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Room-temperature single-photon emitters in

silicon nitride
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Xiaohui Xu"*3, Alexei S. Lagutchev'?, Alexandra Boltasseva'?, Vladimir M. Shalaev'?*

Single-photon emitters are essential in enabling several emerging applications in quantum information technology,
quantum sensing, and quantum communication. Scalable photonic platforms capable of hosting intrinsic or
embedded sources of single-photon emission are of particular interest for the realization of integrated quantum
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photonic circuits. Here, we report on the observation of room-temperature single-photon emitters in silicon
nitride (SiN) films grown on silicon dioxide substrates. Photophysical analysis reveals bright (>10° counts/s),
stable, linearly polarized, and pure quantum emitters in SiN films with a second-order autocorrelation function
value at zero time delay g(Z)(O) below 0.2 at room temperature. We suggest that the emission originates from a
specific defect center in SiN because of the narrow wavelength distribution of the observed luminescence peak.
Single-photon emitters in SiN have the potential to enable direct, scalable, and low-loss integration of quantum

light sources with a well-established photonic on-chip platform.

INTRODUCTION
On-chip integrated single-photon sources are key elements in vari-
ous quantum information systems including emerging protocols
in quantum communication, sensing, and computing (1-3). Room-
temperature single-photon emitters (SPEs) that are promising for
practical applications have been observed in diamond (4, 5), two-
dimensional (2D) hexagonal boron nitride (hBN) (6, 7), and semi-
conducting carbon nanotubes (8), to name a few. Current approaches
to realize on-chip quantum emitters rely on hybrid and heterogeneous
integration. This integration requires complex geometries and
fabrication to combine materials that host SPEs with photonic
circuitry (waveguides, couplers, photonic crystal cavities, etc.) (9, 10).
Hybrid photonic integration typically faces challenges related to
scalability, optical losses, and efficient coupling between different
photonic elements on one chip. Although several demonstrations
of hybrid integration have been successfully demonstrated, includ-
ing the large-scale integration of diamond-based quantum emitters
with an aluminum nitride photonic platform (11), there is still a
great need to develop architectures and approaches that use well-
established scalable optical circuitry platforms with intrinsic or
controllably embedded SPEs (12, 13). So far, intrinsic sources of
single-photon emission have been found in wide-bandgap semi-
conductor materials such as silicon carbide (14, 15), gallium nitride
(GaN) (16, 17), and aluminum nitride (AIN) (18, 19), which are
promising for the realization of quantum photonic circuitry ele-
ments (20-24).

Among several state-of-the-art quantum photonic platforms,
silicon nitride (SiN) has emerged as an attractive material to construct
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integrated photonic components compatible with the metal-oxide
semiconductor process (25-27). SiN offers a relatively high refrac-
tive index (n ~ 2.0) and provides the required index contrast with
silicon dioxide (SiOy; n = 1.5) for efficient photonic waveguides and
other on-chip components. For example, on-chip frequency converters
and optical parametric oscillators were realized with SiN-based
microring resonators (28, 29). SiN also offers a large transparency
window spanning from near-infrared wavelengths down to at least
500 nm. Low-loss SiN waveguides with operation wavelengths in the
range of 532 to 1580 nm were demonstrated (30, 31). The transparency
window of SiN enables integration with light sources with emis-
sion in the visible wavelength range such as colloidal quantum dots
(QDs) (32), nitrogen vacancies in diamond (33), and 2D transition
metal dichalcogenides (34). However, commonly used stoichiometric
Si3Ny has relatively strong background emission in the visible range
that hinders quantum measurements, particularly regarding SPEs
operating in this spectral region (33). To make SiN practical for quan-
tum photonic applications in the visible range, nonstoichiometric
nitrogen-rich SiN films with low background emission were explored
(35, 36). It was shown that nitrogen-rich SiN films grown by plasma-
enhanced chemical vapor deposition (PECVD) have substantially
lower autofluorescence compared to stoichiometric SizN, while
maintaining a moderate refractive index of ~1.9, suitable for quan-
tum photonic measurements of encapsulated nitrogen vacancy
centers (36).

In this work, we report on high-purity, room-temperature SPEs
observed in SiN grown on SiO,. This platform is a suitable material
combination for enabling integrated photonics that is mature in terms
of fabrication, quality control, and integration. The utilization of
quantum emitters directly embedded in SiN has the potential to
mitigate losses resulting from the low coupling efficiency of emission
into cavities and photonic waveguides common in hybrid sys-
tems. The reported SPEs were obtained by careful selection of
the growth conditions for low autofluorescing SiN that allowed us to
observe SPEs. Here, we present the detailed analysis of the photo-
physical properties of the observed SiN-based SPEs and discuss their
possible origin.
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RESULTS

Sample preparation

For this study, the SiN films were grown by a special type of PECVD
called high-density plasma chemical vapor deposition (HDPCVD).
It uses an inductively coupled plasma source to generate a higher
plasma density compared to PECVD, which enables deposition
at lower temperatures (80° to 150°C), improved quality of low-
temperature films, and improved trench fill capability (37). To find
an acceptable background emission of the SiN in the visible spectral
range, a variety of nonstoichiometric SiN films were grown with
increasing ratio of N,-to-SiHy fluxes. The dependence of the SiN
background fluorescence and refractive index on the growth con-
ditions is provided in the Supplementary Materials (see fig. S1). The
SiN films studied in this work were grown on commercially
available silicon (Si) substrates topped with a 3-um-thick SiO,
layer. The growth on such SiO,-topped substrates was motivated
by their suitability for fabrication of SiN waveguide structures. We
have also performed the growth of SiN films on Si substrates coated
with a 285-nm-thick SiO, film and on bare Si substrates with a
native oxide layer for comparison. The results of SPEs’ characteri-
zation in SiN grown on these substrates may be found in the Sup-
plementary Materials. We performed optical characterization of the
bare 3-um-thick SiO, substrates before SiN deposition to evaluate
the background fluorescence. The background signal has negligibly
low counts with no localized emission centers. The target thickness
of SiN films was selected to be about 200 nm. For activation of
quantum emitters, thermal annealing is commonly applied for
materials such as hBN (38). Here, we used rapid thermal annealing
(RTA) of the samples after deposition. For this purpose, the samples
were heated to 1100°C for 120 s in nitrogen atmosphere using a
Jipelec Jetfirst RTA system. We additionally applied thermal an-
nealing at 850°C for 60 min under argon atmosphere in a conven-
tional furnace (Blue M). The alignment markers were fabricated by
focused ion beam (FIB) milling to identify emitter positions in con-
secutive measurements.

Photoluminescence map and surface morphology

Figure 1A shows a typical confocal scanning photoluminescence
(PL) intensity map of the SiN layer grown on 3-pm-thick SiO,, re-
vealing point-like emitters randomly distributed across the sample.
The bright cross-like features are alignment markers. The fluores-
cence from these alignment markers is attributed to FIB-induced
incorporation of gallium jons into the SiN film. The optical image
of the sample surface with alignment markers is shown in Fig. 1B. The
estimated density of quantum emitters was at least one to two emit-
ters per 10 x 10 um? area; this is comparable with previously report-
ed quantum emitters in GaN and AIN (16, 18). Figure 1C shows the
surface morphology of the SiN film measured by atomic force mi-
croscopy (AFM). The surface of SiN sample has a root mean square
(rms) roughness of approximately 1.5 nm with the appearance of a
grainy surface structure. The comparison of the PL intensity map
and the corresponding AFM micrographs does not suggest a direct
correlation between the position and the density of emitters and the
surface pattern (see fig. S2 for more AFM results at different scales).

Photophysical properties

Below, we show an example of the photophysical analysis of a rep-
resentative SPE. The position of the emitter was revealed from the
PL intensity map (Fig. 2A). Once located, the nonclassical photon
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Fig. 1. Room-temperature SPEs in SiN grown on SiO,-on-Si substrate. (A) Con-
focal PL intensity map of the SiN layer. Confirmed SPEs are indicated with red cir-
cles. a.u., arbitrary units. (B) Optical image of the sample with markers prepared by
the FIB milling to identify the same area in consecutive measurements. (C) Repre-
sentative 2 um by 2 um AFM micrograph revealing the surface morphology of the
SiN film and yielding the rms roughness of 1.5 nm. Scale bar, 1 um.

statistics from the selected emitter was confirmed by second-order
autocorrelation g(z)(r) measurements. Figure 2B shows the g(z)(t)
histogram recorded under continuous laser excitation. The data were
fitted with a three-level model as the g®(t) histogram exhibits slight
bunching at longer time scales with increasing excitation power (see
tig. S3 for the excitation power dependence measurements). We
obtained the g(z)(r) value of 0.12 at zero delay time, indicating a
high-purity single-photon source. To assess the average photon
purity across many SPEs in SiN, we collected the g®(t) data from
the total of 130 emitters. The results are presented in Fig. 2C. Most
of the emitters show g(z)(O) well below the threshold value of 0.5,
confirming that the emission is nonclassical and the sources are
SPEs. Moreover, the studied SPEs show, on average, hi%h quantum
emission purity with a g(z)(O) value of about 0.2. The g 2)(0) values
shown in Fig. 2 (B and C) were obtained without any background
correction or spectral filtering. This suggests that the real quantum
emission purity could be higher than the measurement would indicate.
We also measured the fluorescence lifetime for 44 different emitters
with pulsed laser excitation. The emission lifetime was found to
range from 1.4 to 3.9 ns, with the average value across measured
emitters of 2.4 ns. The full results of the emission lifetime measure-
ments are given in the Supplementary Materials (fig. S4).

Next, we address the spectral characteristics of the selected
SPE. The corresponding PL spectrum is shown in Fig. 3A. The PL
data were background-corrected and normalized to the maximum
intensity. The PL spectrum consists of several peaks that can be well
fitted with four Gaussian line shapes. The most intense PL peak is
accompanied with satellite peaks of lower intensity on both sides.
The presented PL spectrum of the SPE in SiN appears to be different
from typical PL spectra of SPEs in crystalline hBN (6), GaN (16, 39),
and AIN (I8, 19) that exhibit a prominent zero-phonon line and
lower-intensity red-shifted phonon sidebands. This indicates the
different possible origins of the emitters and/or effects of the amor-
phous SiN matrix. To gain a better understanding of the structure
of the PL spectra and PL peak distribution, we analyzed the PL data
from several SPEs as discussed below.
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Fig. 2. Purity of single-photon emission in SiN. (A) Confocal PL map of the SPE. (B) Second-order autocorrelation measurement gm(r) of the emission, yielding 9(2)(0) of

0.12. (C) Histogram of 9(2)(0) distribution from 130 emitters with a bin size of 0.05.
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Fig. 3. Photophysical characteristics of SPEs in SiN measured at room temperature.
(A) PL spectrum with four Gaussian-fitted line shapes. (B) PL stability measurement
showing no obvious blinking or bleaching and a low coefficient of variation CV =
0.05. (C) Saturation curve yielding a saturation power of Pg,¢ = 1.37 mW and inten-
sity I = 0.22 X 10° counts/s (cps). (D) Polarization diagram of the PL emission /(6)
(measured from another emitter). The data are fitted with acos?(8)-form fit function,
yielding the polarization visibility (Imax — fmin)/(Imax + Imin) Of 78%.

For the SPE shown in Fig. 2A, we assessed such essential metrics
of quantum emitters as stability, brightness, and emission rate. The
selected emitter exhibits stable emission without obvious blink-
ing or bleaching over a measurement period of 100 s under near-
saturation excitation power (1.4 mW) as demonstrated in Fig. 3B. The
PL stability is quantified with a coefficient of variation CV = o/p,
where o is the SD and p is the mean value of the PL intensity during
measurements. For this particular emitter, we obtained a variation
of PL intensity of 0.05. Such behavior is observed for most of the
emitters. However, some SPEs showed blinking and switching be-
tween “on” and “off” states (see fig. S5 for details). The saturation
behavior of the emission as a function of excitation power I(P) is
shown in Fig. 3C. The data were fitted with the equation I(P) = L. X
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P/(P + Pg), where L., and Py, are fitting parameters corresponding
to the maximum count and saturation power, respectively. We ob-
tained an emitter brightness of L. = 0.22 x 10° counts/s at a saturation
power of Py, = 1.37 mW (measured before the objective). The back-
ground fluorescence intensity at the same excitation power was on
the order of 0.2 x 10° counts/s. The observed emitter brightness was
comparable to the room-temperature emission from SPEs in
III-nitride semiconductors (16, 18, 19).

In addition, we measured the polarization dependence of emis-
sion from SPEs in SiN. The polarization diagram of the PL emission
I(0) of an emitter is shown in Fig. 3D as an example. The polariza-
tion diagrams of additional emitters are given in the Supplementary
Materials (fig. S6). The results indicate that the emission originates
from linearly polarized dipole transitions. The Supplementary
Materials (fig. S7) also contain a comprehensive photophysical analysis
of an additional SPE in SiN.

Spectral characteristics

We further analyzed the SPEs PL spectra. In Fig. 4A, the emission
spectrum for another SPE exhibits slightly different spectral charac-
teristics, having only three PL peaks compared to the one in Fig. 3.
In total, we analyzed the emission spectra of 133 individual SPEs with
the best signal-to-noise ratio recorded from different scans and
three independently fabricated samples. The data were fitted with
the Gaussian line shapes to assess the spectral characteristics of the
PL peaks. We found that most of the emitters exhibit emission spec-
tra composed of PL peaks of nearly the same wavelength. Figure 4B
shows a histogram of the wavelength distribution for these emitters.
The PL peaks are clustered around E; = 567 nm, E; = 596 nm, E3 =
632 nm, and E; = 670 nm with SD values of 6, 7, 9, and 10 nm, re-
spectively. The most intense PL peak in these spectra is typically at
one of the two central wavelengths. The observed fluctuation of the
PL peak wavelength could be attributed to variations in the surround-
ing SiN matrix. A detailed analysis of some representative PL spectra
of these SPEs can be found in the Supplementary Materials (figs.
S8 and S9). We found that there are also emitters showing long-
wavelength PL peaks above 700 nm (for details, see figs. S11 and
S$12). These emitters are much less frequent than those showing PL
peaks around the wavelength indicated in Fig. 4B.

As was mentioned above, SiN films were also grown on Si sub-
strates topped by a 285-nm-thick SiO, and on bare Si substrates with
a native oxide layer. The SPEs on bare Si substrates are rare, which
precludes statistical analysis of their photophysical properties (for
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Fig. 4. Spectral analysis of SPEs in SiN. (A) Representative PL spectrum of an SPE. PL spectra can be well fitted with Gaussian line shapes. Inset: Second-order autocor-
relation measurements of the emission from the corresponding emitter. (B) Histogram of the wavelength distribution of 133 emitters with a bin width of 3 nm. (C) Histo-
gram of the distribution of the separation energy AE obtained for all peaks resolved in PL spectra. The average separation energy is 100 meV. The bin width is 10 meV.

details, see fig. S14). The density of SPEs in SiN grown on 285-nm-
thick SiO, is comparable to that of SPEs on 3-um-thick SiO,. Their
PL spectra also exhibit a multipeak nature that can be fitted with
four Gaussian line shapes clustering at specific wavelengths (fig.
§15). The direct comparison of the selected PL spectra from SPEs in
SiN grown on 3-um-thick and 285-nm-thick SiO,, respectively, as
well as histograms of the wavelength distribution demonstrate the
similar nature of their spectral properties in terms of the occurrence
of multiple peaks. Because SPEs in SiN grown on 3-um-thick and
285-nm-thick SiO, substrates both exhibit multiline PL spectra, the
oscillations in the SPE emission spectrum are likely the intrinsic
property of these quantum emitters rather than the interference ef-
fect of Fabry-Perot resonances. The difference in the SiO; thickness
between these two substrates is one order of magnitude. Such dif-
ference would markedly change the spectral separation of Fabry-
Perot interference fringes, while the PL peak separations for SPEs
on both substrates are comparable. It can be noted that PL spectra
of SPEs in SiN on 285-nm-thick SiO; are overall blue-shifted com-
pared to those on 3-um-thick SiO,. The origin of this spectral shift
might be related to slightly different properties of the SPEs created
on these two substrates because the properties of SiO, might vary.

In addition, we also addressed the multiline nature of the PL spectra
by performing wavelength-resolved detection of single photons. For
these experiments, we selected an SPE with a characteristic PL spectrum
as shown in Fig. 5B. The second-order autocorrelation function g
was measured for the full spectrum and the selected wavelength
ranges. The g(z) values at zero delay time are presented in Fig. 5C. It
appears that single-photon emission persists within each selected spectral
band. Furthermore, the value of the g® second-order autocorrelation
function dip at zero delay time for different spectral lines remains
essentially the same within experimental uncertainty.

Nature of quantum emitters in SiN

Here, we discuss the possible origin of the observed quantum emit-
ters. We studied the formation of SPEs in SiN grown on different
substrates. The obtained results indicate that the growth on Si sub-
strates with grown SiO; layers promotes the formation of SPEs in
SiN after RTA treatment. These findings suggest the possible for-
mation of optically active defects at the interface between SiN and
Si0; layers; however, further studies are required to firmly establish
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such dependence. Because the position of the emission lines in PL
spectra are at virtually identical wavelengths for multiple SPEs
(Fig. 4B), the observed single-photon emission from the SiN can be
associated with the same source. The origin of luminescence in SiN
systems has been extensively studied in the past for their applications
in Si-based optoelectronic devices. PL emission from SiN films in
the visible range has been previously attributed to both the quan-
tum confinement effect of carriers inside Si QDs embedded in the
SiN and radiative defect-related states in SiN or at Si-QD/SiN inter-
face structures (40, 41). PL peaks exhibiting spectral shifts with an-
nealing temperature and SiN composition were typically associated
with the Si QDs. In QDs, the energy levels are defined by the quan-
tum confinement effect and, hence, sensitive to the changes in the
nanoparticles’ size and morphology due to thermal annealing and
composition variations (40, 41). However, the QD-related PL spectra
were typically reported for SiN films with the high Si composition,
possibly resulting in the Si nanoparticle formation (41). In contrast,
the SiN samples studied in this work were grown in the nitrogen-
rich regime. Moreover, the emission lifetime for Si QDs in SiN was
found to be on the order of microseconds (41), which is substantially
longer than that observed for the SPEs in this work. Therefore, we
suggest that the origin of studied SPEs in SiN is unlikely to be relat-
ed to the quantum confinement effect of the carriers in Si nanopar-
ticles formed within the SiN matrix.

The PL peaks that show no changes with the composition of SiN
films or annealing temperatures were previously attributed to radi-
ative defect states (41). In this case, the PL emission depends only
on the energy level of a particular defect. The PL spectra of defect-
related emissions reported in the literature for SiN films also show
a multipeak nature similar to our work (40-42). One notable simi-
larity is the appearance of a strong central PL peak with satellites on
both sides. The PL peaks are less pronounced compared to our work
because the emission was measured from an ensemble of emitters,
while we addressed SPEs individually using confocal microscopy.
The emission lifetime for SiN SPEs and defect-related emission from
SiN reported in the literature are both on the scale of a few nanosec-
onds. The defect-related emission was attributed to defects existing
within Si—Si and N—N bonds and formed by Si and N dangling
bonds (43). However, the exact nature of defects responsible for the
single-photon emission observed in our work requires further study.
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Fig. 5. Wavelength-resolved detection of single photons. (A) Confocal PL map of the SPE. (B) PL spectrum of the selected SPE. The PL spectra measured using different
spectral filters (Band Pass BP585/40nm and Long Pass LP633 nm) are normalized and superimposed with the full spectrum (LP550 nm). (C) Second-order autocorrelation
measurements g'?(1) of the emission taken using different spectral filters, yielding g?(0) of 0.35 + 0.05 (top), 0.21+0.11 (middle), and 0.26 + 0.18 (bottom).

Note that, in previous works, the defect-related emission was mea-
sured from ensembles. Properties of individual defects acting as SPE
were not reported, while, in our work, we demonstrated SPEs in SiN
samples.

Multipeak spectra and the short PL lifetimes were also previously
observed for individual Si nanocrystals (44, 45) and SiO, nanopar-
ticles (46) embedded in a polymer matrix. The emission lifetime was
found to be between 1 and 13 ns (45). In both cases, the emission in
these materials was associated with the defect centers in SiO,. For Si
nanocrystals, an SiO; shell is typically formed around the Si core
because of natural oxidation. In this case, the defect-related emitters
exist either at the SiO,/Si interface or in the SiO, shell of small Si
nanocrystals. The PL lines were attributed to a zero-phonon band
and two low-energy phonon sidebands, which are different from the
PL spectra of SiN SPEs in our work. The characteristic PL spectra of
SiN SPEs exhibit the most intense PL peak accompanied with satellite
peaks of lower intensity on both sides. The single-photon emission
characteristics were not studied for these polymer-embedded emit-
ters. Lately, emission spectra with multiple peaks and lifetimes on
the order of a few nanoseconds were also reported for bare silica mi-
croscope coverslips made of borosilicate glass or fused quartz (47).
The emission from defects in silica was found to exhibit antibunch-
ing, indicating that it originated from the SPE centers. However, the
emission of SPEs in silica and those found in SiN samples also
exhibits substantial spectral differences. First, the defect-related PL
spectra in silica exhibit an intense first peak, which is attributed to the
zero-phonon line accompanied by a couple of longer-wavelength
phonon sidebands (47). The PL spectra of the SPEs in SiN have the
satellite PL peaks on both sides of the main peak. Second, the splitting
between the zero-phonon band and phonon sidebands in silica
samples was found to be between 140 and 180 meV, which can be
attributed to the energy of longitudinal optical phonons in SiO, at
156 meV (45, 47). The emitters found in SiN samples show, on aver-
age, the splitting energy between PL peaks of about 100 meV as shown
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in Fig. 4C. This value is clearly lower than the separation of the
emission lines of SPEs in silica. Besides the spectral differences
compared with our SiN SPEs, these three-peak spectra with a zero-
phonon line and phonon sidebands are similar to those recently
attributed to accidental contamination of dielectric substrates or
polymer matrices with organic molecules (48). Note that we mea-
sured the optical properties of bare SiO, (3 um)-on-Si wafers used
for SiN deposition. We characterized these wafers before and after
thermal annealing, and no SPEs were observed.

DISCUSSION

Considering SiN SPEs in the broader context of other room-
temperature SPEs, the photophysical characteristics of SiN-based
quantum emitters are on par with those found in GaN (16), AIN
(18, 19), and silica (47). Their room-temperature operation makes
them promising candidates for rapid characterization and practical
applications. SiN SPEs exhibit high single-photon purity observed
without spectral filtering or background correction. The average g(z)(O)
value from 130 SiN SPEs is about 0.2, and the lowest observed value
was 0.03. An emission rate exceeding 10° counts/s observed from
SiN quantum emitters is also typical for SPEs in materials with a
high refractive index, such as III-nitrides. The high refractive index
of bulk materials typically means poor collection efficiencies. How-
ever, the light extraction efficiency from such SPEs can be improved
by using patterned substrates that provide the increased reflection
area (17). Diverse quantum information technology (QIT) applica-
tions that could use SPEs impose different requirements on SPE prop-
erties and characteristics that may include photon purity g®(0),
indistinguishability, and efficiency (1). For example, high effi-
ciency and small g(z)(O) < 0.1 are required for the realization
quantum key distribution (QKD), while indistinguishability is not
considered to be a critical parameter for some of the suggested QKD
schemes (49). Because SiN SPEs show excellent g(z)(O) values at room
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temperature and without spectral filtering or background correc-
tion, they could be excellent sources of single photons for applica-
tions, which do not require indistinguishability (50). SiN SPEs offer
a possibility of monolithic integration with photonic circuitry where
high extraction efficiency from an SPE to an optical fiber can be
achieved. In addition, on-chip SiN microring resonators were shown
to exhibit efficient single-photon-level frequency conversion to telecom
range (28). Last, embedding SiN SPEs into photonic cavities may provide
both emission rate enhancement and spectral filtering of the SPE-
generated stream of photons to partially alleviate the multipeak
nature of PL emission, thus making SiN SPEs suitable candidates
for other QIT applications.

Future research directions include emission enhancement through
coupling SiN SPEs to on-chip plasmonic nanostructures previously
demonstrated for quantum emitters in nanodiamonds (51). How-
ever, the quantum emitters found in SiN are excellent candidates
for monolithic integration with SiN/SiO,-based photonic integrated
circuits. Last, addressing spin properties of SiN emitters is of partic-
ular interest for future research, as optically addressable spins have
great potential to enable a variety of applications in quantum infor-
mation processing and quantum sensing (52).

In conclusion, we report on the observed bright, stable, linearly
polarized, and high-purity sources of single-photon emission at room
temperature in SiN thin films. These SPEs are produced by HDPCVD
growth of SiN on SiO,-coated Si substrates and subsequent RTA. We
found that most studied emitters exhibit PL peaks at virtually the
same wavelengths, suggesting that the emission likely comes from
one particular type of defect center. We hypothesize that these de-
fect centers can be intrinsic to SiN or exist at the SiN/SiO, interface.
Our findings will spark further studies toward deeper understanding
of the origin of SiN-based SPEs. The proposed material platform
would allow for scalable integration of SPEs with on-chip quantum
photonic circuitry.

MATERIALS AND METHODS

Optical characterization

The optical characterization of SPEs in SiN was performed at room
temperature. We used a custom-made scanning confocal microscope
based on a commercial inverted microscope body (Ti-U, Nikon). The
microscope was equipped with a 100-um pinhole and an air objective
having a numerical aperture of 0.90. We used a continuous-wave
532-nm diode-pumped solid-state laser [lambda beam PB 532-200
diode-pumped solid-state laser (DPSS), RGB Photonics] for optical
excitation of emitters. The excitation light and PL signal were sepa-
rated by a 550-nm long-pass dichroic mirror (DMLP550L, Thorlabs).
The remaining pump power was filtered out by a 550-nm long-pass
filter (FEL0550, Thorlabs) installed in front of detectors. For the
wavelength-resolved detection of single photons, we also used a
band-pass filter with a passband from 565 to 605 nm and a long-pass
filter with a cut-on wavelength at 633 nm. For lifetime measurements,
we used a dispersion-compensated Ti:Sapphire mode-locked laser os-
cillator with a nominal 80-MHz repetition rate and a pulse duration
of about 200 fs at the microscope objective sample plane (Mai Tai
DeepSee, Spectra-Physics). The laser output was frequency-doubled
to generate excitation wavelength at 520 nm. To reveal the quantum
nature of emitters, second-order autocorrelation function (g 2)] mea-
surements were performed using the Hanbury-Brown and Twiss setup.
The optical setup was described in detail elsewhere (53, 54).
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