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ABSTRACT

We report an optical imaging method that simultaneously achieves nanometer-scale spatial resolution and records single-photon arrival
times with subnanosecond temporal resolution, allowing for visualization of nanoscale photoluminescence dynamics. The technique com-
bines time-correlated single-photon counting with single-molecule localization microscopy by monitoring the emission centroid location
with a 2 x 2 array of optical fibers that are coupled to four single-photon counting detectors. We applied this method to image isolated and
clustered CdSe/CdS core/shell quantum dots (QDs). Single QDs were localized with ~5nm precision using 10* detected photons. Within
clusters, emission centroids separated by ~12nm were resolved, and spatial mapping of both the emission intensity and lifetime provided

evidence of energy transport pathways among the QDs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5132563

Numerous optical microscopy techniques have been devel-
oped in the past two decades that surpass the resolution limits
imposed by the diffraction of light such that emitters separated by
less than ~200nm can be spatially resolved.' Single-molecule
localization microscopy (SMLM) is a subset of these super-
resolution (SR) techniques through which multiple closely spaced
emitters can be resolved by locating the centroid of the emission
profile of single molecules with a high degree of precision.”
Resolution in the tens of nanometers is typical, and ~1 nm resolu-
tion has been reported under favorable conditions.”” Though
emission is typically collected by a charge-coupled device (CCD)
camera or a complementary metal-oxide semiconductor (CMOS)
camera, several recent SR demonstrations have greatly improved
the temporal resolution by employing single-photon avalanche
photodiode (SPAD) detectors in conjunction with time-correlated
single-photon counting (TCSPC) hardware.”” In TCSPC, the
arrival time of each registered photon relative to the start of the
experiment and relative to the excitation laser pulse is recorded
with a resolution down to ~50 ps.”” The simultaneous acquisition
of TCSPC data and SR images allows for observation and

characterization of dynamic processes that are inaccessible in con-
ventional camera-based SR imaging.

High spatiotemporal resolution imaging has been implemented
with two different detection schemes: arrays of optical fibers that are
coupled to individual SPAD detectors and SPAD array detectors. The
latter was used to resolve emitters spaced by ~80 nm,” and a theoreti-
cal study used photon pair correlations to accurately extract the
number of noninteracting emitters in an image containing overlapping
emission profiles.’’ Additionally, the array’s timing resolution was
exploited for fluorescence lifetime imaging with a resolution that
slightly exceeded the diffraction limit.” Despite the large number of
pixels (256-66{000) within SPAD arrays, optical fibers coupled to a
small number of individual detectors (4-16) offer a competitive
alternative because they have higher collection efficiencies.” Optical
fiber-coupled SPAD detectors have previously been implemented for
tracking single molecules diffusing in viscous solutions with a lateral
precision of ~5 nm.""'* More recently, Israel et al. used them in the
context of SR imaging to locate emission centroids based on the
photons collected by 16 optical fibers coupled to SPAD detectors.” In
their study, the TCSPC data were used to identify and reject the
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contribution from multiple emitters based on photon pair correlations,
and that processing method was-shewsnte-aid in resolving two emit-
ters separated by ~100 nm.

The present work uses a bundle of 4 optical fibers coupled to
SPAD detectors to resolve multiple centroids separated by ~12nm
based on differences in the intensity and lifetime of the centroids. The
TCSPC data are used to differentiate between multi- and single-
emitter systems and to monitor the emission lifetime associated with
each centroid location. Simultaneous spatial mapping of the emission
lifetime and intensity enables direct visualization of nanosecond
dynamics. We exploit this super-resolved lifetime imaging technique
to view the energy transport pathways among interacting CdSe/CdS
core/shell quantum dots (QDs). Previous nonimaging studies of QD
clusters indicated the presence of energy transfer from donor to accep-
tor QDs based on correlations between lower intensity/shorter lifetime
emission and higher intensity/longer lifetime emission.'”'® More
recently, camera-based SR mapped the emission intensity from QD
clusters, revealing spatial intensity variations consistent with energy
transfer.'” The simultaneous super-resolved lifetime and intensity
mapping reported here reveals the signature of energy transfer on the
nanometer scale within the clusters, wherein different parts of the clus-
ter can be identified as donor or acceptor regions depending on their
emission intensity and lifetime.

We imaged CdSe/CdS core/shell QDs that had core diameters of
~6nm and total diameters of ~9 nm. After synthesis, * the QDs were
suspended in toluene and diluted to nanomolar concentrations prior
to spin coating on the coverslip. Clusters were formed by adding a
small amount (1:50 parts) of methanol to a nanomolar solution of the
QDs prior to spin coating. The isolated QDs and clusters were excited
with 485nm laser pulses (~100 ps FWHM, 5MHz repetition rate)
with an average power of ~210 nW that were delivered to the rear
aperture of a > 406, 1.3 numerical aperture oil immersion objective.
The focus was maintained with feedback to a piezoelectric objective
mount (Mad City Labs Nano F Series). Proportional and integral feed-
back were provided by monitoring the image of scattered light off the
coverslip surface from a 785 nm laser beam (Thorlabs LDM 785) that
was directed through the side port of the microscope. The image
moved as a function of the focus position due to astigmatism intro-
duced by purposely misaligning the IR beam. Emission (peaked at
636 nm for nonclustered QDs in solution) from a near-diffractiontim—
ited spot was collected by the same objective, and it passed through a
488 nm dichroic mirror, a 680 nm short pass filter, a 500 nm long pass
filter, and a 450 mm focal length tube lens. The objective and tube lens
gave a x 25 overall magnification, and the emission was imaged onto
the center of a bundle of four square optical fibers arranged in a 2 x 2
array (Fig. 1). The image of the point spread function (PSF) had a
FWHM of ~150 um, and the fibers had dimensions of 100 x 100 ym?
with an additional 7.5 um of cladding.

The output of each fiber was coupled to a separate SPAD detec-
tor, and the detector outputs were suitably conditioned and directed to
a multichannel TCPSC module that recorded the arrival time and
detectoy, for each registered photon relative to the start of the experi-
ment, and the elapsed time, 7, between each excitation laser pulse and
a photon arrival. For 100 ms time windows, the 7 values were compiled
and histogrammed. The arrival time distributions were rarely monoex-
ponential for the case of both single and clustered QDs, and there was
a wide variation in the form of the distributions among different time
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Detected photon arrivals

SPADs Optical fiber bundle
mnpn g
_n_n

FIG. 1. Detection scheme. Emission from a single QD or QD cluster (red) is
foeused onto a bundle of four square optical fibers. Each fiber is coupled to a
SPAD detector. Time-correlated single-photon counting electronics record the
arrival times of photons relative to both the start of the experiment and the excita-
tion laser pulses, and they-reeerd the identity of the detector that registered each
photon. The distribution of counts among the four detectors is used to estimate the
position of the emission centroid.

windows. Because of the complexity and variation of the distributions,
we took the average arrival time, (7), to be a characteristic lifetime for
each time window. To determine the lateral position of the emission
centroid, we analyzed the counts, N, registered in each detector for
100 ms time windows using maximum likelihood estimation (MLE).
The PSF, the fiber pixel dimensions and locations, and Peissenian, dis-
tributions for the signal and background were used as inputs in order
to compute the maximum of the likelihood distribution function and
locate the centroid. The precision was calculated from the standard
deviation in the repeated measurements of the location of an isolated
QD; it improves for longer time windows and scales as 1/+/N follow-
ing the central limit theorem (Fig. S3).

Segments of the data lasting ~200s were selected for analysis
from each sample so that a substantial number of blinking events were
contained. Blinking events are needed to resolve multiple centroids
within multiemitter systems. Unfortunately, the lateral drift of the
microscope during these long durations significantly blurs the 2D
mapping of the x and y positions. Correcting for the drift with
frequency-based filtration techniques is problematic because the
extraction of low frequencies tends to attenuate the blinking events
that contribute to features of interest (step changes in the position
following by long, static locations). To this end, we chose to analyze
segments of the data stream over which the underlying drift velocity
was approximately constant and the only correction we implemented
was to remove the average drift velocity by subtracting a linear fit to
each segment. Supplementary material (i)-(iii) contains further details
about the experimental setup, sample preparation, and localization
procedure.

To benchmark the SR lifetime imaging capabilities of the micro-
scope, we imaged individual isolated QDs. Photon pair correlations
were computed from the photon arrival times for each sample to verify
that it was an isolated emitter (Fig. S10). Intensity, (), and position
data from a selected QD are shown in Fig. 2. The intensity, with a
mean photon detection rate of 105 kHz for a 200 s observation period,
is plotted vs time in Fig. 2(a). The (t) values, with a mean of 43 ns, are
plotted in Fig. 2(b). Comparison of the intensity and (t) values reveals
synchronized changes in the two observables, with longer (t) values
corresponding to higher intensities. The drift-corrected x position is
plotted vs time in Fig. 2(c) (Figs. S6 and S7 display y positions). Using
50kHz as a threshold to delineate blinking, we observe that the QD
spends 10% of its time below the threshold in the off state. The
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FIG. 2. Data from an isolated QD. (a) Intensity, which is the sum of the counts in the four detectors in kilohertz vs time for 200s; (b) average photon arrival time with respect to
the Jaser pulse, (t), in nanoseconds; (c) x location of the centroid in nanometers vs time. The scatter plots in (d) and (e) portray the centroid location where each dot corre-
sponds to a location found from a sequence of 100 ms time windows. (d) Centroid positions with color scaling indicating the emission intensity. (e) Centroid positions with color
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standard deviation in positions is 4 nm in x and 5nm in y when the
QD is in the on state, for which the average number of detected pho-
tons is N ~ 11;000 per localization (per 100 ms time window). Figure
2(d) is an intensity-scaled scatterplot showing all the x and y positions
acquired. On average, we observe a single emission centroid. As
expected, the distribution of individual centroid positions depends on
the number of photons acquired during that time window; lower
intensity corresponds to a broader distribution. A lifetime image of the
QD is shown in Fig. 2(e) where the color scale represents (t), and
again we observe individual centroid positions scattered about a single
mean.

The advantages of measuring intensity and (t) in conjunction
with precisely locating the emission centroid are evident when we
examine QD clusters. Figure 3 shows data from a selected cluster in
which disparate emission behavior within different regions of the clus-
ter is obvious. Analogous to Fig. 2, Figs. 3(a)-3(c) display the intensity,
(), and x position vs time over 200s from a small QD cluster (Figs.
S8 and S9 display y positions). We observe synchronized changes in
all three observables: the intensity, with an average of 180kHz,

400F ]
(a) 150

decreases; the (7), with an average of 18 ns, decreases; and the position
moves in the negative-x direction. The synchronized changes in the
intensity and position occur when one or more QDs turn on and off
in the cluster, and the centroid location shifts toward the QDs that are
dominating the emission. Figures 3(d) and 3(e) are composite images
of the emission centroid positions for the entire 200 s data stream that
are color-scaled according to intensity and (t), respectively. We iden-
tify both a high intensity and longer (t) region and a low intensity and
short (7) region. The disparate intensity and () values are used to dis-
cern two centroids. A threshold of 200 kHz was chosen by inspection
to separate high and low intensity segments [Fig. 3(a)]. For the entire
200 s of data, we computed the average of the positions associated with
intensities above and below that threshold. The distance between the
two locations is 12.3 * 0.3 nm. Repeating this procedure using (t)
rather than intensity as a filter [Fig. 3(b)], a 21 ns threshold yields a
separation of 12.2 = 0.3 nm between the two emission sites.

The presence of multiple regions within the clusters associated
with different (7) values may be caused by the ~10% distribution of
core sizes and particle sizes found within the synthesis batch (Fig. S1)

1 (kHz)
250 300

{7} (ns)
200 20

350 400 10 15 25 30

y position (nm)

y position (nm)

100 150 20
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FIG. 3. Data from a QD cluster. (a) Intensity (kilohertz) vs time for 200s; (b) average photon arrival time, (), in nanoseconds; (c) x location of the centroid in nanometers vs
time. (d) Centroid locations with color scaling indicating the intensity of the emission. () Centroid locations with color scaling indicating () of the emission.
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that results in a distribution of bandgaps among individual QDs."”*’

We hypothesize that the distribution of bandgaps among individual
QD:s allows them to take on preferred roles as either energy donors or
acceptors within the clusters. Previous studies have shown that energy
transfer from a donor species to an acceptor species leads to shorter
lifetime and lower intensity emission from the donor because energy
transfer to the acceptor is competing with the radiative relaxation of
the donor.'”*"** For the selected QD cluster in Figs. 3(d) and 3(e), it
appears that the significantly shorter (7) and lower intensity of the
centroid located near the origin occur because QD(s) on that side of
the cluster are transferring energy to the QD(s) on the left side. We
speculate that the highest intensity and longest (7) emission are com-
ing from the largest QD with the lowest energy bandgap, and when
that QD blinks off, we observe emission from the QD with the next
lowest bandgap. In that case, the centroid position shift may be
between the locations of the two lowest-energy QDs within the cluster.

The relationship between intensity and (7) is shown in Fig. 4,
which compares the behavior of the isolated QD to that of the cluster.
The cluster distribution (green) has signatures of energy transfer:
when radiative relaxation of donor species competes with energy
transfer to acceptor species that are in off states, emission is lower in
intensity and shorter in lifetime. The single QD distribution (black)
exhibits a similar correlation between intensity and (t), but its (t) val-
ues are significantly longer than those of the cluster, an observation
consistent among all the samples we studied [Figs. S2(b) and S2(d)].
At this time, it remains unclear why even the longest lifetime contribu-
tion from clusters is shorter than that of individual QDs.

In summary, we have described a SR lifetime imaging technique
capable of assessing dynamic processes within small QD clusters, such
as the presence and direction of energy transfer based on lifetime and
intensity mapping. We have demonstrated the ability to locate the
emission centroid with a precision of ~5nm using 10" detected

400 F ' ' —

60

(1) (ns)

FIG. 4. Relationship between photoluminescence intensity and lifetime. Emission
intensity in kilohertz vs average photon arrival time, (z), in nanoseconds is plotted
for each 100 ms time window for an isolated QD (black) and a QD cluster (green).
For the isolated QD, the hard edge at the higher count rates likely reflects the photo-
physics of this individual isolated QD since distributions from other isolated QDs
show a similar, but not identical shape, The trail of low intensity and long (<) arrivals
for the isolated QD is a detector artifact; the 100 ns (z) of the background, primarily
due to uncorrelated dark counts, extends the (z) of the signal at low intensity.
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photons for localization, and we have exploited differences in intensity
and photon arrival time to distinguish emission centers separated by
~12nm. In future work, we intend to to use this aprroach to image
heterostructured nanomaterials with well defined structures and
compositions, as well as biological systems.

See the supplementary material for details of the experimental
setup, sample preparation and characterization, and localization
procedure.
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