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The rational design of semiconductor nanocrystal populations requires control of their emission linewidths,
which are dictated by interparticle inhomogeneities and single-nanocrystal spectral linewidths. To date,
research efforts have concentrated on minimizing the ensemble emission linewidths, however there is little
knowledge about the synthetic parameters dictating single-nanocrystal linewidths. In this direction, we
present a flow-based system coupled with an optical interferometry setup for the extraction of single
nanocrystal properties. The platform has the ability to synthesize nanocrystals at high temperature <300
°C, adjust the particle concentration after synthesis and extract ensemble-averaged single nanocrystal
emission linewidths using flow photon-correlation Fourier spectroscopy.
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Semiconductor nanocrystals (NCs) (or quantum dots - QDs)
have received enormous attention as luminescent materials for
biological' and optoelectronic applications.>” This is mainly
driven by their unique and synthetically tuneable optical and
electronic properties.” Although particle size dictates the
band energy of the NCs, sample inhomogeneity and the
emission linewidths of individual NCs dictate the resulting
spectral linewidths.® To date, all synthetic methodologies are
focused on minimizing the ensemble emission linewidth,
without considering the effect of single-NC linewidths. This is
largely due to the lack of efficient experimental and analytical
tools for uncovering the determining synthetic parameters
governing single-NC emission linewidths without the effect of
post-synthetic methodologies.” Establishing a direct link
between synthetic parameters and single-NC emission
linewidths will be essential for understanding the mechanisms
governing inhomogeneous broadening and thus further
promote NC-based applications.

Herein, we demonstrate a flow-based reaction and dilution
system coupled with a confocal fluorescence single-molecule
microscope that allows extraction of ensemble-averaged single
NC emission linewidths using flow photon-correlation Fourier
spectroscopy (F-PCFS). The F-PCFS setup allows for an
investigation of the effect of reaction parameters such as
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(reaction time, temperature, molar ratios of precursors) on
ensemble and single dot emission spectra of the synthesized
NCs in their native solution, thus shifting the current paradigm
of reaction optimization from ensemble to the single-dot level. A
single molecule technique based on solution photon correlation
Fourier spectroscopy (S-PCFS) has been established previously
in our group.®® S-PCFS combines fluorescence correlation
spectroscopy (FCS) of single emitters in solution in a Hanbury-
Brown-Twiss geometry with Fourier spectroscopy to extract
single and ensemble spectral emission linewidths from solution,
thus completely eliminating the selection bias of conventional
single-emitter fluorescence spectroscopy.'® In S-PCFS, at optical-
path length differences spanning the coherence length of the
emission, the degree of spectral coherence is encoded in the
intensity-cross-correlation function compiled from photon-pairs
detected at the output arms of the interferometer. In the
frequency domain, the observable of this measurement is the
spectral correlation p({;7), the auto-correlation of the spectra
compiled from photon pairs with temporal separation . Since
the decay of FCS traces is due to photon-pairs from the same
single emitter, p({;z) can be parsed into the ensemble and
ensemble averaged single NC spectral correlation p°s*™P(¢;7)
and p*"#'°((;7), respectively. Because of the short exposure times
of individual NCs and comparatively low intensity excitation,
S-PCFS is beneficial for the study of sensitive samples that tend
to blinking and photobleaching. This ability to interrogate
photo-labile samples has recently been demonstrated by
measuring emission linewidths of lead halide perovskite NCs.""
Accordingly, single-NC spectroscopy and interferometric analysis
can uncover the basic processes governing spectral properties
like single particle linewidths and degree of inhomogeneous
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broadening.'>™* However, linking such spectroscopic tools with
more sophisticated synthetic configurations would potentially
accelerate the optimized synthesis of NC populations. Flow
reactor systems have received considerable attention since they
allow for rapid and controllable thermal and mass transfer and
thus define an ideal medium for preparing NCs with well-
defined morphology and physicochemical characteristics.”">™”
In particular, flow reactor systems with integrated detection
modalities are able to reassess standard synthetic approaches
and to rapidly optimize reaction conditions, while providing a
unique environment for elucidating reaction kinetics."®

In this study, we explore the potential of the proposed
technique for the in situ determination of single and ensemble
emission spectra of a model reaction system, CdSe NCs, while
varying the temperature (240-300 °C) and molar ratios of Cd
and Se precursors. An important aspect of the proposed
methodology is that droplet-based microfluidic reactors cannot
be integrated with the photon-correlation spectroscopic
technique, because the droplet flow would dominate the
correlation function, causing misinterpretations of the
acquired data. In addition, the intensity correlation function
would not provide information for single NCs traversing the
confocal volume, but only for the frequency of droplet
formation. These aspects present fundamental limitations to
the use of droplets in intensity-correlation measurements to
access single-particle properties in flow. For this reason, a
continuous flow microfluidic setup was designed for the
synthesis, dilution and characterization of CdSe NCs.
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Fig. 1 (a) The continuous tube-based flow reactor system. The
synthesized NCs are then transferred to the dilution unit. (b) Tube-
based dilution ladder scheme. The flow rates of each part of the
microfluidic ladder can be controlled by the fluidic resistances (length
and size of the microfluidic channels). The diluted NCs, from QC1-
QC3 (depending on the number of dilutions), are then promoted into
the fused silica capillary for the F-PCFS measurements. (c) Schematic
of the F-PCFS setup. The fluorescence from the synthesized NCs
flowing through a small focal volume through an interferometer. With
correlation analysis of the intensities at both outputs, the spectral
correlation function for the average single particle can be
distinguished from the spectral correlation function for the ensemble.

1976 | Lab Chip, 2020, 20, 1975-1980

View Article Online

Lab on a Chip

The flow platform is comprised of three units: the reaction
system for the synthesis of NCs, a tube-based microfluidic
ladder for in-flow dilution of the synthesized NCs and the
F-PCFS setup for the detection of single and ensemble
spectra. The flow reactor system is shown schematically in
Fig. 1a. It was made of polyether ether ketone (PEEK) tubing
(OD 1/16 inch, ID 0.02 inch, IDEX) which was wrapped
around a heated aluminium block.

A tube-based microfluidic reactor can provide flexibility and
simplicity over operating temperatures, back-pressure, dilution,
cost and subsequent integration with advanced single-molecule
tools. Syringe pumps (Harvard apparatus) were used for
injecting the precursor solutions (in the case of the synthesis of
CdSe NCs, we used trioctylphosphine selenide (TOP-Se) and
cadmium oleate (Cd(Oleate),)). The different units of the
platform were connected with standard PEEK unions and
microTee connectors (IDEX). In a typical synthesis, the flow
rates of cadmium and selenium precursors were set in the
range of 2-30 uL min™", with a residence time of 3-8 min.

Apart from the reaction system, a robust dilution scheme
was needed to be developed to ensure that the focal volume
in the microfluidic channel would have 100-10000 particles
per femtoliter, a typical occupancy wused in FCS
experiments.*>*° For this purpose, we developed a serial
dilution configuration (dilution ladder) for providing any
desired dilution depending on the initial concentration of
precursor solutions (Fig. 2b). The flow network is similar to
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Fig. 2 (a) FCS traces of a pre-synthesized and diluted solution of
CdSe/CdS QDs emitting at ~600 nm at different flow rates.
Identification of the flow rate limits during an F-PCFS measurement.
(b) FCS traces of the same sample solution at different z-positions of
the objective. Calibration of the setup based on the flow profile of a
continuous flow format.
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an electric circuit with the micro-channels acting as flow
resistances for controlling all outlet flow rates.*' The dilution
ladder was comprised of perfluoroalkoxy (PFA) tubing of 0.01
and 0.02 inch (depending on the flow resistance and dilution
ratios) and commercial fluidic connector assemblies and
connections with the other parts of the platform. To regulate
the flow rates of the outlet channels we use adjustable
resistances, specifically the tubing diameter and length.

The advantages of such a scheme compared to step-wise
additions of buffer solution (Qp) into the outlet of the
microfluidic channel are (i) linear concentration profiles using
minimal amounts of buffer solution, and (ii) the flow rate of the
outlet channel (Qc3) connected to the detection module being
relatively low (10-30 uL min™") for acquiring better FCS traces.
In addition, depending on the synthesized NCs, different
protocols can be developed for the generation of buffer solutions
suitable for the in-flow dilution of NCs without altering their
spectral properties, including their emission linewidth and the
position of their emission maximum. The integrity of the
particles under high dilutions was checked before the F-PCFS
measurements by recording ensemble emission spectra using a
highly sensitive cooled Electron Multiplying Charge Coupled
Device (EMCCD) camera after dispersion with a monochromator
(both Princeton Instruments).

FCS has already been combined with microfluidic systems
mainly for characterizing the flow profile in microfluidic
channels.*>™** In the current study, for the detection of the
flowing NCs, it is important that the microfluidic channel
positioned on top of a water-immersion objective (N. A. = 0.9)
has a wall thickness of no more than ~100 pm so that the
laser beam (c. w. laser at 405 nm) can be focused at the
center of the microfluidic channel. For this purpose, a fused
silica capillary, with 360 um outer diameter and 250 um
inner diameter, was selected. By removing the coating of the
fused silica capillary by burning it, it became possible to
detect the flowing NCs with a 100x water immersion objective
extracting FCS traces with good signal-to-noise.

An important task before the synthesis and detection of
single-NC spectral linewidths was to evaluate flow rate and
channel position limits. For this reason, pre-synthesized
CdsSe/CdS QDs emitting at ~600 nm and diluted prior to the
flow experiment were loaded in a glass syringe and
transferred into the microfluidic channel. Flow rates of the
particle solution were varied between 10 and 200 uL min ",
whereas a control experiment with stationary particles was
also performed (0 puL min™"). Fig. 2a shows that FCS traces
with good signal-to-noise ratio could be recorded for flow
rates up to 200 pL min™' and at the same time the diffusion
times of particles passing by the focal volume was shortened
from 1 s to 0.1 ms. After identifying the maximum
operational flow rate, we also evaluated the behavior of FCS
traces while altering the z-position of the objective.

As shown in Fig. 2b, the concentration of CdSe/CdS QDs at
the center of the microfluidic channel is higher than its upper
and lower level (number of particles is inversely proportional
to the y-intercept, g*(¢), of the intensity cross-correlation
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function). This is explained by the parabolic flow profile,
which is characteristic for a continuous flow format, where
the flow packets at the center of a channel are travelling faster
(increasing particle occupancy) than those close to the walls.
For all experiments performed, the z-position of the objective
was set at the center of the microfluidic channel for the
following reasons: (a) higher fluorescence intensity due to
higher concentration of particles, (b) prevention of recording
of FCS traces of potential aggregated particles accumulating
onto the channel walls, and (c) reaction time of particle
formation determined by particles travelling at the center of
the microfluidic channel.

The formation of CdSe QDs served to demonstrate
applicability of F-PCFS for probing single and ensemble
spectra. CdSe QDs were prepared using Cd(OA), and TOP-Se.
The initial precursor concentrations were in the range of 1-
10 mM and 2-20 mM for the Cd(OA), and TOP-Se solutions,
respectively. With this initial concentration of precursors, the
series of the necessary in-line dilutions was set to one or two.

A crucial aspect during an F-PCFS measurement is to ensure
flow and particle stability before and after dilution of the
synthesized particles. Potential flow or particle instabilities will
impact the (a) photoluminescence spectrum (PL) intensity and
(b) the amplitude of the FCS trace due to concentration
changes over time in the focal volume or the formation of
aggregates. The latter will induce rapid increase in the
amplitude of the cross-correlation function but also changes
over the diffusion times over the course of the experiment,
introducing artifacts in the F-PCFS measurement.

To acquire F-PCFS measurements, the interferometer was
adjusted to discrete path-length differences J, (typically 60-
90 um) spanning the coherence length of the emission. At
each Jy, the path-length difference is periodically dithered
over a multiple of the emission wavelength (~1020 nm) with
a frequency of ~0.05 to 0.1 Hz. The photon-arrival times at
the output arms of the interferometer were recorded with
picosecond photon counting equipment (Picoquant
Hydraharp). Computation of the intensity correlation (FCS)
functions at each stage position was performed with home-
built MATLAB software in post-processing (see ESIt for
details). A typical F-PCFS measurement (meaning one set of
synthetic conditions) lasts between 30-90 min, corresponding
to 20 s™' min of integration at each state position, depending
on the photon-count-rate and particle occupancy, which
further determine the signal-to-noise ratio of the FCS trace.

In this direction, we first evaluated the formation of CdSe
NCs synthesized at 250 °C. As shown in the contour plot of
Fig. 3a, the PL maximum position remains constant for a period
of 42 min (see Fig. S1 and S27 for additional flow stability tests)
at 2.14 meV and essentially invariant maximum intensity,
demonstrating the excellent temporal stability of the reaction
and dilution units. Small variations of PL maximum intensity are
attributed to fluctuations in the temperature control unit (+2 °C).

In addition, Fig. 3b, demonstrates the PL spectra at 3
different times of the experiment extracted from the contour
plot, which further confirm that the shape and peak position

Lab Chip, 2020, 20, 1975-1980 | 1977
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Fig. 3 (a) Contour plot of PL spectra for CdSe QDs synthesized in our
microfluidic reactor over 42 minutes of continuous operation. The
reaction time was 3.5 min, temperature was fixed at 250 °C and Se: Cd
=15, Qqp:Qp = 1. (b) PL spectra of CdSe QDs extracted from the
contour plot at the beginning, middle and end of the F-PCFS
measurement. The arrows in Fig. 3a represent the operational times
for Fig. 3b. (c) PL spectrum and ensemble spectral correlation for the
synthesized CdSe QDs recorded with the CCD camera and extracted
from the F-PCFS measurement, respectively.

of the PL spectra do not change over this period. Optical long
and short pass filters were used to spectrally isolate the
band-edge emission peak from the NCs, free from any
parasitic fluorescence originating from the Cd(OA), buffer
solution (see ESI{ for the preparation) or lower-energy trap
emission that would obscure the F-PCFS measurement.
Unlike in conventional Fourier spectroscopy, which measures
the spectrum, the observable of PCFS is the spectral
correlation, the auto-correlation of the spectrum without the
absolute phase information. We ensure validity of the setup-
alignment by comparing the ensemble spectral correlation
P(Q) extracted from F-PCFS with the auto-correlation of the
ensemble spectrum recorded in situ with the EMCCD
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camera (Fig. 3c). In addition, based on the autocorrelation
traces for the F-PCFS measurements, it is apparent that the
average occupation of particles in the focal volume is high
(g%(t) = 1.001-1.01, Fig. S31). The total PCFS interferogram
is the linear combination of the ensemble average single
particle interferogram and the ensemble interferogram.
Therefore, Fig. S4,F which shows a decay of the single NC
interferogram on timescales of the FCS decay curves,
indicates a real single NC interferogram contribution even
at high particle occupancies. Last, another crucial aspect is
to ensure that the ensemble component does not have a 7
dependence because it is determined by the statistics of
different particles entering and exiting the focal volume.
Fig. S51 illustrates the invariance of the single NC spectral
correlation with selection of z, which further confirms our
data analysis.

From extracting the spectral correlation at photon-lag-
times smaller than the particle dwell-time, we can extract the
single particle spectral correlation (p*™&'°(¢;z)), which - due to
fast particle exchange - is a measure of the ensemble
averaged single particle emission linewidth. Fig. 4 compares
PeE(Gr) to pemPe(( ) 2.21 eV - CdSe QDs (Fig. 4a) and
2.15 eV - CdSe synthesized at 250 °C and 270 °C, respectively
(Fig. 4b). The linewidth of the underlying ensemble averaged
single CdSe QDs and ensemble linewidth was evaluated by
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Fig. 4 Ensemble averaged single NC (blue line) and ensemble spectral
correlation (red line) for CdSe QDs synthesized at (a) 250 °C and (b)
270 °C. We find that inhomogeneous broadening is almost negligible

for the as-synthesized and non-purified CdSe QDs.
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inferring an effective spectral linewidth (ESL), an effective full
width half maximum (fwhm), from Gaussian fits to the
spectral correlations as performed previously.'”"" Fig. 4
indicates that the ensemble and averaged single linewidths
are similar for both 2.21 eV - CdSe QDs (ESLensemple ~ 163
meV, ESLgpnge ~ 153 meV) and 2.15 eV - CdSe QDs
(ESLensemble ~ 140 meV, ESLgingie ~ 127 meV) (see Fig. S6-S9F
for additional F-PCFS measurements and F-PCFS
reproducibility). The minimal difference between ensemble
and single emission linewidths is explained by the fact that
the ensemble emission is the convolution of the intrinsic
linewidth and the polydispersity distribution. For intrinsically
broad single NC samples, the convolution is dominated by
the intrinsic linewidth and the effect of polydispersity
minimal. In that case, inhomogeneous broadening is minor.
In general, higher temperatures lead to a red-shift of PL
spectra, which indicates the formation of NCs with larger
sizes. In addition, the corresponding F-PCFS measurements
indicate that ESLgjng gets narrower at higher temperatures
and for the same molar ratio of precursors (Fig. 4). This is in
accordance with previous studies, which demonstrated that
single-NC linewidth decreases nearly monotonically with
increasing particle size.'”> The overall increased single-NC
linewidth observed herein can also be attributed to surface
imperfections that have been shown to contribute
dramatically to the single particle linewidth owing to the
stronger exciton-phonon coupling to surface modes.*®*”

The single NC linewidths observed herein are broad
compared to high-quality samples prepared via hot-injection
synthesis, which show single particle linewidths of ~80-90
meV (after particle purification).”> The broad linewidth
measured here may indicate that freshly synthesized NCs
exhibit broader ensemble averaged single particle linewidth
than NC ensembles, which have been purified via
precipitation and re-dispersion. This widely-used purification
procedure may remove sub-populations of poor optical
quality NCs from the ensemble. In addition, in the current
methodology the initial concentration of precursors was 10
times lower than that of hot-injection synthesis, which could
further affect the single and ensemble emission linewidths
(the F-PCFS measurements presented in the ESIT were
conducted using higher concentrations, such as 10 mM Cd
and 20 mM Se).

Additional S-PCFS measurements were conducted to
compare the ESLgnge of crude and purified samples. Fig.
$10-S151 compare p*™8'°((;7) to p*™P((7) of various crude
and purified samples synthesized in the microfluidic reactor.
Table S11 summarizes the results of the S-PCFS analysis,
where it is clear that in most cases particle purification has a
direct effect on ESLgjng1e, Which drops to ~100 meV, and it is
similar to what our group has previously reported for core-
only CdSe particles."”” To further ensure that there is no
contribution of QD flow in our measurements, we performed
S-PCFS and F-PCFS measurements to extract the ESLgjng1e and
ESLensemble Of @ crude solution. The crude solution was
synthesized in the microfluidic reactor, diluted offline and
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finally transferred either in a capillary for S-PCFS or in a
syringe for F-PCFS. Comparing Fig. S12 and S16,f it is
apparent that ESLggle and ESLepgempie are similar for both
stationery and flow experiments, which further confirms that
ESLgingle and ESLepsembie are not affected by QD flow.

Conclusions

In summary, we demonstrated for the first time a
microfluidic platform for the synthesis, in-line dilution and
extraction of single and ensemble NC spectra in flow. The
flow setup can operate at various flow conditions,
temperatures and reaction times allowing for an
investigation on product characteristics down to the single
NC level. As a proof of principle study, we indicated the
effectiveness of the platform on extracting single NC and
ensemble spectra of CdSe NCs synthesized in situ and at
different operating temperatures and molar ratios. Broadly,
we demonstrate the feasibility of coupling interferometry,
FCS, and microfluidic synthesis platforms to allow analysis
of single emitter linewidths and optical heterogeneities as
a function of synthetic parameters. We anticipate this
study to be the starting point for further technique
development, including fast-reaction feedback control by
using inhomogeneous broadening as a minimization
parameter.
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