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To confirm the existence of the carrier multiplication (CM) effect and estimate its generation efficiency
of multiple excitons in semiconductor nanocrystals (NCs), it is imperative to completely exclude the false
contribution of charged excitons from the measured CM signal. Here we place single CdSe NCs above an
aluminum film and successfully resolve their UV-excited photoluminescence (PL) time trajectories where
the true and false CM signals are contained in the blinking “on” and “off” levels, respectively. By analyzing
the PL dynamics of the on-level photons, an average CM efficiency of ∼20.2% can be reliably estimated
when the UV photon energy is ∼2.46 times the NC energy gap.
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When two or more excitons are present simultaneously
within a single semiconductor nanocrystal (NC), a multi-
exciton state is formed that plays important roles in a
variety of optoelectronic devices ranging from lasers [1],
photodetectors [2], solar cells [3,4], light-emitting diodes
[5], and photon-pair sources [6]. In the simplest form of a
multiexciton state, the two excitons can be created inside a
single NC after the absorption of two low-energy photons
and the subsequent cooling of the two intermediate-state
electrons to the band-edge state [Fig. 1(a)]. Alternatively,
the two excitons can be generated through a carrier
multiplication (CM) process with the absorption of a single
photon whose energy is at least twice of the NC energy gap
(Eg). The high-state electron could relax directly to the
band-edge state with its released energy pumping another
valence electron to the conduction band [Fig. 1(b)]. Once a
two-exciton configuration is achieved [Fig. 1(c)], it is a
dominant occurrence for the biexciton recombination
energy to be transferred to the single exciton instead of
being converted to a photon due to the nonradiative Auger
recombination effect [7]. So far, the CM effect has been not
only fundamentally demonstrated in a wide range of
semiconductor NCs with different compositions [8–10],
but also practically utilized in several optoelectronic
devices to yield improved light-to-electric conversion
efficiencies [2–4]. However, it is still highly debated
whether the CM efficiency is truly enhanced in semi-
conductor NCs due to the additional presence of charged
excitons along with the neutral multiexcitons in the routine
CM measurements [11–18].
There are two possible mechanisms to enhance the

charging probability of a single NC in the CM process.
First, as shown in Fig. 1(d) still for a two-exciton
configuration, one of the charge carriers (e.g., the electron)
in the single exciton can be ejected out of the NC after

receiving the biexciton recombination energy [19–21].
This is in contrast to the scenario shown in Fig. 1(c) where
the charge carriers of the single exciton could relax back to
and recombine radiatively in the band-edge states after
dissipating the biexciton recombination energy as heat.

FIG. 1. (a) Two excitons can be created in a single NC after
simultaneous absorption of two low-energy photons. (b) Two
excitons can also be created in a single NC through the CM effect
after the absorption of a single high-energy photon. (c) The single
NC is left with a neutral exciton after the two-exciton Auger
interaction process. (d) An extra hole is left in the single NC after
the biexciton ionization process. (e) An extra hole is left in the
single NC after the hot-electron trapping process. (f) Auger
interaction between a single exciton and an extra hole.
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Second, as shown in Fig. 1(e) for a high-state electron, it is
more likely to be captured by external traps than would it
relax from the intermediate state or stay in the band-edge
state [22–24]. After either of the above two processes, the
NC is left with an unpaired hole, which could couple with
the electron-hole pair generated next to form a positively
charged single-exciton state [Fig. 1(f)]. In this case, the
single exciton is hardly emissive since its recombination
energy would be mainly transferred to the extra hole also in
a nonradiative Auger process [25,26]. For regular semi-
conductor NCs, the Auger lifetimes of the charged exciton
and the neutral biexciton are both at the subnanosecond
time scale [27,28], which is significantly shorter than the
radiative lifetime of tens of nanoseconds for the single
neutral exciton [29]. In the routine CM measurements of
ensemble NCs with an ultrafast technique such as transient
absorption, the existence of charged excitons would cause a
delayed absorption of the probe laser beam, which can be
wrongly taken as arising from CM-induced biexcitons.
In practice, the sample solution could be rigorously

stirred to remove charged NCs from the probed volume of
an ultrafast optical measurement and thus, the ensemble
CM efficiency can be reliably estimated based on the
assumption that the solution refreshing rate is faster than
that of the NC charging process [12,22,30,31]. An alter-
native solution to the above charged-exciton issue, espe-
cially at the solid phase that is more pertaining to device
applications, is to perform the CM measurements on the
single NCs so that the dynamic signatures of multiexcitons
and charged excitons can be extracted separately from
the “on” and “off” levels of the photoluminescence (PL)
blinking time trajectory. However, mainly due to the
unavoidable existence of strong background fluorescence,
the UV-excited PL is difficult to be detected from any single
optical emitters. Here we show that the UV-excited back-
ground fluorescence can be greatly suppressed by placing
polymer-wrapped single CdSe=ZnS NCs on top of an
aluminum film. This has allowed us to realize the first
CM measurement of a single NC at the laser wavelength of
266 nm (∼2.46Eg). An average CM efficiency of ∼20.2%
can be reliably estimated from the on-level PL decay curves
of a statistically large number of single NCs.
The experimental setup for the CM measurement is

schematically shown in Fig. 2(a) (see Supplemental
Material [32] for experimental details), where single
rod-shaped CdSe=ZnS NCs with an aspect ratio of ∼1.8
(Ref. [33]) and an emission peak of 655 nm (see Fig. S1 of
the Supplemental Material [32]) were excited by pico-
second, 4.75 MHz laser pulses at the wavelength of either
266 or 400 nm. The 400 nm laser is associated with a
photon energy of ∼1.64Eg, so that it can serve as a
reference excitation source without triggering the CM
effect. With hNi representing the average number of
photons absorbed per NC per pulse, the pump fluence of
the 400 nm laser was set at either hNi ¼ ∼0.1 or ∼0.5,

while that of the 266 nm laser was set at hNi ¼ ∼0.08
(see Supplemental Material [32] for the estimation of
hNi). In Fig. 2(b), we present two PL images of the same
sample region excited at 400 (hNi ¼ ∼0.1) and 266 nm
(hNi ¼ ∼0.08), respectively. At both laser wavelengths, the
background fluorescence was significantly suppressed, so
that we could isolate the same single NC to obtain its
PL time trajectories and on-level PL decay curves from the
time-tagged, time-resolved (TTTR) measurements.
In Figs. 2(c)–2(e) we plot the PL time trajectories of a

representative CdSe NC excited at 400 (hNi ¼ ∼0.1), 400
(hNi ¼ ∼0.5), and 266 nm (hNi ¼ ∼0.08), respectively.
Very similar PL time trajectories were obtained from all of
the ∼50 single CdSe NCs studied in our experiment (see
Figs. S2–S4 of the Supplemental Material [32]). When
excited at 400 nm with hNi ¼ ∼0.1 [Fig. 2(c)], the single
CdSe NC was occupied mainly by single excitons and its
PL intensity stayed more likely at the on level than at the off
level. When excited at 400 nm with hNi ¼ ∼0.5 [Fig. 2(d)],
the probability for the generation of two excitons in a single
NC would be increased and more frequent switching of its
PL intensity from the on to the off levels was observed.
This kind of photocharging effect has been widely dis-
cussed in previous PL blinking studies of single CdSe NCs
[19–21,25,26] and can be well explained by the scenario
shown in Fig. 1(d) where the electron in a single exciton is

FIG. 2. (a) Experimental setup for the UV-excited single-NC
PL measurement. (b) PL images of the same sample region
excited at 400 with hNi ¼ ∼0.1 (left) and 266 nm with hNi ¼
∼0.08 (right), respectively. The color map used for the two PL
images is shown in the inset where the numbers on the right are
CCD counts acquired within an integration time of 1 s. The scale
bar represents 3 μm. PL time trajectories of the same single NC
excited at 400 with hNi ¼ ∼0.1 (c), 400 with hNi ¼ ∼0.5 (d),
and 266 nm with hNi ¼ ∼0.08 (e), respectively. The red dashed
lines mark the intensity thresholds above which the fluorescent
photons are considered to be from the on levels. The binning time
for plotting the PL time trajectories is 100 ms.
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ejected out of the NC after receiving the biexciton recom-
bination energy. When the excitation wavelength was
changed to 266 nm at hNi ¼ ∼0.08 [Fig. 2(e)], fast
switching of the PL intensity from the on to the off levels
was dramatically enhanced, which should be a direct
evidence for the capture of hot electrons into external
traps as schematically shown in Fig. 1(e). This is consistent
with what was reported previously in single CdSe NCs that
laser excitation above the NC band gap would yield fewer
long on levels than the excitation on the band gap [23,24].
As shown in Fig. 3 with the 400 nm excitation

(hNi ¼ ∼0.1), the PL decay curve extracted from the on-
level photons of the PL time trajectory in Fig. 2(c) can be
well fitted with a monoexponential lifetime of ∼33.5 ns,
which should arise from the radiative decay of single
excitons. Still in Fig. 3 for the 400 nm excitation of the
same single NC at hNi ¼ ∼0.5, the PL decay curve
extracted from the on-level photons of the PL time trajectory
in Fig. 2(d) can only be fitted well with a biexponential
function of A1e−t=τ1 þ A2e−t=τ2 , with A1 (A2) and τ1 (τ2)
being the amplitude and the value of the slow (fast) lifetime
component, respectively. The slow lifetime τ1 of ∼35.6 ns
can still be attributed to the radiative recombination of single
excitons, while the fast lifetime τ2 of ∼3.9 ns, whose
amplitude contribution A2=ðA1 þ A2Þ is ∼13.7%, should
be mainly determined by nonradiative Auger decay of
biexcitons generated in a single NC after simultaneous
absorption of two excitation photons [6,7]. Finally, for the
same single NC excited at 266 nm with hNi ¼ ∼0.08, the
PL decay curve extracted from the on-level photons of
the PL time trajectory in Fig. 2(e) is also shown in Fig. 3,
which can only be fitted well by a biexponential function
with a slow lifetime τ1 of ∼31.7 ns from radiative decay of
single excitons. Meanwhile, the fast lifetime τ2 of ∼3.7 ns

is almost equal to that measured at 400 nmwith hNi ¼ ∼0.5,
and its amplitude contribution A2=ðA1 þ A2Þ is at a higher
value of ∼30.0%, although the average number of photons
absorbed per pulse for this NC has been significantly
decreased.
In Figs. S6–S8 of the Supplemental Material [32], the

on-level PL decay curves measured at 400 (hNi ¼ ∼0.1),
400 (hNi ¼ ∼0.5), and 266 nm (hNi ¼ ∼0.08) are pre-
sented for another three CdSe NCs and very similar trends
to those shown in Fig. 3 can be observed. The on-level PL
decay curve measured for each of the ∼50 single NCs
excited at 266 nm with hNi ¼ ∼0.08 can be fitted well only
by a biexponential function. For each of these ∼50 single
NCs, we have plotted its biexciton lifetime extracted from
the on-level PL decay curve measured at 400 nm with
hNi ¼ ∼0.5 as a function of its fast lifetime extracted from
the on-level PL decay curve measured at 266 nm with
hNi ¼ ∼0.08. The resulting data points shown in Fig. 4(a)
are distributed almost evenly around the diagonal line, thus
providing a strong proof for the assignment of the fast
lifetime measured at 266 nm with hNi ¼ ∼0.08 to non-
radiative Auger decay of CM-induced biexcitons. To make
sure that the single NCs were not damaged to introduce any
unwanted PL decay dynamics during the sequential exci-
tations at 400 nm with hNi ¼ ∼0.1, 400 nm with hNi ¼
∼0.5 and 266 nm with hNi ¼ ∼0.08, we normally switched
back to the 400 nm excitation with hNi ¼ ∼0.1 and the
same monoexponential lifetime component could be recov-
ered (see Fig. S9 in the Supplemental Material [32]).
When two electrons and two holes are dwelling in a single

NC at room temperature, they can be treated as free carriers
so that the ratio between single-exciton and biexciton
radiative lifetimes is expected to be four [12,34–36].
Then the CM efficiency for biexciton generation can be
calculated from A2ðτ1 − τ2Þ=½A1ð3τ1 − 4τ2Þ − A2τ2� (see
the Supplemental Material [32] for the CM efficiency
calculation), which is ∼15.9% for the PL decay curve
shown in Fig. 3 with the 266 nm excitation at hNi ¼
∼0.08. In Fig. 4(b), we present a histogram for the CM
efficiencies calculated from similar PL decay curves mea-
sured for ∼50 single CdSe NCs in our experiment. The
distribution of this CM efficiency, with an average value of
∼20.2%, roughly reflects the Eg variance from NC to NC
due to the size and/or shape heterogeneities [33]. With the
excitation wavelength of 266 nm at ∼2.46Eg, the CM
efficiency of ∼20.2% extracted here from single CdSe NCs
is comparable to that of ∼17.1% measured for similar CdSe
NCs with the ensemble energy transfer approach [37].
In addition to the energy-conservation-based limit of

2Eg, an extra energy is normally needed by the optical
selection rules in order to trigger the CM effect in semi-
conductor CdSe NCs [38,39]. With the laser pump fluences
at hNi ¼ ∼0.08, we also tuned the excitation wavelengths
to 283 and 295 nm, corresponding to the photon energies
of ∼2.31Eg and ∼2.22Eg, respectively. With the 283 nm

FIG. 3. On-level PL decay curves of the same single NC excited
at 400 with hNi ¼ ∼0.1 (top), 400 with hNi ¼ ∼0.5 (middle),
and 266 nm with hNi ¼ ∼0.08 (bottom), respectively. The PL
decay curve measured at 400 nm with hNi ¼ ∼0.1 is fitted by a
monoexponential function, while those measured at 400 with
hNi ¼ ∼0.5 and 266 nm with hNi ¼ ∼0.08 are each fitted by a
biexponential function. The three PL decay curves are offset to
each other for clarity. See Fig. S5 of the Supplemental Material
[32] for the same PL decay curves plotted at a larger time
window.
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excitation, the on-level PL decay curves for three of the
∼40 single CdSe NCs studied in our experiment could be
accurately fitted by a monoexponential function, while
those for all the other NCs still by a biexponential one.
In Fig. 4(c), we plot a histogram for the CM efficiencies
calculated from the PL decay curves of the ∼40 single
CdSe NCs excited at 283 nm and an average value of
∼13.4% can be obtained. With the 295 nm excitation, the
on-level PL decay curves for 13 of the ∼50 single CdSe
NCs studied in our experiment could be accurately fitted
by a monoexponential function, and an average value of
∼8.4% can be calculated from the CM efficiency histogram
plotted in Fig. 4(d) for these ∼50 single CdSe NCs. We can
conclude here that the extra energy needed to trigger the
CM effect should be even lower than ∼0.22Eg, although it
is impractical for us to increase the excitation wavelength
further due to the lack of enough laser power.
To summarize, we have demonstrated at the single-NC

level that the CM efficiency of biexciton generation
decreases from ∼20.2%, ∼13.4%, to ∼8.4% when the
UV excitation wavelength was sequentially increased from
266 (∼2.46Eg), 283 (∼2.31Eg), to 295 nm (∼2.22Eg).
Equipped with the UV-excited single-NC PL technique, we
are optimistic that several challenging works could be done
in the near future to gain more physical insights into the
CM effect of semiconductor NCs. First, no obvious
correlation between the CM efficiency and the biexciton

lifetime of a single NC was detected in our experiment
(see Fig. S14 in the Supplemental Material [32]), implying
that the NC-to-NC variation of CM efficiency shown in
Figs. 4(b)–4(d) might originate from the difference in
energy gap instead of Auger interaction. It would be
instructive to perform the single-NC CM measurement at
a certain cryogenic temperature so that the single-NC PL
linewidth becomes narrow enough to reflect its real energy
gap and at the same time the Auger (also the CM) effect is
not significantly suppressed [33]. Second, it would be a
complementary work to excite the same single NC with a
fixed energy gap to compare the PL time trajectories and
to depict how the CM efficiency evolves at different UV
wavelengths. Third, it would be very helpful if the PL
collection efficiency of the optical setup can be greatly
improved not only to yield a better signal-to-noise ratio but
also to allow the second-order photon-correlation meas-
urement to further confirm the existence of CM-induced
biexcitons.
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