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ABSTRACT. Isolated impurity states in epitaxially grown semiconductor systems possess
important radiative features such as distinct wavelength emission with a very short radiative
lifetime and low inhomogeneous broadening which makes them promising for the generation of
indistinguishable single photons. In this study, we investigate chlorine-doped ZnSe/ZnMgSe
quantum well (QW) nanopillar (NP) structures as a highly efficient solid-state single-photon
source operating at cryogenic temperatures. We show that single photons are generated due to the
radiative recombination of excitons bound to neutral Cl atoms in ZnSe QW and the energy of the
emitted photon can be tuned from about 2.85 down to 2.82 eV with ZnSe well width increase from
2.7 to 4.7 nm. Following the developed advanced technology we fabricate NPs with a diameter of
about 250 nm using a combination of dry and wet-chemical etching of epitaxially grown
ZnSe/ZnMgSe QW well structures. The remaining resist mask serves as a spherical- or cylindrical-
shaped solid immersion lens on top of NPs and leads to the emission intensity enhancement by up
to an order of magnitude in comparison to the pillars without any lenses. NPs with spherical-
shaped lenses show the highest emission intensity values. The clear photon-antibunching effect is
confirmed by the measured value of the second-order correlation function at a zero time delay of
0.14. The developed single-photon sources are suitable for integration into scalable photonic

circuits.

INTRODUCTION

Quantum emitters producing identical single photons on demand are a key element for the
realization of photonic components in quantum information technologies.'? Over the last two
decades, significant research efforts have been devoted to develop stable and reliable single-photon

sources (SPSs) showing highly efficient and scalable performance. As a result, different kinds of



emitters able to maintain single-photon emission on-demand have been recently demonstrated

including sources based on semiconductor quantum dots (QDs),>® single molecules,’ trapped
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ions,?? isolated defects and impurities, or even nonlinear processes such as spontaneous
parametric down-conversion.!> Among the solid-state systems, self-assembled QDs are commonly
considered to be superior candidates as high-quality SPSs. These emitters are reported to
demonstrate near-ideal state-of-the-art performances generating single photons with high spectral
purity and single-photon indistinguishability even at high temperatures.®!'® Moreover, certain types
of QDs have been shown to exhibit the emission of single photons in a wide spectral range from
deep ultraviolet to the near-infrared covering even telecommunication bands which makes them
particularly attractive for fiber-based quantum networks.!” However, spectral broadening above
the natural linewidth of excitonic states due to charge noise and dephasing perturbations'® as well
as a yet unsolved challenge on the scalability and thus mass-production'® of self-assembled QDs
are the main issues of QD SPSs. These challenges significantly impact the effectiveness of such

emitters for practical quantum applications and thus motivate a further search for an ideal SPS

with ultimate emission properties.

Recently, single-photon emitters based on isolated impurities hosted in epitaxially grown
compound semiconductors have emerged as alternative solid-state emitters demonstrating the
ability to generate indistinguishable and high-purity single photons with a short radiative
lifetime.'>?° The emission of single photons in such devices is typically attributed to radiative
recombination of excitons bound to spatially isolated shallow impurities (e.g. donors, acceptors).2°
It should be noted that due to the discrete nature of bound exciton energy states in such
semiconductor systems, the single photons can be generated through the relevant optical transitions

in a well-defined spatial and polarization mode (i.e. in the same quantum state), which in the ideal



case makes each photon naturally indistinguishable from all the others subsequently generated by
the same device. Such a feature is a crucial prerequisite of many quantum phenomena for example
two-photon interference and therefore is highly required for future applications of photonic

quantum emitters.?!

Zinc Selenide (ZnSe) has been intensively investigated over the last few decades as a
promising II-VI semiconductor material with a direct bandgap possessing excellent properties for
optical and electronic applications.?>?* In this regard, ZnSe has emerged as a promising host
crystal matrix for impurity-bound-exciton-related emission of single photons.!3!# In particular, the
ability to generate indistinguishable single photons was recently demonstrated with Fluorine (F)
donors, spatially isolated in epitaxially grown ZnSe/ZnMgSe QW nanostructures (i.e. ZnSe:F).!?
It should be noted that no tuning was applied to match the emission wavelength of two independent
ZnSe:F emitters in that case which reflects a low device-to-device spectral variation for the
impurity-based SPSs. However, due to inhomogeneous broadening of the emission wavelength as
a result of strong charge fluctuations, the indistinguishability of only 65% has been measured for
ZnSe:F sources. Despite that, the successful generation of substantial polarization entanglement
between photons generated by independent F-impurity-based emitters was also reported'? and
comprises an essential step towards the realization of long-distance quantum communication and
networking. Furthermore, recent publications also showed that ZnSe:F provides isolated impurity-
bound electrons which can be effectively used as optically addressable spin qubits.'# Such features
of ZnSe:F make it particularly attractive for modern quantum applications and therefore motivate
further research of other impurities in epitaxially grown ZnSe.

More recently, Chlorine (CI) impurities in ZnSe (i.e. ZnSe:Cl) were suggested as alternative

impurity-based SPSs demonstrating stable and bright emission of single photons.?® Similar to the



F-impurity, CI substitutes the Se atom in the ZnSe crystal yielding a shallow donor impurity.
However, in contrast to F, CI has an atomic radius that is comparable with that of the Se atom
making Cl a perfect donor on the Se site that considerably better matches into the ZnSe crystal and
therefore does not naturally form other impurity states in ZnSe. As a result, a much higher degree
of indistinguishability can be expected for ZnSe:Cl emitters compared to ZnSe:F. Although the
latter expectation has to be proven yet, Cl impurities in ZnSe indeed consolidate the advantages of
F-donors to be exploited as reliable single-photon emitters as shown in the recent investigation
performed by Karasahin et al.?® In particular, the reported time-resolved photoluminescence
measurements?® revealed radiative lifetimes of single photons emitted by C1 donors in ZnSe QWs
as short as 192 ps and an emission frequency jitter of less than 14 GHz, both aspects demonstrating
the certain potential of realizing a so-called “lifetime-limited” SPSs. However, it should be noted
that the related study? has been performed exclusively for unstructured Cl-doped ZnSe/ZnMgSe
QW samples and didn’t attempt to produce an independent device that can be integrated into a
photonic quantum circuit.

In this work, we are going beyond existing research by presenting an advanced nanofabrication
concept and report on the optical performance of independent Cl-bound quantum emitters
developed and fabricated in form of ZnSe/ZnMgSe QW NP structures which are directly integrated
with three-dimensional all-dielectric solid immersion lenses (SILs) to improve the external
quantum efficiency of the devices. The employment of SILs for such purposes has been
extensively discussed and shown in the literature over the last few decades for a variety of
emitters.?®?’ It has been revealed that SILs are a suitable remedy to overcome the total internal
reflection problem?® which is the origin of the low collection efficiency of the emitted radiation

coming out from the emissive material. For instance, the use of a SIL with a refractive index



smaller than the refractive index of the semiconductor usually results in increased external
quantum efficiency. With this in mind, we advanced a nanopillar fabrication technology
approach!? allowing us firstly to fabricate a SIL and then directly use it as a hard mask for the
subsequent etching of the NP. It should be noted that in this case, fabricated nanolenses don’t
require any post-fabrication alignment and positioning as they become directly coupled with the
NP emitters after the etching. We demonstrate that the developed approach allows for the
fabrication of highly efficient quantum emitters with enhanced external quantum efficiency and
high emission rates of antibunched photons. In addition, we address a common problem of spectral
variability between photons generated by different devices. In this regard, we numerically and
experimentally demonstrate that our engineered devices can effectively generate single photons
with pre-defined emission energies which reveals the substantial potential of our ZnSe:Cl SPSs to

form reliable optical quantum links in future quantum networks.

RESULTS AND DISCUSSION

Device concept and single-photon emission properties. Figure 1a shows a schematic illustration
of the developed single-photon emitter which consists of a ZnSe/ZnMgSe QW NP structure
coupled with spherical-shaped HSQ nanolens. The operation principle of the device is based on
the radiative recombination of excitons which are bound to a single spatially isolated CI donor in
an epitaxially grown ZnSe/ZnMgSe QW (see Section 1 in the Supporting information). A typical
photoluminescence (PL) spectrum measured for an NP structure at a temperature of 5 K is shown
in Figure 1b. The sharp line which we attribute to the emission of single photons due to the
radiative decay of the Cl-bound exciton complex has been observed at about 2.848 eV. The origin

of the peak is confirmed by the PL intensity of the line measured as a function of the excitation



power for the NP device with a spherical-shaped HSQ lens at a temperature of 7 K (see Figure 2a).
As can be seen in Figure 2a, the intensity of the narrow DX peak exhibits a superlinear power-
function dependence (I « P113%0:95) in the low excitation regime (i.e. P < 10 pW). The observed
superlinear increase of the D°X intensity with the excitation power might originate from the
reduced volume of QW NP structures, which upon excitation yields a higher carrier concentration
in the energy bands compared to the bulk material and thus results in an increased recombination
probability of the donor-bound excitons at low excitation powers. In contrast, for unstructured
ZnSe:Cl QW samples a nearly linear emission dependence on the excitation power for bound- and
free-excitons was reported? with P%98 and P1-%¢, respectively. The dependence starts to saturate
with a further increase of the excitation power which is typical for the impurity bound-exciton
emission.?> At the same time, a group of peaks associated with the emission from heavy-hole free-
excitons is observed in the energy region higher than 2.860 eV. It should be noted that the presence
of several peaks in the FX group can be attributed to monolayer fluctuations of the QW width in
the sample resulting in digital variations of the excitonic transitions. As can be seen in Figure 1b,
the energy separation between DX and FX emission is about 12 meV in this specific case, which
provides substantial spectral independence and stability. Such a large separation results from the
enhanced binding energy of the donor-bound excitons in the two-dimensional QW2 and
potentially enables operation even at elevated temperatures (<80 K). However, it should be noted
that thermal energy remains the limiting factor for donor-bound-exciton-based emitters. Once it
reaches the same order as the ionization energy of the donor-bound-exciton transition (e.g. 12-15
meV), a substantial reduction of the radiative quantum efficiency of the SPS is expected due to the

non-radiative dissociation of shallow-donor bound-exciton complexes.
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Figure 1. (a) Schematic illustration of a Cl-doped ZnSe/ZnMgSe QW NP with spherical-shaped
HSQ nanolens on top that helps to collect the emitted photons. (b) Typical PL spectrum measured
for a ZnSe/ZnMgSe NP (ZnSe QW width of approximately 2.71 nm) with a spherical-shaped lens
at a temperature of 5 K and with 5 pW pulsed laser excitation. The spectrum reveals a single-
photon emission line at 2.848 eV that originates from the recombination of donor-bound excitons

(D°X—D?). The FX-labeled group of peaks corresponds to the recombination of heavy-hole free

excitons.

To reveal that the fabricated Cl-doped ZnSe/ZnMgSe QW NPs are high-quality quantum
emitters capable to emit single photons with high flux, we performed power-dependent PL

measurements as well as time-correlated single-photon counting measurements.
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Figure 2. (a) Intensity of the DX line (spectral shape shown in the inset) as a function of the
excitation power measured at a temperature of 7 K. Dashed red line represents a linear fitting of
the experimental data (in the log-log scale) measured at low-power excitations (< 10 pW). Inset:
DX peak of the PL spectrum measured at 30 uW as pointed out by the dashed arrow. (b)
Normalized photon correlation histogram that was measured for the same NP device with the
power dependence and the linewidth presented in Figure 2a. For the g‘®-measurement, an

excitation power of 30 uW was chosen.

Figure 2b displays the normalized photon-correlation histogram measured for the donor-bound
exciton emission from a typical NP emitter. The corresponding DX emission line is shown in the
inset of Figure 2a and was fitted with the Lorentz function yielding the spectral full-width-at-half-
maximum (FWHM) of (40+2) GHz. It should be noted the FWHM of 40 GHz is limited by the
resolving power of our spectrometer (see Methods) and is expected to be significantly smaller in
the fabricated devices. At the same time, due to the high emission rate of the NP under
investigation, an integration time of only 30 min was sufficient to achieve a clear coincidence

correlation histogram. As can be seen in Figure 2b, the height of the central coincidence peak at



zero delay time is considerably reduced revealing the clear photon-antibunching effect. In this
exemplary case, we observed residual two-photon probability of g (0) to be 0.14 + 0.02
calculated from the ratio of the height of the central coincidence peak to the 20 averaged adjacent

peaks (7 # 0) and without any background subtraction. It should be noted that the obtained value

of g™ (0) = 0.14 + 0.02 is well below the threshold value of 0.5 for quantum emitters.!225 We
thus observe a clear single-photon antibunching emission from the single chlorine donor even at

relatively high excitation powers (i.e. at 30 uW).

Spectral tuning of quantum emission. Spectral tuning is an essential aspect of the practical
applications of single-photon sources in photon-based information processing schemes and
readout protocols.!??8 Note that the ability to fine-tune the PL emission and thus entangle single
photons emitted from independent F-donors in ZnSe QW nanostructures has been recently shown
using a local laser heating method.!* The temperature fine-tuning of the emission wavelength for
the developed ZnSe:Cl NP emitters is presented and discussed in the Supporting information (see
Section 3). Below, we combine simulation and experiments to demonstrate the spectral coarse-
tuning possibility for the developed single-photon emitters by engineering the ZnSe QWs with

different widths.

10



6 T T ) T ) T T | T T 2.90 I = ! 3 ! 2 !
L | I Y - experiment |
5L a | T bo --0-- - simulation (Mg 10%)
e < 2.88 " |-O-- simulation (Mg 13%))| ]|
| ] o
—_ @ e
S 4 l 300m T 3286 o 13% ]
¢ | 57w
= 3 i g [ y
| - 35nm | 2 2.84} 3‘% .
2 .0 00
E 2} ‘ 1 8 /g
L 4.2 ] 'c 282 -
1 nm |_|EJ - 10% 99
i T 999
ol ! ZnSe QW width 4.7 nm ] 2.80 Qg
281 282 283 284 285 286 287 2 4 6 8
Energy (eV) ZnSe quantum-well width (nm)

Figure 3. Coarse-tuning of single-photon emission. (a) Typical PL spectra measured for the NPs
with different ZnSe QW widths under the same experimental conditions. The shift of the DX
emission peak reflects the wavelength coarse-tuning of our developed NPs. (b) PL emission energy
of the donor-bound-exciton as a function of ZnSe QW width obtained for experimental and
simulated data. The simulations were performed for ZnMgSe/ZnSe/ZnMgSe QW stacks with 10 %
and 13 % Mg concentration, respectively, as typical Mg contents in the ZnMgSe barriers of the
measured samples. Vertical error bars in the experimental data represent the standard deviation of

the mean values calculated for each set of studied NPs with different QW widths.

Figure 3a displays typical PL emission spectra measured for chlorine-delta-doped NPs with
different ZnSe QW widths. In this specific case, the PL measurements were performed at a
temperature of 10 K and 5 pW excitation power using the NPs exhibiting a clear D’X emission
related to the Cl-donor. As can be seen in Figure 3a, the emission energy of the bound-exciton PL
shifts towards higher energy with decreasing QW width and allows for coarse-tuning of the
emission wavelength. Figure 3b depicts the measured DX peaks as a function of the ZnSe QW

width. A pronounced redshift of the emission energy with increasing the QW width is observed.
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We attribute this redshift to the change of the QW confinement, also altering the exciton binding
energy as a function of the QW width.?® Moreover, as can be seen in Figure 3b, shrinking the QW
width from 4.7 to 2.7 nm increases the emission energy of the DX peak by 30 meV. This wide
tuning range reveals the enormous effect of QW confinement on bound-exciton-related emission
allowing us to precisely engineer and fabricate single-photon emitters with practically pre-defined
emission properties. In particular, coarse-tuning of the emission wavelength to roughly 436 nm is
required for interfacing to trapped Yb" ions, for example, via direct coupling to its 435.5 nm clock
transition®° or using frequency conversion with a hydrogen pressure cell to interface the 369.5 nm
transition of Yb" ions.?! Both might allow for employing schemes of quantum networking between
our developed SPSs and trapped ions as quantum memories.

To confirm our interpretation of the PL tuning experiments presented in Figure 3b, we
calculated the D°X binding energy in ZnSe/ZnMgSe QW structures with a theoretical model (see
Methods) involving a nonvariational approach to density-functional theory3?*3 closely following
the routine presented in Ref3. The calculated dependencies of the DX emission energy as a
function of ZnSe QW width are shown in Figure 3b. The calculations were performed for the
ZnSe/ZnMgSe QW samples with 10 % and 13 % Mg concentration, respectively, as typical frame-
values for the studied devices. As can be seen in Figure 3b, the obtained calculation results show
an excellent agreement with the experimental data.

Finally, we present a specifically developed fabrication concept for Cl-doped ZnSe/ZnMgSe
NPs which are directly integrated with HSQ-based SILs (see Methods). Below we demonstrate
and discuss the effect of SILs on top of the developed SPS comparing the optical performance of
the NPs with spherical- and cylindrical-shaped HSQ nanolenses as well as without any lens. The

latter pillars were obtained after chemical etching with 1%-HF of the corresponding RIE-etched
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samples. Note that spherical-shaped lenses were intentionally defined by the performed grayscale
electron-beam lithography and can be later further shaped using different etch chemistries (see
Methods as well as Section 2 in the Supporting information for more details). Figures 4(a) and
4(b) displays the histogram plots of the DX peak intensities measured for a set of pillars with and
without HSQ lenses and processed with Ho/Ar and Ho/Ar/CHF; RIE plasmas, respectively. In this
case, PL measurements for all pillars were performed under the same experimental conditions at a

temperature of 5 K and 5 uW excitation power.
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Figure 4. The histograms of the PL intensity distributions measured for the D°X emission from
NPs with and without HSQ lenses etched using (a) Ho/Ar or (b) Ho/Ar/CHF; RIE plasma. The
histogram bin-width of 3000 cps is used. The mean average values of each intensity distribution
are indicated under the corresponding SEM insets which represent a typical NP for each set of
measured devices. For the NPs covered with spherical-shaped HSQ nanolenses and etched using
H»/Ar/CHF; RIE plasma (shown in blue), we observe up to one order of magnitude increase in the

external quantum efficiency.
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As can be seen in Figures 4(a) and 4(b), the measured intensity of the DX emission for all
studied emitters is statistically distributed with the mean values indicated in the plots. Intensity
variations of about an order of magnitude are observed for all kinds of investigated devices
regardless of the type and presence of the lens. Such behavior reflects a typical inhomogeneity
issue for solid-state emitters'®!3 and can be attributed to lateral variations of donor position for
different studied pillars. Our theoretical estimations using a geometrical ray-tracing approach
presented in the Supporting information (see Section 4) reveal at least a factor of four for the
intensity change between donor position in the center compared to that at the edge of the NPs
covered with the spherical-shaped lenses. At the same time, for the devices with cylindrical-shaped
lenses, a factor of about two was obtained. In this regard, on-demand single-dopant implantation
technology** allowing for more precise positioning of individual donors in the NP would be the
possible solution to reduce a device-to-device intensity variation related to the position of the
optically active single donor (i.e. point-like source).

Despite the observed device inhomogeneity issue, a substantial improvement in the PL
intensity for the pillars covered with cylindrical- and spherical-shaped HSQ lenses is well-
pronounced and can be clearly evidenced in Figures 4(a) and 4(b), respectively. In particular, we
see that the ratios between the average count rates for Ho/Ar and Hy/Ar/CHFs-etched pillars
without and with lenses are about 1:1.75 and 1:2.49, respectively. Additionally, we see that the
ratio between the average count rates for Ho/Ar and Ho/Ar/CHF3-etched pillars is about 1:1.35
when the lenses are removed with 1%-HF. This indicates a substantial positive impact of CHF3
gas at low flow rates in the Ho/Ar/CHF3 plasma on the internal quantum efficiency in the pillars
due to the less-damaged side-wall surfaces compared to those obtained after dry etching with

Ha/Ar only.
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Moreover, the effect of using HSQ as a mask and solid immersion lens is at least twofold:
Firstly, by using HSQ material (i.e. glass-like SiO2) with a low refractive index on top of the
ZnSe/ZnMgSe NPs, we reduced the gradient in the refractive index change between semiconductor
and environment, which leads to an increased total internal reflection angle and with that, better
outcoupling efficiency.?® This effect is also confirmed by numerical simulations performed using
Lumerical simulation software. The simulation results are presented in the Supplementary
information (see Section 5) and reveal that the presence of HSQ on top of ZnSe/ZnMgSe QW NPs
offers up to 135% PL intensity enhancement, which is consistent with our experimental findings.
This demonstrates substantial improvement in the outcoupling efficiency for NPs covered with
HSQ.

Secondly, at the same time, NPs with spherical-shaped HSQ lenses generally demonstrate
higher count rates compared to the devices covered with cylindrical-shaped HSQ. This partially
reflects the effect of the spherical-shaped HSQ lens working as a plano-convex lens and effectively
collimating the generated single photons into a smaller numerical aperture (see Figure S6c¢ in the
Supporting information). To emphasize the importance of the spherical-shaped SILs on top of the
ZnSe:CI NPs, we also estimated the photon extraction efficiency (PPE) for our SPSs following the
PPE determination procedure reported in Ref.?” Assuming the geometrical averaged setup
efficiency of about 4% and considering NPs showing the highest brightness (see Figure 4(b)), we
deduced the PPE of about 0.9% for sources excited non-resonantly with our pulsed laser (f =
100 MHz) at 5 uW excitation power. At the same time, considering the excitation-power-
dependent emission of the DX line reported in Figure 2(a), we determine the PEE as high as 6.3%
at the saturation power of 35 uW.” However, although the results above demonstrate that

spherical-shaped HSQ lenses offer the highest external quantum efficiency among the investigated
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devices, the latter could still be further improved. In particular, our simulations performed with
Lumerical software (see Section 6 in the Supporting information) show that the inclusion of an
about 180 nm thick HSQ spacer below the spherical HSQ lens allows achieving an additional
increase in the quantum efficiency due to the Purcell effect enhancement that is maximized at this
condition. Moreover, further optimizations, which would lead to an even higher quantum
efficiency of the developed sources are still possible. For instance, an AlAs layer can be introduced
below ZnSe/ZnMgSe QW which can be later wet-oxidized into an ALOs layer allowing to
decouple ZnSe/ZnMgSe QW NP from the absorbing GaAs substrate. In this case, Al>O3 also forms
an etch stop layer allowing to perform selective removal of the GaAs below the NP structures, and
subsequently, deposit metal coatings (e.g. deposition of Al, Cr, or Ag) on the backside surface to
produce a metal mirror specifically below the NP emitters. With such a metallic mirror coating
below the NPs, the quantum efficiency of our ZnSe:Cl emitters is expected to increase by nearly a

factor of two.

CONCLUSION

Optically active impurities in epitaxially grown II-VI semiconductors offer a great opportunity
to produce identical single photons on demand. In this study, we reported highly efficient single-
photon emission as a result of the radiative recombination of excitons bound to single Cl donors
which were intentionally isolated in ZnSe/ZnMgSe QW NPs. By photon auto-correlation
measurements, we verified single-photon antibunching for the devices hosting a single Cl-donor.
A distinct spectral coarse-tuning up to 30 meV was experimentally and numerically demonstrated
by engineering QWs with different widths. To improve the collection efficiency of single photons,

we developed and fabricated NPs that are directly integrated with solid immersion nanolenses
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made of HSQ. As a result, a significant enhancement of the average external quantum efficiency
by a factor of 2.5 for the devices with spherical-shaped HSQ nanolenses was achieved. These
results provide a promising advance towards ZnSe:Cl-based single-photon sources as highly
efficient and spectrally tunable devices to be applied in quantum computing and optically mediated

quantum information processing technology.

METHODS

Sample fabrication. The ZnSe/ZnMgSe QW nanopillars were fabricated on top of commercially
available GaAs substrates with (100) crystallographic orientation. The details of the fabrication
process flow can be found in the Supporting information (see Section 2). Briefly, epitaxial growth
of Cl-doped ZnSe/ZnMgSe QWs was performed on GaAs substrates using molecular beam epitaxy
(MBE). After MBE growth, the nanostructuring based on a top-down fabrication approach was
carried out to pattern NP structures with SILs on top and thus isolate individual Cl impurities in
ZnSe QWs. First, grayscale electron-beam lithography was employed to define nanolenses with a
given size and shape in the HSQ resist. Next, the reactive ion etching (RIE) was performed to etch
ZnSe/ZnMgSe NPs. Two recipes were developed and used for this purpose: In the first recipe, the
ZnSe/ZnMgSe QW multilayer stack was etched using a gas mixture of hydrogen (Hz) and argon
(Ar) leading to a cylindrical shape of the HSQ lenses. The second dry etching recipe is based on
the mixture of Ha, Ar, and CHF; gases and was effectively used to pattern NPs with spherical-
shaped HSQ nanolenses on top. The wet-chemical polishing using a water-based solution of
potassium dichromate (HBr:KoCr,O7:H2O) was then performed to remove any near-surface

defects in the NPs introduced during the RIE step. Finally, to prevent oxidation and thus
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degradation of the nanostructures, all the samples were immediately passivated with 10 nm Al2O3
oxide deposited using an atomic layer deposition system.

Optical characterization. The nanostructures were excited non-resonantly at a wavelength of
394 nm using a pulsed frequency-doubled Ti:Sapphire laser with a pulse width of 80 fs working
at a repetition frequency of 100 MHz. First, the emitted PL was collected using a high numerical
aperture objective lens (NA = 0.9). Then, the emission was directed through a 1000 um pinhole,
dispersed with a 2400 lines holographic grating, and gathered to the CCD camera of a Princeton
Instruments Acton SP 2500 monochromator with a 500 mm focal length. This system yields a
spectral resolution of about 40 GHz at a 20 um slit opening. For the two-photon correlation, the
emission was filtered by the same monochromator system and transferred to a Hanbury-Brown-
Twiss setup employing a 50/50 beam splitter and two single-photon sensitive avalanche
photodiodes (Micro Photon Devices, PicoQuant) with timing resolution down to 50 ps. A time-
correlated single-photon counting module (PicoHarp 300, PicoQuant) providing a channel
resolution of 4 ps was used to perform the antibunching experiments.

Calculation of the DX binding energy in ZnSe/ZnMgSe QW structure. The calculation of the
DX binding energy in ZnSe/ZnMgSe QW was performed considering the DX complex
consisting of a neutral donor, two electrons, and a hole (see Figure S1 in the Supporting
information). The electron or hole effective Hamiltonian in the Kohn-Sham basis includes terms
describing Coulomb interaction between the particles, the particles and the impurity ion as well as
exchange-correlation interaction. During the sample growth, the ZnSe QWs are delta-doped in the
middle thus in the calculations the CI donors are assumed to be located at the center of the ZnSe
QW. The form of the interaction-correlation potential is chosen following Refs**¥. The effective

Hamiltonian for an electron and a hole can be decomposed into two parts: The first part represents
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the QW confinement while the second describes the motion in the plane perpendicular to the
direction of the layer growth. The valence and conduction band discontinuities for ZnSe/ZnMgSe
QWs are calculated taking into account the assumption that ZnSe and ZnMgSe layers are
compressively strained being pseudomorphically grown on the GaAs substrate.3® The electronic
and structural parameters of ZnSe and ZnMgSe used for the calculations are taken from Refs?”-3%.
Material parameters for Zn;xMgxSe are obtained assuming that they change linearly with the Mg
concentration. The calculated position of the conduction and valence bands and the component of
the wave functions in the direction perpendicular to the layer growth for the Cl-doped ZnSe QW
are shown in Figure S13 in the Supporting information. The slight bending of the bands is due to
the electrical field associated with the ionized Cl atoms. To calculate the DX binding energy, the
ground-state energy of the neutral impurity as well as the ground-state energy of the free exciton®®
should be subtracted from the total energy of the system obtained as a result of solving the Kohn-
Sham equation. Then the transition energy is calculated by subtracting the free exciton and DX

binding energies from the ZnSe band gap determined by the calculated electron and heavy hole

ground-state energies.
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