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photodetectors,[15–18] has drawn much 
research attention in recent years. Many 
efforts have been made in optimizing 
their macroscale device performance 
by improving material processing and 
device fabrication; however, many ques-
tions remain unanswered. Particularly, 
experimental investigations at a nano-
scopic level are urgently required to 
deepen understanding of often-observed 
heterogeneous properties in polycrys-
talline OIHP films. Grain boundaries 
(GBs), the morphological gaps that define 
each crystal grain, are found to seclude 
photophysical properties of each crystal 
grain.[19] de Quilettes et al. recently 
reported inter-grain heterogeneity in 
photo luminescence (PL) intensity and 
decay times of micron-sized crystal grains 
in OIHP polycrystalline films.[19] Next 
to grain boundaries, crystal facets, local 
chemical composition, defects, and trap 
densities are recently found to all con-
tribute to heterogeneity.[19–25] The recently 
reported migration of ionic and defect 
species driven by light or electric field 

and their influence on material properties provide further 
insight into the highly dynamic and complex nature of these 
materials.[22,26–34]

Organic–inorganic halide perovskites (OIHPs) have demonstrated outstanding 
energy conversion efficiency in solar cells and light-emitting devices. In spite 
of intensive developments in both materials and devices, electronic traps and 
defects that significantly affect their device properties remain under-investigated. 
Particularly, it remains challenging to identify and to resolve traps individually 
at the nanoscopic scale. Here, photo-active traps (PATs) are mapped over OIHP 
nanocrystal morphology of different crystallinity by means of correlative optical 
differential super-resolution localization microscopy (Δ-SRLM) and electron 
microscopy. Stochastic and monolithic photoluminescence intermittency 
due to individual PATs is observed on monocrystalline and polycrystalline 
OIHP nanocrystals. Δ-SRLM reveals a heterogeneous PAT distribution across 
nanocrystals and determines the PAT density to be 1.3 × 1014 and 8 × 1013 cm−3 
for polycrystalline and for monocrystalline nanocrystals, respectively. The higher 
PAT density in polycrystalline nanocrystals is likely related to an increased defect 
density. Moreover, monocrystalline nanocrystals that are prepared in an oxygen- 
and moisture-free environment show a similar PAT density as that prepared 
at ambient conditions, excluding oxygen or moisture as chief causes of PATs. 
Hence, it is concluded that the PATs come from inherent structural defects in 
the material, which suggests that the PAT density can be reduced by improving 
crystalline quality of the material.
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The rapid emergence of organic–inorganic halide perov-
skites (OIHPs) for optoelectronics applications, including 
photovoltaics,[1–7] light-emitting devices,[8–14] and 
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Traps that directly interact with charge carriers are deter-
ministic to the materials’ optoelectrical properties in strikingly 
different ways.[35] On the one hand, the shallower hole traps 
associated with iodine interstitial defects are recently proposed 
in a theoretical work to extend charge carrier lifetimes, which 
is beneficial to the material’s optoelectronic applications.[36] 
On the other hand, other traps, likely electron traps, result in 
energy loss by creating nonradiative recombination pathways 
for charge carriers, compromising the material’s optoelectronic 
performance.[37] Thus far, analysis on traps in OIHP mate-
rials has been mostly carried out by bulk electrical and optical 
measurements, in which the overall trap densities on the order 
of 109 – 1010 cm−3 and 1015 – 1019 cm−3 are reported for bulk 
single crystals and polycrystalline films, respectively.[38–42] The 
bulk results are good indications for the overall material quality. 
Nonetheless, it remains challenging to resolve the spatial dis-
tribution of traps at the nanoscale and to distinguish the non-
radiative traps from other types of traps, making it difficult to 
evaluate how the traps affect the charge carrier dynamics in the 
material on the nanometer scale.

Recent developments in single particle PL microscopy on 
colloidal OIHP nanocrystals make it possible to probe nonra-
diative traps in OIHP nanocrystals up to 200 nm (102 – 108 nm3 
in volume) by monitoring PL intermittency on well-isolated 
crystals.[43–47] Such an active trap efficiently quenches PL emis-
sion by generating efficient nonradiative recombination path-
ways for charge carriers, resulting in PL intermittency. Detailed 
analysis revealed power-low statistic of the PL intermittency, 
that can essentially be rationalized as trapping/detrapping pro-
cesses.[44,45] Furthermore, the observed environment-depend-
ency of PL intermittency suggests the presence of traps close to 
perovskite surface. Because these traps show a strong depend-
ence on light illumination,[43,44] they will be referred to as 
photo-active traps (PATs) hereafter. PATs have a negative impact 
on the performance of photovoltaics and light-emitting devices 
and elimination of trap-assisted nonradiative recombination 
might therefore be an effective strategy toward more efficient 
OIHP applications. While recent studies imply that PATs might 
also be associated to structural defects,[44,48–50] their exact nature 
and origin remains largely elusive, hindering developments to 
specifically minimize PATs for improved OIHP applications.

Herein, we unravel the link between PATs and structural 
defects by resolving individual PATs in single nanocrystals 
using correlative optical differential super-resolution locali-
zation microscopy (Δ-SRLM), scanning electron microscopy 
(SEM), and high-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM). By fine-tuning 
the ligand-assisted synthesis, methylammonium lead iodide 
(MAPbI3) single crystals of controlled morphology and crystal-
linity are prepared. Monolithic single-step PL intermittency are 
observed in both monocrystalline and polycrystalline MAPbI3 
single crystals up to several microns in size, showing that a 
single PAT can dictate the PL emission process of an entire 
single crystal of micrometer size, regardless to the presence 
of epitaxial domain boundaries. The finding here implies 
that epitaxial domain boundaries in a polycrystalline crystal 
have negligible influence on charge carrier diffusion in the 
micrometer range, providing fundamental insights for under-
standing the surprising fact that polycrystalline OHIP films 

can support high conversion efficiencies. We here, for the first 
time, use Δ-SRLM to map the spatial distribution of PATs and 
show this distribution is correlated to particle morphology 
and crystallinity as revealed in SEM and HAADF-STEM. This 
allows visualization of PAT spatial density for nanocrystals of 
different morphology and crystallinity, namely, monocrystal-
line nanorods, monocrystalline nanoplates, and polycrystalline 
polyomino plates. While the PAT density does not vary notably 
in monocrystalline crystals of different morphology, the signifi-
cantly higher PAT density found in polycrystalline nanocrystals 
indicates that PATs are related to structural defects.

In conventional SRLM, localization-fitting algorithms are 
applied onto the stochastically switching single-emitter PL sig-
nals between a bright and a dark state, so that the emission 
center position can be determined. The technique holds for a 
single active emitter within a diffraction-limited volume, which 
can be identified by the signature of single-step PL intermit-
tency or photobleaching. Building on sufficient photon sta-
tistics, the optical resolution can be improved down to a few 
nanometers.[51,52] Thanks to the PL intermittency of OIHP 
nanocrystals, optical SRLM can be applied to identify the well-
isolated nanocrystal containing PATs with a spatial resolution 
beyond the optical diffraction limit.[44,45] Direct application of 
conventional SRLM on densely packed perovskite nanocrystals 
in a film is, however, not straightforward. Particularly, perov-
skite PL possesses long-lived bright states and low occurrences  
of PL intermittency, leading to a strong and almost constant 
PL background in a film sample or a densely-packed cluster 
of nanocrystals. To apply the method to clusters of perovskite 
nanocrystals that recreate films used in devices, here we adapt 
the localization-fitting procedure using PL differences between 
consecutive images, namely, differential SRLM (Δ-SRLM), 
to map the PL intermittency events caused by PATs. Δ-SRLM 
fitting is carried out on the intensity differential images calcu-
lated from video data of 10 000 frames (frame time 50 ms) of 
each sample area. Briefly, every frame of the PL movie (In+1) 
is subtracted by its previous frame (In), so that the intensity 
different image (ΔIn) can be generated and can be described 
by ΔIn =In+1 – In. The differential images thus reflect the PL 
intensity changes during intermittency events. Applying 
2D-Gaussian fitting on the intensity differential images, one 
can identify and localize the PL intermittency events, even in 
the presence of a high constant background.

Monocrystalline and polycrystalline nanocrystals of several 
hundred nanometers are prepared by a ligand-assisted solu-
tion synthesis method, modified from a previously reported 
method.[44,53] To exclude surface effects,[19,39,44] tri-n-octylphos-
phine oxide is used in the synthesis for surface passivation.[54] 
The surface passivation eliminates the surface traps that are 
responsible for the majority of PL blinking events in earlier 
reports, yielding an extended PL decay time of 118 ns that is 
almost doubled from the nonpassivated nanorods.[44] In addi-
tion, the surface passivation isolates perovskite from direct 
interaction with oxygen and moisture in air, thus providing 
enhanced stability during optical measurements, making it pos-
sible to acquire sufficient long movies, hence improving statis-
tics for locating PATs by Δ-SRLM. Figure 1 shows typical SEM 
images of the synthesized nanorods and nanoplates. HAADF-
STEM reveals the monocrystalline nature of the nanorods and 
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nanoplates. The observed crystal lattice parameter of 6.4 Å is in 
agreement with that of the cubic phase MAPbI3 (a = 6.455 Å).[55] 
MAPbI3 nanorods and nanoplates show PL decay times of 118 
and 432 ns, respectively. PL decay curves of nanorods and nan-
oplates, fit with stretched exponential functions, are shown in 
Figure 1d.

Figure 2a–c presents PL images and the SEM image on a 
single nanorod of 1800 nm in length and 100 nm in width. 
The nanorod shows PL intermittency between a bright state 
(Figure 2a) and a dim state (Figure 2b) with time. Interestingly, 
PL intensity across the entire rod shows a homogeneous inten-
sity level throughout the measurement regardless to the bright 
or dim state, suggesting monolithic PL intermittency behavior. 
To further demonstrate this point, PL intensity time traces 
(Figure 2d) are extracted for two regions at opposing ends of the 
nanorod as indicated by black and red squares in Figure 2a–c.  
PL intensities at these two ends show an almost unity correla-
tion coefficient (0.972, Figure 2e). The distance between the two 
spots largely exceeds the diffraction limit, such that PL cross-
talk can be safely excluded. The observed single-step and mono-
lithic PL intermittency observed on OIHP nanocrystals is likely 
due to a single PAT inside the nanorod.

The ability of a single PAT to control the PL intermittency of 
a nanocrystal is associated with long charge diffusion length: the 

PAT is screened by the photo-generated charges 
in a nanocrystal whose dimensions are much 
less than the average charge diffusion length. 
Even though charge mobility and charge diffu-
sion length can vary between different sample 
preparation methods,[56] polycrystalline grains 
in thin films can result in charge diffusion 
lengths of a few hundred nanometers.[56–58] 
Here we use reported charge mobility in large 
single crystals MAPbI3

[59] and the measured 
PL decay times to estimate charge diffusion 
lengths to be 4.3 µm in nanorods (118 ns) and 
8.2 µm in nanoplates (432 ns). Both values are 
far larger than the crystal dimensions here, 
resulting in the observed monolithic PL inter-
mittency behavior.

Monolithic PL intermittency is also found 
in polycrystalline crystals. When we deliber-
ately reduce the capping ligand concentra-
tion in synthesis, we see polyomino-shaped 
nanocrystals (see experimental section in 
the Supporting Information). In contrast 
with the regular rods and plates, the poly-
omino-shaped crystals are polycrystalline,  
as revealed in HAADF-STEM measurements 
(Figure S2, Supporting Information). Though 
it is difficult to achieve uniform polycrystal-
line nanocrystals in the synthesis condition 
used, polycrystalline crystals can be distin-
guished from their monocrystalline counter-
parts by their distinct morphology revealed 
by SEM. The SEM image and PL images of 
such a polycrystalline crystal (outlined with 
orange solid lines) are given in Figure 3a–c. 
This crystal shows monolithic PL intermit-

tency under the identical experimental condition as used for 
monocrystalline nanocrystals. Both its bright state (Figure 3b) 
and dim state (Figure 3c) show homogeneous PL intensity 
across the entire structure. PL intensity time traces at two spots 
separated by 1 µm show a strong correlation (Figure 3d–e), 
similar as that observed on their monocrystalline counterparts. 
The presence of polycrystalline domain boundaries (PDBs) in 
this case does not have an apparent influence on the monolithic 
PL intermittency behavior, even though a higher defect density 
is expected for polycrystalline nanocrystals due to PDBs. This 
observation indicates that PDBs have limited influence on the 
charge dynamics at 1 µm’s length scale. In other words, the 
charge mobility within 1 µm’s range is not confined by PDBs, 
which possibly results from epitaxial growth of the polycrystals, 
similar as that reported in quantum dots systems.[60–63] This 
finding here coincides with the fact that polycrystalline films of 
several hundred nanometers show excellent charge mobility for 
solar cell applications.[57,59]

GBs, on the other hand, are found to isolate PL intermit-
tency to individual crystals within a densely packed cluster. 
Each crystal grain shows independent and stochastic PL inter-
mittency even though they are in close contact with each other. 
Figure 4a,b shows the SEM image and the PL image of a five-
crystal cluster. By consecutively subtracting each frame by its 
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Figure 1. a) Typical SEM image of MAPbI3 nanorods. b) SEM image of MAPbI3 nanoplates. 
c) HAADF-STEM image on a single nanoplate. To minimize the material damage by electron 
beams, a small electron dose was used. A template-based algorithm was applied to enhance the 
signal-to-noise ratio. d) PL decay curves measured on a polycrystalline OIHP film, monocrystal-
line nanorods, and nanoplates. The red solid lines represent fittings using stretched exponen-
tial functions. The characteristic decay times are 6.2, 118, and 432 ns for the film, nanorods, 
and nanoplates, respectively.
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previous frame, we can visualize each PL intermittency event 
by its intensity difference between the bright and the dim 
states, as demonstrated in Figure 4c–f. Except the nanocrystal 
labeled as “P2” which shows a steady and weak PL emission, all 

the remaining four nanocrystals can be identified respectively 
in their differential PL images in Figure 4c–f. Because of the 
monolithic PL intermittency, there differential images closely 
resemble the particle morphology as revealed in the SEM 

Adv. Mater. 2018, 1705494

Figure 3. a) SEM image of a polycrystalline nanocrystal. The volume is about 9 × 106 nm3. b,c) PL image of the polycrystalline OIHP nanocrystal in its 
bright state and dim state, respectively. d) PL intensity time traces recorded at the two ends of the crystal. e) Scatter plot of PL intensities at the two 
ends of the crystal shows a strong correlation.

Figure 2. a,b) PL image of a monocrystalline OIHP nanorods of 1800 nm length in its bright state and dim state, respectively. c) SEM image of the 
same nanorod shown in (a) and (b). Volume is approximately 7.2 × 106 nm3. d) PL intensity time traces recorded at the two ends of the nanorod.  
e) Scattered plot of PL intensities at the two ends of the nanorod shows a strong correlation. The correlation coefficient is 0.972.
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image. The observed independent and stochastic PL intermit-
tency is crucial for later Δ-SRLM investigation, vide infra.

It should be noted that the distribution of PATs is hetero-
geneous: nanocrystals with different numbers of PATs can be 
found in our experiments. For instance, P2 in Figure 4 does not 
show any PL intermittency, indicating absence of a PAT within 
the experiment window. Many nanocrystals show single-step PL 
intermittency with constant intensity levels in their bright and 
dim states, indicating the presence of one single PAT. More-
over, we find occasionally (less than 5%) single crystals showing 
multiple-step PL intermittency, as illustrated in Figure 5. A 
plate-like nanocrystal with lateral dimensions of 600 × 440 nm2 
(Figure 5a) shows multiple distinct intensity levels in its PL 

intensity time trace (Figure 5b), indicating the existence of two 
independent PATs. The two PATs show different PL intermit-
tency step amplitudes. One PAT quenched the nanocrystal PL 
from 0.9 to 0.3, showing an intermittency amplitude of 0.6 in 
intermittency event A (Figure 5b). The other PAT results in an 
intermittency step from 0.9 to 0.45 with amplitude of 0.45 in 
another intermittency event B (Figure 5b). When both PATs are 
active, the nanocrystal PL is quenched entirely. The observation 
shows the capability of Δ-SRLM to identify multiple traps in a 
single crystal.

We offer two possible explanations for the different PL 
intermittency amplitudes. PATs may have different trap 
depths, thus having different efficiency in charge trapping. 

Adv. Mater. 2018, 1705494

Figure 4. a) SEM image of a cluster of five plate-like nanocrystals. b) PL image of the same nanocrystal cluster in (a). c–f) Differential PL intensity 
images during stochastic intermittency of each individual nanocrystal.
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On the other hand, the two PATs are very likely to locate at 
different positions in the crystal, thus may screen different 
surroundings or charge carrier densities. However, both PATs 
induce monolithic PL intermittency and screen the charge 
carriers generated across the entire nanocrystal, evident from 
their identical PL intensity differential images at different 
intermittency events (Figure 5c,d) and the overlapped localiza-
tion results of intermittency events with different amplitudes 
(Figure 5e,f). Although the exact position of PATs cannot be 
determined in this case, the chance for two PATs to locate 
close to each other is very low due to the low average PAT 

density (8.3 × 1013 cm−3, which corresponds to 0.8 PAT in this 
nanocrystal).

The independent and stochastic PL intermittency of indi-
vidual nanocrystals allows us to apply Δ-SRLM to map PATs 
at a high spatial resolution. Though a precise localization of a 
PAT is not feasible due to monolithic PL intermittency of an 
entire nanocrystal of several hundred nanometers.[38,43,47,64] 
Figure 6a,b shows a cluster of rod-like OIHP nanocrystals 
(approximately 100 nm in length and 40 nm in width) and its 
PL image. By applying localization fitting, we reconstruct a 
super-resolution map of PATs in Figure 6c. Though all parts 
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Figure 5. a) SEM image of a plate-like nanocrystals. The lateral dimension is 600 nm × 440 nm. b) PL intensity time trace of the nanocrystal under 
constant illumination. Two intermittency intensity levels, highlighted with dashed lines, can be recognized. Light blue color is used to highlight two 
intermittency events of different amplitudes. c,d) PL intensity differential images of the intermittency events A and B, which are highlighted in (b). 
e) Reconstructed super-resolution map of the intermittency events. The red solid square outlines the morphology of the nanocrystal. The color bar 
represents the amplitude in each intermittency event. f) Zoom-in map of the intermittency events. The color bar represents the amplitude in each 
intermittency event.
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of the cluster appear luminescent in the diffraction-limited PL 
image (Figure 6b), only six active PL intermittency sites can 
be identified in the super-resolution mapping in Figure 6c. 
These PL intermittency sites correspond to nanocrystals with 
active PATs. The located PATs are highlighted with white solid 
cycles in Figure 6a–c. Dividing the number of PATs by the total 
volume of the cluster, we can determine the overall PAT density 
in each sample. The volume of the luster can be estimated using 
the morphology data acquired in SEM and height information 
revealed in atomic force microscopy (average thickness 32 nm). 
The PAT density is calculated for more than five clusters, each 
contains dozens of nanocrystals. We find that the standard devi-
ation of the PAT density estimated for each cluster is within 
10%. The mean value from multiple clusters was taken for each 
sample. In this way, we estimate the average PAT density in 
the monocrystalline nanorod sample, in the monocrystalline 
nanoplate sample and in the polycrystalline nanoplate sample 
to be 8.6 × 1013, 8.3 × 1013, and 1.3 × 1014 cm−3, respectively. 
These values are 104 times higher than those determined by the 
Hall effect and current–voltage measurements (109–1010 cm−3) 
for large single crystals,[38] but are 102 times lower than that 
revealed in time-resolved PL measurements (5 × 1016 cm−3 in 
bulk and 1.6 × 1017 cm−3 at surfaces).[14,39]

The difference in trap densities between the values deter-
mined in this work and the literature values may come from 
several factors. (i) Different sample processing methods 
could influence the material properties.[20] (ii) Even though 
the nanocrystals are surface-passivated with ligands, the very 
large surface to volume ratio of nanocrystals may readily lead 
to higher trap densities in nanocrystals. (iii) Different experi-
mental techniques (electrical and optical) could be sensitive to 
different types of traps/defects because of their different nature. 
For instance, the optical method described here is based on 
the PL intermittency phenomena to probe PATs that generate 
nonradiative recombination pathways instead of traps of other 
nature.

The comparable PAT density values found in monocrystal-
line crystals, despite of the different morphology, excludes mor-
phology factors to contribute to PATs in our experiments. The 
significantly higher PAT density observed in polycrystalline 
nanocrystals, on the other hand, indicates PATs to be linked 
with structural defects. It is also noteworthy that a similar PAT 
density of 8 × 1013 cm−3 is found in monocrystalline nanocrys-
tals prepared in an oxygen- and moisture-free environment  
(O2 < 0.1 ppm, H2O < 0.1 ppm), indicating that oxygen or 
moisture during nanocrystal synthesis is unlikely to relate with 

PATs. Therefore, we conclude that PATs are from inherent 
structural defects in the perovskite crystals.

Inherent structural defects in OIHP are present in many 
forms, including vacancies, interstitials, antisites, edge dis-
locations, and polycrystalline grain boundaries, and have very 
different formation energies.[35] Nonetheless, vacancies and 
interstitials in MAPbI3 create only shallow traps.[65] Deep traps 
that mediate nonradiative recombination can come from struc-
tural defects such as Pb-I antisites,[50,66] MA-I antisites[50] and 
often require a high formation energy. We thus speculate that 
the energetically less stable polycrystalline boundaries can 
facilitate deep trap formation under light illumination, likely 
associated with ion dynamics. It is noteworthy that the major 
species of the deep traps can vary depending on the condi-
tions used for material preparation.[50,66] We thus speculate that 
PATs or deep traps may be reduced by management of iodine 
content, since both the deep traps involves antisites by iodine 
ions. A very recent work employing this strategy has demon-
strate power conversion efficiency of 22.1% in perovskite solar 
cells.[67] During the revision of this work, Li et al. reported on 
iodine migration and iodine vapor to quench PL of polycrys-
talline films, suggesting the important role of iodine in influ-
encing PL emission properties of perovskite materials.[68]

In conclusion, different from previous reports, we have 
demonstrated Δ-SLRM on PATs in surface passivated MAPbI3 
crystals, bot mono- and poly-crystalline in nature, by contrast 
of PL intermittency. We find that stochastic and monolithic PL 
intermittency can be observed on crystals ranging from tens of 
nanometers up to microns in size. Moreover, this monolithic 
PL intermittency of polycrystalline crystals indicates that the 
charge dynamics is not sensitive to epitaxial polycrystalline 
domain boundaries up to at least a micron. This finding aligns 
with the fact that polycrystalline perovskite films with (sub)
micron grain sizes and a few hundred-nanometer thicknesses 
can deliver high power conversion efficiency in photovoltaic 
devices. We furthermore show that the distribution of PATs is 
highly heterogeneous at the nanoscale and can vary from crystal 
to crystal. We further determine the PAT density to be about 8 × 
1013 cm−3 for monocrystals and 1.3 × 1014 cm−3 for polycrystals. 
The higher PAT density found in polycrystals indicates PATs to 
be related to inherent structural defects. A detailed comparison 
between previous work and the data reported here is presented 
in table form in supporting info. The results here suggest elimi-
nating PATs to improve optoelectronic performance of perovskite 
devices by improving the crystallinity of OIHP materials. The 
work here paves the way to apply super-resolution microscopy 
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Figure 6. a) SEM image on a cluster of rod-like OIHP nanocrystals. b) PL image on the cluster in (a). c) Reconstructed localization image on PL 
intermittency events of the cluster.
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to study detailed properties of OIHP materials and can be poten-
tially extended to other optoelectronic nanomaterials. The optical 
method demonstrated here can potentially be applied to monitor 
PATs in working optoelectric devices, this way gaining deeper 
insights at the nanoscopic/mesoscopic scale.
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