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bGroupe d’Étude de la Matière Condensée, U

Yvelines, CNRS UMR 8635, Université Paris
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a colloidal semiconductor-based single photon
emitter in polymeric photonic structures†
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and Ngoc Diep Lai *a

Colloidal semiconductor quantum dots (QDs) are promising candidates for various applications in

electronics and quantum optics. However, they are sensitive and vulnerable to the chemical

environment due to their highly dynamic surface with a large portion of exposed atoms. Hence,

oxidation and detrimental defects on the nanocrystal (NC) interface dramatically deteriorate their optical

as well as electrical properties. In this study, a simple strategy is proposed not only to obtain good

preservation of colloidal semiconductor QDs by using a protective polymer matrix but also to provide

excellent accessibility to micro-fabrication by optical lithography. A high-quality QD–polymer

nanocomposite with mono-dispersion of the NCs is synthesized by incorporating the colloidal CdSe/CdS

NCs into an SU-8 photoresist. Our approach shows that the oxidation of the core/shell QDs embedded

in the SU-8 resist is completely avoidable. The deterministic insertion of multiple QDs or a single QD

into photonic structures is demonstrated. Single photon generation is obtained and well-preserved in

the nanocomposite and the polymeric structures.
Introduction

Fluorescent colloidal semiconductor quantum dots (QDs) with
core–shell structures have attracted growing attention during
the last few decades. Their photo-stabilities and size-tunable
optical properties have found a wide range of applications in
imaging microscopy,1 bioanalysis,2,3 and biomedicine.4 On
a commercial scale, they are highly desirable in solar cells,5

photovoltaic devices6 and LED displays.7 At the single molecule
level, the antibunching emission8 of semiconductor QDs is
a potential and promising characteristic for quantum infor-
mation technology.9,10

However, a majority of colloidal semiconductor QDs are
highly susceptible to surface oxidation11–14 which degrades their
properties, i.e. decreasing the quantum efficiency and photo-
stability of photoluminescence (PL) under ambient condi-
tions. To solve this problem, surface passivation or incorpora-
tion of colloidal QDs into organic environments has been
proposed.15–20 Positive environmental effects are reported on the
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ensemble molecular scale,15–17,21 meanwhile, a number of
intriguing phenomena have not been revealed at the single
molecule level. Further investigations remain challenging due
to the small size, photo-bleaching of single QDs and numerous
related photo-chemical events.12,22 The intensity blinking and
photo-bleaching behaviors have not been well controlled in
organic environments.18,19,23 In particular, when QDs are
embedded in a dielectric medium, the chemical component of
the “host” may generate different dynamics in electron recom-
bination processes which result in the diversity of intermittency
mechanisms and energy transfer effects.24–28

In the eld of nanophotonics, signicant efforts have been
devoted to achieving the control of ensemble29–31 and single
QD32–34 properties in integrated photonic devices. Regardless of
the quantum efficiency reaching unity, the improvement of the
photostability and long-term preservation of QDs in photonic
devices has also become highly desirable but not yet satisfac-
torily achieved, especially under ambient conditions. Moreover,
since QDs are incorporated into the material, there may exist
a mixing of uorescence of the host and the QDs which results
in the reduction of the single photon quality (g(2)(0)). Hence,
a better understanding of QD characteristics in the coupling
medium as well as in structures is a necessary step to achieve
the control and manipulation of single photon emission.

In this study, we investigate the inuence of a photo-
patternable polymer on the optical properties of colloidal
semiconductor QDs and fabricate photonic structures
embedded with multiple NCs and/or a single NC. Aer
Nanoscale Adv., 2019, 1, 3225–3231 | 3225
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incorporating the CdSe/CdS core/shell QDs into a commercial
SU-8 photoresist, we study the compatibility, photostability, and
long-term preservation of these QDs inside the polymer at room
temperature. The optical properties of the polymer and their
inuence on QD uorescence as well as single photon genera-
tion are systematically investigated. The fabrication of photonic
structures on this material is performed using a low one-photon
absorption (LOPA) direct laser writing (DLW) technique.35,36 The
coupling of the ensemble and/or single QDs in 2D photonic
structures is demonstrated and characterized, showing the
potential applications of the colloidal CdSe/CdS in the SU-8
environment, and their coupling in photonic devices.
Results and discussion

The colloidal CdSe/CdS core/shell QDs studied in this work were
chemically synthesized by the isotropic and epitaxial growth of
a thick CdS layer (5 nm) on a 2.5 nm-diameter CdSe core as
described in ref. 37. Fig. 1(a) illustrates the structural model of
a QD including the core and shell components embedded in the
SU-8 monomer. The normalized absorption spectra of materials
shown in Fig. 1(b) were measured at ambient temperature using
a Lambda 950 UV/VIS-PerkinElmer spectrometer with a resolu-
tion of 1 nm. Due to the low absorption rate at wavelengths
longer than 500 nm related to the excitation energy dependence
mechanism, CdSe/CdS QDs are proved to have better perfor-
mances in terms of photostability and single photon quality
compared to the case of conventional pumping (blue
Fig. 1 (a) Illustration of a CdSe/CdS core/shell structure in the SU-8
photoresist. (b) Absorption spectrum of SU-8 (green) and the CdSe/
CdS QDs in hexane/octane solution (yellow). The vertical line indicates
the wavelength of 532 nm used for the characterization of CdSe/CdS
fluorescence and fabrication of polymeric structures. (c) Emission
spectra of the nanocomposite obtained before (green) and after
(yellow) bleaching the SU-8 fluorescence. (d) Antibunching curve of
a single CdSe/CdS QD embedded in the SU-8 monomer before
(green) and after (yellow) bleaching the fluorescence of SU-8, with
g(2)(0) ¼ 0.81 � 0.07 and 0.15 � 0.01, respectively, obtained with
a pumping power of 10 mW.

3226 | Nanoscale Adv., 2019, 1, 3225–3231
wavelengths),38 specically, the suppression of blinking
behavior is achieved. Hence, a green laser (532 nm) is chosen to
characterize the QDs as indicated by a vertical green line in
Fig. 1(b). More conveniently, the same laser also enables us to
fabricate photonic submicron-structures containing QDs using
an LOPA-based effect on the SU-8 photoresist39,40 as discussed in
the following parts.

Aer incorporating the colloidal QDs into SU-8 (Experi-
mental section), the spectrum of a single QD was measured
under ambient conditions using an Ocean Optics USB2000+UV-
VIS spectrometer. The emission is initially composed of the
uorescence of both SU-8 and the CdSe/CdS QD with an
asymmetric shape (green curve), as shown in Fig. 1(c). The
spectrum of pure SU-8 is presented in Fig. S1(a) ESI.† This
mixing of uorescence issue results in a reduction of the single
photon quality of the single QD. Indeed, due to the contribution
of the polymer background, low single photon quality was
observed as presented by a higher value of g(2)(0) ¼ 0.81 � 0.07
(Fig. 1(d)). This background contribution is clearly undesirable.
However, thanks to the photo-bleaching of the polymer, its
uorescence can be gradually decreased and completely sup-
pressed by using a sufficient laser power (200–500 mW), leaving
only the uorescence of QDs (yellow curve) with an emission
peak at around 620 nm and a full width at half maximum
(FWHM) of about 30 nm. Consequently, the single photon
emission of the QD is signicantly improved with g(2)(0) ¼ 0.15
� 0.01, as shown in (Fig. 1(d)). The same QD was excited with
a pumping power of 10 mWbefore and aer the bleaching of SU-
8. For this reason, bleaching the medium uorescence is also an
important step for precisely determining the single photon
quality of a QD and further coupling to the photonic structures.

More environmental effects on the electronic recombination
processes of the QDs are investigated by studying the time-
resolved PL of individual QDs embedded in the SU-8 thin lm
compared to the ones without SU-8. The single QDs were excited
with a pulsed laser at a constant repetition rate of 1 MHz and
a mean power of 3.1 nW. Fig. 2(a) shows examples of lifetime
measurements of different materials under different condi-
tions. We can distinguish the mono-exponential PL decay of SU-
8 (black), of a single QD in SU-8 (green) and of a single QD
(without SU-8) on a glass substrate (yellow). By statistically
studying over 100 individual QDs on glass substrates, we ob-
tained the mean lifetime of the QDs to be son-glass¼ 65.66� 2.12
ns. However, when embedding QDs into SU-8, the individual
ones have a shorter lifetime with a mean value of sin-SU8 ¼ 45.2
� 0.91 ns, as shown in Fig. 2(b). The reduction of the QD life-
time in SU-8 by approximately 1.5 fold compared to the one on
the glass substrate is due to the refractive index change from the
air/glass interface (nairz 1, nglassz 1.52) to the SU-8 lm on the
glass (nSU8 z 1.6). This result is consistent with that of previous
studies.41

Again, the uorescence of the SU-8 photoresist was observed
during the lifetime measurement of a single QD. Indeed, since
the effective volume of the focusing spot (diffraction limit)
exciting the SU-8 photoresist is much larger than the actual
volume of a single QD having a diameter of about 10 nm, the
uorescence signal of SU-8 appears as a sharp peak at the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The time-resolved PL decay of SU-8 (black), of a QD in SU-8
(green) and of a QD on a glass substrate (yellow) with the fitted life-
times of 3.7� 0.15, 40.1� 0.23 and 65.2� 0.43 ns, respectively. (b) The
lifetime statistics of individual QDs in SU-8 (green) and on the glass
(yellow) with mean values of sin-SU8¼ 45.2� 0.91, and son-glass¼ 65.66
� 2.12 ns, respectively. The dependence of PL radiative decay of
a single QD in the SU-8 thin film on the excitation intensity before (c)
and after (d) bleaching the fluorescence of SU-8.

Fig. 3 (a – Upper panel) 100 mm2
fluorescence maps of bare CdSe/

CdS without SU-8 spin-coated on the glass substrate. (a – Lower
panel) 100 mm2

fluorescence maps of CdSe/CdS embedded in SU-8
and spin-coated on the glass substrate. The statistic density of QDs in
air and in SU-8 on the same area of 100 mm2 when stored in a dark
place (b) and stored under room light (c) for several days after the
preparation.
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beginning of the PL decay of the QD, in particular with high
excitation intensity (Fig. 2(c)). This sharp peak corresponds to
a lifetime that ts well with the SU-8 lifetime (3.7 � 0.15 ns), as
shown in Fig. 2(a). To remove this background contribution
from SU-8, higher excitation power was again used to photo-
bleach the SU-8 uorescence. Fig. 2(d) shows that the lifetime
component of SU-8 is totally suppressed leaving the mono-
exponential decay behavior of the single QD uorescence.
This result again conrms that the mixing of uorescence issue
of the host environment and the QDs is completely avoidable by
photobleaching SU-8.

More interestingly, when considering only QDs on the glass
substrate, the uorescence lifetime tends to decrease with the
excitation intensity, as shown in Fig. S3(a) (ESI†). This is
explained by the higher contribution of the charged state uo-
rescence of single QDs.42 In strong contrast, the QDs embedded
in SU-8 show a constant uorescence lifetime versus the
pumping power (the mean power ranges from nW to mW), as
presented in Fig. S3(b) (ESI†) and in Fig. 2(c and d). This
intensity independent lifetime results can be explained by the
protection of the polymer material surrounding the QDs. The
charged states, as well as the effects of oxidized QDs (discussed
below), are minimized within the polymer matrices. Conse-
quently, the uorescence lifetime (sin-SU8) of the QDs remains
the same for different pumping powers. This result contributes
to the positive impacts of the SU-8 environment on QDs in
short-term within the polymer nanocomposite.

To study the long-term effect of the photoresist on the
colloidal CdSe/CdS QDs, the retained optical quality of the QDs
embedded in SU-8 was investigated and compared to the optical
quality of ones le in air (without SU-8) on glass cover-slips.
This journal is © The Royal Society of Chemistry 2019
Fig. 3(a) shows the uorescence images (10 � 10 mm2) of QDs
embedded in the SU-8 lm and of bare QDs without SU-8. The
uorescence density of QDs in the two samples was daily
examined by manually counting on different areas of 10 � 10
mm2 to study the uorescence behavior of QDs. It is clear that
the density of uorescent QDs without SU-8 quickly reduced
and disappeared from the uorescence map aer a course of 20
days (Fig. 3 (a – upper panel)). In strong contrast, QDs dispersed
in SU-8 retained good quality with a quasi-constant number of
bright QDs (Fig. 3 (a – lower panel)). For this experiment, two
samples were stored in a dark place under ambient conditions.
The uorescence scans were performed at different areas for
each day, and the statistic measurements as presented in
Fig. 3(b) show fairly the trend of QD density versus time in SU-8,
and without SU-8. In another experiment, two samples were
stored under room light instead of the dark place to test the
effect of photoradiation. We found that the disappearance of
QDs without SU-8 becomes even more pronounced, as shown in
Fig. 3(c). Specically, within 5 days, most of the bare QDs lost
their uorescence properties, meanwhile, the ones embedded
in SU-8 still had strong uorescence. This result is consistent
with the photo-oxidation and photo-bleaching of CdSe/ZnS QDs
when comparing them in air and in nitrogen gas.12 It is clear
that the presence of oxygen in the air is the main cause of the
QDs becoming non-uorescent. Indeed, due to the high
number of dangling bonds, the oxidation process becomes easy
to take place on the surface of QDs.13,43 This redox reaction turns
a smooth crystalline shell into a defective shell with the
formation of the respective oxide species as illustrated in
Fig. 4(a and e). This oxidation effect is well-documented on bare
Nanoscale Adv., 2019, 1, 3225–3231 | 3227
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CdSe QDs13,43,44 but little investigated on core/shell CdSe/CdS
QDs. Despite the fact that the CdS shell helps to protect the
core CdSe from oxidation in short-term, the oxygen diffusion
gradually attacks the shell and consequently degrades the
uorescence properties of the QDs aer a few days out of the
solution. Fig. S4(c and d) (ESI†) presents schematically the
energy diagram of core/shell QD structures with and without
defects on the shell to illustrate the mechanism of uorescence
blinking and bleaching.

Fig. 4 shows the comparison between the uorescence
behavior of QDs without SU-8 and with SU-8 aer 20 days under
ambient conditions. In the presence of defect modes and
surface trapping states, the uorescence of single QDs is no
longer stable (Fig. 4(b)). The switching between the bright state
and dark state is conrmed by uorescence intensity trace and
distribution (Fig. 4(c and d)). The QD spends a little time in the
bright state and exhibits fast ickering. This process becomes
more efficient via photo-radiation (bright area) where the ow of
e–h exchanges frequently in the core/shell structure during the
excitation, radiative recombination, and fast Auger processes.
Consequently, the blinking behavior becomesmore pronounced
and nally, the quenching of QD uorescence occurs. In strong
contrast, the QDs inside polymer matrices are observed to better
retain the high quality of optical properties with a low possibility
of nonradiative effects. The uorescence intensity trajectory of
a single QD (Fig. 4(g)) exhibits very low blinking on the 10 ms
time scale. The intensity histogram with a single peak is well-
tted by a Poisson distribution with a standard deviation of
5.8, very close to the standard deviation of the experimental data
which is equal to 7 (Fig. 4(h)). It is clear that the incorporation of
QDs into the SU-8 photoresist helps to prevent the oxidation
effect and allows keeping the good quality of uorescence
Fig. 4 (a) Illustration of an oxidized (a) and a perfect (e) CdSe/CdS core/
SU-8 after 20 days of preparation. (c) The fluorescence trajectory and (d
exposed to air. (f) Fluorescence image of CdSe/CdS QDs embedded in SU
the intensity distribution corresponding to a single QD in the SU-8 phot

3228 | Nanoscale Adv., 2019, 1, 3225–3231
properties. Moreover, it is well-known that SU-8 is a common
material used for the fabrication of photonic structures. This
nanocomposite has, therefore, excellent accessibility for the
fabrication of photonic structures containing QDs in order to
optimize and manipulate the single photon emission.45

By using the LOPA-based DLW technique, we present the
micro-fabrication on the synthesized CdSe/CdS/SU-8 nano-
composite and a uorescence enhancement of an embedded QD
in a simple pillar structure.We tuned the concentration of QDs in
the material to adjust the microscale interdot-spacing between
QDs for various applications of the fabricated structures. For
example, with a highly concentrated nanocomposite, polymeric
structures containing multiple QDs are easily fabricated without
determination of QD location. Fig. 5(a and b) demonstrate the
micro-ring structure fabricated from a high concentration of the
QD composite. The bright ring (Fig. 5(b)) represents the uo-
rescence of QDs embedded in the SU-8 polymer. Meanwhile, with
a nanomolar concentration, a single QD is demonstrated to be
embedded in the desired position within polymeric multi-
dimensional photonic structures thanks to the exibility of
LOPA-based DLW.39,40 Fig. 5(c) shows the insertion of a single
CdSe/CdS QD into a pillar array structure as an example of an
embedded single photon emitter into the polymeric pattern. The
pillar has a radius of 150 nm and a height of 1 mm. The uo-
rescence image (Fig. 5(d)) of the corresponding structure indi-
cates the position of the QD (bright spot) at the central pillar. The
embedding precision is fully controlled on the nanoscale by
using the integrated optical confocal set-up.

The single photon emission of the coupled QD was then
characterized by using the autocorrelation function g(2)(s).
Fig. 5(e) shows the antibunching curve obtained from the QD
embedded in a single pillar structure with g(2)(0)¼ 0.09� 0.004 at
shell structure. (b) Fluorescence image of bare CdSe/CdS QDs without
) the intensity distribution corresponding to a single QD without SU-8
-8 after 20 days of preparation. (g) The fluorescence trajectory and (h)
oresist.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Colorized SEM image of a micro-ring with a central dot structure fabricated with a high concentration of QDs in the nanocomposite.
The colorized part depicts the structures with embedded QDs. (b) Fluorescence image of the micro-ring containing the ensemble of CdSe/CdS
QDs corresponding to the structure (a). (c) Colorized SEM image of pillar structures fabricated with a low concentration of the nanocomposite to
embed a single QD in the central pillar. (d) Fluorescence image of the pillar structure corresponding to the structure (d). The bright spot indicates
the location of the embedded QD in the center of the structure. (e) Antibunching curve of the single CdSe/CdS QD corresponding to the one
embedded in the pillar structure, with g(2)(0)¼ 0.09� 0.004 at a pumping power of 5 mW. (f) The dependence of g(2)(0) on excitation powers and
different time durations after fabrication. (g) Comparison of the emission flux of a single QD embedded in the SU-8 film and pillar as a function of
excitation power. The subset figure depicts the radiation pattern (transversemagnetic polarized light– TMmode) of theQD in the corresponding
film and pillar.
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a pumping power of 5 mW. The photo-corrosion and oxidation of
the QDs are now prevented by the surrounding polymer, which
helps the QDs retain their optical characteristics. Moreover, the
chemical resistant properties of the cured SU-8 also offer long-
term preservation of single photon sources in coupling devices.
Fig. 5(f) shows the maintenance of single photon quality of the
embedded QDs aermore than 100 days. In particular, regarding
the single photon emission (g(2)(0)# 0.5), we excited the coupled
QDs at three low excitation power values (5, 10 and 25 mW).
Comparing the value of g(2)(0) right aer fabrication and aer
several days, the results appear stable at 0.08� 0.001, 0.14� 0.02
and 0.22 � 0.025 for different pumping powers of 5, 10 and 25
mW, respectively. These results clearly conrm the positive
inuence of SU-8 on the single photon emission maintained in
polymeric photonic structures. Consequently, the device can be
reusable for further characterization.

With such a simple geometry of submicron pillars,36,48,49 we
particularly demonstrate the uorescence enhancement of
a single QD embedded into the polymeric structure. Fig. 5(g)
shows the emission rate of a single QD coupled in the SU-8 lm
(black dots) and in an SU-8 pillar (red dots) as a function of the
excitation power. In the lm, the single QD emits from 100
thousand counts per second (kcps) to a saturated value of nearly
500 kcps. Meanwhile, the emission rate of the coupled QD in
a pillar signicantly increases to a saturated value of over 2
million cps with continuous excitation at 532 nm. The emission
enhancement reaches an increase of around 4-fold as a result of
the shaping radiation pattern in the pillar structure.36,48,49 This
experimental result was conrmed by numerical calculations
This journal is © The Royal Society of Chemistry 2019
using the nite-difference time-domain method (FDTD-
Lumerical). The insets of Fig. 5(g) show the calculated angular
emission pattern of a single QD in the lm and in a pillar (for
TM mode). In the lm, the angular radiation pattern of TM
mode strongly diverges out of the half-angle (58.1�) of the used
objective lens having NA ¼ 1.3 (see Fig. S5 in the ESI†). In
contrast, due to the geometry of the pillar, the TM angular
radiation pattern of the single QD is shaped into a low divergent
prole where a large portion of the pattern is captured within
the objective lens. Hence, the collection efficiency of the
embedded QD is signicantly improved. We note that the SU8
pillars around the central one do not have an inuence on the
uorescence of the QD located in the central pillar. The distance
between pillars is relatively large to possess a photonic bandgap
effect at the uorescence wavelength of the used QD. None-
theless, due to the low refractive index contrast (nSU8¼ 1.6, nglass
¼ 1.52), the coupling (weak or strong) of the QDs with polymeric
structures requires a strict optimization of the cavity factor,
which is under further investigation. Also, the coupling of
a single emitter to a single polymeric pillar realized by the LOPA
direct laser writing presents a great advantage compared to
previous similar studies,48,49 because the single QD could be
added into the pillar at any desired position, which will be
optimum for the coupling.

Conclusion

In conclusion, we have demonstrated that by embedding
colloidal semiconductor CdSe/CdS core/shell nanoparticles into
an SU-8 photoresist, we obtain the high-quality QD–polymer
Nanoscale Adv., 2019, 1, 3225–3231 | 3229
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nanocomposite, which offers not only the long-term preserva-
tion of such colloidal QDs but also the accessibility to the
fabrication of polymeric photonic structures. Due to the high
chemical compatibility, the QDs inside the polymer are shown
to better retain their optical properties without any damage by
oxidation processes. By tuning the concentration level of QDs in
polymer matrices, multiple QDs or a single QDwas inserted into
the polymeric devices by an LOPA DLW technique. At the single
molecule level, the uorescence of SU-8 is proved to be negli-
gible and does not deteriorate the single photon generation of
the individual QDs. The chemical resistance of cured SU-8 not
only contributes to the maintenance of QDs inside structures
aer fabrication but also makes the device reusable. With
a simple geometry of a pillar structure, we demonstrated
a strong enhancement of QD uorescence. These results are
particularly important and promising for further coupling to
devices since this approach is easy to implement under ambient
conditions. Further efforts will be devoted to investigating
photonic devices that exhibit photonic effects in terms of
quantum connement and efficient light harvesting capabil-
ities such as micro-cavities and three-dimensional photonic
structures.
Experimental
Elaboration of the colloidal CdSe/CdS–SU8 nanocomposite

The colloidal CdSe/CdS QDs were synthesized by the isotropic
and epitaxial growth of a thick CdS layer (5 nm) on a 2.5 nm-
diameter CdSe core as described in ref. 37. The QDs with an
average diameter of 13 nm diluted in hexane/octane (ratio 9/1)
were exchanged to a toluene solution which enables their mix-
ing with the SU-8 monomer. The QDs in toluene at a low
concentration were injected gradually into SU-8 with constant
stirring. Note that with a high concentration of QDs, it is diffi-
cult to obtain mono-dispersion of CdSe/CdS QDs in the polymer
material but rather the dispersion of clusters is obtained. The
mixed solution was kept stirring for 4 hours to obtain a homo-
geneous distribution of QDs as well as to evaporate the toluene
solution giving the QD/SU-8 nanocomposite the initial SU-8
viscosity level. Aer preparation, the nanocomposite was spin-
coated on glass substrates to perform optical characterization.
Single photon measurement

The single photon emission was characterized using the time
statistics of the photons on a short time scale through a second-
order intensity correlation function dened as:

gð2Þðt; tþ sÞ ¼ hIðtÞIðtþ sÞi
hIðtÞihIðtþ sÞi ; (1)

where I(t) is the uorescence intensity, hi indicates ensemble
averaging and s is the time delay between two detection events.
The single photon quality is determined from the value of
g(2)(0): an ideal single photon source corresponds to g(2)(0) ¼ 0,
whereas a coherent laser source gives g(2)(0) ¼ 1. This g(2)(0)
parameter was experimentally determined by using a standard
Hanbury Brown and Twiss experiment. Note that since the QD
3230 | Nanoscale Adv., 2019, 1, 3225–3231
uorescence is quite stable at 532 nm excitation,38 the g(2)(s)
curve is obtained by normalization of the coincidence curve at
a very short time of detection, i.e., 500 ns. The antibunching
curves were then tted using an exponential curve

a
�
1� be

�|s|
s0

�
8,46 with the time delay s and an average lifetime s0

(the lifetime is the asymptotic value reached at zero pumping).
Fabrication of coupled QDs/polymeric structures

The LOPA-based DLW technique35,39 was used to fabricate
polymeric structures. A continuous-wave green laser (CW-532
nm) with controlled power is tightly focused into the sample
by using an objective lens having a numerical aperture of 1.3 (oil
immersion). The sample is mounted in a three-dimensional
piezoelectric translation system, which allows realizing the
arbitrary structure on demand. The feature size of the structures
is controlled by nely adjusting the exposure dose, i.e. laser
power or exposure time. The samples were prepared as
explained above followed by a standard so-baking step before
fabrication. Note that, thanks to the optical-thermal induced
polymerization effect47 at the focusing spot, aer the light
exposure, a solid structure is obtained without the post-
exposure baking.

To embed a single QD into a polymeric structure, the fabri-
cation procedure consists of 3 main steps: (1) positioning the
location of individual QDs using low laser power (a few mW), (2)
fabricating structures by the optical-thermal induced polymer-
ization around the pre-dened QD using high power of the
same laser (a few mW), and (3) developing structures to remove
the unpatterned area using a standard SU-8 developer (Micro-
Chem). The fabricated structures are then ready for further
characterization.
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