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ABSTRACT: Broadening of multiexciton emission from colloidal
quantum dots (QDs) at room temperature is important for their use Y /_H e -
in high-power applications, but an in-depth characterization has not
been possible until now. We present and apply a novel spectroscopic ‘
method to quantify the biexciton line width and biexciton binding
energy of single CdSe/CdS/ZnS colloidal QDs at room temper- 9_-
ature. In our method, which we term “cascade spectroscopy”, we %
select emission events from the biexciton cascade and reconstruct At BX
their spectrum. The biexciton has an average emission line width of % X
@)

X ¢ BX

86 meV on the single-QD scale, similar to that of the exciton.
Variations in the biexciton repulsion (E, = 4.0 + 3.1 meV; mean +
standard deviation of 15 QDs) are correlated with but are more
narrowly distributed than variations in the exciton energy (10.0 meV
standard deviation). Using a simple quantum-mechanical model, we conclude that inhomogeneous broadening in our sample is
primarily due to variations in the CdS shell thickness.

——Energy—
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S ince the first report of colloidal quantum-dot (QD) because the energy splitting between fine-structure states and
synthesis 30 years ago,’ significant research effort has been the spectral shifts between single excitons and multiexcitons
devoted to reaching high emission efficiencies and pure are small (a few meV) in comparison to the emission line
emission colors tunable over the entire visible range. However, widths (tens of meV). Photon-correlation investigations of
variations in particle size, which reduce the color purity multiexciton'*~>* emission efficiencies at room temperature
because of inhomogeneous broadening, cannot be entirely have revealed enormous heterogeneities with no apparent link
: .26 . . . 220,23-26 :
avoided. Inhomogeneous and homogeneous broadening of to the single-exciton properties. A detailed character-
QD emission at room temperature, directly relevant for ization of multiexciton emission energies and the variations
applications in displays and lamps, has been studied extensively thereof at tzl;e_zgingle-QD level is important for high-power
on the ensemble and single-QD level. Previous studies have applications but has not yet been achieved.

In this Letter, we measure the biexciton spectrum of single
QDs at room temperature. We employ a novel spectroscopic
technique, which we call “cascade spectroscopy”. In this
technique, we identify biexciton cascades from the emission of
a single QD by cross-correlating the signal recorded by two

focused on QD emission in the regime of weak optical
excitation, where QD fluorescence originates from the single-
exciton excited state. Prospective new applications—such as
lasing and high-power lighting—inherently demand stronger

excitation, which creates multiexciton states with optical g ved sinele.oh d o ¢ th
properties different from those of single excitons,”® most time-resolved single-photon detectors. On one of the two

. . detectors we achieve energy resolution, which allows us to
notably a lower emission efficiency because of Auger e A
9,10 reconstruct the biexciton emission spectra. We observe a

recombination. repulsive biexciton of single CdSe/CdS/ZnS core—shell—shell

The spectral characteristics of multiexcitons have remained
largely unexplored. Studying multiexciton states is difficult
because, under strong excitation, the simultaneous presence of Received:  April 20, 2021
trions, biexcitons, and higher multiexcitons obscures the Revised:  June 12, 2021
investigation of any particular multiexciton state. Only at Published: June 16, 2021
cryogenic temperatures can multi- and single-exciton emission
be separated on the basis of polarization' "'* or by spectral
selection.”® At room temperature, such selections are difficult
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Figure 1. (a) Schematic of the galvo-APD setup. The QD emission is directed to a periodically rotating galvo mirror, which changes the angle of
incidence on a transmission grating. Fourier imaging of the grating plane projects part of the QD emission spectrum onto an avalanche photodiode
(APD). (b) Periodically rotating the galvo mirror with 0.5 Hz scans the emission spectrum of the QDs (pulsed excitation 2.5 MHz) over the APD
twice every 2 s. We can convert the experimental time T to a photon energy (see inset). (c, d) Time-resolved emission spectra of a micrometer-
thick layer of QDs on glass at increasing excitation-pulse energy. The white lines indicate the emission maximum as a function of delay time. At the
highest power, the spectrum is slightly blue shifted at delay times of 0—2 ns because of the contribution of repulsive biexcitons. (e) Emission
spectrum integrated between 0 and 0.6 ns delay times for n = 0.005 (red, panel c) and n = 0.23 (blue, panel d) excitons per pulse. By globally fitting
a series of spectra for different fluences, we obtain an ensemble biexciton shift of E, = +14 meV.

QDs, commonly used for lasing,”” consistent with power-
dependent measurements on the ensemble scale and with
previous studies of thick-shelled core—shell QDs.** The single-
QD biexciton emission line width is 86 meV on average (full
width at half-maximum; fwhm). This matches the line width of
the single-QD exciton emission of our QDs and those of other
groups.”* We find single-QD biexciton shifts of E, = 4.0 + 3.1
meV, which are slightly negatively correlated with but more
narrowly distributed than the single-QD exciton energies
(variation of 10.0 meV). Comparing these correlations and
variations to simple quantum-mechanical calculations of
multicarrier states in QDs, we conclude that both are
predominantly due to variations in the thickness of the CdS
shell. We thus present the first method to characterize single-
QD biexciton spectra at room temperature, which will guide
the development of synthesis strategies aimed at minimizing
inhomogeneous broadening of biexciton emission for high-
power applications.

We first characterize the biexciton emission of our CdSe/
CdS/ZnS core—shell—shell sample (section S1 in the
Supporting Information) on the ensemble scale, as a
micrometer-thick layer on a cover slip, using energy-resolved
time-correlated single-photon counting. Figure la shows the
setup, which we term the “galvo-APD” setup. A galvo mirror
periodically varies the incidence angle of the QD emission
onto a transmissive diffraction grating (300 lines/mm). Fourier
imaging of the grating plane projects part of the QD spectrum
onto an avalanche photodiode (APD) with a resolution Al &
aL/f, where a is the detector size (20 ym), L is the groove
spacing (3.3 ym), and f is the focal distance (20 mm). These
optical elements give a resolution of approximately A4 = 3 nm
(section S2.1 in the Supporting Information). Periodic
scanning (Figure 1b, 0.5 Hz) measures the emission spectrum
twice every 2 s. We perform a pulsed-excitation experiment
(repetition rate 2.5 MHz), where we deduce the energy of each
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detected photon from the detection time T since the beginning
of the experiment (see inset of Figure 1b). For each photon,
we simultaneously measure the delay time ¢ with respect to the
previous laser pulse.

Figure 1c,d shows time-resolved emission maps, i.e. emission
spectrum versus delay time, at different excitation powers,
measured with our galvo-APD setup. At the lowest power
(estimated number of excitons per QD per pulse n = 0.005,
Figure 1c) the emission peaks at 2.002 eV on the interval t =
0—0.6 ns. It then slowly shifts to lower energies over the next
1S ns, likely due to inhomogeneous broadening of the
emission’’ and exciton diffusion.”> At higher powers (n
0.23, Figure 1d) an additional slightly bluer contribution to the
emission appears; the emission peaks at 2.007 eV on the
interval t = 0—0.6 ns. Figure le shows the integrated emission
spectra for t = 0—0.6 ns for the low fluence (red) and the high
fluence (blue). This indicates a repulsive biexciton; i.., the
ensemble-scale biexciton shift is positive, E, = Egx — Ex > 0,
where Egy and Ey are the ensemble-scale biexciton and exciton
emission energies, respectively. We expect negligible contribu-
tion of triexcitons at the excitation fluences used. Nevertheless,
extracting a quantitative value for E, remains difficult, because
the majority of the signal originates from the exciton and the
shift between exciton and biexciton emission is much smaller
than the line width due to inhomogeneous and homogeneous
broadening. A global-fit procedure (section S3 in the
Supporting Information) yields a best estimate for the
ensemble-scale biexciton shift of E, = 14 meV.

Experiments on single QDs allow us to unambiguously
distinguish between biexciton and exciton photons and to
directly extract the biexciton shift and the biexciton emission
spectrum. We split the emission of a single QD using a
Hanbury-Brown—Twiss (HBT) setup (Figure 2a), in which
one of the detection channels uses a regular APD while the
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Figure 2. (a) Schematic of the cascade spectroscopy setup. The emission of a single QD is split equally over the energy-resolved “galvo APD”
(Figure 1a) and a regular APD. (b) Photon correlation function g(z) of a single QD (repetition rate 2.5 MHz, estimated average number of excitons
per pulse y = 0.1) integrated over the entire experiment, showing a biexciton efficiency of 773y = 10.5%. The highlights mark the delay time ranges
where events of types 17, 07, 0%, and 1" contribute. (c) Overview of possible ordered-emission events. The laser pulses are the vertical blue lines.
Events wherein two photons (dots) are detected following two consecutive laser pulses are highlighted 1* and 17, depending on the order of the
detector clicks. Two photons detected after a single laser pulse, indicating biexciton cascade emission, are highlighted 0" and 07. The first photon of
a cascade is a biexciton photon (blue dots); all other photons most likely originate from the single-exciton state (red dots). (d, e) Energy-resolved
g(z) (log y-scale) for low (d) and high (e) galvo-APD detection energies. Lower galvo-APD detection energies Eq,, = 1.95—1.99 eV yield a ratio Nj/
Np < 1, while for blue-shifted detection energies Eg,, = 2.08—2.16 eV, N§/Nj > 1. This indicates a repulsive biexciton. The insets (linear y scale) are
enlarged views to show N§/Ny more clearly. We discarded afterglow events from panels b, d, and e (Figure S3 in the Supporting Information). (f)
Ng/N, as a function of galvo-APD detection energy Eg4. The gray spectrum shows the exciton emission of this single QD. The error bars are
calculated assuming shot noise. By fitting eq 2 to the data, we extract a single-QD biexciton shift of E,, = 6.8 + 1.0 meV.

other uses the galvo-APD setup (70 lines/mm, A1 = 13 nm),
introduced in Figure 1la.

From the energy—resolved measurement, we can reconstruct
the same photon-correlation function g(z) as obtained with a
conventional HBT setup, by simply integrating g(z) over the
total experimental time of 30—60 min (section S4.2 in the
Supporting Information). Figure 2b shows the result for a
typical single QD from our batch. We performed a blind-time
analysis to confirm that the zero-delay peak is due to biexciton-
cascade events, while the side peaks are due to exciton—exciton
pairs following consecutive laser pulses (Figure S4 in the
Supporting Information).*® The correlation function measured
in the limit of weak excitation reveals the biexciton-to-exciton
efficiency ratio #px/#y from the number of photon-pair events
in the zero-delay peak N, and the number of photon-pair pairs
in a side peak N;:'*

Ny _

N (1)

We find a biexciton efficiency of 755 = 10.5% (assuming 77y =
1'*), which is a typical value for thick-shell CdSe/CdS/ZnS
core—shell—shell QDs.'**¢

In our correlation analysis, the galvo APD acts as the “start”
channel and the regular APD as the “stop” channel. In our
definition of g(z), the biexciton cascade emission wherein the
first photon arrived at the galvo APD thus appears in the zero-
delay peak at positive delay times (highlighted with 0* in Figure
2b,c); cascade emission wherein the first photon arrived at the
regular APD appears in the zero-delay peak at negative delay
times (highlighted with 0~ in Figure 2b,c). Similarly, for the
side peaks, the order of the detector clicks determines whether
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an exciton—exciton emission pair appears at positive or
negative delay times (compare 1~ and 1* in Figure 2b,c).
The relative areas of the peaks in the correlation function
g(z) for a specific galvo-APD detection energy E,. contain
information about the biexciton emission spectrum. Indeed,
the number of recorded photon pairs of types 17,07, 0%, and 1*
depend on Eg4, and on the emission spectra of biexcitons and
excitons. Successful detection of photon pairs of type 17, 07,
and 1" require the galvo APD to record an exciton photon
(section S$4.3 in the Supporting Information); thus, the
number of detection events is proportional to the brightness
of the exciton at Eg4,,. In contrast, for events of type 0" the galvo
APD must record a biexciton photon; thus, the number of such
events is proportional to the biexciton brightness at Eg,. A
comparison of g? for E,, = 1.95—1.99 eV (Figure 2d) and for
Eg4e = 2.08—2.16 eV (Figure 2e) shows the consequence: the
total number of events of types 0~ and 0%, which we denote Ny
and N, are unequal and dependent on Eg4,.. More precisely, we
observe that Ny > N in Figure 2d and Ny < Nj in Figure 2e
(highlighted in the insets). Hence, a low E, favors the
recording of exciton photons on the galvo APD, while a high
Eg4 favors the recording of biexciton photons. This proves that
this single QD has a repulsive biexciton: i.e., the biexciton
emission energy Egy is higher than the exciton emission energy
Ey. With a quantitative analysis, we can determine the
biexciton shift E, = Epx — Ex on the single-QD level. We
compare the number of events recorded of type 0" (positive-
time area of the zero-delay peak NY) to the number of events
recorded of types 1~ and 1" (side-peak areas Nj and Nj). To
improve the signal-to-noise ratio, we take the average N; = Ny
+ Nj. Realizing that Nj scales with the biexciton emission
spectrum Ipy(E) peaking at Egy = Ex + E, and N; with the
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Figure 3. (a) Biexciton (blue) and exciton (red) emission spectra of the single QD analyzed in Figure 2. The biexciton spectrum was extracted
from the positive-time area Nj of the zero-delay peak in the energy-resolved photon-correlation function. We measure a biexciton shift of E, = 7.2
+ 2.1 meV. (b) A different QD with exciton with a larger biexciton shift of E, = 12.7 & 1.9 meV. (c) Biexciton and exciton line widths (fwhm) of
22 single QDs measured. Error bars are standard errors of the Gaussian fit.

exciton emission spectrum Iy(E) peaking at Ey, we can derive
(section S4.1 in the Supporting Information)

N_(;r _ 1 Mgy Tpx(Eger)
N 2 ny LK(Eg) )

We observe that Nj/N; increases as the galvo-APD
detection energy increases for E4, = 1.97—2.07 eV (Figure
2e). Outside this range of Eg,,, the detection efficiency of both
biexciton and exciton emission is low and dark counts affect
the measurement. We fit Nj/N,; as a function of detection
energy Eg., using eq 2 (dashed blue line), fixing the previously
determined biexciton efficiency, assuming Gaussian exciton
and biexciton spectra with equal line width (fwhm = 85 meV,
gray exciton spectrum inset) and using the biexciton shift E}, as
the only fit parameter. The solid blue line is calculated
including the contribution of dark counts (section S4.3 in the
Supporting Information), which yields a match with the data
over the full range of E,,.. We obtain a biexciton shift E, = 6.8
+ 1.0 meV for this single QD.

Understanding the different cascade events that occur in our
experiment, we can now reconstruct the single-QD biexciton
spectrum directly from the positive-time area Nj of the zero-
delay peak. The absolute value of Nj as a function of Ey, is
proportional to the biexciton emission spectrum Igy. Similarly,
we obtain the exciton emission spectrum Iy from N, as a
function of Ey,,. The contribution of photon pairs to Nj and N,
originating from a transient low-efficiency gray state due to
blinking is negligible (Figure S6 in the Supporting
Information), since the count rate of photon pairs scales
quadratically with emission efficiency. Figure 3a shows the
biexciton and exciton emission spectra obtained with this
analysis procedure of the same QD as described in Figure 2.
The exciton spectrum (red dots) has a maximum at Ey = 2.025
eV and a fwhm of 92 meV. The emission is broadened by
spectral diffusion and slightly by the finite resolution of the
setup (Figure S2 in the Supporting Information). Interestingly,
we measure a biexciton spectrum (blue dots) with an equal
fwhm of 89 meV, which confirms the assumption of equal
exciton and biexciton line widths that we used in fitting eq 2 to
the data in Figure 2e. From the difference in fitted exciton and
biexciton emission maxima we obtain a biexciton shift of E, =
7.2 &+ 2.1 meV, very similar to the value found from the fit in
Figure 2e.

Figure 3b shows the emission spectra of a different QD from
the synthesis batch. The exciton emission peaks at Ex = 1.958
eV, and interestingly, the biexciton is significantly more
repulsive: E, = 12.7 + 1.9 meV. Again, we observe equal line
widths of the exciton and biexciton emission of 85 meV. Figure
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3c shows the biexciton and exciton emission line widths
obtained from 22 single-QD measurements (Figures S7—S9 in
the Supporting Information). The single-QD line widths of
biexciton and exciton emission are distributed between 70 and
100 meV fwhm, with a mean of 86 and 87 meV, respectively,
and are strongly correlated; the biexciton and emission line
widths of a single QD typically differ by no more than 10 meV
fwhm. Equal line widths for the biexciton and exciton were
reported before for epitaxially grown QDs over a wide
temperature range from cryogenic temperatures up to room
temperature.”* Our experimental finding shows that the
homogeneous emission broadening (determined by a combi-
nation of spectral diffusion, phonon coupling, and fine
structure®** %) of different single QDs varies, but it affects
the exciton and biexciton emission line widths by the same
amount.

Figure 4a shows an overview of the biexciton shifts and
exciton energies found. Of the 22 single-QD measurements, 15
were randomly selected QDs (blue dots in Figure 4a) and 7
QDs were specially selected for their low-energy emission (red
dots in Figure 4a). We find that the variations in the exciton
emission maximum (10.0 meV standard deviation) exceed the
variations in the biexciton shift (3.1 meV) by almost a factor of
4. Additionally, we observe on average a slightly more repulsive
biexciton E, = +9.4 meV for the selected QDs in comparison
to a weakly repulsive biexciton E, = +4.0 meV for randomly
selected QDs.

To understand the variations in exciton energy and biexciton
shift, we set up a simple quantum-mechanical effective-mass
model of multicarrier states in a spherical core—shell—shell
QD. Coulomb interactions between carriers are included as a
perturbation to the particle-in-a-box confinement energies
(section SS in the Supporting Information). We compute the
biexciton shift E, and exciton energy Ey of core—shell
geometries with different CdSe core radii a and CdSe/CdS
core—shell radii b. Figure 4b shows the results of the
calculations in a way that facilitates comparison to the
experimental data of Figure 4a: a grid of contour lines lays
out which QD geometry (a, b) produces which values of Ey
and Ey.

We can determine the dominant geometrical contribution to
inhomogeneous emission broadening in our QD sample by
comparing the calculations (grid lines in Figure 4b) to the
experimental distribution of QD properties (highlighted by the
gray area). The experimental variation in Ey exceeds the
variation in Ey by almost a factor of 4, and they are slightly
negatively correlated. This is consistent with energy variations
due to a distribution of core—shell radii b, while a distribution
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a where E ¢ . and E ¢}, are the particle-in-a-box confinement
+30 energies of the single-electron (e) and single-hole (h) 1S
%\ +204 | states, respectively, and J;; is the Coulomb interaction between
§ E +10- t h ik carriers i and j. Similarly, the biexciton shift including Coulomb
% N 0 : % 1 f f ﬁ, i interactions to first order is
nE
-10 A 1
-5’ 20 E}() ) = 2]eh + ]hh + ]ee (4)
1.94 1.96 |:5198t 2.00 2£2 V2.04 2.06 This description yields analytical expressions for the
xciton energy £, (eV) dependence of EY and E{" on a and b in the limit that b
b .3 4.6 4.4 4.2 4.0 > a (section S5.1 in the Supporting Information). As
. inhomogeneous broadening in our QD batch appears mostly
c 5 1207 3.8 due to variations in b, we can understand it from the
SE +104 derivatives of eqs 3 and 4 with respect to b
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Figure 4. (a) Biexciton shift E,, versus exciton energy Ex for randomly o 41'5880172 (6)

selected QDs (blue) and for QDs selected for their low-energy
exciton emission (red). Error bars denote one standard error of the fit.
We observe a slight negative correlation between biexciton shift and
exciton energy. (b) Dependence of Ey and Ex on CdSe core radius a
and CdSe/CdS core—inner-shell radius b, calculated with an effective-
mass model that includes Coulomb interactions between carriers as a
perturbation to second order (section S5 in the Supporting
Information). The QD geometry is given as grid lines for a (core
radius, solid lines) and b (core—inner-shell radius, dashed lines). The
gray-shaded area highlights the range of exciton energies and
biexciton shifts found experimentally. The red point and arrows are
the calculated exciton energy and biexciton shift for the independently
determined values of a = 1.84 nm (from the absorption spectrum of
the cores) and b = 4.1 + 0.4 nm (from electron microscopy).

of core radii a appears to be of lesser importance. Indeed, the
solid contour lines in Figure 4b, running along directions of
constant a, slope in approximately the same direction as the
experimental distribution of single-QD emission energies. The
calculations would predict that our experimental finding of the
biexciton and exciton energies are due to a distribution of QD
geometries with 4 = 1.82 &+ 0.05 nm and b = 4.3 + 0.3 nm.
These calculated values match well with the values of a = 1.84
nm determined from the absorption spectrum of the cores and
b =41+ 0.4 nm (mean + standard deviation) from electron
microscopy (red arrows in Figure 4b). A dominant
contribution of variations in the CdSe/CdS core—shell size b
to inhomogeneous broadening could be expected on the basis
of our synthesis procedure and those of many others.”**”*
For the core synthesis, §r0wth is fast and is stopped before size
defocusing of a sets in. ° Shells, on the other hand, are grown
at a low growth rate to avoid secondary nucleation, which may
lead to Ostwald r'g)ening effects that widen the distribution of
shell thicknesses."

Using our effective-mass model, we can intuitively under-
stand why variations in core—shell size b produce the observed
distribution of biexciton and exciton energies. When Coulomb
interactions are included as a first-order perturbation, the
exciton energy is

1
E)(() = Econf,e + Econf,h + ]eh (3)
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where 7 is the reduced Planck’s constant, m, the effective mass
of the electron, e the elementary charge, €, the permittivity of
the vacuum, and € the relative permittivity of the QD material.
Evaluating eqs S and 6 at a core—shell radius of b = 4.1 nm
yields the prediction that a distribution of b produces
variations in exciton energy of 0E{/0b = —88 meV nm™
(decrease with increasin% shell thickness) and variations in
biexciton binding of 0E{"/0b = 26 meV nm™" (increase with
increasing shell thickness). The variations in the exciton energy
OEY/0b are mainly caused by variations in the confinement
energy of the electron. Hence, our simple model explains the
wider variations in single-QD exciton energy than in biexciton
binding as well as the slightly negative correlations between the
two parameters. The negative correlation can also explain the
less repulsive biexciton on the single-QD level (on average E,
= +4.0 meV) in comparison to the ensemble level (Figure 1c—
e, E, = +14 meV). Since both the biexciton efficiency’® and the
biexciton shift (eq 6) increase with increasing shell thickness,
we expect a biexciton-efficiency-weighted biexciton shift in
ensemble measurements. This highlights the necessity of
single-QD measurements to successfully characterize biexciton
emission. Equations 3—6 can be used to predict and
understand the inhomogeneous broadening of exciton and
biexciton energies for other QD geometries.

To summarize, we have measured the biexciton shift and
biexciton line width of single CdSe/CdS/ZnS QDs using
cascade spectroscopy. We found that the line widths of
biexciton and exciton emission are similar, although they vary
between different single QDs. Variations in the biexciton shift
are small in comparison to variations of the exciton energy, and
the two parameters are slightly negatively correlated. We can
rationalize these variations with simple quantum-mechanical
calculations, which point to a distribution of CdS shell
thicknesses as the dominant contributor to inhomogeneous
broadening. Our method and findings are relevant for a
fundamental understanding of multicarrier interactions in
colloidal QDs. Moreover, they can serve as a guide for
synthesis procedures of core—shell nanocrystals, which will
particularly benefit their use in high-power applications.
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