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Quantum emitters operating at telecom wavelengths are essential for the advancement of quantum technologies, partic-
ularly in the development of integrated on-chip devices for quantum computing, communication, and sensing. Coupling
resonant structures to an epsilon-near-zero (ENZ) environment has been shown to enhance their optical performance
by both increasing spontaneous emission rates and improving emission directionality. In this work, we comparatively
study emission characteristics of colloidal PbS/CdS (core/shell) quantum dots at telecom wavelengths on different sub-
strates, where two different sets of quantum dots emitting within and outside the epsilon-near-zero region are deposited
on both glass and indium tin oxide (ITO) substrates. Our results demonstrate that coupling quantum dots to the ENZ
spectral region results in a reduction of photoluminescence lifetime of 54 times, a 7.5-fold increase in saturation in-
tensity, and a relative emission cone narrowing from 17.6° to 10.3°. These results underline the strong dependence
of quantum dot emission properties on the spectral overlap with the epsilon-near-zero condition, highlighting the po-
tential of transparent conducting oxides (TCOs), such as ITO, for integration into next-generation quantum photonic
devices. Due to their CMOS compatibility, fabrication tunability, and high thermal and optical damage thresholds, these
ENZ materials offer a robust platform for scalable and high-performance quantum optical systems operating within the

telecom bandwidth.

I. INTRODUCTION

In recent years, the field of quantum optics has witnessed
a surge in applications that were once considered technolog-
ically unfeasible. Among these, solid-state quantum emitters
have emerged as versatile platforms for single-photon gen-
eration, enabling advancements in quantum sensing, secure
communication, and integrated quantum photonic circuits’.
In particular, emitters operating in the telecom wavelength
band are key to merging quantum functionalities with ex-
isting fiber-optic infrastructures?. This has catalyzed ef-
forts towards integrating quantum emitters with an on-chip
photonic environment to control emission dynamics, device
complexity, and coherence®®. PbS/CdS core—shell quantum
dots (QDs) are a compelling choice for these applications,
thanks to their commercial availability, size-tunable emission
linewidth in the near-infrared (NIR), and compatibility with

non-cryogenic operation®. Their spectral range spans from

*“)corresponding author: shalaev@purdue.edu

850 nm to 1600 nm depending on size and ligand, with im-
proved photostability and passivation due to the CdS shell®.
These QDs exhibit native lifetimes on the order of 1-3 us and
maintain relatively good quantum efficiency over a wide tem-
perature range>. The surface chemistry of QDs can also be
tuned to control radiative vs. non-radiative decay pathways®,
and their utility has been demonstrated in diverse areas from
solar energy harvesting?1¥ to bioimaging! 12, However, their
integration into a photonic environment that could reshape and
enhance their NIR emission properties remains an open chal-
lenge.

Recently, significant interest has surged around the so
called epsilon-near-zero (ENZ) materials, for which the real
part of the dielectric permittivity vanishes near the plasma fre-
quency. In these systems the decoupling between the mag-
netic and the electric fields is linked to several key effects
(e.g., slow light, wavelength stretching, etc.) leading to a
unique behaviour in the linear and nonlinear regimes>15,
Also, by placing quantum emitters in a time-modulated ENZ
environment, another mechanism for controlling quantum
states could be realized, allowing for the design of fully opti-


mailto:shalaev@purdue.edu

T

A=

o9
<0

N\

Quantum dot emission enhancement via coupling with an epsilon-near-zero sublayer 2

aj
Laser
SOUrce e e e e e eeeeesoe
i

Mysox . TH1 L1 PHZ CL2

Complax parmittivity

-n
L]

J\;
r =
= W
LS
&
.
&

]
i — 1.5 = el
1
n

— L Y ;
! ’ atw

---------- “Hon atan aen 1At 1eon 1%n

Aarwelangt inml

FIG. 1. Experimental setup. The figure illustrates the simplified excitation/detection scheme for both saturation and lifetime measurements.
a) A laser beam centered at around 530 nm passes through a confocal pinhole (PH1), then reflects off a dichroic mirror (DC), passes through
a microscope objective (MY50X), which is mounted on a 3D piezo stage, and is then focused onto the sample (Fig. 1(a) inset shows sample
AFM image). The emitted signal passes the DC and is directed through PH2 (200 um) and lenses CL1 and CL2 for spatial filtering. All
components after PH2 are housed inside a blacked-out box, followed by a long-pass filter (LP) with a cut-on wavelength at 1 pm, omitting any
stray light and allowing only for the emitters’ signal to be detected. Further, the beam is fiber-coupled at (FC), collecting the signal and sending
it to the superconducting nanowire single-photon detector (SNSPD) with high efficiency in the near-infrared. The SNSPD’s electronic readout
is passed to either a data acquisition device (DAQ) for counts evaluation or to the PicoHarp module for lifetime measurements. b) Dispersion
curves (epsilon real, black curve, and epsilon imaginary, blue curve) of ITO. The pictures also reports the ENZ bandwidth (|¢'| < 1 between
1070 nm and 1380 nm, pink box), and the emission lines of both QD batches at 1350 nm (red vertical line) and 1450 nm (green vertical line),

as well as the real € and n values for both batches.

cal quantum networks 19.20/

Another promising route to take advantage of ENZ systems,

pertains emission engineering. For instance radiative proper-
ties of emitters in and around plasmonic or ENZ materials are
strongly dependent on the materials’ dimensionality, thus pro-
viding a higher degree of freedom in engineering dispersion
and associated emission properties #>1"2 Theoretical works
also predict that coupling emitters to an ENZ environment can
lead to a drastic reshaping of their radiation properties, includ-
ing radiative suppression, modification of the emission direc-
tionality, and even enabling super-radiant behavior 2128731 n
addition to this, the optical analogue of the Meissner effect,
where ENZ substrates prevent field penetration, provides an
additional degree of freedom to engineer emission direction-
ality in a low index systems%23. Further, the manipulation
of Berreman modes by altering the film thickness, in perfect
absorber configuration, may allow for additional control of
coupling excitation efficiency. 183440 Stydies also confirm
that nanoantennas placed on ENZ substrates exhibit enhanced
out-of-plane radiation and narrower angular emission where
the spectral overlap with the ENZ condition is met>>.
To date, a direct and broad experimental exploration of room-
temperature properties of ENZ-coupled emitters within the
telecom band remains limited and disjoint. In this regard it
is worth mentioning a few important theoretical works per-
taining emission enhancement and engineering mediated by
ENZ systems at long wavelength and other experimental at-
tainments performed on different nano-antennas coupled with
ENZ environments S0374142 Thege are key results which in-
spire the present research.

Importantly, TCOs, close to their cross-over wavelength,
are also marked by an extremely low index of refraction and

for this reason are also referred to as near-zero-index (NZI)
materials. While a low refractive index is key for maximizing
several nonlinear effects, the ENZ condition is more critical,
when emission engineering is concerned . For this reason in
the present manuscript we will only refer to the ENZ nature
of our materials. More specifically, in this work we present a
comparative study of colloidal PbS/CdS QD emission proper-
ties when deposited on standard microscope glass slides and
on an ITO thin films. Our analysis also considers cases where
the QD emission wavelength falls within and outside the ENZ
band of the ITO substrate. Within these experimental settings,
we observed a 54-fold reduction in lifetime, a 7.5-fold in-
crease in photoluminescence (PL) intensity, and a narrowing
of the emission cone from 17.6° to 10.3°. These results are
consistent with prior observations of radiation engineering in
the ENZ environment and pave the way for scalable, CMOS-
compatible platforms based on ENZ-coupling 2128131133,

1. EXPERIMENTS AND DISCUSSIONS
A. Experimental setup

To investigate the emission characteristics of PbS/CdS QDs
deposited on glass and ENZ ITO thin film, we employed
a custom-built time-correlated single-photon counting (TC-
SPC) system optimized for detection in the NIR range, while
simultaneously allowing for excitation in both the visible and
NIR ranges. The core of the system is a confocal microscope
combined with the TCSPC setup as depicted in a simplified
schematic in Fig.[T[a). This setup enables the measurement of
lifetime, emission directionality, and saturation behavior. Ini-
tially, the laser beam emitting around 530 nm passes through
a spatial filter (PH1) to achieve the smallest possible excita-
tion spot size. Then the beam reflects off a dichroic mirror
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FIG. 2. Comparative analysis of QDs emitting at 1350 nm (within the ENZ bandwidth of ITO) on glass and ITO. In (a), a significant reduction
of lifetime is observed, from 544 ns on glass (blue line and markers) to 10 ns when coupled to an ENZ environment (red line and markers).
Panel (b) illustrates the change in directionality, with a relative emission cone narrowing from 17.6° to 10.3° for QDs on glass (blue) and on
ITO (green) substrate, respectively. In (c), the saturation behavior of QDs reveals an increase in saturation power from Py, =2.3 pW to 10 uW,
alongside a 7.5-fold enhancement in saturation intensity 4, from 400 keps to 3000 keps, when comparing QDs on ITO (red line and markers)

with those on glass (blue line and markers)

(DC), with 98% reflection efficiency around the green stan-
dardized excitation wavelength, while allowing 70% trans-
mission for the NIR emission. The excitation beam is fo-
cused onto the sample using a 0.42NA 50x Mitutoyo Plan
Apo NIR infinity-corrected microscope objective (MY50X),
resulting in a focal spot smaller than 5 um (full-width half-
maximum). This was experimentally confirmed by record-
ing the PL images from a series of calibrated grating patterns.
Confocal scanning of the sample was performed using an ob-
jective mounted on an X-Y-Z piezo stage, which allowed for
nanometric positioning precision while the sample remained
stationary. The emitted PL was collected through the ob-
jective and imaged onto a confocal pinhole (PH2, CL1, and
CL2). All optics following PH2 are enclosed in a blacked-
out box to eliminate both ambient light and residual pump,
and to ensure signal collection from the focal plane only*.
Additionally, inside the enclosed box, a 1 um long-pass fil-
ter was installed to ensure that only the PL from the sample
was fiber-coupled and sent to the superconducting nanowire
single-photon detector (SNSPD) (see Fig. Eka)). The SNSPD
output was connected to a custom-built microelectronic inter-
face that conditioned and routed the electrical signals to either
a data acquisition device (DAQ, count rate evaluation) or a
PicoHarp (lifetime measurement) TCSPC module. The setup
was controlled, and data was acquired via a LabVIEW code.
PL maps were recorded by scanning the piezo stage with the
attached microscope objective, while synchronously collect-
ing the count rates. Subsequently, the PL maps were used
to identify the most suitable regions containing spatially iso-
lated QD ensembles. Once an emission region was identified,
the microscope’s objective was focused onto it to perform the
lifetime measurement. For the lifetime measurements, pulses
centered in the green with a full-width half-maximum dura-
tion of less than 20 ns were used to excite the QDs. We
should mention that the sensitivity of our SNSPD detectors
(operating at 4.2 K) is above what is required for character-

izing QD clusters (at room-temperature). Alternatively, mea-
surements could be performed using less performant and more
cost-effective equipment (e.g., SPADs). However, our experi-
mental setup could allow for expanding the present study into
the single-photon regime.

B. Sample preparation

The QDs employed in this study, sourced from CD Biopar-
ticles, feature a commonly used PbS/CdS core/shell structure.
We utilized two distinct batches of QDs, both with a mass con-
centration of 25 mg/ml, where one has a PL peak emission at
1350 nm, aligned with the ENZ bandwidth of the ITO sub-
layer, and the other one peaks at 1450 nm, which lies outside
this ENZ region. To ensure optimal distribution across the
substrate, the QDs were diluted in acetone at a 10:1 ratio of
acetone to QDs before drop-casting. Two types of substrates
were prepared to comparatively study the emission properties
of the QDs. The two reference substrates were: a standard
microscope glass slide, and a ~ 240 nm thick ITO thin film
(associated dispersion curves are shown in Fig. Ekb)). The
film thickness could be potentially used for optimizing cou-
pling/excitation conditions; however, the choice of 240 nm
thick films was solely dictated by commercial availability.
Both substrate types underwent chemical cleaning, including
sequential immersion in isopropanol, methanol, and acetone
for 30 seconds each, including nitrogen blow-drying. Subse-
quently, the substrates were subjected to 90 minutes of UV-C
light exposure to enhance surface wettability and promote a
uniform QD dispersion. To prevent aggregation and achieve
a highly uniform coating, the diluted QD solution was soni-
cated in an ultrasonic bath for ~ 45 minutes just prior to de-
position. Following this, the solution was drop-cast onto the
cleaned substrates and placed in vacuum storage boxes to ac-
celerate solvent evaporation, ensuring an even spread of QDs.
An atomic-force-microscopy (AFM) image is depicted as an
inset in Fig. [T[a), showing the distribution of QD ensembles
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over a select 55 um? area. From the cluster dimensions (200-
500 nm) and the nominal QD size (~10 nm), the estimated
number of QDs per aggregate falls in the 103- 10* range (see
supplementary material for details), which is also consistent
with similar reported experimental setting in literature +42.

Importantly, the ENZ bandwidth of the ITO substrates
spans from 1070 nm to 1380 nm (|€'| < 1), overlapping with
the emission band of the first QD batch, portrayed in Fig.[I[(b).
Conversely, the second batch, which emits at 1450 nm, is
strategically positioned outside the ENZ bandwidth of the ITO
thin film, allowing for a comparative study, see Fig. [T[(b).

C. Results and discussion
1. Emission within the ENZ region

We first examine the emission characteristics of PbS/CdS
QDs whose emission spectrum falls within the ENZ region
of the ITO substrate. A pronounced reduction in PL lifetime
from 544 ns to 10 ns is observed for QDs drop-cast on the ITO
substrate compared to those on glass, as reported in Fig. 2a).
In this regard, we should mention that our minimum time res-
olution is set by the pulse duration, setting only an upper limit
to the fastest measurable decay time. The lifetime on glass
is calculated using a bi-exponential fit and is averaged using
an intensity-weighted formulism, according to the following
equations (1) and 46:

IPL(I) =Ae T +B€75, (1)
At} +BT2

avg — #7 (@)
AT +Bn

where Ipr(t) is the fitted PL decay, 7u, is the intensity-
weighted-average lifetime, A and B are the weights, and 7
and 7, are the corresponding bi-exponential decays. The life-
time of QDs on ITO is calculated using a single exponential
decay mode, due to the rapid decay and the limited number
of data points. It is worth mentioning that the QDs on glass
exhibited a lifetime decay similar to other reported values for
PbS/CdS core/shell QDs>'% and that coupling to the ENZ
thin film reduces the lifetime by 54 times to 10 ns. At this
point, we should highlight that despite the advanced control
behind QD fabrication processes, their use in integrated pho-
tonics has been primarily limited by a long decay time, imped-
ing key applications such as high-repetition-rate photons on
demand. Our results directly address this critical drawback.
From the point of view of the photon directionality, emis-
sion profiles were reconstructed by collecting the PL intensity
at different focal planes at 0, 3, 6, and 9 um on and above the
sample surface. This was done while maintaining a constant
excitation power density over the scanning distance, with a
variation of about £3% on the peak intensity. The collected
data were then fit with a standard Gaussian beam divergence
model to extract the angular spread. This analysis resulted
in the distinct radiation signatures, as illustrated in Fig. [2b),
where a relative emission cone reduction from 17.6° on glass
to 10.3° on ITO is recorded. Additionally, the large number of
emitters per QD-cluster (10° to 10*) guarantees high angular

emission uniformity, thus removing the need for an angular re-
solved emission measurement. Finally, to characterize the sat-
uration behavior, the count rate of the QD ensemble was mon-
itored as the pump power was gradually increased. The satu-
ration curves were fitted using the standard three-level emitter

saturation model for optical emitters*/48,

P

I(P)=1[,;——.
(P) P+ P

3)
Here, I(P) [cps] is the emission intensity as a function of the
excitation power P [UW], Iy, [cps] is the maximum achiev-
able saturation intensity, and Py, [uW] is the power at which
the system saturates, which is defined on the x-axis as the
point where the intensity in counts is equal to (1/2)Ly,. It
is worth underlining that from its definition the saturation
power is inversely proportional to the rate at which saturation
is achieved. Relating plots are shown in Fig. [2[c), where, due
to the ENZ coupling, the QDs on ITO perform significantly
better than the ones on glass, in terms of the saturation count
rate but are worse off in terms of saturation power. Specifi-
cally, these parameters were recorded to be I;;; = 3000 kcps
and 400 kcps, and Py = 10 pW and 2.3 uW, for QDs on ITO
and glass, respectively.

Figure 2 compares emitters on ITO, within the ENZ win-
dow, to those on glass. This investigation reports lifetime de-
cay, saturation behaviour, and emission directionality. The
photoluminescence lifetime 7, which reflects the sum of ra-
diative and non-radiative decay channels through It =T’ +
I, = 1/7, is reduced by a factor of 54. This indicates a
very large increase in the total decay rate I';. The satura-
tion curves provide two complementary quantities: the satu-
ration power Py and the saturation intensity I, While the
former is inversely proportional to the external quantum yield
Next = Iy /Tor» the latter scales as Iy o< I'2 /T and is there-
fore sensitive to the balance between the radiative rate I', and
the non-radiative rate I',,. Combining the PL lifetime ratio
between QDs on ITO and glass, with the associate saturation
power ratio, leads to a radiative-rate enhancement of approx-
imately one order of magnitude for the emitters on ITO (see
supplementary material for details). Given that the total decay
rate increases by a factor of 54, the overall dynamics is largely
dominated by the rise of non-radiative decay channels.

The measured saturation intensity increases from 400 to
3000 kcps (a factor of 7.5). It is worth emphasizing that
the expected saturation-intensity ratio can be directly evalu-
ated from the radiative and non-radiative rate changes inferred
from the lifetime and saturation-power measurements. Using
Ly o< 1"% /Tsot, these rates predict an intrinsic enhancement of
only ~ 2.9. However, this value is considerably smaller than
the measured ratio of 7.5. This apparent discrepancy is quanti-
tatively resolved by the ENZ-induced directionality enhance-
ment. In fact, the relative emission cone narrows from 17.6°
to 10.3°, reducing the radiated solid angle Q = 27(1 — cos 6)
by a factor of ~ 2.9 and thereby increasing the collection effi-
ciency by the same factor. Once this geometrical enhancement
is accounted for, the corrected saturation-intensity ratio (~
2.5-3) agrees with the intrinsic value expected from the rate
analysis within experimental uncertainty (see detailed analy-
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FIG. 3. Comparative analysis of QDs emitting at 1450 nm (outside the ENZ bandwidth of ITO) on glass and ITO. In (a), a minimal change
of less than 10% is observed for the emitter lifetime between the cases of QDs on glass (blue line and markers) and on ITO (red line and
markers), yielding 914 ns and 853 ns, respectively. Panel (b) shows the emission cones for QDs on both substrates, with a slightly narrower
emission cone of 12.8° for the ITO case (green) and a wider cone of 16.0° for the QDs on glass (blue). Panel (c) depicts the saturation behavior
outside the ENZ region and reveals a lower saturation power Ps;; = 600 nW vs. 1000 nW, and a higher saturation intensity Iy, = 14.3 keps vs.
6.8 keps, when comparing QDs on ITO (red line and markers) and glass (blue line and markers), respectively.

sis on recombination channels in the supplementary material).
Overall, the ENZ sublayer leads to a drastic shortening of
the PL lifetime and a reduced external quantum yield. The lat-
ter being in accordance with the typical "quenching" effect of
ENZ environment. Furthermore, a strong rise of non-radiative
decay, a moderate enhancement of radiative rate, and a spa-
cial emission narrowing have been observed. All these fea-
tures are consistent with ENZ-enhanced local density of opti-
cal states (LDOS), the predominance of non-radiative electro-
magnetic channels near the ENZ point, and the characteristic
field-expulsion mechanism of ENZ interfaces 301334142/

2. Emission outside the ENZ region

In order to disentangle the emission enhancement due to
the ENZ coupling from any other effect due to the presence
of the ITO substrate, we performed an equivalent compara-
tive study as the one previously reported, this time with QDs
emitting at 1450 nm, outside the ENZ bandwidth. As before,
measurements were focused on PL lifetime, emission direc-
tionality, and saturation behavior. For these cases, lifetimes of
Tavg = 914 ns and 7,,, = 853 ns have been recorded for QDs
on glass and ITO, respectively. Thus, it can be seen that life-
time reduction due to the ITO substrate is still visible, but is
considerably less pronounced when compared to the previous
ENZ-coupled case.

The emission directionality measurements (Fig. Ekb)) show
that the emission cone of QDs on ITO (green) is 12.8°, which
is only slightly narrower than the 16° emission cone of QDs
on glass (blue), indicating a relatively small directional en-
hancement.

Finally, we analyzed the power-dependent saturation be-
havior for QDs on both substrates, and the count rate as a func-
tion of input power (Fig. EKC)). Here, the QDs on ITO exhibit a
slightly higher saturation count rate, I, of 14.3 kcps as com-

pared to 6.8 kcps on glass. Further, the saturation power for
the QDs on ITO and glass are Py;; = 600 nW and 1000 nW,
respectively. This analysis shows that the alteration in the
emission properties of QDs coupled to ITO is primarily due to
their emission overlap with the ENZ region. The minor effects
on all investigated parameters outside of the ENZ bandwidth
can be ascribed to a small plasmonic enhancement (Purcell
effect). Specifically, at 1450 nm, ITO exhibits more metallic
properties, thus increasing the reflectivity and contributing to
the higher saturation intensity. Another factor at play is the
refractive index contrast, which supports a narrower cone and
therefore a more directed emission, thereby boosting the count
rate at equal input power for an ITO substrate at 1450 nm com-
pared to glass.

An additional note should be made about the QD distance
from the sublayer which is expected to have an influcence on
the emission properties of the full cluster. This is clearly un-
derlined by the plot in Figl] where the Purcell enhancement
is reported as a function of the emitter-to-sublayer distance for
both glass and ITO. From these curves a very strong Purcell
factor enhancement and a correspondent PL lifetime reduc-
tion, is recorded for distances below 100 nm. This behaviour
is also consistent with the fact that only the high-k emission
components are enhanced via the ENZ regime, and they expo-
nentially decay as the distance increase (see details in supple-
mentary material). This plot, besides underlining the impor-
tance of the emitter distance from the ENZ surface, also pro-
vides some information about how the QDs within the same
cluster see a different emission environment.

In this regard, we must underline that the size and density
of QD-clusters can significantly affect their emission proper-
ties, owing to strong variations in emitter—substrate coupling,
possible collective effects such as ENZ-assisted superradiance
2l and screening phenomena in densely packed aggregates. A
full reconstruction of QD-ensemble emission from the study
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FIG. 4. Purcell factor as a function QD-to-sublayer distance for both
glass and ITO cases. QDs coupled to ITO within the ENZ window
(blue line with square markers) show a much stronger Purcell factor,
when compared to QDs coupled to glass (orange line with dot mark-
ers), for distances below 100 nm.

of a single QD and its interactions with neighboring emitters
would require a substantially broader investigation, where QD
size and concentration are varied.

At this point, it is clear that the emission properties of ENZ-
coupled QDs are fundamentally linked to the reconfiguration
of radiative and non-radiative channels. To deepen these as-
pects, future studies employing sub-ps pulses of different time
durations may allow for the identification of multiple recom-
bination processes in action. Alongside these, it would be very
interesting to refine our study at the single- and few-photon
level. However, these investigations are outside the scope of
the present phenomenological study.

I1l. CONCLUSION

This study presents clear experimental evidence of the
profound influence that coupling to an ENZ environment
can have on quantum emitter properties. When PbS/CdS
(core/shell) QD emission falls within the ENZ bandwidth of
the ITO-sublayer, a significant reduction in the photolumines-
cence lifetime from 544 ns down to 10 ns is demonstrated
when compared to QDs on glass. Additionally, a 7.5-fold in-
crease in the saturation intensity Iy, and a 4-fold increase in
the saturation power Py, were observed, suggesting a more
efficient excitation-emission cycle. Furthermore, the angular
emission profile narrowed significantly, from 17.6° to 10.3°,
indicating a considerably improved directionality.

These enhancements are caused by the presence of the ENZ
condition, as demonstrated by the comparative study per-
formed with QD emission outside the ITO’s ENZ bandwidth.
Our work aims to stimulate discussions on the potential im-
pact of low-index materials on integrated quantum technolo-
gies, motivating further studies towards single-photon emis-
sion and possible superradiant effects. The observed results
clearly indicate that the ENZ environment provides a highly
effective platform for controlling light-matter interactions, en-
abling significant improvements in emission efficiency and

directionality, all within a CMOS-compatible, telecom-band
platform. Such capabilities are crucial for advancing emerg-
ing on-chip quantum optics, low-threshold quantum light
sources, and tunable emitter arrays in scalable quantum pho-
tonic networks.

IV. SUPPLEMENTARY MATERIAL

The supplementary material outlines how radiative and
non-radiative mechanisms together with directional effects
contribute to the changes in the emitter lifetime and saturation
behavior. It explains the physical origin of lifetime shorten-
ing near ENZ materials, describes how emission directionality
can enhance collected intensity. Further, the supplementary
material provides an estimate of the number of QDs contained
within the observed QD clusters.
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