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ABSTRACT: When excited with a low laser power, the dark excitons in
semiconductor CdSe nanocrystals (NCs) are associated with a long radiative lifetime
at the cryogenic temperature. With the increasing laser excitation power, there
additionally appears a fast lifetime component that signifies the effective generation of
multiple dark excitons. Similar to the case of multiple bright excitons, the Auger
recombination of multiple dark excitons in large-sized CdSe NCs is greatly suppressed
to render them a highly emissive nature. The introduction of multiple dark excitons to
the current studies of semiconductor CdSe NCs will surely promote various potential
applications such as in high-capacity energy storage and low-threshold optoelectronic

lasing.

Bl INTRODUCTION

Semiconductor CdSe nanocrystals (NCs) synthesized by the
colloidal approach have been extensively investigated over the
past decades due to their size- and shape-dependent photo-
physical properties that are attractive for both fundamental
studies and practical applications."”” The enhanced electron—
hole exchange interaction in the quantum-confined CdSe NCs,
together with the intrinsic crystal field and the structural
anisotropy, split the 8-fold degenerate band-edge exciton
structure into five energy levels with the lowest being an
optically forbidden one.”* The existence of such a dark state
could be deduced in ensemble CdSe NCs from the appearance
of a long photoluminescence (PL) lifetime at the cryogenic
temperature’ and its significant shortening under an external
magnetic field.”®” After the PL peak of dark excitons was later
resolved in single CdSe NCs,"™'" their spectroscopic finger-
prints have been firmly established, with the emissive nature
being attributed to thermal mixing with the bright excitons or
spin-related interactions with several proposed sources such as
longitudinal phonons, surface ligands, and paramagnetic
defects.>>*>"'7* A comprehensive understanding of the
dark excitons in CdSe NCs would not only guide their
emerging studies in colloidal NCs with other compositions' "'
as well as in other semiconductor nanostructures,'’~'* but also
facilitate their potential usages in solid state spintronics.”’
Specifically, the long radiative lifetime of dark excitons is
beneficial for the storage of excitation energy,Zl’22 which can
then be efficiently extracted by molecular acceptors to sensitize
chemical transformations for optoelectronics and photo-
biology.”>™** The capacity for this kind of energy storage
would be greatly expanded at the regime of multiple dark
excitons, whose very existence and recombination dynamics
have not been disclosed so far in the literature.
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Here, we study two batches of ensemble CdSe NCs with
small and large sizes, whose dark-exciton radiative lifetimes are
approximately 240 and 70 ns, respectively, under the low-
power laser excitation at the cryogenic temperature of 3.2 K.
When the laser power is further increased, a fast lifetime
component of about 10 ns appears for both samples, which can
be attributed to the effective generation of multiple dark
excitons. In the small-sized CdSe NCs, the multiple dark
excitons suffer strongly from the nonradiative Auger
recombination, so that their fluorescent photons are still
significantly fewer than those of the single dark excitons for the
highest laser power used in our experiment. Meanwhile, the
Auger recombination of the multiple dark excitons is greatly
suppressed in the large-sized CdSe NCs, leading to the
dominance of their fluorescent photons over those of the single
dark excitons even with the laser excitation of an intermediate
power.

B METHODS

The solution absorption and emission spectra measured at the
room temperature for the small- and large-sized CdSe NCs
(Qdot 605 and Qdot 655, from Thermo Fisher Scientific) are
shown in Figure 1la, with the emission peaks located at 605 and
655 nm, respectively. According to the transmission electron
microscopy (TEM) measurements, the Qdot 655 CdSe NCs
(Figure 1c) have a prolate shape with an average aspect ratio of
1.55 + 0.22 (width 8.75 + 0.88 nm, length 13.46 + 1.69 nm),
while the Qdot 605 CdSe NCs (Figure 1d) have a spherical
shape with an average radius of 3.69 + 0.40 nm. One drop of a
toluene solution containing CdSe NCs was spin-coated onto a
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Figure 1. (a) Solution absorption and emission spectra of the Qdot 655 and Qdot 605 CdSe NCs. (b) PL intensities of the ensemble Qdot 655
and Qdot 605 CdSe NCs each plotted as a function of the laser excitation power. The two sets of data points are each fitted with a function form,
o1 — e™®, where « is a fitting constant and P is the laser excitation power. The above optical measurements were performed at room temperature.
(c) Statistical distribution for the aspect ratio of the Qdot 655 CdSe NCs. Inset: TEM image for a representative Qdot 655 CdSe NC. (d)
Statistical distribution for the radius of the Qdot 605 CdSe NCs. Inset: TEM image for a representative Qdot 605 CdSe NC.

a b 0.6
— — <N>=005 —cN>=1.0
[7Z] <N>=2.0
- 6
'E 10 — <> = 3.0 /-B 05 |
=_ 105 — <> = 4.0 h(I)
= Z o4l
© 10° =
= £
2 10° & o3t
n -4
c 2
g 0 02 |
whd
: 101 L 1 " 1 L L " 1 rt " 1 " L L 1 1
- 0 10 20 30 40 50 60 0 1 2 3 4
Time (ns) <N>
c d
— <N>=0.05 om— c<N>=1.0 0.16 k-
& 00
c "2 014 |
3 10° ol
o S o012 f
5 10 =
~ 2 010 |
£
’? o ~ 0.08
2 402 < °%r
[ R
‘E 10! P PR | 1 . 0.06 N 1 . 1 . 1 . 1
- 0 10 20 30 40 50 60 0 1 2 3 4
Time (ns) <N>

Figure 2. PL decay curves of the ensemble (a) Qdot 655 CdSe NCs and (c) Qdot 605 CdSe NCs measured at the room temperature for (N) =
0.05, 1.0, 2.0, 3.0, and 4.0, respectively. The PL decay curve measured at (N) = 0.05 is fitted by a single-exponential function, while the others are
each fitted by a biexponential function. The PL decay curves in (a) and (c) are offset to each other for clarity. The relative PL efficiency of N(x,,.)/
N(z,,) between the multiple and single bright excitons plotted as a function of the exciton number (N) for the (b) Qdot 655 CdSe NCs and (d)
Qdot 605 CdSe NCs, respectively. The solid lines in (b) and (d) are guides for the eye.
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Figure 3. PL decay curves of the ensemble (a) Qdot 655 CdSe NCs and (c) Qdot 605 CdSe NCs measured at 3.2 K for (N) = 0.05, 1.0, 2.0, 3.0,
and 4.0, respectively. The PL decay curve measured at (N) = 0.0S is fitted by a triexponential function, while the others are each fitted by a tetra-
exponential function. The PL decay curves in (a) and (c) are offset to each other for clarity. The relative PL efficiency of N(z,,.)/N(z,.) between
the multiple and single dark excitons plotted as a function of the exciton number (N) for the (b) Qdot 655 CdSe NCs and (d) Qdot 605 CdSe

NCs, respectively. The solid lines in (b) and (d) are guides for the eye.

fused silica substrate to form a solid film. The NC film sample
was mounted in a helium-free cryostat and excited through an
internally integrated objective (N.A. = 0.82) by the 490 nm
output beam from a picosecond fiber laser with a repetition
rate of 1.9 MHz. Fluorescent signals from the ensemble CdSe
NCs were collected by the same objective and sent through a
0.5 m spectrometer to either a charge-coupled-device camera
for the PL spectral measurements or an avalanche photodiode
for the PL decay measurements with a time resolution of ~250

ps.

B RESULTS AND DISCUSSION

In Figure 1b, we plot the PL intensities of the Qdot 605 and
Qdot 655 CdSe NCs measured at the room temperature as a
function of the laser excitation power. At a given laser power,
the PL intensity of the Qdot 60S sample is relatively higher
than that of the Qdot 655 one due to the larger NC density
used to prepare the solid film. The two sets of data points can
each be fitted with a function form, x1 — e, where a is a
fitting constant and P is the laser excitation power. After a is
determined from the fitting procedure, the number of excitons
(N) created per pulse per NC by a laser power P can be
calculated from (N) = aP.”°

Once (N) could be reliably controlled by tuning the laser
excitation power, we first studied the two types of CdSe NCs at
the room temperature with their PL dynamics being
completely dominated by the bright excitons.” In Figure 2a,
we plot several representative PL decay curves measured for
the Qdot 655 CdSe NCs at different laser powers
corresponding to (N) = 0.05, 1.0, 2.0, 3.0, and 4.0, respectively.
The PL decay curve obtained at (N)= 0.05 can be fitted with a
single-exponential lifetime of 7, = 31.55 + 0.0S ns arising from

the radiative recombination of the single excitons. When (N) is
increased to 0.5 and beyond, all the PL decay curves can be
fitted well only with a biexponential function of A ™" + B
¢™/™ where 7,, is the PL lifetime of the multiple excitons,
while A and B are the fitting amplitudes for the two lifetime
components. Since 7,, is not dependent on the laser excitation
power,”” its value of 31.55 ns can be fixed in the biexponential
decay fittings to yield 7,,, at various exciton numbers. At (N) =
0.5, the 7, value of 4.02 + 0.01 ns is close to the biexciton
Auger recombination lifetime measured previously for a similar
sample.28 When (N) is further varied from 1.0, 2.0, 3.0 to 4.0,
the 7,,, values of 3.19 + 0.02, 2.48 + 0.01, 2.02 + 0.01, and
1.73 + 0.01 ns are acquired, signifying the sequential
generations of higher-order multiple excitons with increasing
Auger interactions.””””” For each of the biexponential PL decay
curves measured at high laser powers, the total photons
emitted by the multiple and single excitons can be estimated
from N(z,,.) = Br,, and N(z,,) = Az, respectively.’’ Then the
ratio of N(z,,.)/N(z,,) should reflect the relative PL efficiency
between the multiple and single excitons, which increases
sublinearly from 19.40 + 0.12% at (N) = 0.5 to 56.37 + 0.48%
at (N) = 4.0 in Figure 2b.

For comparison, we plot in Figure 2c several representative
PL decay curves measured at the room temperature for the
Qdot 605 CdSe NCs excited at (N) = 0.05, 1.0, 2.0, 3.0, and
4.0, respectively. The PL decay curve obtained at (N) = 0.05
can be fitted with a single-exponential lifetime of 7,, = 33.52 +
0.06 ns for the radiative recombination of the single excitons.
When (N) is larger than 0.5, all the PL decay curves can be
well fitted by the biexponential function of A e™/% + B ™"/,
With 7, being fixed at 33.52 ns, the biexciton Auger
recombination lifetime of 7,, obtained at (N) = 0.5 is 2.87
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+ 0.02 ns, which is relatively shorter than that of 4.02 + 0.01
ns for the Qdot 655 CdSe NCs due to the enhanced quantum
confinement by the smaller sizes.”’ When (N) is increased
from 1.0, 2.0, 3.0 to 4.0, the 7,,, values of 2.47 + 0.01, 1.85 +
0.01, 1.67 + 0.01, and 1.50 + 0.01 ns are obtained for the
Auger recombination lifetimes of higher-order multiple
excitons. Correspondingly, the relative PL efficiency of
N(z,)/N(t;) between the multiple and single excitons increases
sublinearly with (N) in Figure 2d, being 6.36 + 0.08% at (N) =
0.5 and 15.36 + 0.11% at (N) = 4.0, respectively.

After understanding the recombination dynamics of bright
excitons at room temperature for the Qdot 655 and Qdot 605
CdSe NCs, we next move to the cryogenic temperature of 3.2
K to perform their PL decay measurements. In Figure 3a, we
plot the PL decay curve measured for the Qdot 655 CdSe NCs
at (N) = 0.05, which can be fitted well only with a
triexponential function of A e™/% 4+ B e /Tmim 4 C ¢7/Thon

(also see Figure 4) with the lifetime values of 7,,, 7,qim and
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Figure 4. PL decay curves of the ensemble Qdot 655 CdSe NCs
measured at 3.2 K for (N) = 0.05 and 4.0, respectively. The PL decay
curve measured at (N) = 0.05 can be fitted well by a triexponential
function (red solid line), while a biexponential fitting (blue dotted
line) is also shown for reference. The PL decay curve measured at (N)
= 4.0 can be fitted well by a tetra-exponential function with the
radiative lifetime of single dark excitons being fixed at 68.61 ns (red
solid line). For reference, triexponential fittings for this PL decay
curve with (blue dotted line) and without (green dotted line) the
radiative lifetime of the single dark excitons being fixed at 68.61 ns are
also shown. The two sets of PL decay curves are offset to each other

for clarity.

Tgor Deing 68.61 + 0.62, 8.77 + 0.05, and 2.27 + 0.01 ns,
respectively. Arising both from bright excitons, the medium
Tpedium and short 7y, lifetimes could be attributed respectively
to their radiative recombination'’ and spin-flip/thermal-
410,32 :

ization processes. Meanwhile, the appearance of a long
lifetime at the cryogenic temperature, such as the 7, observed
here, has been universally taken as a typical sign for the

L. L . 2,4—6,8—12,14,32
radiative recombination of dark excitons™" ™" at the

single-exciton regime. Overall, the observation of 7, ,,gium
and 7, lifetimes at (N) = 0.05 has set up a reference frame
for further understanding the exciton decay dynamics of the
Qdot 655 CdSe NCs excited at the high laser powers.

In Figure 3a, we also plot the PL decay curves measured at
3.2 K for the Qdot 655 CdSe NCs at (N) = 1.0, 2.0, 3.0, and
4.0, respectively. Starting from (N) = 0.5, all the PL decay
curves can no longer be fitted by a triexponential function with
or without the radiative lifetime of the single dark excitons
being fixed at 7,, = 68.61 ns (also see Figure 4). Instead, these
PL decay curves can be well fitted by a tetra-exponential
function of A e™/% 4+ B e /™ 4 C e7"/%on 4 D 7!/ with the
emergence of a new lifetime component of 7,,,. By fixing 7, to
the value of 68.61 ns obtained at (N) = 0.0S, the other three
lifetime components can be extracted from the tetra-
exponential fittings when (N) is varied from 0.5 to 4.0 (see
Table 1). Compared to the value of 8.77 + 0.05 ns (2.27 +
0.01 ns) measured at (N) = 0.05, the 7,4 (Toon) lifetime
related to bright excitons decreases monotonically from 4.79 +
0.11 ns (1.55 + 0.02 ns) to 4.18 + 0.05 ns (1.12 + 0.01 ns),
which should reflect the generation of more multiple bright
excitons and their relatively faster PL recombination and spin-
flip/thermalization processes. Meanwhile, the new 7, lifetime
decreases slightly from 12.02 + 0.26 ns to 10.86 + 0.20 ns
when (N) is increased from 0.5 to 4.0. Moreover, the relative
PL efficiency of N(z,,.)/N(z,,) between the new 7,,, and the 7,,
lifetime components increases almost linearly with the
increasing (N) (see Figure 3b), implying that it is associated
with the recombination dynamics of the multiple dark excitons.
It should be mentioned that the PL lifetime of the charged
single excitons was previously measured to be around 3 ns for
the Qdot 655 CdSe NCs at the cryogenic temperature,” so
that their possible contribution to the ~10 ns lifetime
component appearing here at the high-power laser excitation
can be safely excluded.

For the Qdot 655 CdSe NCs studied here at the room
temperature, the PL decay of the multiple bright excitons is
dominant by nonradiative Auger recombination,”**” which
explains the sublinear dependence of N(z,,)/N(z,) on (N)
(see Figure 2b) since this effect is more reinforced for higher-
order excitons to strongly reduce their PL efficiencies.”’ In
contrast, the Auger recombination of the multiple bright
excitons is greatly suppressed at the cryogenic temperature, as
exemplified previously in single Qdot 655 CdSe NCs with a
biexciton emission efficiency approaching unity.'” Within the
same context, the linear dependence of N(z,,.)/N(z,,) on ()
observed here in the Qdot 655 CdSe NCs at 3.2 K suggests
that the Auger recombination of multiple dark excitons is
likewise significantly suppressed to yield their high PL

Table 1. Tri- and Tetra-exponential Fitting Parameters for the PL Decay Curves of the Qdot 655 CdSe NCs Measured at 3.2 K

for (N) = 0.05 and >0.5, Respectively”

(N) 0.05 0.5 2.0 3.0 40
T 68.61 + 0.62 68.61 68.61 68.61 68.61 68.61
Tovediaom 8.77 + 0.05 479 £ 0.11 478 + 0.09 497 £ 0.07 4.56 + 0.06 418 + 0.05
oot 227 + 0.01 1.55 + 0.02 1.50 + 0.01 1.39 + 0.01 1.24 + 0.01 112 + 0.01
Tove 12.02 + 0.26 11.71 + 021 1231 + 029 1144 + 023 10.86 + 0.20

N(z,,.)/N(z,.) (%) 105.55 + 9.05

161.09 + 12.49

210.08 = 21.77 304.96 + 28.27 366.25 + 33.36

“The four lifetime components of Ty, T,eqium Tshors a0d T, are in the unit of ns, while N(z,,,)/N(z,,) reflects the relative PL efficiency between the

multiple and single dark excitons.
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Table 2. Tri- and Tetra-exponential Fitting Parameters for the PL Decay Curves of the Qdot 605 CdSe NCs Measured at 3.2 K

for (N) = 0.05 and >0.5, Respectively”

(N) 0.05 0.5
T, 240.40 + 7.93 240.40
Ty 6.81 + 0.17 2.51 + 0.06
Tyt 0.70 + 0.01 0.53 + 0.01
T 12.28 + 0.36

me

N(z,,.)/N(z.) (%) 11.40 + 0.91

2.55 £ 0.03
0.51 + 0.01
12.10 + 0.20
17.41 £ 0.83

1.0 2.0 3.0 4.0
240.40 240.40 240.40 240.40
2.5+ 0.03 2.32 + 0.02 2.17 + 0.01
0.55 + 0.01 0.51 £ 0.01 0.49 + 0.01
11.13 £ 0.17 9.72 £ 0.10 8.34 + 0.06
21.17 £ 0.98 30.74 + 0.99 4031 + 1.10

“The four lifetime components of 7, T edium Tshors 20 T, are in the unit of ns, while N(z,,.)/N(z,,) reflects the relative PL efficiency between the

multiple and single dark excitons.

efficiencies. In fact, when assuming that the biexciton radiative
lifetime is four times shorter than that of the single
excitons®™** and using 7, = 68.61 ns, the predicted dark-
biexciton radiative lifetime of 17.15 ns is close to the 7,,, value
of 12.02 ns measured here at (N) = 0.5. The highly emissive
nature of the multiple dark excitons can be further deduced
from the N(z,,)/N(z,,) value plotted in Figure 3b (also see
Table 1), which increases from 105.5 + 9.05% to 366.25 +
33.36% when (N) is varied from 0.5 to 4.0.

In the end, we turn to the Qdot 605 CdSe NCs to reveal the
recombination dynamics of their multiple dark excitons at 3.2
K. In Figure 3¢, we plot the PL decay curve measured at (N) =
0.0S, which can be fitted with a triexponential function to yield
the 7., Tpedium and Ty lifetimes of 240.40 + 7.93, 6.81 + 0.17,
and 0.70 + 0.01 ns, respectively. The relatively long radiative
lifetime 7,, of the single dark excitons should result from the
large energy splitting between the bright and dark states in
small-sized CdSe NCs,>® which prevents the dark excitons
gaining enough oscillator strength from the bright excitons due
to their reduced thermal mixing.'** In Figure 3¢, we also plot
several representative PL decay curves measured at larger
exciton numbers, whose tetra-exponential fitting lifetimes are
listed in Table 2 with 7, being fixed at 240.40 ns. At (N) = 0.5,
the PL lifetime of 7,,, = 12.28 + 0.36 ns obtained for the dark
biexcitons is significantly shorter than their predicted radiative
lifetime of 60.10 ns, which should be four times shorter than
that of 240.40 ns for the single dark excitons. When (N) is
further increased from 1.0 to 4.0, the 7,, value decreases
substantially from 12.10 + 0.20 to 8.34 + 0.06 ns, in contrast
to the slight change from 11.71 + 0.21 to 10.86 + 0.20 ns in
the Qdot 655 CdSe NCs. It can be naturally concluded that
the recombination of multiple dark excitons in the Qdot 605
CdSe NCs is dominated by the Auger interaction process. This
point can be further corroborated by the (N) dependence of
N(z,,.)/N(z,,) plotted in Figure 3d, where the relative PL
efficiency between the multiple and single dark excitons
reaches only 40.31 & 1.10% even at (N) = 4.0 (also see Table
2).

B CONCLUSIONS

To summarize, we have provided solid evidence for the
creation of multiple dark excitons in semiconductor CdSe NCs
at the cryogenic temperature of 3.2 K, which would stimulate
great fundamental and technical interests in this previously
unexplored area. Fundamentally, the introduction of multiple
dark excitons to the current studies of semiconductor colloidal
NCs has contributed an important piece toward delineating a
full picture of their electronic and spintronic structures. It is
critical in future works to fully understand how the multiple
bright excitons relax to become multiple dark excitons and
whether there exist mutual Auger interactions between them.

Technically, the long survival lifetime of about 10 ns for the
multiple dark excitons would elongate the storage time of
multiple excitations as well as facilitate their efficient
extractions to the acceptor materials. Low-threshold lasing
devices could also be anticipated to take advantage of the long
optical gain associated with the multiple dark excitons in
semiconductor CdSe NCs.
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