Japan). It was then 

heated to 120 °C under nitrogen atmosphere until the solution became clear. The 

temperature was then set from 100 to 170 °C depending on the desired QD size for 

the subsequent quick injection of the prepared TOP-PbI2 solution. About 5 secs after 

injection, the reaction was quenched by immediate immersion of the flask into an ice 

bath, after which an equivalent volume of methyl acetate (MeOAc, anhydrous 99.5%, 

Aldrich) was added to precipitate the QDs followed by centrifugation at 4,000 rpm for 

3 min. The supernatant was discarded and the precipitate was dispersed in hexane. It 

was then re-centrifuged at 4,000 rpm for 3 min to remove large particles and 

remaining impurities. The above procedure can be repeated twice for obtaining more 

purified QD solutions (three times of washing will completely strip the ligands from 

QDs and eventually cause aggregation of the QDs as shown in Figure S1). It is noted 
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that for CsPbI3 QDs synthesized below 130 °C, a certain amount of yellow 

by-products could be observed after hexane dispersion. In this case, QDs can still be 

collected by centrifugation at 4,000 rpm for 2 min. For smaller CsPbI3 QDs 

synthesized below 120 °C, purification of the QDs was carried out by first mixing the 

crude solution with hexane (v/v, 1:6), the mixture was then cooled in a freezer at 

minus 20 °C for 3 h and taken out, centrifuged at 4,000 rpm for 1 min. After 

centrifugation, the precipitate was discarded and the supernatant was collected. The 

above procedure can be repeated several times for obtaining more purified QD 

solutions. The resulting colloidal QD solutions were kept in the dark at 4 °C and 

centrifuged before use. 

Synthesis of OA/m-CsPbI3 QDs (Reference 9) 

Preparation of Cs-oleate: 0.814 g of Cs2CO3 was loaded into 100 mL three-neck 

flask along with 40 mL of ODE and 2.5 mL of OA, dried for 1h at 120 ºC, and then 

heated under nitrogen to 130 ºC until all Cs2CO3 reacted with OA. It has to be 

preheated to 100 ºC before injection since Cs-oleate precipitates out of ODE at 

room-temperature. 

OA/m-CsPbI3 QD Synthesis: 10 mL of ODE and 0.17 g of PbI2 were loaded into 50 

mL three-neck flask and dried under vacuum for 1h at 120 ºC. OA and OAm (1 mL 

each) were injected at 120 ºC under N2. After complete solubilization of PbI2, the 

temperature was adjusted to 100-180 ºC and Cs-oleate solution (0.8 mL, 0.125 M in 

ODE, prepared as described above) was quickly injected. About 5 secs later, the 

reaction mixture was cooled by the ice-water bath. Purification process was finished 

as described above for the TOP-CsPbI3 QDs. 

Characterization 

The phase identification was carried out using a powder X-ray diffraction (XRD, 

TTR-III, Rigaku Corp., Japan). The morphology and crystal structure of the prepared 

samples were characterized using a high-resolution transmission electron microscopy 

(HRTEM, JEM-2100F, Japan). X-ray photoelectron spectroscopy (XPS) data were 

accumulated on a photoelectron spectrometer, JPS-90MX (JEOL, Ltd., Japan). UV-vis 
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absorption spectra were recorded with a spectrophotometer (HITACHI, U-3900H, 

Japan). Fluorescence emission spectra were recorded on a FP-6500 spectrophotometer 

(JASCO, Japan). Solution nuclear magnetic resonance (NMR) spectra (1H and 31P) 

were recorded with a JEOL ECA-500 (500 MHz) (Japan) instrument, 25 °C. Fourier 

transform-infrared spectra (FT-IR) were recorded using a Nicolet 6700 FT-IR 

spectrophotometer equipment. The absolute fluorescence quantum yield of the QD 

solutions was measured by using an integrating sphere on an Absolute PL Quantum 

Yield Spectrometer C11347 at an excitation power of 0.1 mW (Hamamatsu, Japan). 

PL decay was measured using a NIR PL lifetime spectrometer (C12132, Hamamatsu 

Photonics). Transient absorption (TA) measurements were performed using a fs TA 

setup. The laser source was a titanium/sapphire laser (CPA-2010, Clark-MXR Inc.) 

with a wavelength of 775 nm, a repetition rate of 1KHz, and a pulse width of 150 fs. 

The light was separated into two parts. One part was incident on a sapphire plate to 

generate white light for the probe beam. The other part was used to pump an optical 

parametric amplifier (OPA) (a TOAPS from Quantronix) to generate light pulses with 

a wavelength tunable from 290 nm to 3 μm. It was used as a pump light to excite the 

sample.78-80 In this study, a pump light with a wavelength of 470 nm was used to 

excite the QDs. The pump light intensity was changed from 0.43 µJ/cm2 to 142 

µJ/cm2. Time-resolved TA spectra from 530 nm to 750 nm were obtained with a 

temporal resolution of 100 fs. 
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