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Research into organic-inorganic lead halide perovskites as photoactive material in solar cells 

and other electro-optical devices has made immense progress in recent years. However, 

efficiency losses resulting from deep traps associated with framework defects, still limits the 

performance of perovskite semiconductors. Defect passivation by the incorporation of dopants, 

such as chloride doping in methylammonium lead iodide (MAPbI3) perovskite, is stated as one 

of the most efficient ways to reduce trap densities.  Commonly used parameters like improved 

photoluminescence (PL) quantum yields and extended PL lifetimes provide  non-conclusive 

experimental evidence on trap density suppression by chloride doping. In this work, the effect 

of chloride doping on the crystal morphology, composition, and PL of MAPbI3 nanocrystals 

(NCs) was carefully investigated. Besides the anticipated enhanced PL intensity and extended 

PL lifetime, single-particle PL intermittency studies revealed brighter and longer ON-states 

with increasing amounts of chloride doping, which represents additional evidence of effective 

chloride-induced trap passivation. These findings provide important guidelines for generating 

lead halide perovskite materials with significantly reduced trap densities towards the fabrication 

of high-performance optoelectronic devices. 
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1. INTRODUCTION 

Organic-inorganic metal halide perovskites (OMHP) are very promising semiconductor 

materials for optoelectronic devices.[1] Their intense light absorption, low exciton binding 

energy, long charge carrier lifetime and diffusion lengths make these materials great candidates 

for photovoltaic (PV) applications. In a decade, the power conversion efficiency of perovskite 

solar cells (PSCs) has swiftly climbed from 3.8% in 2009[2] to 25.2%.[3] However, poor long 

term stability and high defect densities are still the two issues hindering PSC 

commercialization.[4] Compared to the defect densities of traditional semiconductors, such as, 

Si (~108 cm-3 ), CdTe (1013-1016 cm-3), CIGS (Cupper Indium Gallium Selenide 1011-1015 cm-

3), GaN (~5×1015 cm-3) and GaAs (1013-1015 cm-3), solution-processed polycrystalline OMHPs 

exhibit slightly higher defect densities (1016-1017 cm-3), however, monocrystalline perovskites 

exhibit a significantly improved structural quality and subsequent lower amount of densities 

(109-1011 cm-3).[5] Although the majority of structural defects, with energies just above or below 

the conduction band and valence band, are known not to cause carrier trapping, the main action 

point for improving PSC performance is controlling harmful defect-associated charge carrier 

traps with energies within the bandgap. These traps result in efficiency losses by non-radiative 

recombination.[5-6]  

Despite the use of sophisticated synthetic techniques and strictly controlled reaction conditions, 

the formation of harmful native defects during OMHP crystal growth cannot be avoided[5, 7]. 

For example, MAPbI3 exhibits high trap densities in both polycrystalline (1016-1021cm-3) and 

single crystalline (1010cm-3) morphologies.[5] Still, MAPbI3 is the most popular material 

explored for PSCs due to its suitable bandgap (~1.5 eV) compared to its chloride and bromide 

counterparts.[8] Much attention has been paid to investigate and mitigate the harmful defects, 

such as interstitials,[8] in MAPbI3 perovskites. So far, Density Function and First Principle 
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calculations are the most powerful and direct tools for exploring the origin of traps and 

predicting possible solutions to decrease trap densities.[8-9] For example, in lead iodide 

perovskite materials, iodide interstitials are regarded as potential deep traps by First Principle 

calculations, and it has been reported that bromine and chlorine doping can effectively 

neutralize these iodine traps.[8] Although iodide vacancies have been established as non-harmful 

defects with their energy level close to the conduction band,[5] Nan et al. claimed[10] that 

chloride doping can suppress the formation of discrete traps related to iodide vacancies. 

Because of the weak Pb-I bond and easy iodide ion migration, iodide vacancies are readily 

formed behaving similar to a lead interstitial.[10] Moreover, Cl- at grain boundaries in OMHP 

thin films also effectively passivates surface defects, enhancing PL intensity.[11] Thus, chloride 

doping is beneficial for reducing both intrinsic (vacancies, interstitial, antisites, ….) and 

extrinsic defects (surface defects, grain boundaries, ...). Unfortunately, conclusive experimental 

evidence on chloride-induced trap passivation has not yet been provided. 

The commonly employed optical parameters to assess the impact of traps on the OMHP 

performance include PL quantum yield (PLQY) and PL lifetimes. However, traditional PL 

enhancement and longer PL lifetimes may not be conclusive for trap density suppression, since 

the improvement of these parameters can be related to potential morphology changes, rather 

than effective defect passivation. For example, generally, grain boundaries (GBs) refer to the 

interface between two grains in polycrystalline materials and are 2D defects in the crystal 

structure, decreasing the electrical and thermal conductivity of the materials. The detection of 

longer PL lifetimes can be be attributed to the formation of less grain boundaries (GBs), while 

trap densities in the grains remains the same. Saidaminov et al. reported a substantial PL 

enhancement, longer PL lifetime, and an improved PV efficiency for Cl- doped 

Cs0.05MA0.15FA0.8PbI2.55Br0.45,
[12] yet at the cost of material stability. Likewise, Hwang et al. 

found that Cl- passivation of MAPbI3 thin films resulted in an enhanced PL intensity and an 
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extended PL lifetime, however, with inferior PV efficiency compared to the pristine 

perovskite.[13] In contrast, the same research group found an improved PV performance for Cl- 

post-treated (Cs0.05FA0.79MA0.16)Pb(I0.84Br0.16)3 perovskite films but with a decreased PL 

intensity and shorter PL lifetime.[13] Hence, more direct and advanced optical techniques to 

quantify trap densities are required.  

Studying PL blinking behavior in OMHP single particle has emerged as a reliable method to 

unravel charge carrier dynamics in light-emitting materials.[14] PL intermittency (blinking) is 

the temporal PL intensity fluctuation assigned to a photo-assisted switching between a bright, 

neutral state (weak or no quenching = “ON” state) and a dim, charged state (strong 

luminescence quenching = “OFF” state). Several mechanisms have been proposed to describe 

the blinking behavior in OMHP particles. It is generally accepted that PL blinking is attributed 

to the switching between an active and passive state of non-radiative or deep trap recombination 

centers.[15]  Trap density variations or ion migration[16], greatly affecting carrier dynamics, can 

be revealed by analyzing PL blinking data of individual OMHP particles, which are hard to 

probe using normal optical techniques such as steady-state PL and time-resolved PL. 

Generally, monocrystalline OMHP nanocrystals exhibit relatively low trap densities,[5, 15, 17] and 

the charge carrier dynamics affecting the optical and electronic properties can be systematically 

and independently probed because of the absence of grain boundaries. In this paper, we examine 

the effect of chloride doping in MAPbI3 NCs on the NC morphology, crystalline quality, and 

the bulk as well as single particle level PL properties. From these observations, the role of Cl- 

in the growth and photophysical performance of MAPbI3 NCs was determined. With Cl- 

incorporation, the bulk PLQY increased and the PL lifetime of individual MAPbI3 NCs was 

found to be much longer. Additionally, less blinking was observed as indicated by the more 

bright and longer duration of ON states (i.e. increased power-law exponents for the ON 
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distribution). All these experimental factors indicate lower trap densities compared with pure 

MAPbI3 NCs. 

 

 

2. RESULTS AND DISCUSSION 

2.1 Morphology, structure, and composition of MAPbI3 NCs.  

 

Figure 1. (a) SEM images and size distribution histogram of the edge lengths of MAPbI3 

nanocrystals with 0%, 2% and 5% Cl doping (dropcasting of a diluted suspension on glass slide ). 

(b) XPS spectra of Pb 4f, I 3d and Cl 2p core levels recorded with excitation energy of 4000 eV 

for MAPbI3 nanocrystals without and with chloride doping (dropcasted films on silicon 

substrate). (c) Schematic representation of the MAPbI3 tetragonal phase. The grey, black and 

pink spheres represent MA cation, Pb, and I elements, respectively. (e) XRD patterns and (d) 

Comparison of (002) and (110) Bragg peaks (dropcasted films on Mylar substrate). 
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For pinpointing representative amounts of Cl doping to perform a reliable comparative study 

with pure MAPbI3 NCs, six samples with different Cl content were screened, i.e. NC samples 

resulting from 0, 1, 2, 5, 9 and 11 molar% Cl-containing precursor solutions. According to SEM 

imaging (Figure 1a), for the pure MAPbI3 NC sample, a mix of MAPbI3 nanoplates and 

nanorods with an average size of 300 nanometers is observed. Based on AFM (Figure S6b), a 

particle thickness of 70 nm was identified. Upon chloride doping, less nanorods but more and 

larger nanoplates were formed, the latter with a size distribution peaking at approximately 800 

nm. That means that the two doped samples contain particles with sizes of roughly the same 

order of magnitude as compared to the pure MAPbI3 NCs. As reported previously, a templated 

self-assembly process via the formation of a MAPbCl3 intermediate phase guides nucleation 

and growth in the chloride-containing systems, resulting in larger crystals.[18] With 9% and 11% 

Cl doping, however, the formation of nanofiber-like crystals is observed (Figure S2). This 

morphology change can be explained by the preferred expression of certain crystal facets due 

to the additional MACl in DMSO solution,[18-19] or more specifically, due to the presence of 

DMSO. A PL blue shift was observed for these two “heavy” Cl-doped MAPbI3 NCs, while the 

MAPbI3-1, 2 and 5%Cl samples exhibited a slight gradual red-shift (Figure S4). A similar trend 

was described in work by Nan et al.[10] in which they report that the doping procedure with a 

higher Cl content has a detrimental effect on the crystalline quality.[20] In order to correctly 

assess the changes in structure and optical properties with and without chloride doping, it is 

important to also consider the effect of the polar solvent DMSO, used for dissolving MACl.  

We established that the effect of DMSO on the crystal quality of the perovskite is minimal for 

the low doping levels (up to 5%Cl, see supporting information). Therefore, based on these 

initial screening results, further studies were selectively performed on the MAPbI3, MAPbI3-

2%Cl, and MAPbI3-5%Cl NCs (which did show very little morphology and optical changes), 

for obtaining a quantitative comparative study on the intrinsic variation of the structural and 

photophysical properties upon Cl-doping. 
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XPS was performed to get information on the elemental composition of the NC surface after 

adding chloride. Figure 1b shows the Pb 4f, I 3d and Cl 2p spectra of MAPbI3, MAPbI3-2%Cl 

and MAPbI3-5%Cl. For Pb 4f, the two main peaks are attributed to Pb 4f5/2 (141-146 eV) and 

Pb 4f7/2 (136-140 eV), respectively. The small peak around 137 eV results from the presence of 

Pb0.[21] The minor shifts in the Pb 4f spectrum fall within the region of the instrumental error 

(around 0.1 eV).[22] Overall, the XPS spectra of the Cl-doped samples overlap with the one of 

the pure MAPbI3, indicating that the doping did not alter the overall electronic structure. 

Considering Cl 2p, no significant signal of Cl could be detected for the Cl-doped NCs. 

Furthermore, EDS measurements indicate a homogeneous distribution of carbon, lead, and 

iodide in element mapping, but did not indicate the presence of chloride, as shown in Figures 

S6a and c. These data suggest that the content of chloride is below the detection limits of XPS 

(0.1%-1%, detection depth: ~ 10 nm) and EDS (0.1%, detection depth: ~1 μm). Note that the 

total amount of Cl which was added to the precursor solution (2% and 5%, respectively), did 

not necessarily all react to be incorporated into the MAPbI3 NCs. A similar observation was 

found in MAPbI3 thin films ‘heavily’ doped with chloride[18, 23] in which chloride-related 

signals were also absent in their XPS or EDS data. A similar result for chloride doping in 

FAPbI3 materials has also been reported in literature.[11, 24] Finally, the presence of chloride was 

confirmed previously by more sensitive techniques such as nano-probe X-ray fluorescence[23b] 

and X-ray absorption near edge structure refinement[25]. In the corresponding XRD patterns 

(Figure 1d), no clear peak shift can be observed for all three MAPbI3, MAPbI3-2%Cl and 

MAPbI3-5%Cl samples, suggesting the same crystal structure and lattice parameters. The peaks 

at about 2θ = 13.9˚ and 14.1˚ are typically assigned to the tetragonal phase. With an increasing 

amount of chloride, those two peaks exhibit relative narrowing, as magnified in Figure 1e. A 

possible explanation is an improvement of the crystalline quality resulting from Cl doping. 

These results are consistent with the information obtained from DFT calculations[10] by Nan et 
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al. which predicted that the local geometric distortions can be suppressed by low chloride 

concentrations.  

 

2.2 PL, PL lifetime, and PL blinking behavior of MAPbI3 NCs in air.  

Figure 2a depicts the absorption and normalized steady-state PL spectra. With increasing Cl 

content, a small but clear redshift in PL (about 10 meV) and absorption (~10 meV) can be 

observed, which supports the notion of improved crystallinity within the Cl-doped MAPbI3 

NCs. The pure MAPbI3 NCs exhibit a PL quantum yield (PLQY) of 7.5% (Excitation power 

density 0.9 mW/cm2). This value is relatively low when compared to literature,[26] where they 

report PLQY values of 20-30% for MAPbI3 NCs of roughly 20 nm. However, the crystals 

studied here are more than an order of magnitude larger, and size effects comes into play. Upon 

incorporation of 5% of chloride, the value reached 13% (same excitation power density as for 

undoped sample), which is almost two times the value obtained for pure MAPbI3 NCs. The 

average lifetimes of MAPbI3, MAPbI3-2%Cl and MAPbI3-5%Cl NCs were measured, as these 

strongly correlate to the charge diffusion dynamics and recorded power conversion efficiency 

 

Figure 2. (a) Absorption (right) and normalized PL (left, 488 nm excitation) spectra of MAPbI3 

NCs with 0%, 2% and 5%Cl. (dropcasted film on a quartz substrate) (b) Normalized time-

resolved PL decay and fitted curves for MAPbI3-0, 2 and 5%Cl NCs (drop of NC suspension on 

a cover glass), measured in air with pulsed excitation (485 nm, 2 MHz, 4.85×1012 photons/cm2). 

The inset table displays the extracted fitting parameters, i.e. three lifetime components and 

corresponding amplitudes for each set of NCs.    
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(PCE) of perovskite solar cells. Normally, intrinsic recombination is considered when studying 

carrier lifetimes. In reality, PL decay time is related to many factors such as crystal size and 

shape,[27] defect type, and defect density.[28] Obviously, for deep traps, in which non-radiative 

recombination takes place, lower trap densities favor longer lifetimes. The trapping and trap-

escaping time strongly depend on the trap types and location of surface defects.[5] In order to 

gain more information on these emission dynamics, the fluorescence decay of an ensemble of 

NCs deposited on glass cover slides was measured by using time correlated single photon 

counting (TCSPC, Figure 2b). Lifetime information has been be extracted by fitting the decay 

curves; the fitting parameters of the MAPbI3 NCs with different contents of chloride are shown 

in the inset of Figure 2b. The MAPbI3 NCs show lifetime τ values of 0.55 ns (τ1), 5.26 (τ2) and 

50.52 ns (τ3), respectively. In general, the decay curves show that the PL lifetime increases 

substantially with the chloride content. Upon 5% chloride doping, the shorter decay times τ1 

and τ2 are tripled for the crystals with 5% doping, while the contribution of τ1 substantially 

decreased in favor of the long component. In fact, a τ3 value of 108 ns is measured, which is 

almost double the one of pure MAPbI3 NCs, and which exhibits a significantly higher 

contribution (A3 = 13% VS 1%, respectively). A similar phenomenon was reported by Son et 

al.[29] and Jung et al.[30] for passivated MAPbI3 by MAI and octylammonium iodide, 

respectively. Except for an increased average lifetime after passivation, they reported that a 

higher contribution of the longer lifetime results from a larger number of free charge carriers, 

indicating a strongly suppressed trap-assisted recombination.[29] Actually, the lifetime 

components can be assigned to different physical origins. [31] The shorter component has been 

related to the radiative recombination at the NC surface states and the intermediate lifetime has 

been attributed to exciton recombination.[31] The longer lifetime component is attributed to free 

charge carrier propagating deeper in the materials. The overall observed longer lifetimes thus 

point towards reduced trap-assisted non-radiative recombination to bulk and/or surface states, 

thereby increasing the diffusion length of photo-generated electrons and holes.  
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When performing PL blinking experiments, it is important to only consider the PL intermittency 

of individual, non-clustered NCs[17] in order to correctly quantify the potential change of trap 

densities without and with chloride doping by excluding grain boundaries. This is made possible 

by correlated wide-field microscopy/SEM imaging.[32] (Figures S8) For a detailed explanation 

on recognizing biased data sets, please consult the SI, Figures S9-S12. Most importantly, the 

PL blinking behavior of single NCs located in or near a nanocluster does not represent intrinsic 

conditions and should not be considered. 

Hence, only individual NCs were selected for monitoring the PL intensity intermittency. When 

collecting PL intensity transients of a single MAPbI3 NC within a field of view of 32 µm x 32 

 

Figure 3. (a) SEM image (left), and corresponding PL image, PL time trace (right to the 

central) of the same NC and its corresponding histogram (right) of PL intensity of a single 

MAPbI3 (b) and MAPbI3-5%Cl (b) NC, with the examination area shown by the red square. 

(c) Proportion of bright single particles (PL intensity (counts)/surface area (µm2) > 2 x 105) 

with incorporation of 0%, 2%, and 5% Cl. Normalized probability distributions of the 

duration of (d) ON times and (e) OFF times of MAPbI3 NCs with 0%, 2% and 5% Cl doping. 

(over 40 individual NCs for each of the MAPbI3, MAPbI3-2%Cl, and MAPbI3-5%Cl 

samples. The ON/OFF events of MAPbI3 NCs with 0%, 2% and 5%Cl are 2977/2976, 

2752/2749, and 2445/2453, respectively.)  
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µm, well-defined bright (ON) and dim (OFF) states can be observed (Figure 3a). The intensity 

of the OFF state is much higher than that of the background, offering solid data sets for doing 

reliable analysis. Besides the conventional PL blinking with binary behavior (ON and OFF 

state), the intermittency in some NCs shows multiple discrete PL levels (Figure S14)  indicating 

a variation of trap densities in single NCs with time. Indeed, the impact of a defect can vary 

depending on time, light irradiation, environmental condition, or one defect type can transform 

to another by electronic excitation and/or reaction with another defect. These trap dynamics are 

often assigned to ion migration.[6] In these experiments, a gradual decrease in PL intensity upon 

illumination can be observed. A comparable PL decrease has been reported for MAPbI3 

microcrystals[33] and CsPbI3 QDs[34] and may arise from perovskite degradation.[34-35] Notably, 

with the incorporation of chlorine (Figure 3b), a larger amount of bright particles could be 

observed with longer “ON” times. It is noted that the gradual PL decrease is not present for Cl-

doped NCs, at least not in the time window for collecting the PL intensity transient, pointing at 

increased stability toward light-induced perovskite degradation. Moreover, the PL brightness 

increased with the Cl content (Figure 3c), conform the higher PLQY values as discussed before. 

The distribution of the average brightness is depicted in Figure S15. Figures 3d and 3e show 

the histograms of the duration of ON and OFF times of blinking events recorded on over 40 

individual NCs of each the MAPbI3, MAPbI3-2%Cl, and MAPbI3-5%Cl samples. Each time 

trace was recorded for 300 s at the same laser power density of 50 mW/cm2. Generally, the 

observation of the power-law behavior of  ON/OFF-state for single emitters is related with the 

exponential distribution of the spatial locations and energies of the trap(s) present in/near the 

emitter.[36] This power-law distribution, applied to single emitters, can be expressed by the 

probability formula comprising the time spent in the ON and OFF state, respectively, p(tOFF/tON) 

∝ tα.[36] Even though the choice of a threshold value to determine the PL trajectories into ON 

and OFF can greatly affect the probability distribution,[37] the variations between the 

distributions containing several thousands of events each, comprise a reliable and established 
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procedure to monitor trap density changes. The power-law exponents α used for fitting tON and 

tOFF for the pure and Cl-doped NCs are given in Figures 3e and 3f. (Figure S16) Interestingly, 

almost the same exponent α was applied for fitting the OFF distribution, which may arise from 

similar active rates of charge trapping. The ON state was found to appear more frequent and 

last longer with an increasing amount of chloride doping. Upon increasing the content of 

chloride, the average ON time increased as well, from 1.29 s to 3.10 s. The ON distributions 

hence exhibit slightly higher power-law exponents, ranging from α=-1.33 to -1.11 for pure 

MAPbI3 and MAPbI3-5%Cl NCs, respectively. The power-law distributions of ON and OFF 

times are directly related to the rates of switching between passive and active states of the deep 

trap-assisted non-radiative recombination centers. In line with the increased brightness of the 

chloride-doped NCs, the higher α exponents for the ON distribution indicate a more stable 

passive state after adding Cl, even though the chloride content is very small. Actually, DFT 

calculations and some experimental efforts have been carried out on exploring the nature and 

effect of chloride dopants. Based on DFT, suppressed lattice distortions and defect densities 

can be achieved.[10] As a confirmation, the defect activation energies for MAPbI3 and 

MAPbI3−xClx vary from a relatively deep (74.4 meV) to a shallow level (21.6 meV) revealed by 

capacitance-voltage measurement.[38] Similarly, longer diffusion lengths of over 1 µm for 

MAPbI3−xClx compared to pure MAPbI3 (100 nm) were reported by Chen et al.[7b] Moreover, 

Tan et al.[39] have shown chloride can act as an effective passivation agent at the interface of 

perovskite and TiO2 layers due to the much higher formation energy of Pb-Cl anti-site defects 

(shallow) in comparison to that of Pb-I anti-site defects (deep). However, until now, no 

systematic effort to connect these simulations with experiments has been reported. 

Complementary to the prolonged lifetimes observed for Cl-doped MAPbI3 NCs, the increase 

of power-law exponents in this PL blinking study appropriately quantifies the decrease of trap 

densities, building the bridge between DFT predictions and experimental results on chloride 

doping.  
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2.3 Comprehensive analysis of blinking statistics.  

To explain the power-law behavior of ON and OFF distributions of QDs, several blinking 

models have been proposed.[36, 40] However, recent work has revealed that the blinking in 

OMHP nano- and microcrystals is actually mechanistically different from blinking in quantum 

dots (QDs).[15, 41] For example, Auger-induced non-radiative recombination does not contribute 

to the blinking in large OMHP crystals.[41] Briefly, these models correlating blinking and trap 

depth/densities in QDs are not applicable to the perovskite nanocrystals. i.e. the mechanistic 

information we can currently obtain from the blinking behavior of perovskite nanocrystals, is 

only qualitatively. According to reported theories,[15, 41] ON and OFF state durations are related 

to the rate of switching between passive/active states of non-radiative (NR) centers in OMHP 

nanocrystals. In this work, a more frequent occurrence of longer ON states reflects a more stable 

passive state of the NR centers. We propose that chloride doping slows down the active trapping 

rate in fluctuating NR sites or decreases the number of NR centers. A similar phenomenon was 

also reported in OMHP nanocrystals by trap filling.[33, 37d] Trap density suppression due to trap 

filling by increasing the excitation power density results in more stable passive trap state and 

subsequent longer ON state durations. Therefore, we can imply a more stable passive state in 

this work. After chloride doping, the concentration of NR (deep trap) sites may be reduced 

resulting in bespoke stable passive state and subsequent longer and more frequent ON states. 

Regarding the similar distribution of OFF time durations, we speculate it may be related to the 

efficiency of charge trapping depending on the trap depth.[17] In other words, the mean OFF 

state times may be mainly dominated by some very efficient deep traps, finally resulting in 

almost the same OFF-state times in our study. Although the exact type of the very efficient 

traps cannot be determined, our work suggest that multi-defect passivation is key to obtain trap-

free OMHP nanoparticles. 

3. CONCLUSION 
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In this work, we demonstrate that advanced PL blinking studies of OMHP nanocrystals, are key 

to correctly assess the effect of Cl doping on defect types and densities. Here, MAPbI3 NCs 

with the addition of 0%, 2%, and 5% of chloride were prepared and characterized structurally 

and optically. Despite the minute Cl doping, it plays a vital role in structure, morphology, and 

PL properties. When adding MACl to the precursor solution, the NCs end up to be more 

monocrystalline, slightly larger, and more plate-like. The PLQY of the Cl-doped NCs nearly 

doubled and also PL lifetime measurements resulted in almost doubled PL decay times. Next, 

the PL blinking behavior of the MAPbI3, MAPbI3-2%Cl and MAPbI3-5%Cl NCs were studied 

comparatively for the first time. The ON distributions exhibited slightly higher power-law 

exponents (α increases from -1.33 to -1.11) with an increasing amount of chloride doping. All 

these findings indicate that, upon Cl doping, trap densities are reduced compared to pure 

MAPbI3 NCs, suggesting that chloride efficiently passivates traps in MAPbI3 NCs either by 

decreasing trap formation during the crystal growth or by inducing a shift of the trap states to a 

shallower level. These findings are useful for guiding defect passivation in a broad range of 

metal halide perovskite materials toward improving the performance of perovskite 

optoelectronic devices. 

4. EXPERIMENTAL SECTION/METHODS 

Nanocrystal synthesis and sample preparation 

All the chemicals were used as received, including methylammonium iodide (MAI, 98%, 

Greatcell solar materials Pty Ltd.), Lead (II) iodide (PbI₂, 99%, Sigma-Aldrich), 

methylammonium chloride (MACl, 98%, Sigma-Aldrich), lead (II) chloride (PbCl2, 98%, 

Sigma-Aldrich),  trioctylphosphine oxide (TOPO, 99%, Aldrich), oleylamine (OAm, 70%, 

technical grade, Sigma-Aldrich), acetonitrile (ACN, 99.8%, Sigma-Aldrich), dimethyl 

sulfoxide (DMSO, ≥99.9%, ACS reagent), and toluene (ACS, Reag. Ph. Eur.). 
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Cl-doped perovskite NCs were produced by applying the injection-precipitation method. The 

precursor solution was prepared by dissolving PbI₂ (0.04 mmol, 18.8 mg) and MAI (0.12 mmol, 

18.8 mg) in 20 mL of ACN. MACl (13.6 mg, 200 μmol) was dissolved in 1 ml DMSO. 0, 1, 2, 

5, 9 and 11 molar% ( Cl :I molar ratio)  Cl-containing solutions were prepared by adding 0, 1, 

2, 5, 8, 10 μl of the MACl solution, respectively, directly to 3 ml of the precursor solution. 

MACl was chosen as doping salt because MA-cation-related intrinsic defects do not contribute 

to mid-gap traps. In parallel, the capping agents, 72 μL of OAm and 60 mg of TOPO, were 

dissolved in 30 mL toluene as anti-solvent and divided into six batches under stirring. Five 

minutes after injection of 1.3 mL of the doped precursor solution to the vigorously stirred 

capping agent solutions, an extra 7 mL of toluene was added dropwise. The mixture was kept 

stirring at room temperature for 4 hours, resulting in a dark brown suspension containing 

MAPbI3 nanocrystals. The dark brownish suspension was then washed twice by centrifugation 

for 30 minutes at 4200 rpm and the residue was re-dispersed in 4 mL of toluene. The final 

suspensions of MAPbI3, MAPbI3-1%Cl, MAPbI3-2%Cl, MAPbI3-5%Cl, MAPbI3-9%Cl and 

MAPbI3-11%Cl NCs were kept in the dark. Note that the total amount of Cl which was added 

to the precursor solution, did not necessarily all react to be incorporated into the MAPbI3 NCs. 

To explore the effect of the DMSO solvent added while performing Cl-doping, additional 

samples comprising 0, 0.03, 0.07, 0.17, 0.27 and 0.33 volume% DMSO (DMSO : ACN volume 

ratio) were prepared by adding 0, 1, 2, 5, 8, 10 μl  of DMSO solvent, respectively, into 3 mL of 

the MAPbI3 precursor solution. The rest of the procedure remained the same as the one 

described above. SEM (scanning electron microscopy) and AFM (atomic force microscopy) 

were performed by respectively dropping 10 μl of the suspension onto a 5 mm × 5 mm silicon 

chip and mica substrate, which were dried at ambient conditions. For the wide-field microscope 

and time-resolved single-photon counting (TCSPC) measurements, 20 μl of the toluene 

suspension was dropped and spin-coated at 1500 rpm for 60 s onto a clean glass cover slide. 

Methylammonium lead chloride (MAPbCl3) was prepared by mixing an equi-molar ratio of 
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MACl and PbCl2 in DMSO (0.2 M), which was dropped on a clean silicon substrate and 

annealed at 160 ℃ for 10 minutes. 

Characterization  

Scanning Electron Microscope (SEM) images were obtained using a FEI Quanta FEG-250 

environmental SEM equipped with a spectrometer for Energy-dispersive X-ray spectroscopy 

(EDS). X-ray diffraction (XRD) patterns were recorded on a Malvern PANalytical Empyrean 

diffractometer using a Debye-Scherrer transmission geometry equipped with a PIXcel3D solid-

state detector using a Cu anode. X-ray photoelectron spectroscopy (XPS) was performed by a 

K-alpha Thermo spectrometer working with an Al Kα radiation at 1486.68 eV. Atomic Force 

Microscopy (AFM) images were acquired by a Smart-1000 (AIST-NT) and WSXM[42] software 

was used to determine particle thickness. The absorption spectrum was characterized by a 

Lambda 950 spectrophotometer. Steady-state photoluminescence spectra were measured on an 

Edinburgh FLS980 fluorimeter, with an excitation wavelength of 488 nm. The PL blinking time 

traces were recorded by an integrated optical and electron microscope system which consists of 

an FEI Quanta FEG-250 SEM equipped with an inverted optical microscope (Olympus IX71). 

The emission light is collected by an EM-CCD camera (Image-EM X2, Hamamatsu). All data 

were recorded over 3000 frames using a high-speed EM camera with an exposure time of 100 

ms. A 488 nm laser was used as the excitation source. The PL blinking time trace was recorded 

by this integrated system, before capturing the SEM morphology images. PL time traces were 

extracted using a home-developed Igor super-resolution localization code. Half the intensity of 

the bright state, after subtracting the background, was used as the threshold to determine the 

ON/OFF times[27, 33, 37d]. Time-Correlated Single Photon Counting (TCSPC) data were recorded 

by a home-built confocal fluorescence lifetime imaging (FLIM) microscope. A pulsed 485 nm 

laser diode with a laser pulse frequency set at 2 MHz was used as the excitation source. The 

emission channel was filtered by a bandpass filter (705-755 nm). 

Supporting Information  
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