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commercialized by the main optical micro-
scope producers. The methods allow 
imaging nano-objects and micrometer-sized 
biological systems and track their spatial and 
temporal evolution with spatial resolutions 
exceeding standard fluorescence micros-
copy by orders of magnitude.[3,4] Single-
molecule localization microscopy (SMLM) 
and, in particular, direct stochastic optical 
reconstruction microscopy (dSTORM) are a 
family of nanoscopy methods, which iden-
tify the spatial coordinates of an emitter by 
fitting the point-spread functions (PSFs) of 
individual emitters and, thereby, recovering 
the emitter’s position with high accuracy.[5] 
The methods utilize the spontaneous or 
laser-induced switching of the photolu-
minescence (PL) between an ON- (bright) 
and OFF- (dark) state. PL switching, also 
often denoted as blinking, is a universal 
characteristic observed in many nanoscale 
emitters.[6–8] Consequently, two emitters 
with overlapping PSFs, which could not be 

spatially resolved by standard confocal microscopy, can be sepa-
rated by SMLM, if they do not emit light simultaneously, but in 
different frames. For a more detailed description of the working 
principles of these methods, the reader can refer to a list of review 
articles.[9–13] This requirement is successfully fulfilled by certain 
organic dyes, which are the standard probes for most nanoscopy 
methods and reside in their OFF-state for most of the time.[1] 
Such long OFF-periods, however, lead to long acquisition times 
and, in combination with limited brightness, small localiza-
tion accuracy.[2,14] Long acquisition times require minimal drift 
of sample-holding stages as well as high photostability during 
the acquisition, increasing the system complexity as seen both 
experimentally (e.g., introducing drift correction markers) and in 
data analysis.[2,8,15] The required photostability remains a limit of 
SMLM with organic probes, especially at strong excitation fields. 
The localization error of an emitter is inversely proportional to 

m , where m is the number of detected photons.[16] Higher exci-
tation power increases m, but severely hampers the photostability 
of organic fluorophores.[17] Fluorescent probes, which are bright 
and stable at high excitation powers while possessing suitable 
blinking properties, are highly desired and subject of an intense 
research effort.[5,8,12,15,18–21]

Colloidal semiconducting nanocrystals, also referred to as col-
loidal quantum dots (QDs), are bright and highly photostable 

Blinking nanoscale emitters, typically single molecules, are employed in single-
molecule localization microscopy (SMLM), such as direct stochastic optical 
reconstruction microscopy (dSTORM), to overcome Abbe’s diffraction limit, 
offering spatial resolution of few tens of nanometers. Colloidal quantum dots 
(QDs) feature high photostability, ultrahigh absorption cross-sections and 
brightness, as well as wide tunability of the emission properties, making them 
a compelling alternative to organic molecules. Here, CsPbBr3 nanocrystals, the 
latest addition to the QD family, are explored as probes in SMLM. Because of 
the strongly suppressed QD photoluminescence blinking (ON/OFF occurrence 
higher than 90%), it is difficult to resolve emitters with overlapping point-spread 
functions by standard dSTORM methods due to false localizations. A new work-
flow based on ellipticity filtering efficiently identifies false localizations and allows 
the precise localization of QDs with subwavelength spatial resolution. Aided 
by Monte-Carlo simulations, the optimal QD blinking dynamics for dSTORM 
applications is identified, harnessing the benefits of higher QD absorption cross-
section and the enhanced QD photostability to further expand the field of QD 
super-resolution microscopy toward sub-nanometer spatial resolution.
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1. Introduction

Super-resolution fluorescence microscopy (nanoscopy) methods 
can overcome Abbe’s diffraction limit and commonly achieve spa-
tial resolutions in the 10–50 nm range.[1,2] They have thus sparked 
great interest since their first demonstrations and have been  
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fluorophores.[22–27] Their symmetric spectral line shape and small 
emission linewidth, as compared to organic emitters, along with 
the tunability of their emission wavelength over the whole vis-
ible and IR spectral range render QDs prime candidates for 
multicolor imaging and imaging in the near-IR window, where 
biological tissues are transparent.[23,24,28,29] Their higher absorp-
tion cross-sections and shorter PL lifetimes guarantee larger 
photon count rates, potentially yielding higher localization pre-
cision.[30,31] Although this makes QDs interesting candidates for 
SMLM, QDs show vastly different blinking properties,[23] most 
importantly – much larger ON- to OFF-time ratios.[26,32,33] Large 
ON/OFF-ratios may infringe the working principle of SMLM, 
because separating emitters with strongly overlapping point-
spread functions is not possible, if different QDs are simulta-
neously in the ON-state. In that case, one would obtain a false 
localization of the emitters, a result which is directly linked to 
suboptimal QD blinking dynamics.[1,2,29]

In this work, we assess the utility of a novel class of colloidal 
QDs, namely CsPbBr3 perovskite QDs, as SMLM probes. A 
new workflow based on ellipticity filtering effectively identifies 
the inherently large number of false localizations occurring 
due to nonoptimal QD blinking statistics. Monte-Carlo simu-
lations then outline how QDs could be further engineered to 
become highly competitive fluorescence probes in SMLM. Our 
results shed light on the main mechanism limiting deployment 
of perovskite QDs as quantum probes in SMLM and call for 
new strategies to engineer perovskite QDs with PL blinking 
characteristics that are optimal for super-resolution optical 
microscopy, potentially yielding sub-nanometer localization 
accuracy.[34]

2. Results and Discussion

2.1. Photoluminescence of CsPbBr3 QDs

The CsPbBr3 QDs studied herein were produced according to 
our previously published procedure.[35] They have a size dis-
tribution of 9.6  +/−  1.5  nm, an ensemble emission peak at 
514  nm, and an ensemble PL quantum yield (PLQY) of 75% 
(see the Supporting Information). A wide-field or single QD 
fluorescence microscopy setup in combination with a Hanbury 
Brown–Twiss (HBT) apparatus has been used to study their 
photoemission properties at the single particle level (Figure 1).  
A detailed description of the experimental setup and the 
sample preparation are reported in the Supporting Informa-
tion. Figure  1a reports the wide-field image of sparse QDs, 
which emit around 510 nm with a full width at half maximum 
(FWHM) of 18 nm (71 meV) when addressed at the single par-
ticle level (Figure 1b). Figure 1c displays a typical second-order 
correlation function measured in a HBT setup, demonstrating 
the capability of these QDs to emit, at room temperature, a 
stream of single photons. Measurements on 19 different QDs 
yield a mean second-order correlation function at zero delay 
time of 0.31(0.09) (Figure  1d), attesting the presence of well-
isolated single emitters in the sample. This allows us to assume 
that some of the bright spots in the wide-field image (Figure 1a) 
correspond to isolated QDs. We can, therefore, treat intensity 
traces of these spots, after careful evaluation, as single-emitter 

traces. The intensity trace in Figure 1e is obtained from such a 
spot. In a typical trace of CsPbBr3 QDs (Figure 1e), we observe 
a bright (ON) state and a dark (OFF) state. The bright state cor-
responds to radiative exciton recombination and shows a rather 
broad intensity distribution, as observed in the histogram. Also, 
the emitter remains in the ON-state for most of the time. These 
observations are consistent with previous studies reporting PL 
blinking of CsPbX3 QDs (X = Cl, Br, I),[26,36–39] and other QD 
materials,[40–42] and will cause problems when QDs are chosen 
as SMLM probes. PL blinking is generally attributed to two 
different mechanisms.[6,26,43] In A-type blinking,[43] dark states 
correspond to trion or biexciton states, in which nonradiative 
Auger recombination outperforms the radiative recombination 
with a net reduction of the PL intensity and a shortening of the 
PL lifetime. In B-type blinking QDs, loss of photoexcited car-
riers can occur during the intraband relaxation mediated, e.g., 
by short-lived trap states, which reduces the overall PL intensity 
but leaves the exciton lifetime unaltered. QD blinking is known 
to occur on a broad time scale reaching from microseconds 
to seconds.[26,40–42,44,45] The intensity distribution of ON- and 
OFF-levels in the trace might therefore be affected by the bin-
ning time and the distributions may not be separable into well-
defined states.[26,42,45] At longer binning times, an emitter may 
switch between ON- and OFF-states within a frame, thereby 
averaging out the intensity distribution. In this case, traces with 
broad intensity distributions are observed instead of binary 
intensity traces (commonly referred to as flickering).[43] Both 
flickering and large ON/OFF-ratios can lead to a large number 
of false localizations, which arise when both emitters are ON 
during a frame. In such frames, the observed intensity profile 
is a linear combination of the two individual PSFs and fitting 
of the PSF leads to false localizations. This is the main obstacle 
for the deployment of blinking colloidal QDs in SMLM.

2.2. Localizations and False Localizations

To analyze the effect of QD blinking on SMLM, a typical 
dSTORM procedure is followed: in each video frame, PSFs were 
fitted by elliptical Gaussian functions to recover the emitter spa-
tial position. A 500 frame video of blinking QDs was recorded 
in a wide-field fluorescence microscope at a binning time of 
300  ms (further parameters can be found in the Supporting 
Information). Several blinking spots were selected for the 
analysis, some of which could be associated to a single or two 
emitting QDs with overlapping PSFs. For each frame, a single 
2D elliptical Gaussian was used to fit the experimental data, 
yielding emitter localizations. The results obtained on a single 
QD are shown in Figure  1f–h. The localization points (orange 
dots in Figure  1f and density in Figure  1g) are approximately 
normally distributed with a FWHM of 27 nm (Figure 1h), cor-
responding to a localization precision of 12  nm. As expected, 
given the high count rates and brightness of perovskite QDs, 
the large number of ON-frames leads to many localization 
events and to deep subdiffraction precision for the localization 
of individual emitters in relatively short time.[2] However, such 
a large number of ON-frames pose a clear challenge when sev-
eral emitters, which are separated by a distance smaller than 
the wavelength of emitted light, have to be resolved.

Adv. Optical Mater. 2021, 9, 2100620
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An increasing number of methods deal with super-resolving 
emitters, exhibiting high ON/OFF-ratios. The first approach 
includes methods such as super-resolution optical fluctuation 
imaging,[45,47–49] quantum enhanced localization microscopy,[50] 
independent component analysis,[51,52] or Bayesian localization 
microscopy.[4,53] A second class of methods attempts to solve 
the inherently large number of false localizations by utilizing 
additional features of the material’s photoemission, such as its 
blinking trace, blinking statistics, or the change in QD emis-
sion wavelength.[54]

Early reports using CdSe-based QDs as probes for SMLM 
achieved superlocalization of two emitters in a subdiffraction 
spot by identifying false localizations from SMLM images 
based on their combined intensity trace.[55,56] To resolve closely 
spaced emitters, this procedure only considers localizations 
from frames with intensities in the range of a single emit-
ter’s intensity and discards localizations with larger intensities. 
This approach assumes that the different intensity ranges of 
ON–ON (both emitters ON during the frame), ON–OFF (only 
one emitter ON), and OFF–OFF (no emitter ON) are separated 

and that both QDs show similar emission intensity during the 
ON- and OFF-states. However, due to flickering or intrinsic 
multilevel recombination states involved in the QD blinking,[57] 
narrow and well separated intensities of ON- and OFF-levels 
are often not observed.[26,38,42,44] Therefore, we do not know a 
priori if this method can be generalized for different samples 
and acquisition parameters. In fact, this method could not 
be applied for studying perovskite QDs (see Figure S2 in the 
Supporting Information). Another potentially useful approach 
to overcome the problem of false localizations based on the 
intensity trace is to subtract consecutive frames and carry out 
SMLM analysis of these difference frames.[58,59] The idea of 
this method is to invert the blinking statistics and the method 
shows high resolution, also for 3D imaging.[59] Yet, this method 
suffers the same sensitivity to flickering as the intensity fil-
tering of false localizations.

It has previously been demonstrated that blueing of QDs – 
a change of the QD PL emission energy observed for QDs that 
succumb to radiation damage – can be used as an additional fea-
ture to super-resolve closely spaced emitters with subwavelength 
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Figure 1.  Photoemission characteristics of CsPbBr3 QDs embedded in a polystyrene thin film. a) Wide-field PL map of several, sparse CsPbBr3 QDs. 
Bright spots correspond to the PSFs of the emitters. b) Typical emission spectrum (gray circles) from a single CsPbBr3 QD and a Lorentzian fit (red 
line), which returns a peak position of 510 nm and FWHM of 18 nm. c) An example of a typical second-order correlation function of a single CsPbBr3 QD 
measured under pulsed excitation. An antibunching behavior at zero delay time (g2(0)) attests single photon emission. d) Statistics of the g2(0) values 
for 19 different emitters returns a mean value of 0.31(0.09). Note that emitters with g2(0) > 0.5 are not necessarily single QDs and are hence discarded 
from this analysis. e) A typical PL intensity trace of a CsPbBr3 QD obtained from a series of confocal images at a binning time of 300 ms (left panel) 
and the corresponding histogram of intensities (right panel) measured at an average number of absorbed photons per pulse of 0.02. Blinking, flickering, 
and the absence of photobleaching are observed.[46] f) Wide-field image (bright pixels) and localizations (orange dots) of a single emitter. g) Histogram 
of the localizations in the enlarged area. h) 1D projection of the wide-field image (green line and circles), histogram of localizations (gray bars), and a 
Gaussian probability density fitted to the localizations. The FWHM of the Gaussian is 27 nm, which corresponds to a localization precision of 12 nm.
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resolutions.[29,54] Apparently, the enhanced resolution comes at 
the cost of reduced QDs’ photostability.

We have set out to find a method to identify false localiza-
tions, which does not require prior knowledge on the material, 
such as intensity traces or emission colors, and instead depends 
on the setup only, e.g., intrinsic parameters of the used micro-
scope like its PSF. We observed that ellipticity of the measured 
PSF could fulfill these criteria and can be a useful feature to 
recognize false localizations. This is because the single QD 
emission can be assumed to show an isotropic PSF. Ellipticity 
is defined as |σ1  −  σ2|/(σ1  +  σ2), where σ1 and σ2 correspond 
to the standard deviations of the elliptical Gaussian fitted to 
the PSF. We expect the ellipticity to be larger for false locali-
zations (Figure 2a,b), where both emitters are ON and fitted 
together. In fact, the ellipticity trace and histogram in Figure 2b 
show two well-separated ellipticities. Figure 2c–e demonstrates 
how the ellipticity filtering effectively identifies two QDs sepa-
rated by ≈620 nm. These figures display the wide-field images 
(upper plots) and the localizations (orange dots) obtained using 

certain ellipticity thresholds (0.2 and 0.15, respectively; no fil-
tering). The 1D representations, corresponding to the cross-
section along the line connecting the two emitters’ positions, 
are reported in the lower plots. The wide-field intensity profiles 
along this line and the histogram of localizations projected onto 
this line are displayed by the green lines and gray bars, respec-
tively. Without ellipticity filtering, the exact QD positions cannot 
be resolved (Figure  2c), due to the large numbers of frames 
in which both QDs are ON, outnumbering the localizations 
near the true emitter positions. However, using an ellipticity 
threshold of 0.15 (best case), false localizations can be effectively 
removed returning the QD positions with a localization preci-
sion of 16 nm. To identify the optimal threshold, we reduced the 
ellipticity threshold until the positions of localizations remain 
unaltered (see Figure S3 in the Supporting Information). Fur-
ther decreasing the threshold only reduces the number of locali-
zations at the emitter positions. More examples demonstrating 
the capability of ellipticity filtering to recognize false localiza-
tions are shown in Figure S4 (Supporting Information).

Adv. Optical Mater. 2021, 9, 2100620

Figure 2.  Eliminating false localizations by ellipticity filtering. a) Wide-field image of a spot with two emitters and overlapping PSFs. b) Ellipticity trace 
of the spot and the corresponding histogram. Two distinct peaks are assigned to ON–ON- and to OFF–ON/ON–OFF-frames (arrows and wide-field 
images), respectively. c–e) Image of the spot and the corresponding profile along the emitters at different ellipticity thresholds. Top: wide-field image 
(bright pixels) and localizations with ellipticity smaller than the indicated threshold (orange points). Bottom: profile of the wide-field image (green line 
and circles) and histogram of the localizations with ellipticity below the indicated threshold (gray bars). A large fraction of the localizations corresponds 
to false localizations which are efficiently eliminated upon ellipticity filtering.
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We are aware of the fact that ellipticity can arise from astig-
matism and that ellipticity due to the overlapping isotropic 
PSFs must be larger than these effects to use ellipticity as a 
characteristic feature of false localizations. This can only be ful-
filled for emitters close to the focal plane and if the emitters are 
sufficiently separated. Moreover, in the case of multiple closely 
spaced QDs, there are symmetrical QD arrangements for 
which ellipticity could be low despite the presence of multiple 
emitters. Ellipticity is, nevertheless, a useful tool to experimen-
tally solve the problems encountered due to the large ON/OFF-
ratio of QDs, i.e., the very large number of false localizations 
(Figure 2). We find that without consideration of additional fea-
tures (in this work ellipticity), two nearby emitters with such 
large ON/OFF-ratios cannot be resolved by SMLM (Figure 2c). 
Ellipticity, unlike emission color or intensity, is an additional 
feature that shows very little dependence on the material prop-
erties (e.g., the absolute QD intensity) and can be considered 
an intrinsic specific of the instrument used and it is usually 
known a priori.

2.3. Next Generation of QDs for SMLM Applications

QDs are promising emitters due to their large absorption cross-
section and high photostability. However, high occurrence of 
the ON-state limits their usage in dSTORM applications. Here, 
we assess how the field of SMLM can benefit from QDs with 
carefully engineered optical properties and controlled ON/OFF-
ratios. The vast know-how on suppressing PL blinking via sur-
face engineering,[6,43,44,60–63] generated in the past three decades, 
aids in achieving this goal. There are two main factors which 
govern the image quality and the obtainable spatial resolutions 
in SMLM. The first factor is the absorption cross-section σabs, 
which defines the number of detected photons m and, hence, 
the attainable localization error Δ

1/2
abs

1/2σ∆ ∝ ∝− −m 	 (1)

Here, we assume the emitters exhibit high PLQY and are 
excited in the linear regime (far from saturation). The second 
factor is the ON/OFF-ratio, which determines the number of 
useful frames and the number of false localizations. Useful 
frames occur when exactly one emitter is in the ON-state in a 
diffraction-limited spot of a given frame. The two types of non-
useful frames are i) dark frames, where no signal is observed for 
the subdiffraction area, and ii) frames where multiple emitters 
within a subdiffraction area are ON, leading to false localiza-
tions. As shown in a previous section, a large number of false 
localizations, which are distributed between the true emitters’ 
positions, prevent resolving their positions by SMLM. For K 
emitters with an ON/OFF-ratio r, the root-mean-squared error 
of the mean position of localizations (RMSE), which measures 
the error of estimating the center of a Gaussian distribution, 
also referred to as localization accuracy,[2] can be expressed as 
follows

N
N K r r K

K

RMSE

1
1

loc
tot

1 1( )
=

∆
=

∆

× 



 − − − 	 (2)

In this expression, the localization error Δ is assumed to be 
smaller than the emitter spacing. The number of localizations 
per emitter Nloc was expressed in terms of the total number of 
frames Ntot while the probability of exactly one emitter being in 
the ON-state is described by a binomial distribution. Here, we 
also assume that all false localizations can be eliminated, which 
represents an upper limit for the attainable performance.

To analyze how these two factors influence the attainable 
SMLM image quality and the required measuring time, a single 
expression for the total number of frames to achieve a fixed 
RMSE is derived and reads as follows

N
r r

K

1

1
tot

abs
1σ ( )

∝
× − − 	 (3)

Inspired by the work of Dai et al.,[1] as well as Möckl and Moe-
rner,[5] Monte-Carlo simulations for a 5-by-5 emitter grid with a 
separation of 50 nm were carried out to identify the influence 
of emitter intrinsic properties (ON/OFF-ratio and absorption 
cross-section) in combination with acquisition parameters and 
data analysis procedures. AlexaFluor 647 (AF647) was chosen 
as a reference organic SMLM probe, with reported values for 
a localization error of ΔAF647  = 10  nm and ON/OFF-ratio of 
rAF647 = 0.0005.[15] Assuming PL in the linear regime and unal-
tered PLQY, the localization error of other types of emitters 
under the same experimental setting can be estimated by

abs AF647
abs,AF647

abs

σ σ
σ

( )∆ = ∆ 	 (4)

Based on this relation, simulated SMLM images of both 
AF647 and CsPbBr3 QDs, as reported in Figure 3, are obtained 
with different parameters highlighting the role of the signal-
to-noise ratio (SNR), localization error, and false localizations 
(Figure 3a). To simulate a frame, we first draw the number of 
emitters, which are ON, from the binomial distribution and 
then randomly select which emitters are ON. Each emitter has 
the same probability to be ON, independent of previous frames, 
because memory effects are small.[37] If only one emitter is 
ON, a localization is added to the picture, where the position 
is determined by the selected emitter’s position and a random 
displacement according to the localization precision. For dark 
frames, no localization is added and for frames with multiple 
emitters ON, a false localization is added, where the position is 
drawn from a distribution between the selected emitters. Fur-
ther details of the simulations can be found in the Supporting 
Information.

Organic dyes, like AF647, show a small number of false local-
izations, but a large number of dark frames. This translates 
in a poor image quality when only 8k frames are constructed 
(Figure 3b). Hence, a good image quality of the emitter array can 
only be obtained, for the case of the AF647 dye, by increasing 
the number of frames and the measuring time (Figure  3c). 
The problem of small number of useful frames per emitter is, 
in the case of organic dyes, similar to shot noise, i.e., it arises 
from the discrete nature of the signal (localizations). The SNR 
of shot noise is inversely proportional to the square root of the 
number of frames and can, therefore, be improved by longer 
measuring times (Figure  3c). Alternatively, a significantly  

Adv. Optical Mater. 2021, 9, 2100620
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improved image quality (Figure  3d)  could, in principle, be 
obtained by increasing the absorption cross-section and the 
number of collected photons, which is, however, not a straight-
forward task to achieve for organic molecules.

CsPbBr3 QDs, on the other hand, show large absorption cross-
sections, which are ≈2 orders of magnitude higher than those of 
organic dyes. However, the actual large ON/OFF-ratios lead to a 
large amount of false localizations, which are located in-between 
those emitters, infringing the basic principle of SMLM with a very 
poor image reconstruction of the QD array (Figure 3e). However, 
by engineering the QDs with smaller ON/OFF-ratios, such emit-
ters could achieve much improved resolution in SMLM with an 
order of magnitude smaller localization errors as for the organic 
dyes (Figure  3f).[15,30] In the past three decades, most research 
toward controlling QD blinking was directed at increasing ON/
OFF-ratios and achieving near-unity PLQY. Such studies do, 
nevertheless, provide a clear path on how to decrease the ON/
OFF-ratios, while retaining photostability and tunability of emis-
sion color. Blinking is attributed to the presence of surface defects, 
which act as trap states, and many approaches to reduce blinking 
use surface passivation or core–shell particles, where excitons 

are confined within the core (type I core–shell).[6,38,44,61,63–65]  
Furthermore, blinking can be reduced by relaxing confinement 
and thereby suppressing Auger autoionization either by creating 
alloyed core/shell interfaces or by choosing larger QDs.[6,66] In 
perovskite QDs, postsynthetic treatments proved to be efficient in 
suppressing PL blinking.[38,45,67–70] Hence, more suitable blinking 
dynamics for SMLM could arise by employing strongly confined 
excitons in ultrasmall QDs,[71–74] in which the trion and biexciton 
dynamics are strongly dominated by the nonradiative Auger pro-
cess.[26,74] Additionally, blinking can be enhanced by introducing 
dopant atoms, which act as electron or hole traps. Electron or 
hole trapping at the dopant site leaves behind a charged QD in 
its OFF-state.[75,76] In this approach, ON/OFF-ratios are controlled 
by trapping and detrapping rates, i.e., by the choice of dopant 
(energy levels) and dopant concentration.

Moreover, we envision that properly engineered hybrid 
organic/inorganic nanocomposites offer a rich playground 
for significant blinking enhancement. In this context, we pro-
pose the exploitation of transient binding of organic molecules 
acting as recombination centers, either nonradiatively or radia-
tively via energy transfer. Employing electron/hole acceptors 

Adv. Optical Mater. 2021, 9, 2100620

Figure 3.  Combining the features of organic and QD fluorophores: the case study with a simulated 5-by-5 emitter grid with 50 nm separation. a) Sketch 
outlining how to improve SMLM images by improving SNR, improving localization precision, and reducing the number of false localizations. b,c) Simu-
lated SMLM images for the organic fluorophore AlexaFluor 647 (AF647) with 8k and 40k frames, respectively. Due to the high number of dark frames 
and the low localization precision, the emitter array (red spots) can be reconstructed only with a very high number of frames, thus lengthening the 
measuring time. d) Simulated SMLM image for a probe, which exhibits the ON/OFF-ratio of AF647 and, at the same time, possesses the QD absorp-
tion cross-section. The nominal emitter’s position in the array can now be resolved with just 8k frames. e) When the actual QD ON/OFF-ration is used, 
the image cannot be reconstructed given the extremely high number of false localizations. f) Assuming PL in the linear regime and constant PLQY, the 
localization error is inversely proportional to the square root of the absorption cross-section (gray line). The localization precisions of CsPbBr3 QDs 
(red square) and AF647 (blue square), which are used for simulations in (a), (c), and (d), are indicated. g) Dependence of number of frames versus 
ON/OFF-ratios. The fraction of frames, which are dark (dark gray line), useful (yellow line), or lead to false localizations (light gray line) are shown 
as a function of ON/OFF-ratios. The fraction of useful frames for ratios of 0.95 and 0.0005, corresponding to CsPbBr3 QDs and AF647, are indicated 
as red and blue dots, respectively. h) Dependency of the total number of frames versus ON/OFF-ratio and absorption cross-section for a 25 emitter 
subdiffraction area and a RMSE of 1 nm. The blue arrow indicates how QDs could be properly engineered to outperform organic molecules in SMLM.

 21951071, 2021, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202100620 by E
T

H
 Z

urich, W
iley O

nline L
ibrary on [22/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advopticalmat.de

2100620  (7 of 9) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

as nonradiative recombination centers could allow control-
ling PL blinking by the binding equilibrium or by the charge 
transfer rates.[77,78] Examples of efficient carrier scavengers, 
as already explored for catalysis or photovoltaic applications, 
include anthraquinones,[79] anthracene,[80] methyl viologen,[78,81] 
ferrocene,[82] and rhodamine molecules.[83] Optical spectros-
copy studies employing perovskite QDs and surface-bound 
organic dyes showed that excitation energy transfer dominates 
over Förster resonance energy transfer.[84–86] PL intensity traces 
obtained at the single particle level demonstrated that excitation 
energy transfer from the QDs to acceptor molecules can effi-
ciently suppress QD PL elongating the OFF-periods.[84] Organic 
dyes that may act as excitation energy transfer acceptors for 
perovskite QDs include naphthalene and tetracene derivates,[85] 
various polycyclic aromatic hydrocarbons,[87] rhodamine B,[86] 
and perylene dyes.[88] In all these approaches, the transfer rates 
can be adjusted by the relative energy level alignment and the 
donor (QDs)[79,83,85,86,89]–acceptor (molecules) distance.[87,90,91] 
Additionally, active control of the emission dynamics could be 
obtained by employing a secondary control beam, which could 
facilitate/inhibit the electron/hole charge transfer process.[5,92] 
The high engineerability of these hybrid compounds can be 
then exploited to synthesize bright and photostable nano
composites with the desired blinking statistics for SMLM.

Suitable blinking statistics is not the only challenge which needs 
to be solved before applying perovskite QDs to SMLM, in particu-
larly for bioimaging. There are two additional main challenges asso-
ciated to the low stability of perovskite compounds in the presence 
of oxygen or water and the toxicity of lead. Both challenges could 
be solved by encapsulating QDs in a protective shell.[91,93–96] Fur-
ther works might explore different compositions (e.g., CsPbI3 or 
FAPbI3) with longer emission wavelength, offering the possibility 
to employ quantum probes in the near-IR spectral window.[97]

Given the large absorption cross-section and the small locali-
zation error, QDs have the potential to improve the spatial 
resolution significantly, compared to organic dyes. Additionally, 
QDs with optimized ON/OFF-ratios can reduce the measuring 
time significantly. Figure 3g illustrates how the total number of 
frames, and in particular the useful frames, depends on the ON/
OFF-ratios. It is clear that for the chosen emitter array geometry, 
the optimal ON/OFF-ratio arises in between the actual ON/
OFF-ratios of organic molecules and QDs. To benchmark the 
possible advantage obtained with optimized QDs, Figure  3f 
illustrates how the total number of frames for a RMSE of 1 nm 
and a 5-by-5 emitter grid changes as a function of the ON/OFF-
ratio and absorption cross-section (localization precision). The 
figure highlights that for an emitter density of 25 emitters per 
subdiffraction area, an ON/OFF-ratio 2 orders of magnitude 
higher than the one of AF647 is optimal. Additionally, the plot 
highlights the large benefits that may arise from the higher QD 
absorption cross-sections, suggesting that optimized QDs can 
achieve RMSE of 1 nm with a 1000-fold accelerated data acquisi-
tion time compared to organic molecules.

3. Conclusion

For SMLM applications, QDs have some clear advantages over 
organic fluorophores, namely, they exhibit higher photostability 

and a much larger absorption cross-section. However, present 
QD emitters such as CsPbBr3 QDs suffer from nonoptimal 
blinking dynamics with a large fraction of false localizations, 
making it very difficult to separate closely spaced emitters by 
SMLM. A procedure based on ellipticity filtering of localizations 
mitigates the negative influence of a high ON/OFF-ratio by 
identifying false localizations. Monte-Carlo simulations are then 
used to benchmark the performance of properly engineered 
QDs in comparison to organic emitters. We estimate an ≈1000-
fold accelerated data acquisition with QD emitters as compared 
to organic dyes, hereby severely relaxing and circumventing the 
current constraints on emitter photostability. We outline the 
future avenues for applications of QDs with tailored blinking 
properties to drastically improve the field of SMLM, potentially 
entering the sub-nanometer spatial resolution regime.
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