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Abstract

The integration of a single photon source based on a solid-state emitter with a photonic structure remains
challenging and specifically when it comes to be compatible with optical fibres. It is important to do so for
guantum technologies where single photon sources constitute building blocks for many technologies. In
this work, we demonstrate the integration of a single photon source, made of a colloidal semiconductor
nanocrystal, with a photonic structure- made of a glass waveguide obtained by the ion-exchange
technique, which is a fibre-compatible platform used in telecom photonics. Using surface functionalisation
and a secondary waveguide of titanium dioxide, we manage to couple single photons from the
nanoemitter to the optical waveguide. We observe the single photon character is preserved and
demonstrates a 1.2 Purcell factor. A coupling efficiency over 25 % is expected thanks to the titanium
dioxide secondary waveguiding layer, compared to around 2 % obtained for simply positioning the
nanocrystal on top of the waveguide alone. The optical waveguide is then pigtailed to an optical fibre to
demonstrate a first proof of principle of an integrated single photon source at room temperature with a
fibre-compatible platform made of glass with a coupling efficiency increase of 2.8.

Introduction

Optical emitters being able to provide single photons are relevant for quantum technologies in genera
for quantum communications in particular. Recently, it has been shown that single photon emission
surpasses weak coherent-states in quantum key distribution further demonstrating the importance of
single photon sources for quantum communications®. We refer the reader to Labonté et al., for instance,
for further reading on QKD and integrated optics ref. 4 and for instance to ref. 5 for a review on integrated
photonics for quantum technologies. It is thus of paramount importance to be able to efficiently couple
such quantum emitters (emitting single®’, indistinguishable® or entangled photons®) with photonic
structures such as waveguides'®!!, interferometers!? and optical cavities!? in order to be able to scale-up
for any practical purposes. Several platforms and approaches for quantum communications are currently
explored where quantum emitters and photonics structures are put together although most of them are
effective at low temperatures (see for instance ref. 14 for colour centres in Si or ref. 15 for epitaxial
guantum dots). Only few platforms work at room-temperature and previous works have been done with
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single colour centres in photonic crystal diamond® or with single DBT molecules coupled to gold
plasmonic waveguides are also being studied'’. Waveguides made of silicon nitride are being investigated
using intrinsic single photon emitters!® or with colloidal quantum dots coupled to ring resonators®. In
terms of emission of single photons at room temperature, single photons were also obtained from defects
in 2D materials coupled to silver plasmonic nanowires in previous works%.

So far though, it has been evidenced difficult to bring together quantum emitters which are usually
nanosized objects and ‘macro’ photonic-ready platforms that could be compatible with optical fibres. The
closest work we are aware of, is the work by Alvarez et al. where colloidal quantum dots have been
coupled to laser-written glass waveguides but this was not at the single photon level?.

In this work, we aim to explore a new path towards bridging the “nano” to the “macro” world by
connecting optically a nanosource of light with a conventional optical waveguide (WG). Our method paves
the way towards scaling-up to several quantum emitters by tackling light-matter interfacing between
photons and nanosources of light on a single optical platform. Being able to scale-up is at the heart of
quantum networks?? and small-scale quantum photonics simulators?®. This differs from the usual
approach of getting the greatest light extraction from nanostructures on a substrate?*. Here we use the
substrate as an active element of the device which can be seen as an optical bus.
Fig. 1 is a schematic of our system where we have the photonics structure made of a semi-buried optical
waveguide (using the so-called ion-exchange method?>?®) made of glass and the quantum emitter (in our
case a colloidal quantum dot or nanocrystal-NC) on top as the single photon emitter. In between, a
secondary waveguide has been fabricated, made of a high-refractive index material, in our case titanium
dioxide (TiOy), in order to have a smooth adiabatic coupling of the nanosource to the micro-size waveguide
underneath.

Results

The single photon emitter

In order to realise our integrated single photon source working at room temperature as a first proof of
principle, it is necessary to use an emitter that emits single photons reliably and which does not require
low temperatures. Only few emitters are relevant as single photon emitters, such as nanodiamonds?”%,
single molecules® or nanocrystals®’. We use NCs as we find that more than 90 % of them are single photon
emitters. The nanocrystals are core/multishell CdSe/CdS/CdZnS/ZnS NCs synthesised®! in-house (See
Methods Section) and are used in this work. Fig. 2a presents the typical absorption (dash orange) and
emission (orange) of the NCs. We clearly see the excitonic absorption peak at 575 nm and the emission is
at 610 nm (with a Full Width at Half Maximum FWHM = 25 nm). The excitation of the emission was
obtained with a pulsed laser at 532 nm with a pulse rate of 5 MHz. The absorption and the fluorescence
were respectively normalized to 1 for the exciton absorption peak and to the maximum of the emission.
Fig. 2b presents a typical photon antibunching result of a single NC on a standard glass substrate showing
a g®(0) = 0.14 4+ 0.05 below 0.5 and thus ensuring we have single photon emitters. Most of the
background value of the g(?)(0) is due to the use of a broadband filter centered at 618 nm with a rather
wide FWHM of 50 nm. This brings some residual noise represented in gray in Fig. 2a. If we take into
consideration this noise as well as the avalanche photodiodes (APDs) dark counts, the value would go
down to g®(0) = 0.04 + 0.015. We obtained the grey area by averaging the light detected from the
laser placed on the sample where there is no NCs.

The photonic platform



For the realisation of our integrated single photon source, we use glass waveguides fabricated with the
so-called ion-exchange technique® (IEWs). In Fig. 1, one can see that the coupling of the nanosources of
light to the WGs is done at the surface as the waveguides are half-buried and thus allowing to interact
with whatever emitter placed at their surface. IEWs are made by the exchange of sodium ions in glass
with silver ions coming from a silver salt placed at the surface under heating. The exchange of ions has
the consequence of changing the refractive index of the glass locally going from 1.5 or so, to 1.57 or so
and thus resulting in a refractive index difference on the order of An = 0.07 which is enough to provide
a good optical confinement of guided modes within the region of higher index due to the presence of
silver ions. Using this technique, it is also possible to fabricate fully or partially buried WGs. This is one of
the main advantages of using IEWs (see Ref. 26 for more on such optical WGs) as opposed to laser-written
waveguides®? for instance which can only be within inside the bulk glass and thus cannot interact with a
nanosource on top. Nevertheless, placing a single NC at the surface of an IEW is not enough to get a
significant coupling of the photons emitted by the NC into the guided modes of the glass waveguides (Fig.
1). Our numerical simulations show that around 1.6 % of the light emitted by an NC placed on top of the
waveguide would be coupled into the IEW for a dipole (with an averaged orientation) placed at the top.
It is thus important to improve the coupling of the quantum emitters to the WGs at the surface of the
IEWSs33, For this, the use of a high refractive index layer in between the NC and the IEW allows a much
better coupling!®!!. As shown in Fig. 1, we use a layer of titanium-dioxide (TiO;) with an optical index of
2.2 (at the wavelength of 610 nm, corresponding to the emission of our NCs). Moreover, TiO; is a
transparent material for most of the visible region where the NCs emit. In order to optimise the
dimensions of the TiO, waveguide placed at the surface, 3D-finite difference time domain (FDTD)
numerical simulations were carried out with the ion-exchange waveguide (taken with a refractive index
of 1.57) in a glass substrate (taken with a refractive index of 1.5) as the one depicted in Fig. 1. This structure
IEW + TiO; has been optimised to have the best coupling efficiency. At the end, the estimated coupling
efficiency from the simulation for the on-chip single photon source would be 25.9 %. Numerical
simulations were also done to study the light propagation through our photonic structure, and the
optimised parameters for the TiO, ‘strip’ waveguide at the surface for a wavelength of 610 nm were found
to be as follows: width w = 190 nm, height h = 175 nm and length L = 35 pm. We must already point
out that due to surface roughness of the TiO, waveguides after fabrication, we did get at the most an
increase of 2.8 of the light coupling thanks to the TiO; layer (and not a factor of 12 to 13 or so, expected
from the simulations). This can be observed from Supplementary Figure 3 on an ensemble measurement
of many NCs.

Fabrication of the photonic structure

The fabrication of the hybrid structure with the IEW and the TiO, strip waveguide at the surface was done
in several steps. We first start from the glass waveguide which is cleaned thoroughly. In order to produce
the TiO, strip waveguide, we use the electron-beam (e-beam) lithography technique. We start by
depositing a layer of the well-known resin poly (methyl methacrylate) (PMMA) by spin coating it on the
IEW sample. As the waveguides can be seen with an electron microscope, we center the electron beam
in the middle of the guide. Our lithography system allowed us to write several guides at the same time
with a spacing of 50 um between them. The PMMA layer was then carved out via electron-beam
lithography followed by 1 min development in methyl isobutyl ketone (MIBK) and 1 min in isopropanol).
We then deposit the 175 nm (h = 175 nm being the optimised calculated layer) layer of TiO, by
evaporation. Typically, after the metal evaporates, the PMMA resin is lift-off to achieve the rectangular
structure. We decided not to perform this at this stage, but rather immediately after surface



functionalisation of the TiO, layer with NCs. By proceeding in this way, we ensure that the NCs via the
silanes are attached only at the TiO; guides. The next step is thus to place the nanocrystals (preferably
single ones) on top of the TiO, waveguides and only there. Fig. 3 presents the fabrication steps using the
surface functionalisation method**. These were necessary steps in order to realise the placement of NCs
on TiO; layers only. For this, the sample made of the TiO, strip waveguide on the IEW was placed in a
silane solution (3-Mercaptopropyl)-triethoxysilane (MPTES), in anhydrous ethanol + 5% H.0,
concentration between 2 to 5%) to make the “connection” between the sample surface and the quantum
emitters, i. e. the NCs. The sample was left for 12 hours in this solution before being removed from the
silane solution and rinsed with ethanol. Once the sample surface has been functionalised with silane, the
sample is then placed in a toluene solution containing the NCs for 30 s which was optimized to obtain on
average a single monolayer of nanocrystals with a low concentration of 10 nM so that single NCs only
would be attached to the surface3*. During this step, the PMMA is removed completely and only the TiO;
strips are left with the low concentration of NCs attached to them. At the end, 18 IEWs came out with
TiO; strip waveguides on top after surface functionalisation of the NCs (See in Supplementary Section 1,
Supplementary Figure 1 for an optical image and Supplementary Figure 2 for AFM images).

Optical characterisation

To characterise the IEW-TiO; structures with the nanocrystals on top, we use a home-made
microphotoluminescence setup, depicted in Fig. 4. A pulsed or a continuous-wave (CW) laser emitting at
532 nm is focused on the sample through a 100x objective (NA = 0.95) on the surface. The emission from
the emitters is then collected via the same objective. A 650 + 75 nm bandpass filter is placed in front of
the spectrometer to be able to cut the laser emission. For lifetime and g autocorrelation
measurements, a shorter 618 + 25 nm bandpass filter was used. To find out if the emitter emits single
photons, the light collected by the objective is sent to a 50/50 beam splitter placed before two single
photon detectors (APDs) connected to a time-correlated single photon counting (TCSPC) system in order
to realise the so-called Hanbury Brown and Twiss (HBT) experiment for checking whether an emitter emits
single photons or not. A piezoelectric stage system (in x and y) makes it possible to realize a scan
(maximum field of view of 60 um by 60 um) of the sample emission, thanks to the photon-counts coming
from one of the detectors. This single photon detector is then connected to a home-made electronic
converter which gives us a photoluminescence image of the top surface of the system such as the one in
Fig. 5. This piezoelectric stage system then allows us to place the excitation at the desired position once
the image of the surface is obtained and when a potentially relevant NC has been identified.

Fig. 5 shows a scan of an area of 10 um by 40 um with a step size of 0.5 um of the surface of the sample
where one TiO, waveguide is found (white small rectangle). The IEW can be seen between the two white
lines with a width of about 2.5 um to be seen. More intense points can be observed (green to yellow
colours), in particular, the yellow point at the position of coordinates ~ 6 um and ~ 16 um. The other
emitting points correspond to the fluorescence of the IEW in the range of 575 to 725 nm (which can thus
be seen, through our bandpass filter) by the excitation at 532 nm due mostly to the silver ions contained
in the ion-exchange WG*®,

On this waveguide, the 532 nm laser spot was then placed at the supposedly NC point level of the image
from Fig. 5 thanks to the piezoelectric stage system. The black spectrum in Fig. 6a represents the emission
from this point (the bright yellow point in Fig. 5) via the collection from the top microscope objective,
excited by the 532 nm CW laser. On the black spectrum, an emission peak at 610 nm (FWHM = 28 nm) is
present. This peak corresponds to the emission of the NCs that we presented previously (Fig. 2a). On this
spectrum, in addition to the NC emission we observe a weaker and broader peak centered around 680



nm. This broad peak corresponds to fluorescence coming from the IEW-TiO; structure. Indeed, when we
place the laser directly on the TiO; structure on the guide, the blue spectrum of Fig. 6-a is obtained by the
top detection from the objective. In fact, the waveguide fluorescence shows two broad peaks at 620 and
680 nm respectively (See Supplementary Section 2 and Supplementary Figure 3). These two peaks are
attributed to the insertion of silver ions in the glass waveguide to form the IEW3¢ (see Supplementary
Section 2). The photoluminescence of the strip (white small rectangle) of TiO; directly on glass presented
an emission peak at 675 nm?*’ (see the pink curve in Supplementary Figure 3b). Thus, the peak at 620 nm
is attributed to the silver ion luminescence alone while the peak at 680 nm has the contribution of silver
ions and defects from the TiO, layer. This sample containing potentially a single NC on the photonic
structure was then fibre-pigtailed (see inset of Fig. 6a). The red spectrum from Fig. 6a represents the
emission spectrum coming out from the fibre of the photonic platform with a top excitation. We can
observe that the background fluorescence from the silver ions in the IEW and from the TiO; layer is mostly
filtered out and is not guided by the IEW. The NC emitter was then tested with our HBT interferometer to
find out if it is truly a single photon emitter. The g(z) result under a pulsed laser excitation at 532 nm is
shown in Fig. 6b. The obtained value of g (0) = 0.24 + 0.1 for the emission peak at zero delay is clear
evidence that we have a single photon source from the NC emission. Once again, the non-ideal g(z)(O)
resultis due to the parasitic luminescence from the IEW and the TiO; strip as just discussed. After removal
of the background light (grey area in Fig. 6b), we can obtain avalue ofg(z)(O) = 0.14, which clearly proves
the emission of a single photon. We studied other nanocrystals with more waveguides with a fibre output
giving a g(z) (0) corresponding to a single photon emitter (see Supplementary Section 3).

To get an idea of the coupling between the single NC and the waveguide via the TiO; photonic structure,
measurements of the lifetime of this NC were carried out. Fig. 7 represents the lifetime measurement
under a 532 nm pulsed laser excitation at a 5 MHz repetition rate, respectively for NCs on a glass substrate
alone (in black) and of a single NC on the photonic hybrid structure (in red) (see more in Supplementary
Section 2). In the presence of the TiO; structure on the IEW, the lifetime of the NC decreases compared

to its lifetime on the substrate reference. To validate the fluorescence decay rate, the data were fitted
—t —t
using a bi-exponential model according to the equation I(t) = I, + Aje™ + A,e™2. Using this fitted

model, excited state lifetimes of T; = 3.39 ns and of T, = 20.09 ns for NCs on the glass substrate alone
and excited state lifetimes of T; = 3.05 ns and of T, = 16.53 ns for a single NC on the photonic IEW/TiO>
structure were found. The fact that two different lifetimes are observed with such values can be explained
by some charged exciton states (for the short one of ~ 3 ns, due to Auger recombination) as well as neutral
exciton states (for the longer one of ~ 20 ns) as observed previously3.
The lifetime measurement represents the NC decay rate of the excited state. It thus includes the radiative
I.qq and non-radiative I, decay rates I' = [.,4 + I;,,. From the lifetimes obtained on the different

r . .
structures, the Purcell factor can be calculated as follows Py = = =T?°, with 7y and 7 representing
0

respectively the averaged NC lifetime on a glass substrate and on the IEW/TiO, structure in our case. In
the case of Fig. 7, a Purcell factor of 1.19 + 0.01 was deduced for a single NC whereas simulations provided
a Purcell Factor of 1.45. The discrepancy can come from a specific orientation of the dipole (whereas
simulations are taken with an average orientation) or from a difference in the experimental optical
coupling with structure, itself with some imperfections. This is however consistent with results obtained
previously with a similar structure and an ensemble of NCs®!!, The Purcell factor of a single NC on the
waveguide alone is 1.08 whereas simulations predict a value of 1.11. Thus, as expected, by adding a high



index structure of TiO; onto the waveguide, it is possible to increase the Purcell factor and to increase the
coupling efficiency in the guide.

Discussion

In this paper, we have presented a fibered single photon source based on a hybrid photonic structure. The
use of an ion-exchange glass waveguide makes it possible to have a fibered source emitting single photon
at room temperature. The addition of the high index structure of TiO, to the emitter allows a better
coupling into the waveguide of a factor of 12 to 13 or so obtained by numerical simuation and a factor of
2.8 was obtained experimentally due to surface roughness of the TiO, layer. The use of a plasmonic
antenna will increase even more so this coupling with first simulation results showing coupling over 95 %
in some cases®. In this work, we observe the contribution of luminescence from the silver ions of the
waveguide as well as the luminescence from the TiO; layer. Several paths are currently explored to reduce
significantly these contributions such as: the use of a laser emitting above 532 nm such as 575 nm (less
energetic), the time-binning of the luminescence as the contribution from the silver ions would be faster
than the NC photoluminescence, to the excitation of the NC via the waveguide (as opposed to from the
top which is less efficient and thus requires more power) which would require less excitation power and
thus less parasitic luminescence and finally the use of a pulsed excitation where again time-binning can
be done and suppress the unwanted photoluminescence. Moreover, this work was using colloidal
semiconductor quantum dots, but it paves the way towards more relevant emitters for quantum
technologies such as colour centre in nanodiamonds where first results of positioning such nanoparticles
using similar techniques as already been demonstrated“.

Methods

Microphotoluminescence set-up

The microphotoluminescence (p-PL) measurements were performed using a home-built setup based on
an optical microscope in reflection mode. The samples were excited using a continuous-wave laser
(picoquant LDH series) at a wavelength of 532 nm for the optical spectra. The same laser could be used in
the pulsed mode for lifetime and g(z)(r) autocorrelation measurements. The excitation beam was
focused onto the sample through a 100x objective with a numerical aperture of 0.95 (Olympus 100x Mplan
Apo N), resulting in a spot size of around ~ 600 nm. The excitation power at the sample was kept below
100 uW to avoid local heating effects. The emitted photoluminescence was collected by the same
objective in a backscattering configuration and directed to a spectrometer equipped with a 600 lines/mm
grating (Princeton Instrument, model Isoplane 160 with proEM 1600 sensor). The signal was detected
using a cooled CCD camera (Princeton Instrument, proEM 1600 sensor), providing a spectral resolution of
approximately 0.9 meV at 600 nm. For lifetime and autocorrelation measurements, the emitted p-PL was
sent to a home-made HBT set-up with a 50/50 beamsplitter and two fibered APDs (EG&G/Excelitas, model
AQRH-SPCM 14). The electronics and data analysis was done using a TCSPC electronics card (picoquant,
mode picoharp series 300). All measurements were done at room temperature.

Nanocrystal synthesis

The synthesis of the nanocrystals was performed in two steps. First, the CdSe cores were obtained
following the "Cao" method*!. The estimation of the average core size and the concentration of the
colloidal solution was obtained from the absorption spectrum of a diluted solution (10 pL in 3 mL of n-
hexane), following***, to find: R cores = 1,45 nm and C = 25,6 pM. From these data, shell growth was
performed via the SILAR method and the resulting solution characterized in absorption and



photoluminescence**. The resulting NCs have oleic acid (OA) ligands, solubilized in n-hexane. Extinction
coefficient from the core/shell structures at 350 nm was 1,72 x 10° M*cm?, estimated through the
absorption spectrum under the assumption of conserved concentration between core & core/shell
solutions.

One quarter of the NCs synthesis (2,5 mL) were introduced into a 250 mL tricol, with 10 g of
trioctylphosphine oxide (TOPO) and 5 mL of tricoctylphosphine (TOP). The whole solution was heated
under stirring until 70°Cis reached, which melted the TOPO. The contents of the tricol were then degassed
to evacuate the hexane and oxygen, before passing under argon atmosphere. The mixture was left under
stirring for 1 h at 70°C. The resulting solution was then separated in 4 Falcon tubes of 50 mLand completed
with ethanol. After centrifugation at 10 000 RCF for 5 min, the supernatant could be discarded and the
precipitated NCs[TOP/TOPO] were resolubilised in toluene. The resolublisation in toluene was done with
2,5 mL to keep the concentration as unchanged as possible. Optical properties in solution were typically
unchanged for this kind of ligand exchange.
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Fig. 1 | Schematic of the integrated single photon source. Schematic of the integrated single photon
source based on an ion-exchange waveguide (IEW) which allows to propagate and guide the photons
emitted from a single nanocrystal (NC) thanks to the coupling with a secondary waveguide made of
titanium dioxide-TiO,.

Fig. 2 | Nanocrystals optical properties. a normalised absorption and photoluminescence of cores/shells
NCs. b Second order correlation function g (7) for a single core/shell NC with a pulsed excitation laser
at 532 nm (gray area: background light emission).

Fig. 3 | Fabrication of the TiO, waveguides. TiO, fabrication process on our photonics platform, followed
by the functionalization of NCs on TiO, strip waveguides (not to scale).

Fig. 4 | Microphotoluminescence set-up. Microphotoluminescence set-up used for optical
characterisation, with a CW or pulsed 532 nm laser as a source of excitation.

Fig. 5 | Microphotoluminescence scan image. 10 um by 40 um photoluminescence scan image of a TiO,
structure on an ion-exchange waveguide with a single NC emitting. Excitation is done at 532 nm with a
bandpass filter 650 + 75 nm.

Fig. 6 | Optical properties of the integrated single photon source. a Photoluminescence from the NC
from identified in Fig. 5: in black the spectrum is measured on top of the IEW-TiO,, structure, in blue is
the residual fluorescence coming from the IEW-TiO; structure and in red is the fluorescence at the fibre
end with an excitation laser at 532 nm (orange area represents the bandwidth of the filter used for HBT),
b second order correlation function for the single NC on top of the IEW-TiO; structure excited from the
top with a pulsed excitation and collected from the fibre connected to the waveguide (in gray: background
level due to broad filtering).

Fig. 7| Nanocrystal lifetime measurements. In black is the average lifetime measurement of 10 single NCs
on a glass substrate alone and in red is the average lifetime measurement of 3 single NCs on the IEW/TiO,
photonic structure.
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