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Abstract

Efficient, high rate photon sources with high single-photon purity are essential ingredients for
quantum technologies. Single-photon sources based on solid state emitters such as quantum dots
are very advantageous for integrated photonic circuits, but they can suffer from a high two-
photon emission probability, which in cases of noncryogenic environment cannot be spectrally
filtered. Here we propose two temporal purification-by-heralding methods for using a two-
photon emission process to yield highly pure and efficient single-photon emission, bypassing the
inherent problem of spectrally overlapping biphoton emission at elevated temperatures. We
experimentally emulate their feasibility on the emission from a single nanocrystal quantum dot at
room temperature, exhibiting single-photon purities exceeding 99.5%, without a significant loss

of single-photon efficiency. By utilizing these methods with commercially available components,



nanocrystal quantum dots can be made realistic high-quality room-temperature sources for single

photons. These approaches can also be applied for any indeterministic source of spectrally.

A single photon source (SPS) is proposed as a crucial resource for several major applications
in quantum technologies.(1-3) The required performance of such a source depends on the
application it would be used for;(3) however, generally, most applications require stable,
compact, high-rate, and high-single-photon-purity SPSs. The most widely used resource for
single photons comes from low efficiency down-converted photon pairs from nonlinear
processes in solids.(4—7) Recently, however, research has been focused on developing more
efficient solid state SPSs such as semiconductor self-assembled quantum dots (QDs),(8—12)
chemically synthesized semiconductor nanocrystal quantum dots (NQDs),(13—18) color centers
in crystals,(19—21) carbon nanotubes,(22,23) and defect states in two-dimensional
materials,(24,25) among others.

One crucial requirement from an SPS is a very high single photon purity, that is, a high
probability that an emission event contains a single photon. Unfortunately, most solid-state SPSs,
especially room-temperature sources, do not inherently have sufficiently high purities. QD-based
SPSs that operate at cryogenic temperatures, for example, have resolvable multiexciton spectral
lines. Therefore, multiexciton emission can be spectrally filtered leaving only single photon
emission from the single exciton state (X). However, the necessity of a cryogenic work
environment is limiting technologies and semiconductor QD sources working at elevated
temperatures have only been achieved with either wide bandgap QDs,(26) or using the smaller
NQDs.(13.14) Yet, operating at elevated temperatures introduces a significant limitation in

maintaining both high purity together with a high source efficiency due to the spectral overlap



between the single exciton (X) and biexciton (BX) emission. The severity of BX emission
increases significantly when the Auger recombination processes(27) are suppressed to increase
QD stability or when NQDs are radiatively enhanced to achieve higher rates.(28—30) This
detrimental problem of reduced purity is rather inherent for such elevated temperature SPSs, and
no solution to increase purity without a significant sacrifice in terms of brightness has been
successfully proposed or implemented to the best of our knowledge.

Here we propose and demonstrate two temporal purification-by-heralding methods for using a
two-photon emission process to yield highly pure and efficient single-photon emission, thus,
bypassing the inherent problem of spectrally overlapping biphoton emission. We then
experimentally emulate these temporal purification methods on the emission from a single NQD
that is particularly prone to efficient BX emission(31) and show that employing such techniques
enable reaching single photon purities exceeding 99.5%, without a significant loss of single
photon efficiency.

Purification by Temporal Heralding

Chemically synthesized NQDs (see Figure 1a) are an excellent exemplary system to
demonstrate and apply the temporal photon purification and heralding concepts. NQDs are very
promising for integrated and efficient SPSs at room temperature.(32—36) Unfortunately, it turns
out that the photostability (in terms of photoblinking) of an NQD can be intimately related to its
BX quantum yield (QYgx) defined as the probability that the BX would radiatively decay to the
X state. A key mechanism responsible for photoblinking involves Auger-mediated nonradiative
recombination of charged excitons.(27) Thus, as the stability of the source against photoblinking
increases, QYsx also usually increases due to the suppression of Auger recombination

processes,(27) leading to a dramatic drop of both the source efficiency (n = P1) and purity (S =



P1/P1 + P»), where P1 and P are the probability of emitting one and two photons, respectively
(see Figure 1b). Higher order multiexciton emission is usually negligible in these quantum dots
due to their strong excitation power dependence and due to the cubic (or nearly cubic) scaling of
the Auger recombination rate with exciton multiplicity whereas the radiative decay rate only has
a quadratic scaling.(37) Furthermore, the emission of these multiexcitons can be spectrally
separated from the exciton line at room temperature.(37) Thus, NQD typically emits at most two
photons per excitation cycle from the BX and X state with probabilities given by the BX and X
quantum yields (QYgx and QYx, respectively). Notably, a similar increase in QYgx has been
reported when NQDs were coupled to plasmonic emission rate enhancers,(28—30) showing that
trying to increase the inherent emission rate of an NQD via the Purcell effect has a detrimental
effect on the purity of the source. Therefore, it seems necessary to develop some photon
purification methods that will enable utilizing NQDs as efficient high-quality room temperature

SPSs.

QYx=0.9
0 0.3 0.6 0.9




Figure 1. (a) [llustration of a spherical nanocrystal quantum dot displaying the radiative
recombination pathways available for the X and BX state. (b) Single-photon purity (solid line)

and efficiency (dashed line) for a quantum dot as a function of the BX quantum yield.

Since neither spectral nor polarization based filtering of the BX emission is possible, a
different approach is essential. One such approach, referred to here as time-gated filtering (TGF),
is available in the time domain by using the difference in the lifetimes between the X and BX to
temporally filter out (and discard!) the BX emission in a time-resolved measurement (see Figure
1a).(38.39) In this approach, however, due to the overlap between the BX and X decays, a very
unfavorable trade-off between the achievable purity and efficiency appears for high BX and X
QYs.(40) For example, in the theoretical limit when QYx = QYsx = 1, obtaining a purity of
99.5% would entail operating at an efficiency of about 25%, even if the collection efficiency of
the system, a, is unity.(40) For currently available high-quality high-rate NQD emitters having
QYx =0.61, QYsx = 0.7,(18) the efficiency would only be 8% for a = 1. Therefore, such an
approach is not so useful for a practical high-quality SPS which requires both n and S to
approach unity.

An alternative approach would be to use the two photon events in a heralded scheme to
produce highly pure single photon states. The simplest possible heralding approach, referred to
here as the beam splitter heralded scheme, would be to use a 50:50 beam splitter that would
randomly direct the emission either to an idler port or a signal port. In a post processing step only
signal photons heralded by an idler photon would be chosen, assuring S = 1 in the signal channel.
This technique however has a maximum theoretical efficiency of n = 0.5 in the ideal case, where

QYx=QYsx =1 and a = 1, due to the random routing of the beam splitter.



In order to overcome all these limitations we propose two main purification heralded schemes

that are illustrated in Figure 2a,b.
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Figure 2. Schematic representations of the TIMe-resolved heraldED (TIMED) and (b) Active
Switching Heralded (ASH) techniques proposed in this work. (¢) Theoretical calculations of the
heralding efficiency as a function of the cutoff time 7¢ (for TIMED) or the response time 7 (for
ASH) normalized by the collection efficiency and the exciton quantum yield. Solid lines
correspond to unity BX quantum yield, whereas dashed lines correspond to QYgsx = 0.5. (d)
Theoretical normalized heralding efficiency using optimal parameters as a function of the BX
quantum yield assuming unity X quantum yield.

Passive Heralding

The first scheme, called the TIMe-resolved heraldED (TIMED) technique, utilizes the large
difference between the BX and X spontaneous radiative lifetimes, and their cascaded emission
nature to implement a time gate on an optical switch (see Figure 2a). In this scheme, an optical
switch with a fixed time gate will replace the 50:50 beam splitter. The switch will be open to the
idler port from the beginning of the excitation cycle up to a fixed cutoff time (7¢). For ¢ > Tc, the
switch will direct the photons to the signal port until the next excitation cycle.(41) Here again,

only signal photons that were preceded by an idler photon detection would be chosen in a



postprocessing step. The single photon efficiency in this scheme is given

Mypgen = @ QxQx———— X [exp(=Tc/7x) — exp(—Tc/ 7))
by(40 X ~ Tax 1)where tx and tBx are the X
y

and BX lifetimes, respectively. As seen in Figure 2¢ there is an optimal gate time 7¢°* given

R
—_—= = 1] In
by Tax sx /The X and BX quantum yields are related to their radiative lifetimes

QYax o TBX
— =
by Q¥ Tx (2)where B is a scaling factor which in this case is determined merely by the

simple statistical scaling of the optical recombination pathways as a function of the number of
excitons,(18,42) that is, p = 4. This is shown schematically in Figure 1a for the X and BX states.
As compared to a standalone NQD (Figure 1b) the efficiency of TIMED increases with QYgsx
(Figure 2d), illustrating the viability of this technique for high two-photon emission probabilities.
Furthermore, TIMED is a passive scheme requiring no active feedback from the idler port to the
switch, which is advantageous due to the simple architecture of the optical circuit. Using the
above value of B and the optimized 7¢°" yields a pure source with § =1 with a maximum
theoretical efficiency n = 0.63 (again taking QYx = QYsx = 1, see Figure 2¢), already better
than the simple beam splitter technique (which can only reach = 0.5 even in an ideal system).
For currently realized QY values (QYx = 0.61, QYsx = 0.7),(18) we expect a theoretical
efficiency of 26%, compared to 20% for the beam splitter technique. This is a significant
improvement, yet even better results can be achieved, with an active heralding technique, as is
shown next.

Active Heralding

This maximum efficiency of TIMED is a limitation of passive heralding techniques. To
overcome this limitation in n without sacrificing purity, a more sophisticated solution, the Active

Switching Heralded (ASH) technique, is suggested (see Figure 2b). In this active switching



scheme, the switch is open to the idler port from the beginning of the excitation cycle until a
photon detection has occurred. This detection signal would be forwarded to the switch causing it
to route the photons to the signal port until the end of the cycle. Realistically, there is a finite
time between the arrival of the idler photon to the detector and the switching event which we call
the response time (7r) of the system. This response time takes into account the rise times of the

detector and switch and any optical or electronic delays in the system. The heralding efficiency

as a function of the response time can be expressed as(40)/sy = @ Q¥ Q¥ exp(—Ty/ )

(3)Notably, it can be seen (Figure 2c¢) that in the ASH scheme, the maximal n for the
theoretically ideal case QYx = QYsx = 1 exponentially approaches 100% (or 43% for the case
QYx=0.61, QYsx = 0.7(18)), as Tr becomes smaller than tx. Therefore, implementing ASH
with very short response gates should approach the ideal SPS scenario.

Experimental Emulation

Rather than physically implementing the setups for the TIMED and ASH protocols, which
require building a dedicated setup for each, we emulate the switching on the time-tagged data

obtained from unified experimental setup shown in Figure 3a (for details regarding the

experimental technique and analysis methods refer to the Supporting Information). In such a way
we can compare the performance of multiple schemes for the same NQD. Figure 3b displays the
lifetime measurement for the NQD under investigation, which was fitted to a three exponential
fit, yielding the X and BX lifetimes, and a significant short lifetime component which we
attribute to a correlated laser-induced noise (hereinafter referred to as correlated noise). Figure 3¢
displays the saturation curve for the same NQD indicating that at the maximum power used in
this experiment we are pumping well above saturation. This is done to ensure a maximal

occupation of the BX states. Using the measured lifetimes and eq 2, we find that the ratio



between the quantum yields is QYsx/QYx = 0.269. With this ratio, the one-photon probability,
and our calibrated system collection efficiency (a = 0.088), we find the value of each of the
quantum yields separately to be QYx = 0.1729 and QYgx = 0.0465.(40) Prior to any purification

protocol we measured the photon purity to be only S = 0.9 for this NQD.(40)
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Figure 3. (a) [llustration of the experimental setup used to emulate the TIMED and ASH
schemes. (b) Lifetime measurement and (c) power saturation curve for the QD studied in this
work. (d) Experimental results (dotted lines) for the efficiency (in units of 0>’QYx in the TIMED
and ASH schemes compared to the predicted values (solid lines). (¢) The single photon purity as
a function of the filtering time which is used to filter out short-time correlated noise illustrated in
the inset.

Figure 3d displays the experimental efficiency for both TIMED and ASH compared to the
theoretically expected values (egs 1 and 3) as a function of 7¢ or Tk, respectively. We find a
good agreement between the experimental results and the expected values for both schemes, and
the small shift in the position of maximum of the experimental ntivep to a lower Tc is attributed
to the effect of the correlated noise. We find experimentally that the maximal efficiency for the

ASH scheme is nasu = 0.04680>QY x, which is in agreement with the experimentally extracted



value QYsx = 0.0465. Comparing this to eq 3 with 7r = 0 indicates that indeed this efficiency is
only limited by the quantum yields of the X and BX, as is theoretically predicted.

Going to the source purity, theoretically, if the NQD cannot emit more than two-photons per
excitation pulse, we expect a unity purity, that is, § = 1. Experimentally we expect that in this
case the sole source reducing S in the signal port is from noise. To check this point, we show the
purity, S, of both schemes as a function of the filtering time 7% after the excitation pulse, where
all data with ¢ < T is ignored. This is done to minimize the contribution of short lifetime laser-
induced correlated noise. For 7r > 1 ns, S reaches a maximum of around 0.995, after filtering out
nearly all correlated noise. We attribute this limit to uncorrelated noise rather to inherent
multiphoton (>2) emission events from the NQD.(40)

Discussion and Outlook

As can be seen from the model and the emulation experiments, the heralded purification of
single photons from BX emission in NQDs can significantly increase their single photon purity
without compromising their efficiencies, which can make such NQD sources (or other sources
that have high quantum yield for two-photon emission), good candidates for high-quality room-
temperature SPSs. To demonstrate the significant superiority of the heralded techniques over
TGF, we plot in Figure 4a the difference in the efficiency between the ASH and TGF techniques
for a specific chosen purity (S = 0.995). This displays that it is not necessary to have very high
QYs for the ASH technique to outperform the TGF technique. In fact, currently available NQD
systems already are in the regime where ASH is better. Importantly, as the quality of these QDs
improves, and as larger and larger Purcell factors are achieved to increase their single photon
brightness, it is expected that the values of the QY's would increase, making these techniques

even more advantageous.
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Figure 4
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Figure 4. (a) Difference between the efficiency of the ASH and TGF scheme displaying the
regions where each technique is superior. The overlaying points are measured values of the QYx
and QYgx for: (1) Standalone CdSe/CdZnS NQD,(43) (2) CdSe/16 monolayer CdS gQD coupled
to plasmonic nanocone,(18) and (3) CdSe/19 monolayer CdS standalone gQD.(44) (b) The single
photon rate of ASH, TIMED and TGF as a function of the exciton lifetime for QYx = 0.61,
QYsx=0.7,5=0.995, a = 0.72 and assuming an excitation rate equal to 3/tx.

In order to assert the applicability of our techniques and to make a quantitative comparison
with other state-of-the-art devices we calculate the expected performance of our techniques
based on a model system that was previously introduced, namely, an NQD coupled to the near

field of a plasmonic nanocone. In Matsuzaki et al.(18) it has been shown experimentally that this
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coupling induces a very large Purcell effect, leading to a significant reduction in the radiative
lifetimes of both the X and the BX, and in a very large increase of QYgx, yielding QYx = 0.61,
QYsx =0.7, tx = 1.6 ns, and 18x = 0.5 ns. This makes the coupled NQD a rather good biphoton
emitter. In addition, we assume a realistic photon collection efficiency of 0.8(45) and a detection
efficiency of 90%(46.47) (i.e., a = 0.72).

One particularly important point to consider is that for ASH the response time should be fast

compared to the X lifetime. In the Supporting Information(40) we show that an on-chip

implementation of ASH could realistically have response times of about 265 ps. In the model
system suggested in the previous paragraph, this would correspond to Tr/tx = 0.17 and nasu =
0.19 compared to nrivep = 0.15 and nrcr = 0.089. Under such efficiencies, the single-photon rate
can be estimated to be Rasu = 38 MHz, Rtivep = 30 MHz, and Rrgr = 18 MHz under pulsed
excitation at a rate of 200 MHz (1/3tx). This is another confirmation that, under realistic
conditions, both heralded techniques can outperform TGF. Nonetheless, it is clear that T
imposes a limitation on the maximum X decay rate that can be achieved before TIMED and TGF
outperform ASH. We analyze this situation in Figure 4b, where we vary tx while holding all
other parameters constant, as in the suggested model system above. As expected at low 1x, ASH
suffers; however, TIMED (TGF) only has better performance for tx < 0.6 (0.3) ns. This
combination of high single-photon purity and high rate in a single system will compare well with
state-of-the-art parametric heralded sources(6,7.48) and cryogenic-operated self-assembled
QD(8.9.49) sources. We note that in contrast to cryogenic QD sources, photons emitted from
room-temperature sources are distinguishable in nature. However, several recent reports have
addressed this issue by proposing cavity enhanced techniques to increase the indistinguishability

of room-temperature emitters.(50—52)
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One interesting application, even under limited indistinguishability, is quantum key
distribution (QKD) for which true room-temperature SPSs are desired.(53) In the quantum
metrology realm, one may devise using these highly intensity-squeezed sources to conduct weak
absorption measurements on highly sensitive samples or for calibrating photodetectors with high
precision, well beyond the shot-noise limit.(1) Eventually, such sources may become the ultimate
standard for intensity measurements in what is known as the quantum candela.(54) Furthermore,
the heralding nature of the schemes proposed in this work open up the possibility of multiplexing
a few NQDs together to overcome any inefficiencies that may be caused due to inadequate
quantum yields or collection efficiencies, thus, increasing the attainable single-photon rates.(40)

In summary, we show both theoretically and by experimental emulation the ability to break the
trade-off between stability, efficiency, and single-photon purity in statistical two-photon emitters
by temporal heralding schemes, allowing to achieve near-unity efficiency and single-photon

purity simultaneously.
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