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Deterministic Integration of hBN Emitter in Silicon Nitride

Photonic Waveguide

Ali W. Elshaari,* Anas Skalli, Samuel Gyger, Martin Nurizzo, Lucas Schweickert,
Iman Esmaeil Zadeh, Mikael Svedendahl, Stephan Steinhauer, and Val Zwiller

Hybrid integration provides an important avenue for incorporating atom-like
solid-state single-photon emitters into photonic platforms that possess no
optically-active transitions. Hexagonal boron nitride (hBN) is particularly
interesting quantum emitter for hybrid integration, as it provides a route for
room-temperature quantum photonic technologies, coupled with its
robustness and straightforward activation. Despite the recent progress of
integrating hBN emitters in photonic waveguides, a deterministic,
site-controlled process remains elusive. Here, the integration of selected hBN
emitter in silicon nitride waveguide is demonstrated. A small misalignment
angle of 4° is shown between the emission-dipole orientation and the
waveguide propagation direction. The integrated emitter maintains high
single-photon purity despite subsequent encapsulation and nanofabrication

1. Introduction

In the last few years, there has been an in-
creasing interest in hexagonal boron nitride
(hBN) for optical quantum technologies af-
ter the discovery of single-photon emission
at room temperature.'3] Such a property,
coupled with straightforward generation of
the defect, make hBN potentially viable for
applications in quantum communication
and sensing,*! though the coherence of the
emitted single-photons and its ramification
on different target-applications is still to be
investigated thoroughly, especially at short
time-scales to explore fast exciton decoher-

steps, delivering quantum light with zero delay second order correlation
function g®(0) = 0.1 + 0.05. The results provide an important step toward
deterministic, large scale, quantum photonic circuits at room temperature

using atom-like single-photon emitters.
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ence channels in the system.l. Defects in
hBN can be viewed as “artificial atoms,”
having a ground and an excited state
contained within the bandgap of the host
material. The origin of the single-photon
emission was recently attributed to the neg-
atively charged defect VyCy from carbon
implantation.l®) The performance of the single-photon emit-
ting defects in hBN have been studied extensively, they show
high quantum efficiency and brightness,’! in addition to being
stablel! and highly polarized both in emission and absorption.!®!

From a circuit integration point of view, hBN is a wide gap ma-
terial making it suitable for a range of operating wavelengths. It
has a refractive index of n = 2.1(%19 in the visible range, com-
parable to other photonic materials such as aluminum nitride
and silicon nitride (SiN), which simplifies the process of hy-
brid integration due to phase matching.['!] Moreover, second har-
monic generation was also investigated in hBN,[1%12] such non-
linear response can enable novel applications of three-wave mix-
ing in centro-symmetric photonic platforms through hybrid in-
tegration and exfoliation of hBN flakes. There has been exten-
sive work into realizing photonic integrated circuits with hBN.!1I
One approach is to directly form optical elements out of the hBN
film,["31*] which comes with the challenge of confining light ex-
clusively in hBN due to its relatively small refractive index,!'*!
thus requiring under-etching of the substrate. The viability of
under-etched large scale circuits for photonic application is still to
be demonstrated, thus an alternative approach compatible with
planar large scale photonic integrated circuits is needed. Non-
deterministic hybrid integration of hBN in photonic circuits was
recently demonstrated in aluminum nitride platform,!**! where
hBN flakes were randomly dispersed on the photonic chip. More-
over, non-deterministic hybrid integration with suspended 1D
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photonic crystal cavities was realized!'! through a wet transfer
process of hBN to a SiN substrate. Pick and place technique for in-
tegrating hBN emitters to microcavity was demonstrated,'’! the
strain induced from folding the hBN film on the resonator ac-
tivates the hBN emitters. Position and spectral control of hBN
single-photon emitters was also reported,!'8! which opens excit-
ing avenues for controlled integration of hBN emitters.

Several site-controlled integration methods were recently re-
alized for QD-based single-photon emitters and defects in
diamond.["%23] Deterministic integration of hBN single-photon
emitters is crucial for realizing complex photonic circuits with ad-
vanced functionalities,!'!] especially with recent developments in
chemical vapor deposition of hBN fabrication.?*] Here we deter-
ministically integrate a high-purity hBN single-photon emitter in
SiN photonic waveguide. Additionally, we measure close to ideal
orientation of the dipole of the quantum emitter with respect to
the waveguide cross section, which maximizes coupling between
the dipole and the optical mode. Figure 1a shows an artistic repre-
sentation of our device, it consists of an hBN single-photon emit-
ter embedded in a SiN waveguide. In the following sections, the
process of generating the single-photon defects in hBN and site-
controlled process for waveguide integration is discussed.

2. Emitter Formation on SiO, and SiN Substrates

Figure 1b shows typical spectra of hBN emitters activated on two
different substrates, SiO, and SiN, under illumination from 532
nm CW laser. Emitters annealed on SiN suffer from lower count
rates and higher background fluorescence compared to the ones
on SiO,. As previously reported,[?’] there is a four-fold increase in
the fluorescence of annealed SiN at 1000°-1150° C compared to
the as-deposited material. Moreover, the SiN photoluminescence
emission peak blue shifts from around 800 nm for as-deposited
substrate to &~ 650 nm in annealed substrates above 1000° C, over-
lapping with the most frequent hBN emission wavelength in the
statistical distribution of all measured emitters (see Supporting
Information). This is attributed to reordering of atoms in the SiN
film and creation of nano crystals, as previously investigated us-
ing TEM and GIXRD measurements.[>] Additionally, the high
annealing temperatures introduce cracks in the SiN film which
limits the size and complexity of fabricated photonic circuits. For
the reasons above, we mainly focus on creating the quantum
emitters on thermal SiO,. Figure 1c shows a measured emission
spectrum of the same hBN single-photon emitter at room tem-
perature, and at 200 mK in 100 ms intervals, the emitter was ac-
tivated on thermal SiO,. The FWHM reduces from 3.75 nm at
room temperature to 0.27 nm at 200 mK, which were extracted
from fitting the emission peak under excitation from 50 pW con-
tinuous wave 532 nm laser. Moreover, we see that the emission
is accompanied with spectral wandering at 200 mK. In Figure 1d
we track the central emission wavelength as a function of time at
200 mK.

Despite observing reduction in the emission linewidth, the de-
scribed spectral wandering of the emission peak on a millisec-
ond time scale creates the perception of broadened emission due
to averaging effects. hBN emitters on insulating substrates such
as SiO, were reported to have larger spectral diffusion due to
charge traps at the interface.l?’] Furthermore, the two emission
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lines can be attributed to multiple excited states within a single
hBN defect or complex of defects as reported in [?’]. The possibil-
ity of several emitters closely positioned was ruled out through
performing unfiltered, except for a long pass filter at 550 nm
for laser rejection, second order correlation measurement as
shown in Figure le. The result demonstrates the purity of the
created defect as a single-photon emitter, where zero delay value
is g?(0) = 0.30 £ 0.06. Figure 1f shows second order correlation
measurement of the same emitter at 200 mK, the zero delay value
is g (0) = 0.33 + 0.03. We notice the unfiltered zero delay value
shows no significant change within experimental error between
room temperature and 200 mK, despite the large reduction in
linewidth. In all the reported measurements we perform no spa-
tial filtering, for example through coupling to optical fibers,??]
thus all the signal from the hBN defect is focused using free space
optics to two avalanche photo-diodes in a Hanbury—Brown and
Twiss (HBT) configuration.

3. Site-Controlled Integration of Single-Photon
Emitters in Waveguides

Following the previous results, the hBN emitters are first acti-
vated on a thermal SiO, film then the guiding layer of plasma
enhanced chemical vapor deposition (PECVD) SiN is deposited
on top of the emitters. This way no high-temperature annealing
of SiN layer takes place, which can create a source of extra back-
ground fluorescence overlapping with our hBN single-photon
emitters. In practice, depositing SiN on-top of pre-activated emit-
ters severely reduced the quality and brightness of the emission,
the cause is still under investigation. Thus, a protective thin in-
termediary layer of SiO, was deposited between the hBN flakes
and the SiN photonic layer. Numerical simulations of coupling
efficiency of hBN emitter to a 800 nm by 300 nm SiN waveguide
as a function of the thickness of the intermediary SiO, layer is
shown in Figure 2a. 40 nm thickness is selected, as it provides
better encapsulation for larger hBN flakes, with acceptable cou-
pling efficiency of ~ 12% to the guided optical modes. Figure 2b
shows the effect of the dipole orientation angle ® in the encap-
sulated hBN on the coupling efficiency to the guided modes. It
is crucial that the dipole of the hBN defect is aligned perpen-
dicular to the waveguide propagation direction for maximum
efficiency.

Figure 2c shows the fabrication process to integrate the hBN
single-photon emitter in the waveguide deterministically. The
substrate consists of a p-doped silicon wafer with 3 pm of thermal
oxide, a marker field and a checker board pattern made of NDTiN
are fabricated using electron-beam lithography, NbTiN sputter-
ing, and lift-off (i). Drop casting of hBN solution (purchased from
Graphene Supermarket) and thermal annealing to activate the
and 300 nm of PECVD SiN (iv). The SiO, deposition was car-
ried out using SiH,:N,O (710 sccm:425 sccm) chemistry at 800
mTorr and the SiN is deposited using SiH,:NH; (800 sccm:16
sccm) chemistry at 650 mTorr. In both cases, the sample tem-
perature was held constant at 300 °C, the RF power is 24 W at
13:56 MHz. Imaging of the emitters in the marker field, and
imaging of a reference checker board pattern (v). The marker
field is used for alignment of the emitters with respect to the

© 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advquantumtech.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

2800 1 1 1 1 1 1

2600
2400 1200 MK

t=300 ms

2200 4200 mK

t=200 ms

14009200 mK

AN

2000
1800 _
1600 1200 mK t=100 ms

t=0ms

1200
1000
800
600
400 4
2004 Room T
0 -

Intensity (a.u.)

T T T T T T
650 652 654 656 658 660 662

Wavelength (nm)

2,0

T
664

T
666

T
Unfiltered, room temperature

1,54
1,04

0,5 1

Coincidence counts (a.u.)

0,04
T

-50 0
Time delay (ns)

-
o
L

0,0 == :
600 650 700 750 800
d Wavelength (nm)
£ 2
ES)
(o))
&
°
>
©
B
£ o
c
[0]
(@]
IS
Q-1
c
hel
ks
521
e T T T T T T
0,0 2,5 5,0 7,5 10,0
Time (seconds)
2,0 T
Unfiltered, 200 mK
5
T 154 .
§2]
c
S
]
O 10
[
o
[
(o)
o
‘S 05+ 4
£
o)
O
0,0 . .
-50 0

Intensity (a.u.)
o
T

ADVANCED
QUANTUM
TECHNOLOGIES

www.advquantumtech.com

b

. Annealed on I'S.iN

Annealed on SiOp

/

Time delay (ns)

50

Figure 1. a) Artistic representation of a single-photon emitter in an hBN flake deterministically integrated in a SiN photonic waveguide. b) Photolumi-
nescence of hBN emitters under excitation of 532 nm CW laser. The hBN flakes were dispensed on themal SiO, (orange) and SiN (green), then were
annealed for 30 min at a temperature of 1100 ° C. c) Emission spectrum of a single hBN quantum emitter at room temperature , and 200 mK at different
times, excited with 532 nm CW laser. d) Time trace of the center emission wavelength for the same emitter in (c) measured at 200 mK. e) Second order
correlation function of the emitter in (c) at room temperature, no filtering was used for the emitter except for a long pass filter at 550 nm for laser
rejection. The zero delay value with no filtering is g{? (0) = 0.3 + 0.06. f) Second order correlation measurement for the same emitter at 200 mK, the
zero delay value with no filtering is g (0) = 0.33 + 0.03.
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Figure 2. a) Finite difference time domain simulation of the total transmission of an hBN emitter integrated with a SiN photonic waveguide as a function
of the protective SiO, layer thickness. b) Normalized coupling efficiency of hBN emitter to SiN photonic waveguide as a function of the orientation angle
of the emission dipole with the waveguide propagation direction. c¢) Schematic of the fabrication process. i) Silicon wafer with 3 pm of SiO, and NbTiN
marker field. ii) Drop casting of hBN flakes solution. iii) Activation of quantum emitters through annealing at 1100° C for 30 min. iv) Encapsulation of
the quantum emitters in 40 nm PECVD SiO, and and 300 nm PECVD SiN. v) Imaging of the quantum emitters and correction of the barrel distortion
through characterizing the nonlinear setup distortion using a fabricated checker board pattern on-chip. vi) Electron beam lithography and reactive ion

etching to form the waveguide around the single-photon emitter.

subsequent lithography step, while the checker board pattern is
used to correct for the barrel distortion in the imaging system.
We correct for barrel distortion in the reference checker board
pattern by finding the correct nonlinear transformation between
the physical dimensions (from the design) and the collected im-
age in our confocal microscopy setup. The generated numerical
transformation is applied to the hBN emitter photoluminescence
images to align them to the marker field with an error of less than
250 nm. Fabrication of photonic waveguides (vi). First, adhesion
promoter (AR 300-80, All Resist) was applied to the substrate, fol-

Adv. Quantum Technol. 2021, 2100032 2100032 (4 of 9)

lowed by negative electronbeam resist ma-N 2403 (micro resist
technology). After patterning of the waveguides using electron-
beam lithography, reactive ion etching was performed using a
mixture of CHF;:CF,:0, (30:5:5 sccm) under 100 W of RF power
and temperature of 20° C.

4. Experimental Results

Figure 3a shows the experimental setup. It consists of a 532
nm CW pump laser which can be focused either through the
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Figure 3. a) Experimental setup for testing the waveguide-integrated hBN single photo emitter, both top or through the waveguide laser excitation and
photoluminescence collection can be selectively performed. The photoluminescence can be either coupled to a spectrometer for emission-spectrum
measurement, or to a Hanbury Brown and Twiss setup with two avalanche photo diodes for second order correlation measurement. The inset shows
absorption and emission polarization measurement to characterize the emission dipole direction of the hBN emitter with respect to the propagation
direction of the waveguide. b) False color scanning electron microscope image of the SiN waveguide with deterministically integrated hBN single-photon
emitter. ¢) Photoluminescence spectrum of an hBN emitter measured from the top i) before waveguide integration and ii) after waveguide integration.
i) Photoluminescence of the same emitter measured through the waveguide, the circles indicate the background photoluminescence of PECVD silicon
nitride at room temperature. All the measurements in (c) were performed under CW laser excitation at wavelength of 532 nm.
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waveguide using a 40x objective with NA=0.65, or from the top
using a 10x objective with NA=0.28. The hBN emission signal
can be selectively collected from each path using a removable
mirror. The pump laser is filtered out through a 550 nm long
pass filter, and the signal from the hBN is coupled to a 75 cm
long spectrometer equipped with 150 and 1200 lines/mm grat-
ings. Using a removable mirror, the signal from the hBN can be
directed to an HBT setup for second order correlation measure-
ment consisting of a 50/50 beam splitter and free-space coupled
avalanche photo diodes.

In order to perform absorption polarization measurement (in-
set (i)), the laser is first polarized, then a half-wave-plate is used
to rotate the pump polarization while the intensity of the hBN
emission is recorded. Similarly for emission polarization mea-
surement (inset (ii)), laser polarization is fixed while the signal
from the hBN single-photon emitter is coupled to the spectrom-
eter using a half-wave plate and a polarizer. Figure 3b shows
false-color scanning electron microscope image of SiN waveg-
uide integrated with hBN single-photon emitter, centered with
high precision to the waveguide. Although, the hBN flakes are
integrated at the interface between the SiN and SiO,, their fi-
nite height> modifies the thickness of the deposited silicon
nitride using PECVD (check Supporting Information for more
SEM images of waveguide-integrated emitters). Figure 3c shows
the emission collected from the hBN emitter in the waveguide.
Inset (i): Top-excited and top-collected emission from the hBN de-
fect encapsulated in the SiO, and SiN thin-films. The emission
preserved similar qualities to emitters reported in Figure 1a, and
elsewhere on Si0,,[?%! despite the encapsulation and the thermal
treatment during the PECVD processes for both SiO, and SiN.
Inset (ii): Same excitation and collection configuration after neg-
ative resist electronbeam lithography and reactive ion etching of
the waveguide. We see an increase in the linewidth and a red-shift
after the waveguide integration. A possible reason is the mod-
ification in both the local strain due to releasing of the tensile
stress of SiN near the waveguide region due to etching,[**3) and
modification of the trapped charges in the hBN and SiO,[?%! in-
terface from processing. Photoluminescence of the same emitter
measured through the waveguide with top excitation (iii). The cir-
cles indicate the background photoluminescence of PECVD SiN
at room temperature.l®! The large operating bandwidth of the
waveguide allows for efficient coupling of photoluminescence
from SiN which is superimposed on the hBN emission, reducing
the overall signal to noise ratio. This is not a fundamental limit
to the process, as other materials with larger transparency win-
dow and lower photoluminescence such as aluminum nitride,*?
silicon carbide,3*! and tantalum pentoxide,3* can be used for
the deterministic integration process we present here. For exper-
imental data of more waveguide integrated emitters, and success
probability of the site-controlled process, we refer the reader to
the Supporting Information.

In our process, the emitters can be characterized thoroughly
at every step of the integration enabling simultaneous control of
the position and alignment of the waveguides with respect to the
emitters position and their dipole orientation. Figure 4a shows
emission and absorption polarization measurement of the same
hBN emitter in Figure 3, the waveguide extends in 90°-270° di-
rection. The emission dipole is aligned 86° from the propagation
direction, only 4° error from the ideal 90° orientation. The mis-
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alignment between the absorption and emission dipole orienta-
tions is 20° as seen from Figure 4a. Generally, indirect transitions
can occur in the emission process, which can result in misalign-
ment between the absorption and emission dipole orientation. ]
Emitters with shorter wavelength, close to the laser excitation
wavelength, have smaller angle of misalignment between absorp-
tion and emission dipole orientation as seen here. Figure 4b
shows integrated counts of the hBN emitter versus excitation
power, the emission is fitted with a simple three-level model,3%!
using two fitting parameters I, and P,. The signal (integrated
hBN counts) to noise (background counts) ratio is extracted as a
function of the excitation power as shown in Figure 4c. Excita-
tion power of 20% P_,, maximizes the signal to noise ratio, this
corresponds to 115 pW of excitation power. Figure 4d shows sec-
ond order correlation measurement of the emitter excited with
115 pW of 532 nm CW pump. To minimize the signal from the
SiN photoluminescence, a free-space band-bass 10 nm filter cen-
tered at the hBN emission peak is used. The zero-delay value of
the measurement is g (0) = 0.1 + 0.05, proving the excellent pu-
rity of the integrated hBN single-photon emitter among state-of-
art integrated layered emitters.[137:38]

Despite the promising presented results, the theoretical cou-
pling efficiency of layered single photon emitters to photonic
waveguides is far from the desired f = 1 for strong light-matter
interaction.l*”] One of the main reasons is the limitation of pre-
vious integration methods to placing the emitter on top of fab-
ricated waveguides, then relying on evanescent coupling to the
guided mode. Here, the presented fabrication method allows for
encapsulation of the hBN emitter in the guiding, high index,
material of the photonic waveguides. Thus through careful de-
sign of the photonic structure, and the material choice of the
guiding layer, larger coupling efficiencies approaching unity are
achievable. Figure 5a shows a hBN emitter encapsulated in an
under-etched titanium dioxide waveguide with 1D photonic crys-
tal mirror, providing broadband uni-directional coupling of the
emitted photons to the forward direction. The waveguide has
a width and height of 300 nm, the mirror consists of a fully-
etched squares of length 200 nm, repeating every 450 nm. The
broadband reflectively of the mirror and the large refractive in-
dex of titanium dioxide,*"! allows for reduction in the waveg-
uide dimensions to support only the fundamental TE and TM
modes. Moreover, titanium dioxide has a large bandgap with
transparency window extending from near UV to IR,* cover-
ing the emission wavelength range of hBN. Figure 5b shows x—
z and x—y cut for the power transmitted from the hBN dipole
at 680 nm, where almost all the emitted photons are coupled
to the fundamental TE mode. Figure 5c shows the forward cou-
pling efficiency of the emitted photons from the hBN emitter to
the fundamental TE mode for different wavelengths. The avoid-
ance of resonant cavity structures, through the use of a single
broadband mirror, results in high operation bandwidth of the
device, the coupling efficiency is larger than 75% across more
than 50 nm. Such a device has extraordinary potential for ef-
ficient single photon generation and non-linear optics at the
single photon level.?®] Moreover, optical gating of hBN emit-
ters can also be employed to increase the photoluminescence
yield,[*!] this becomes important to reach close to unity coupling
between the emitter dipole and the traveling optical mode in
the waveguide.
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Figure 4. a) Dipole orientation characterization in absorption (green) and emission (orange), angle of 90° corresponds to the dipole emitter being
perfectly perpindicular to the propagation direction. The waveguide extends in 90°~270° direction. b) Photoluminescence of the optical transition in the
hBN emitter as a function of the excitation power, a simple three-level system model with one meta-stable state is used to fit the collected data. c) Signal

to noise ratio of the photoluminescence as a function of the excitation power in units of P,

sat- Top-measured Hanbury Brown and Twiss second order

correlation of a waveguide integrated emitter with zero-delay value of g (0) = 0.1+ 0.05.

5. Conclusion

In conclusion, we presented a deterministic method of coupling
hBN single-photon emitters to SiN photonic waveguides. The
emitters were activated on thermal SiO,, then encapsulated in a
protective PECVD SiO, layer before depositing the SiN photonic-
guiding layer. The waveguide integrated emitter shows high
single-photon purity despite the fabrication steps with second
order correlation function zero delay value g®(0) = 0.1 + 0.05.
Moreover, the emitter dipole orientation is aligned within 4° per-
pendicular to the propagation direction in the waveguide. Al-
though theoretical coupling efficiency is far from the reported
near unity coupling in other systems,/*?] deterministic orienta-
tion of the dipole and higher confinement of the waveguides

Adv. Quantum Technol. 2021, 2100032 2100032 (7 of 9)

provides a route for stronger light-matter interaction in hybrid
hBN quantum photonic circuits. The choice of SiN has the ben-
efit of having a refractive index close to hBN, and provides a nat-
ural long-pass filter to reject the laser excitation at 532 nm.[?!
The disadvantage is the significant photoluminescence near the
hBN emission wavelength. Exploration of other photonic mate-
rials with larger transparency window and lower photolumines-
cence, in addition to employing resonant excitation/*}! and con-
ductive interfaces!?®! can significantly improve the performance
of integrated hBN emitters. Strain-tuning is another exciting
avenue which can be used to engineer the optical proper-
ties of the emitter,3%! reconfigure the photonic circuit,*!! and
align multiple-emitters within their linewidth. The presented
deterministic integration method is compatible with previously

© 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 5. a) Schematic of hBN emitter embedded in titanium dioxide photonic waveguide with 1D broadband photonic crystal mirror. b) Intensity
distribution of hBN emission at 680 nm wavelength. Almost all the emission is directed to the forward propagating fundamental TE mode of the
waveguide. c) Forward transmission to the fundamental TE mode for different emission wavelengths of the hBN emitter.

reported controlled integration of superconducting single-
photon detectors,!**l which provide means for generation and
detection of non-classical light, all on-chip. Moreover, the ver-
satility of the integration approach allows for demonstrating
devices with near unity coupling efficiency to photonic modes
through careful engineering of the photonic structure and the
light-guiding material.
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