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ABSTRACT: Colloidal core/shell InP/ZnSe quantum dots
(QDs), recently produced using an improved synthesis
method, have a great potential in life-science applications as
well as in integrated quantum photonics and quantum
information processing as single-photon emitters. Single-
particle spectroscopy of 10 nm QDs with 3.2 nm cores reveals
strong photon antibunching attributed to fast (70 ps) Auger
recombination of multiple excitons. The QDs exhibit very
good photostability under strong optical excitation. We
demonstrate that the antibunching is preserved when the
QDs are excited above the saturation intensity of the
fundamental-exciton transition. This result paves the way
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toward their usage as high-purity on-demand single-photon emitters at room temperature. Unconventionally, despite the strong
Auger blockade mechanism, InP/ZnSe QDs also display very little luminescence intermittency (“blinking”), with a simple on/off
blinking pattern. The analysis of single-particle luminescence statistics places these InP/ZnSe QDs in the class of nearly blinking-
free QDs, with emission stability comparable to state-of-the-art thick-shell and alloyed-interface CdSe/CdS, but with improved

single-photon purity.
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S olid-state emitters providing single photons on-demand are
an essential building blocks in photonic quantum
technology,' which involves applications such as quantum
cryptography,” quantum simulation,”* and quantum metrol-
ogy.” Currently, a diversity of material platforms is considered
as single-photon emitters, which include color centers or
defects in crystalline hosts,”” carbon nanotubes,' transition
metal dichalcogenides,'' and epitaxial *~'* and colloidal>~"*
semiconductor nanocrystals or quantum dots (QDs). Among
these, colloidal QDs stand out since they offer an extensive
design freedom (both at the level of nanocrystal synthesis and
device integration) as well as room-temperature operation.'”
The emission wavelength of colloidal QDs can be readily tuned
by changing their diameter, and they can be formed from
several semiconductors. Moreover, colloidal synthesis methods
offer an extensive control over the QD size and shape and
enable complex heterostructures to be formed. In addition, the
resulting QD dispersion or inks can be readily combined with a
multitude of technology platforms for further processing.
Room-temperature photon antibunching in the luminescence
of single colloidal QDs was first reported for CdSe/ZnS core/
shell QDs and attributed to the highly eflicient, nonradiative
Auger recombination of multiexcitons.'””° This enabled the
emission of a single photon to be triggered by a high-intensity
excitation pulse, with a near-unity probability of photo-
excitation and a high-purity single photon emission."*'°
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However, the further development of CdSe/ZnS QDs as single
photon emitters stalled because of their intermittent
fluorescence or blinking, which leads to an unpredictable
succession of bright and dark periods.">***" In the case of
CdSe/CdS core/shell QDs, it was shown that blinking can be
suppressed by implementing sufficiently thick CdS shells.”>**
However, this approach leads to a significant reduction of the
Auger recombination rate, possibly linked to the formation of
alloyed interfaces. The concomitant promotion of the radiative
recombination of multiexcitons reduces photon antibunching,
an effect that is the more pronounced with the higher the
biexciton photoluminescence quantum yield.”* The same issue
is faced by attempts to suppress blinking by speeding up
radiative recombination through, for example, plasmonic
effects.” Since accelerating radiative recombination shifts the
balance between radiative and nonradiative Auger recombina-
tion of multiexcitons, blinking suppression by enhancing
radiative recombination also results in a loss of purity of single
photon emission.*

Currently, the focus of QD synthesis research is shifting to
materials made from semiconductors that offer even better
optical properties, such as cesium lead halide perovskites
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Figure 1. (a) Absorption (red) and emission (blue) spectrum of InP/ZnSe QDs in solution. Insets: TEM and HR-TEM image of the InP/ZnSe
QDs. (b) Luminescence decay from InP/ZnSe QDs in a thin film after pulsed excitation at 445 nm. (c) Luminescence saturation under high

intensity cw excitation at 445 nm.
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Figure 2. (a) Emission spectrum of a single QD fitted to a Lorentzian function. (b) Statistical distribution of the central emission wavelength in an
ensemble of 72 single QDs. (c) Statistical distribution of emission line width for the same ensemble. (d) Luminescence decay trace of a single QD
fitted to a single exponential function with a decay time of 17.5 ns. Inset: statistical distribution of the decay times based on an ensemble of 25 single

QDs.

(CsPbX;, X = CLBr,I), or have a composition nonrestricted by
the toxicity regulations on heavy-metal ions in electronic and
electro-optical devices, of which InP QDs are the most notable
example. Rapidly after the first reports on their synthesis,””
single CsPbBr; nanocrystals were shown to exhibit photon
antibunching and, in one study, reduced blinkjng.zs’
as these nanocrystals showed significant photodegradation, it
remains unclear whether CsPbBr; nanocrystals can provide
single photons on demand. Opposite from CsPbBr; nanocryst-
als, InP QDs received little attention, if any, as possible single-
photon emitters even if the first syntheses were developed
shortly after the first hot injection synthesis of CdSe QDs.*
More recently, a new approach to form InP-based QDs has
been introduced, based on aminophosphines as the phosphorus
precursor.’*> This method enables a variety of InP-based
core/shell QDs to be formed with widely tunable optical
properties. In this respect, the InP/ZnSe core/shell combina-
tion is interesting. It features a similar, straddling band
alignment as CdSe/ZnS, yet the InP/ZnSe lattice mismatch
amounts to a mere 3%, in stark contrast to the 12% mismatch
between CdSe and ZnS. Although the atomistic origin of
blinking in QDs is still debated,®® the low-strain, type 1
combination offered by the InP/ZnSe core/shell system could
offer a pathway to reconcile nonblinking characteristics with
single-photon emission by colloidal QDs.

Here, we study the luminescence of individual InP/ZnSe
core/shell QDs (with 3.2 nm cores) synthesized using tris-
diethylaminophosphine as the phosphorus precursor according
to a recently published procedure (see Supporting Information
S1 for details).34 As shown in Figure 1a, the resulting InP/ZnSe
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QDs had an equivalent diameter of about 10 nm (see the
inset), and their absorption spectrum exhibited the typical
band-edge transition with a maximum at 594 nm. The
crystallinity of the particles is evident from the HR-TEM
image shown in the inset of Figure la. The photoluminescence
(PL) in solution featured a concomitant single-peak spectrum
around 629 nm, a full width at half-maximum (fwhm) of 47 nm,
and a PL quantum yield of 65%. As shown before, this relatively
large fwhm (Cd-based QDs, CsPbBr; or CdSe nanoplatelets
can have an ensemble emission as narrow as 20, 12, and 10 nm,
respectively) is not a characteristic of the emission of individual
InP QDs, yet reflects heterogeneous broadening related to size
dispersion.””*>~

We further characterized the PL of the InP/ZnSe QDs by
analyzing films spin-coated on a glass coverslip using the
microphotoluminescence (u-PL) setup described in Supporting
Information S2. Focusing on ensemble measurements first,
Figure 1b represents the PL decay obtained after pulsed
excitation at 445 nm. The figure includes a best fit of the
experimental data to a single exponential function, Ip (f)
exp(—yt), which yields a PL decay time y' = 25 ns. Most
interestingly, under continuous wave (cw) excitation at 445 nm,
the PL intensity Ip; first increases with the excitation intensity I,
then saturates according to Ip; o I/(I + L) as expected for an
effective two-level transition (see Figure 1c). The fitting of the
PL intensity yields a saturation intensity Iy = 690 + 40 W/cm?.
In combination with the photon energy of the cw excitation
laser (fla)},) and the measured decay rate (y), this translates into
an average QD absorption cross section 6 = hw,y/I of 2.0 +
0.1 X 10™'* cm”. Using the bulk optical constants of InP and

DOI: 10.1021/acs.nanolett.7b02634
Nano Lett. 2017, 17, 6104—6109


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02634/suppl_file/nl7b02634_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02634/suppl_file/nl7b02634_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02634/suppl_file/nl7b02634_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b02634

Nano Letters

ZnSe and the dimensions of the core/shell QDs, the absorption
cross section of the InP/ZnSe QDs suspended in toluene can
be estimated at 2.53 X 107** cm? (see Supporting Information
S3). The correspondence between both figures indicates that
the saturation of the PL reflects the emission saturation of the
InP/ZnSe QDs and that they behave as effective two-level
systems.

To address the PL of single InP/ZnSe QDs, a 1 nM solution
of QDs in toluene was dropcast on a glass coverslip, producing
a QD surface density of 0.25 ym™2 Figure 2a shows that a
single InP/ZnSe QD features a much more narrow emission
line than those observed in QD ensembles. A systematic study
of 72 single InP/ZnSe QDs showed similarly narrow lines
falling within the ensemble emission spectrum (see Figure 2b),
confirming that the ensemble emission is heterogeneously
broadened. The line widths of single-QD emissions also show
some variability (see Figure 2c). While the average fwhm
amounts to 19.4 nm, the distribution shows a standard
deviation of 2.5 nm and the measured values range from 13
to 24 nm. Finally, we found that single InP/ZnSe QDs exhibit a
single-exponential PL decay (see Figure 2d). By investigating
an ensemble of 25 QDs, it turned out that the distribution of
the decay times y' can be fitted to a normal law with an
average value of 22.5 ns and a standard deviation of 5.4 ns (see
inset to Figure 2d). Similar variations in single QD lifetime have
been reported before in the case of CdSe/ZnS QDS.38 We
found that the emission lifetime of each QD is strongly
correlated to the central energy E = hc/A of the emitted
photons; no discernible correlation between the spectral line
width and the photon energy was noticed (see Supporting
Information S4).

Strong photon antibunching was observed from single InP/
ZnSe QDs. Figure 3a shows the second-order correlation
function g®(f) of a single QD measured under cw-laser
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Figure 3. (a) Second-order correlation function g(z)(t) of a QD under
cw excitation at 445 nm. (b) Second-order correlation function of the
same QD under 445 nm (picosecond) pulse excitation at a repetition
rate of 10 MHz. The strong antibunching is raw data, without
background subtraction nor compensation for intensity differences in
start/stop channels.
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pumping at 445 nm. The antibunching in Figure 3a is almost
ideal with only a residual background-limited zero-delay value
¢2(0) = 0.03. We fitted the data to the function g®(t) = 1 —
1 - g(z)(O)] exp(—(y + wp)ltl), where w, = GI/(fla)p) is the
pumping rate of the QD and ¥ its luminescence decay rate.”
The experiment was performed in a weak excitation regime (w,
< 7). The fit yields (y + w,)™" & ™' = 19.3 ns in line with the
luminescence decay time statistics measured by direct photon
timing (see previous paragraph). We also excited the same QD
with 445 nm picosecond pulses at a repetition rate of 10 MHz.
No zero-delay peak was seen in the second-order correlation
function (see Figure 3b), even in logarithmic scale, confirming
that multiexciton emission is very efficiently quenched by
nonradiative recombination of charge carriers. We measured
the g(z)(O) value of 70 single QDs in the cw-pumping regime
and found a mean value of 0.19 with a standard deviation of 0.1
(see Supporting Information SS). In each case, the antibunch-
ing was limited by the residual background noise, not by
multiexciton emission.

A high photoluminescence quantum yield (PLQY) and
strong antibunching are key for using InP/ZnSe QDs as
integrated single-photon emitters in quantum technology
applications. In this perspective, it is crucially important that
antibunching be preserved in the saturation regime when I > I
(equivalently, w, > y), such that I/(I + I) = w,/(w, + ) & 1.
If this condition is fulfilled, the emitter can act as a photon gun,
i.e, a short-pulse excitation with sufficient fluence can
completely invert the population of the effective two-level
system and trigger the spontaneous emission of a single photon
with a probability equal to the PLQY. In Figure 4a, we
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Figure 4. (a) Second-order correlation function of a single QD at
different cw-pumping intensities at 445 nm. (b) Antibunching width-
constant y + w, as a function of the pump intensity. (¢) Luminescence
decay of the QD as a function of time.

therefore show second-order correlation traces recorded on a
single InP/ZnSe QD at pump intensities increasing from 76 to
950 W/cm? Over the entire intensity range, the luminescence
of the QD preserved a strong antibunching, with a narrowing of
the zero-delay dip at higher pump intensity and a stable
background-noise limited g®(0) between 0.05 and 0.14. By
fitting the g(z) functions, we could determine the time constant
(y + wp)_1 as indicated in Figure 4a. It can be seen that this
time constant is always smaller than the emission lifetime,
determined at y~' = 21 ns for this particular QD (see Figure
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4c), and drops from 18.8 to 9.4 ns with increasing pump
intensity.

Figure 4b represents y + w, as a function of the pump
intensity I. In line with the linear dependence of w, on the
pump intensity, y + w, changes linearly with I. A best fit yields a
slope 6/(hw,) of 5.9 X 10* cm?/], from which we obtain the
absorption cross-section of the QD as ¢ = 2.0 X 10™** cm? This
figure is equal to the ensemble value that was derived from the
photoluminescence saturation as plotted in Figure lc. By
extrapolating the data in Figure 4b to the I — 0 limit, we find
the luminescence decay rate of the QD as y = 46.7 us~', a figure
that agrees well with the luminescence decay time y~' = 21 ns
obtained in a direct photon-timing experiment (see Figure 4c).
By combining ¢ and y, we obtain the saturation intensity of the
QD as I = hw,y/o = 790 W/ cm® Hence, the data shown in
Figure 4 demonstrate that strong antibunching is preserved for
pumping intensities up to 1.2 X I, with no sign of multiexciton
emission nor significant photodegradation of the emitter, two
essential properties enabling the use of InP/ZnSe QDs as
triggered single-photon emitters in quantum optics applica-
tions.

In the case of CdSe/ZnS, the persistence of photon
antibunching when pumping single QDs above the saturation
intensity was attributed to the quenching of radiative
recombination of multiexcitons by fast Auger recombination.”’
To quantify the rate of Auger recombination, and thus the yield
of multiexciton emission in the case of the InP/ZnSe QDs
studied here, we analyzed the transient absorbance of an InP/
ZnSe dispersion after femtosecond optical pumping. As
discussed in the Supporting Information S6, an additional
decay component with a time constant of ~70 ps appeared in
the transient absorption at high pump intensities. Such a fast
component is a typical characteristic of Auger recombination of
multiexcitons.”” We therefore interpret the corresponding
decay rate yyy = 14.3 ns™' as the combined result of biexciton
decay by radiative and nonradiative (Auger) recombination, i.e.,
Yxx = Yexx + Yarxx- Writing the radiative recombination rate of
biexcitons*" as 7, xx =47 (7! = 36 ns is the decay time of the
fundamental exciton in solution), we can estimate the radiative
biexciton quantum yield in InP/ZnSe QDs as PLQYxy = 7, xx/
Yxx = 0.77%. This very low value explains why single-photon
emission is retained at high pumping power.

Our InP/ZnSe QDs are subject to some modest fluorescence
intermittency, a phenomenon commonly known as “blinking”.
At the ensemble level, blinking merely reduces the effective
PLQY of the material. In quantum optics applications, however,
blinking prohibits the use of single QDs as deterministic single-
photon turnstile devices. The data in Figure Sa (red line) show
the intensity of the light (photon counts per 10 ms time bin)
collected from the QD in Figure 4 as a function of time. The
QD was excited with a cw 445 nm laser beam in the low-
pumping regime (I < I;). The noise background of the
measurement is shown in blue. Although some dark periods
(no emission, off state) can be seen, the histogram of counts
displayed on the right of Figure Sa indicates that 99% of time
the QD is bright (on state) and emits photons at a stable rate.
The threshold between on and off states is indicated by the
dashed gray line in Figure Sa. It was chosen as 2—3 standard
deviations above the background noise level as can be seen in
Figure Sa. The blinking is very limited and follows a simple on/
off pattern, without any intermediate or gray-state emission, as
often reported in the case of CdSe/CdS QDs."* We studied the
blinking of 25 different QDs and observed each time the same
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Figure S. (a) Luminescence intensity of the QD in Figure 4 as a
function of time (in counts per 10 ms time bin). The QD is excited
with cw 445 nm laser light. (b) Probability density distributions of the
on and off time periods. The data is fitted to power law distributions
Pon(ory (1) t ko0 with kg = 2.44 and k,, = 1.02. Inset: survival
probabilities Sy, (o (t) = / £° Pon(ofy (7) d7 constructed from the data in
panel b.

two-state (on/off) pattern, with a on-state fraction of 95.5% on
average.

To benchmark the fluorescence intermittency in the InP/
ZnSe QDs studied here against the extensively studied CdSe/
CdS QDs, we define the probability density distributions P,,(t)
and P.¢(t) for the QD to stay in an on or an off state during the
time t. The shortest on or off duration is determined by the
selected binning time, which is 10 ms in our measurements, and
the longest duration is limited by the emission characteristics of
the QD and the time duration of the measurement. The two
distributions are calculated from the data in Figure Sa in the
following way:

number of “on” (“off”) events of duration ¢,

P t,) =
on(off)( n) total number of “on” (“Off’) events

1

X —_—

A (ty) (1)
Here, Aavg(tn) = (t,,1 — t,_1)/2 is the average of the time
intervals to the next shorter and next longer observed events.”
The distributions P,,(t) (red dots) and P.(t) (blue open
squares) are plotted in Figure Sb in a log—log scale. The linear
alignment of the data points in Figure Sb indicates that both
P, (t) and P(t) follow an inverse power law: Py, ,m(t) o
t%one and linear regression (plain lines in Figure Sb) show that
ko = 2.44 and k., = 1.02. The steeper slope of the off events
makes off periods of 10 ms about 100 times more likely than
100 ms ones. A similar analysis was performed on 25 different
QDs. We found an average value of 1.2 for k,, and 2.2 for k.. A
value of kg > 2 is indicative of efficient blinking suppression
and comparable to the values reported in a nearly blinking-free
CdSe/CdS QD.**** In the inset of Figure Sb, we display the
survival probabilities S,,m(t) = / 2 Pon(om(7) dz, which
represent the probability to find the QD in an on or an off state
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for a time longer than t. Given the power-law distribution of
P,.(t) and Pof{(t), the survival probabilities S,,m(t) scale in
principle as ¢~ %=@-0, However, as k,, ~ 1, S,,(t) departs from
this power law. The survival probabilities show even more
clearly that the off periods are remarkably short (10—100 ms),
while the on periods often last a few seconds or more. As can
be seen in the inset of Figure Sb, the probability that a QD
turns on to remain bright during more than one second is
about 50%. Such long on periods are comparable to those
reported by Mahler et al. in their study on thick-shell
nonblinking CdSe/CdS QDs.23 This observation puts the
InP/ZnSe QDs studied here among today’s state-of-the-art
nearly blinking-free quantum dots.

For a different QD, we analyzed the blinking behavior at
excitation intensities up to ten times higher than in the low-
pumping regime discussed above (see Supporting Information
S7). As we increase the excitation intensity, we observe a slight
increase of the k,, values and a slight decrease of the kg values.
Even at excitation intensities close to saturation, the off states of
the QD are still much shorter than the on states. The plot of
the survival probabilities confirms that the QD remains
predominantly in an on state. The stable emission in addition
to the preserved antibunching at saturation intensities further
consolidates our point that this type of InP/ZnSe QD is
suitable for applications in quantum optics.

In conclusion, we have characterized single InP/ZnSe
colloidal QDs showing a unique combination of narrow
room-temperature emission spectrum, strong antibunching,
monoexponential luminescence decay, reduced blinking, and
photostability. Our single particle spectroscopy study demon-
strates that single-photon emission is preserved at saturating
intensities, which we attribute to fast nonradiative Auger
recombination of multiexcitons. Although these fast multi-
exciton recombination rates might limit their use for light
amplification, these QDs are ideally suited for quantum optics
applications as single-photon turnstile devices. Furthermore,
reduced cytotoxicity offers them a prospect in life-science
applications. There is scope for further improving the synthesis
of the QDs toward even better optical properties. This opens
perspectives for future comparative analyses of InP dots with
different core/shell sizes, different shell materials, studies at
cryogenic temperatures, and suitability for nanolithographic
deposition.
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