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Abstract: Integrated photonics has emerged as one of the most promising platforms for quantum

applications. The performances of quantum photonic integrated circuits (QPIC) necessitate a

demanding optimization to achieve enhanced properties and tailored characteristics with more

stringent requirements with respect to their classical counterparts. In this study, we report on the

simulation, fabrication, and characterization of a series of fundamental components for photons

manipulation in QPIC based on silicon nitride. These include crossing waveguides, multimode-

interferometer-based integrated beam splitters (MMIs), asymmetric integrated Mach-Zehnder

interferometers (MZIs) based on MMIs, and micro-ring resonators. Our investigation revolves

primarily around the visible to near-infrared spectral region, as these integrated structures are

meticulously designed and tailored for optimal operation within this wavelength range. By

advancing the development of these elementary building blocks, we aim to pave the way for

significant improvements in QPIC in a spectral region only little explored so far.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Advancements in quantum technologies over the past decade have the potential to revolutionize

sensing [1], communication [2] and computation [3–5]. Quantum applications do not have an

a-priori preferred material platform, since each of these has its strengths and weaknesses. This is

especially true for integrated quantum photonics, whose architecture is based on the manipulation

of photon states through integrated optical circuits. For instance, measurement-based quantum

computing [6–8] implemented on silicon photonics [9] has gained much attention because of

the impressive advancements in the integration of the elementary building blocks in a material

platform which is compatible with electronic circuits. Such an interest is generated by the idea of

a fault-tolerant quantum computer based on linear optical elements [10–13]. Another example

is that of Boson Samplers integrated in the direct-laser written glass platform, which allows

demonstrating the ability of photonic structures to perform computational tasks beyond classical

capabilities [14,15].

In the context of QPIC, silicon nitride (SiN) is gaining much attraction due to its exceptional

optical properties. This material leverages CMOS technology for its fabrication, achieving the

remarkable feature of producing low propagation loss QPICs from inherently compact dimensions.

Notably the efficiency of nonlinear applications in silicon waveguides is limited by two-photon

absorption (TPA) which is not experienced by SiN in the visible to near-infrared spectral region

due to the large optical bandgap of ∼5 eV. SiN possesses a nonlinear coefficient n2 of 2.4 x 10−19

m2/W [16], a value one order of magnitude lower than that of silicon, yet positioning SiN as a

formidable contender for quantum oriented applications. Nonlinearity represents the fundamental

ingredient for single photon or biphoton sources that exploit parametric third-order processes

like spontaneous FWM in waveguides and micro-ring resonators [17]. Another advantage of
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SiN is its spectral coverage, spanning from 0.35 µm to 7 µm with negligible material absorption

(or up to 3.0 µm when embedded in silica) [18,19]. This distinctive feature positions SiN as

an optimal choice for QPICs within the visible spectral range, where silicon is not transparent

[17,20,21], enabling the use of silicon for the direct integration of single photon visible detectors

[22]. Moreover, this broad operation window makes SiN also compatible with single-photon

sources based on a wide variety of Quantum Dots semiconductor compounds [23], for example

around 800 − 815 nm [24,25] or around 735 − 790 nm [26,27]. Another interesting application

comes from integrated photonics applied to trapped ion systems, which have visible wavelength

transitions that fall within the transparency window of SiN (493 nm, 650 nm, etc.). Thus, the

trapped ion platform could benefit from the development of integrated devices in the visible

range [28,29].

This paper presents the performances of state-of-the-art SiN-based photonic integrated circuits

(PICs) and discusses their potential use in both classical and quantum applications. Specifically,

it will discuss basic photonic components for manipulating classical and quantum states of

light such as crossing waveguides, beam splitters based on multi-mode interferometers (MMIs),

photons filters and routers via asymmetric Mach-Zehnder interferometers (aMZI) and micro-ring

resonators in a spectral region between 650 and 850 nm. To the best of our knowledge, all

these components together in such spectral region have not been investigated so far. The paper

is organized as follows. Section 2 provides a comprehensive account of the design as well as

fabrication methods employed for the realization of SiN-based components. In Section 3, both

theoretical and experimental aspects of waveguide crossings, MMIs, aMZIs, and micro-ring

resonators are presented.

2. Waveguides

PICs were realized in stoichiometric silicon nitride (SiN) deposited via low-pressure chemical

vapor deposition (LPCVD) on 150 mm diameter silicon wafer in the Fondazione Bruno

Kessler (FBK) cleanroom facilities. First, a bottom SiO2 cladding of 1.7 µm was grown using

tetraethoxysilane (TEOS) gas precursor at 710 °C chamber temperature, directly followed by

the 140 nm-thick SiN film deposition at 770 °C. Next, the photonic circuits were patterned on

standard photoresist using i-line stepper lithography, and directly defined in the SiN using an

inductively-coupled plasma reactive ion etching. Finally, the realized SiN circuits were covered

with a top, 1.6 µm thick, borophosphosilicate glass (BPSG) cladding at 640 °C, and the wafer

was diced into single chips. The SiN channel waveguides have refractive index nSiN = 1.991 at

750 nm and a 140 nm × 650 nm cross-section (Fig. 1(a)). The dimensions of the SiN waveguides

were chosen to achieve single-mode conditions at 750 nm for both the transverse electric (TE)

and transverse magnetic (TM) polarizations [18], with a mode field distribution as shown in

Fig. 1(b).

Linear characterization measurements were conducted using the experimental setup sketched

in Fig. 2(a). The setup incorporated a supercontinuum laser (FYLA SCT500) as the light source,

which enabled the measurement of a wide-ranging spectral response covering wavelengths from

650 to 850 nm. The input polarization is determined by employing achromatic half-wave and

quarter-wave plates. The output spectra were acquired using an Optical Spectrum Analyzer (OSA,

Yokogawa-AQ6373B), allowing for high-resolution (100 pm) characterization of the optical

signals emitted by the supercontinuum laser.

The first relevant figure of merit in the characterization of the performances of the fabricated

waveguides is given by the insertion losses (ILs), obtained by the sum of propagation losses

(PLs) and coupling losses (CLs). Performing the cut-back method [30], it becomes possible to

accurately determine the PLs and ILs. Figure 3(a) illustrates the PLs across a range of wavelengths

from 650 to 850 nm. PLs were evaluated in TE (blue line) and TM (orange line) polarizations.

The highlighted band is extrapolated from the standard deviation, which is calculated based
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Fig. 1. a) Cross-section of the SiN core waveguide (nSiN = 1.991 at 750 nm). The cladding

consists of two distinct materials, namely borophosphosilicate glass (BPSG) on top of the

waveguide (nBPSG = 1.459 at 750 nm) and tetraethoxysilane (TEOS) based silicon oxide as

substrate (nTEOS = 1.441 at 750 nm). b) Simulated electric-field intensity profiles at 750 nm

for the fundamental transverse-electric (TE) and transverse-magnetic (TM) modes.
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Fig. 2. a) A sketch of the experimental setup used for the characterization of the SiN

integrated components. A supercontinuum laser is used as light source and is coupled

with the PIC through a single-mode tapered fiber with a 2.5 µm spot size. The desired

polarization state is set by utilizing free-space wave-plates λ/4 and λ/2. At the output of

the PIC, the signal is collected by another single-mode tapered fiber and measured with

an optical spectrum analyzer (OSA) allowing for a high-resolution spectral analysis of the

optical signals. On the right, images taken by a camera of the light scattered from the top

surface of the PIC by a waveguide spiral (b) and a micro-ring (c) during measurement.

on measurements conducted on identical structures within different but nominally identical

PICs. The presented experimental measurement represents the average of these individual

measurements. This approach provides a range of values that accounts for potential variations

among the PICs fabricated for this study. Within the operational range around 750 nm, we

observed PLs of (2.4 ± 0.2) dB/cm in TE polarization and (1.6 ± 0.2) dB/cm in TM polarization.

Such an asymmetry in the PLs is caused by the higher scattering losses for TE polarization due

to a more significant mode overlap with the waveguide sidewalls, whose roughness is responsible

for the loss [31,32]. We note that the performances in terms of PLs are worse than the current

state of the art [33,34], therefore we are testing fabrication methods to decrease the roughness

induced by film deposition, lithography, and waveguides etching.

Butt coupling has been used for light injection and collection. We utilized lensed fibers with a

mode field diameter (MFD) of 2.5 um to couple with the chip. The access waveguides of the

PIC consists of an adiabatic 150 µm-long tapered section. The waveguide width is reduced from

3.25 µm at the facets to 0.65 µm. These optimum values are the result of an optimization done via

FDTD simulations of the overlap between the lensed fiber mode and the waveguide fundamental
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Fig. 3. Measured insertion losses in the spectral region between 650 − 850 nm. a)

Propagation losses in TE (blue) and TM polarization (orange). b) Butt coupling losses with

a waveguide edge cross section of 0.14 µm × 3.25 µm using a tapered fiber with a spot size

of 2.5 µm for TE (blue) and TM (orange) polarized light.

modes for different widths. After the adiabatic tapering, three Euler S-bends with an effective

radius of 40 µm are also inserted to radiate spurious light associated to higher-order modes. This

ensures that only the fundamental mode of the two polarizations is guided in the PIC, and offsets

the input and output ports of the PIC, resulting in a minimization of the collected stray light. CLs

are shown in Fig. 3(b): they exhibit a value of (8.4 ± 0.8) dB per facet in TE polarization and (7.2

± 0.8) dB per facet in TM polarization at 750 nm, which has lower performances compared with

the existing state-of-the-art [34]. The polarization dependence of CLs is attributed to the overlap

between the fiber mode and the waveguide mode, which is higher for the TM polarization.

3. Integrated components

This section focuses on the analysis of basic optical components. Achieving optimal performances

of these elements is of paramount importance, as it directly impacts the overall functionality and

efficiency of PICs and QPICs.

3.1. Waveguide crossings

Waveguide crossings were designed with a multimode interference-based crossing [35] and

optimized to negligible insertion loss and crosstalk. This design consists of a four-ports symmetric

MMI with a cross geometry (Fig. 4(a)), where the geometrical dimensions are optimized to

focus the field profile in the center of the crossing. In this way, the crosstalk between adjacent

ports is minimized while the propagation to opposite ports is maximized using the self-imaging

mechanism. Figure 4(a) shows the design of the crossing, whose parameters have been optimized

by means of 3D FDTD simulations in the 650 − 850 nm region to reduce the ILs. Figure 4(b)

reports the simulated electric field profile at 730 nm for the optimized crossing where it is

observed the field focused at the center of the structure. Figure 4(c) shows a scanning electron

microscope (SEM) image of a single crossing.

Figure 4(d) shows the insertion losses for TE (blue line) and TM polarizations (orange line)

of a single waveguide crossing. To assess the insertion losses accurately, the transmission of

a total number of 40 cascaded crossings was measured. The uncertainty in the measurements,

represented by the highlighted band, arises from multiple measurements of nominally identical

crossings. In the 650 − 850 nm spectral range, our crossings exhibit ILs < 0.13 dB in TE

polarization and ILs < 0.25 dB in TM polarization. The crosstalk cannot be measured due to its

low value beyond the sensitivity of the setup (-60 dB), in accordance with FDTD simulations.
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Fig. 4. a) Layout of a crossing waveguide. b) Simulation of the normalized electric field

for TE0 input mode in the designed crossing. c) SEM image of a crossing waveguide. d)

Insertion losses in TE (blue line) and TM polarization (orange line) across the spectral

region 650 − 850 nm.

Remarkably, the component shows consistent and nearly equal losses across the whole analyzed

spectral region.

3.2. MMI beam splitters

Beam splitters or beam couplers can be realized by MMI devices. These are composed by a

certain number of input and output single-mode waveguides connected by a wide multimode

waveguide. The working principle is based on self-imaging phenomenon [36,37]. If the

interference mechanism involves all the modes, the structure is called general interference MMI

(G-MMI). On the other hand, if the input waveguides are positioned so that to couple to only few

modes of the multimode waveguide, a different interference pattern is obtained. In particular,

here we design the MMI to get pair-mode interference and we name it P-MMI. In this design

the second-order, fifth-order, eighth-order, etc. modes are not excited: for every pair of excited

modes, there is one which is not excited [38]. Generally, G-MMIs are longer than P-MMIs and

are more robust with respect to fabrication errors due to their tolerance with respect to the input

waveguide position. On the other hand, MMIs with restricted interference mechanisms, like

P-MMIs, have a smaller footprint [38].

Figures 5(a1)-(b1) show the designs of a 2x2 beam splitters based on G-MMI or P-MMI:

the values of the parameters have been obtained from 3D FDTD simulations at 730 nm for a

TE0 input. Note that the length is almost three times shorter for P-MMI, and that the input and

output ports of the G-MMI are set on the edge of the multimode waveguide. Figures 5(a2)-(b2)

report the simulated electric field profile at 730 nm in the optimized G-MMI and P-MMI used

as a 1x2 beam splitter. A different interference pattern can be observed, which arises from the

different number of modes excited in the multimode waveguide. Figures 5(a3)-(b3) show optical

microscope images of a fabricated G-MMI and P-MMI.
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Fig. 5. a1-b1) Layouts of a 2x2 beam splitter based on G-MMI (top panel) or P-MMI

(bottom panel). When used as a 1x2 beam splitter only one input port (in1) and the two

output ports (out1 and out2) are used. a2-b2) FDTD simulation of the normalized electric

field profile for a TE0 input mode at 730 nm. a3-b3) Optical microscope image of the

fabricated devices.

Figure 6 shows the insertion losses (red lines) and output unbalance (blue lines) of 2x2 beam

splitters based on G-MMI or P-MMI within a wavelength range of 650− 850 nm and for different

polarizations. The uncertainties in the measurements, represented by the highlighted bands,

come from multiple measurements of nominally identical MMIs. The dashed curves are the

simulated spectra from 3D FDTD calculations. The insertion losses have a minimum at the

design wavelength of 730 nm, with ILs < 0.5 dB for G-MMI, while this is at 720 nm for P-MMIs.

For the G-MMI, the output unbalance (defined as the ratio between the transmission intensities at

the two outputs) is flat over a 650-800 nm wide bandwidth with a maximum value of (0.2 ± 0.2)

dB for TE and (0.3 ± 0.2) dB for TM polarization. For P-MMIs, an unbalance of approximately

(0.7 ± 0.6) dB is observed at the design wavelength for TE polarization. However, the behavior

is suboptimal for TM polarization, displaying unbalance values exceeding (1.2 ± 0.2) dB. Thus,

G-MMIs exhibit polarization insensitivity and demonstrate excellent outputs balance. In contrast,

P-MMIs are adversely affected by polarization, leading to noticeable performance degradation in

TM with respect to TE due to the fact that this component was optimized for a TE0 input mode

and its selective modal excitation requirement results in a wavelength and polarization-sensitive

device. Despite being less robust in terms of unbalance, P-MMIs exhibit a wider bandwidth of

minimal insertion losses compared to G-MMIs.

Table 1 provides a comparison of the 2x2 G-MMI beam splitter to the state-of-art for SiN in

the ViS-NIR region. Note that the different components refer to different spectral regions.

Table 1. Comparison of SiN MMIs in the visible and NIR spectral region.

MMI ref. Operating wavelength Unbalance Polarization Insertion losses

MMI 1X2 [39] 484.8 nm 1.1 dB TE (0.19-0.47) dB

MMI 1X2 [40] 633 nm 0.2 dB TE /

This work G-MMI 2X2 730 nm 0.2-0.3 dB TE-TM <0.5 dB
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Fig. 6. Insertion losses (red lines) and output unbalance (blue lines) of the G-MMI (a-b) and

P-MMI (c-d) for TE and TM polarization. These are estimated by measuring the transmitted

intensities from the output ports (out1 and out2). Then insertion losses are calculated by

10 × log(out1 + out2) while the unbalance by 10 × log(out2/out1). outs are normalized with

respect to a reference value. Lines represent experimental results, dashed lines represent

simulations.

3.3. Mach-Zehnder interferometers

From 2x2 MMIs, an integrated MZI can be realized (inset Fig. 7(a)). Tuning of the MZI

response is usually achieved by inserting phase shifters on its arms. Therefore, an integrated MZI

implements a beam splitter with controllable reflectivity that routes the optical signal in PICs or

that realizes any single-qubit operation in QPICs. In fact, mxm MZI network either in the Reck

[41] or Clements [42] scheme can perform any discrete unitary operator on m optical modes.

Here, we consider asymmetric Mach-Zehnder Interferometers (aMZI) where the input/output

2x2 MMIs are connected by two arms of significantly different length. Such aMZI produces an

output transmission pattern characterized by a free spectral range FSR =
λ

2

ng ·δL
, and resonance

wavelength, λres =
neff ·δL

q
, where neff is the effective index and ng is the group index of the

propagating mode in the waveguide, q is an integer number and δL is the difference between the

lengths of the two aMZI arms [43,44]. We choose δL = 30.6 µm in order to have a FSR = 8.9

nm, given ng = 1.961 at λ = 730 nm. The aMZI’s arms are 1 µm wide and composed of four

identical Euler 45◦-bends with effective radius 80 µm connected by straight waveguides with total

length difference equal to δL: these parameters were chosen to eliminate possible loss channels.

The insertion losses of the aMZIs are mainly given by the insertion losses of the MMIs, while

the visibility of the interference pattern depends on the unbalance of the MMIs. This implies that

the spectral bandwidth of the MZIs is intrinsically linked to the operational spectral bandwidth
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of the MMIs. The presented single aMZIs work in a completely passive configuration. To move

their resonances, active phase shifters are needed in the internal arms.
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Fig. 7. Spectral transmission out of the two output ports of an aMZI based on G-MMIs

in TE (a) and TM (b) polarization. Spectral transmission out of the two output ports of

an aMZI based on P-MMIs in TE (c) and TM (d) polarization. The inset in (a) shows a

schematic design of the aMZIs.

Figure 7 presents the spectral responses of aMZIs based on G-MMIs (G-aMZI, panels a-b) or

P-MMIs (P-aMZI, panels c-d) for TE and TM polarizations, respectively. The optical signal is

input in port 1 (in1) and the transmission out of output ports 1 (out1, blue lines) and 2 (out 2, red

lines) is measured. For the G-aMZI, insertion losses amount to (-0.8 ± 0.6) dB at 730 nm with a

maximum rejection ratio of (-21.1 ± 0.4) dB for TE polarization (Fig. 7(a)). The experimental

FSR is extrapolated by considering the peaks in the 50 nm region and corresponds to (9.00 ±

0.12) nm, in accordance with the design value. For TM polarization (Fig. 7(b)), the insertion

losses in the band centered at 730 nm are (-0.7 ± 0.8) dB, with a rejection ratio of (-20.6 ± 0.6)

dB. On the contrary, for the P-aMZI, Fig. 7(c) shows an insertion losses band centered at 720 nm

with a minimum ILs = (-0.8 ± 0.8) dB and a rejection ratio of (-20.9 ± 0.4) dB for the chosen TE

polarization. The measured FSR is (9.0 ± 0.3) nm. Figure 7(d) shows that for TM polarization

the insertion losses are (-0.8 ± 0.8) dB in a band consistently centered at 720 nm, with a rejection

ratio of (-18.7 ± 1.2) dB. These lower performances are due to the worse behavior of P-MMIs in

TM polarization, which are affected by larger insertion losses and whose unbalance impacts the

rejection ratio. It is noteworthy that outside the design wavelength region, the visibility decreases,

resulting in increased insertion losses and reduced rejection. We attribute this degradation of the

performances to the MMI bandwidth. These data show that G-aMZIs are preferable for both the

signal polarizations, while P-aMZIs can be satisfactorily used for TE polarization only.
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3.4. High rejection filters

One of the most critical components in QPIC is an integrated wavelength-selective optical

interference notch filter with high rejection which can be used to e.g. remove high-power pump

photons from low-power idler and signal photons generated in a spontaneous four-wave mixing

process [10,45–48]. This can be realized by using a sequence of aMZI, summing the rejection

given by the single elements [49]. The filter can be designed to operate at a specific wavelength

by fixing the FSR and λres of its elements.

In Fig. 8, we present the results of a sequence of 4 G-aMZIs or P-aMZIs in TE polarization.

The G-aMZIs and P-aMZIs sequence were measured without any trimming. Insertion losses of

(-2.7 ± 0.3) dB for the G-aMZIs and (-2.9 ± 0.4) dB for the P-aMZIs are observed. The rejection

ratio was measured using a tunable wavelength titanium-sapphire (Ti:Sa) laser and an optical

power meter (Thorlabs-PM100USB) yielding a value of (64 ± 2) dB and (61 ± 2) dB for G-aMZIs

and P-aMZIs, respectively (insets to Fig. 8(a)-(b)). Figure 8(c) shows the insertion losses at

about 735 nm for a single aMZI and for the sequence of 4 aMZI (points). Simulations are also

shown as a continuous line and match the experimental results. However, when the rejection

ratio is considered (Fig. 8(d)), a difference is observed between the simulated and measured

values. This can be attributed to the lack of active tuning of the four cascaded aMZI, which

would facilitate phase synchronization, potentially enhancing the rejection. By utilizing thermal

phase shifters, it would be possible to align all the resonances and achieve a higher rejection.

Despite this, the observed rejection ratio is high and it can be attributed to the robustness of the

manufacturing process of the MMIs, rendering them well-suited for this specific application.

Our results cannot be compared with the literature data since there are no similar published

studies in this spectral region. Nevertheless, other filter structures have been studied [50], such

as cascaded grating-assisted contra-directional couplers (GACDC) [51] or directional couplers

(DC) interwoven with Bragg gratings (BG) [52]. In the first instance, a sequence of 16 GACDC

structures yielded a rejection of 68.5 dB and ILs of -5.6 dB. Our aMZI-based structures, while

achieving an equivalent rejection level, exhibit significantly reduced ILs. In the second alternative

filter structure, simulations show rejection of 60 dB. Table 2 summarizes this comparison.

Table 2. Comparison of SiN integrated filters in the visible and NIR spectral region.

Filters Operating wavelength Insertion losses Rejection Ref.

GACDC 770-786 nm -5.6 dB 68.5 dB [51]

DC with BG 785 nm Not reported 60 dB (sim.) [52]

Sequence of aMZIs 700-800 nm -2.7 dB (64 ± 2) dB This work

3.5. Micro-ring resonators

Micro-ring resonators (MR) are important components in PICs given their resonant characteristics

and small footprint [53–55]. In QPICs, the narrow bandwidth of high-Q factor MRs can be

employed to implement selective optical switches and filters, as well as for single photon

processing [56,57]. In addition, their resonant field enhancement can be used to enhance

nonlinear optical processes in view of the generation of single photon pairs through e.g. four-wave

mixing process [17,58,59]. Figure 9(a) shows the design of a racetrack MR in the all-pass

configuration, composed by two semicircles of radius R = 30 µm connected by two straight

waveguides of length LC, resulting in a total cavity length of P = 2πR+ 2LC. The bus waveguide

runs parallel to one of the two straight arms at a distance of 600 nm, determining the evanescent

coupling strength. By using Lumerical’s 2.5D FDTD Propagation Method, we simulate such

design with different coupling lengths LC in the spectral range 650 − 850 nm. Figure 9(b) reports

the SEM image of one of the fabricated structures.
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Fig. 8. Spectral response of a high-rejection filter based on a sequence of 4 aMZIs. Filter

made with 4 G-aMZI(a) and with 4 P-aMZI(b). The dashed lines refer to the simulated

response. The insets show a high-resolution measurement. (c) Measured (dots) and simulated

(line) insertion losses at the transmission peak (near 734 nm) versus the number of aMZIs

in the sequence (Red G-aMZI, Blue P-aMZI). (d) Measured (dots) and simulated (line)

rejection ratio at the transmission minimum (near 736 nm) as a function of the number of

aMZIs in the sequence (Red G-aMZI, Blue P-aMZI). The deviation between theoretical and

experimental values in the latter case is attributed to the absence of active tuning of the four

cascaded aMZIs, which would enable phase synchronization, potentially enhancing rejection

performance.

a) b)

(μm) 20μm

Fig. 9. a) The design of the racetrack microresonator with R = 30 µm. b) SEM image of a

microresonator.
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To find the critical-coupling working point of our MR, a series of racetrack MRs with different

LC, from 5 µm to 25 µm, was fabricated. Notably, the variation of LC changes the expected

Free-Spectral-Range of the MR, FSR(λ) = λ
2

ng ·P
, but not its intrinsic quality factor, which depends

only on the propagation loss Qi =
π ·ng

λ·PLs
[60]. Then, by analyzing MRs with different tailored LC

it is possible to determine the critical-coupling regime as the point at which the extinction ratio

(ER) shows a minimum and the total quality factor Q−1
tot = Q−1

i
+ Q−1

LC
becomes half the value

of the intrinsic one [55,60,61]. Since the spectral resolution of the setup presented in Fig. 2(a)

is not suited to measure high-Q factor MR, a different measurement setup was implemented

using a tunable ECDL source (Sacher Lion) and an optical wavelength meter (HighFinesse WS6)

with 1 pm accuracy. A series of MRs was probed in the TE polarization in 805 − 815 nm range,

obtaining normalized transmission spectra as the one shown in Fig. 10(a). The lineshape of the

resonant dips, reported in Fig. 10(b), was fitted using a single Lorentzian function corrected with

the background contribution given by Fabry-Perot interference, induced by the reflectance at the

facet of the chip. Figure 10(c) shows the coupling length dependence of the Q-factor (light blue

points) and of the ER (red points) compared with the simulations (dashed lines). A nearly critical

coupling regime is observed for Lcrit
C
= 15.0 µm with a measured Qcrit

tot = (4.5 ± 0.2) × 104 and

ER= (-11 ± 3) dB. These values match the estimated intrinsic Qi = (1.20 ± 0.05) × 105, which

corresponds to a value for the propagation loss inside the MR of PLsring = 2.6 ± 0.1 dB/cm, in

good agreement with the PLs measured directly at 810 nm in straight waveguides.
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Fig. 10. Spectral characterization of racetrack microresonators with R = 30 µm. a)

Transmission spectrum. b) Fit of a single resonance, background ripples are given by

Fabry-Perot interference in the chip. c) Total Q-factor (light blue) and Extinction ratio

(orange) as a function of the coupling length LC . Points represent experimental data. Dashed

lines show the simulation results, obtained by fixing the intrinsic quality factor to the

estimated value Qi = 1.2 × 105 and by varying the value of QLC
in the measured region [55].

4. Conclusion

This work demonstrates that SiN is a suitable material to develop QPICs in the visible-to-near-

infrared region. We have designed, fabricated, and tested different basic building blocks integrated

in SiN PIC. All the devices we have described exhibit state-of-the-art performances, characterized

by low insertion losses and high efficiency. The multimode interferometers (MMIs), exhibiting

a spectral unbalance below 0.2 dB across a bandwidth exceeding 100 nm, have demonstrated

remarkable versatility. This device is suited for Mach-Zehnder interferometers (MZIs). These

latter components have demonstrated their efficacy in the implementation of specific wavelength

selectors and integrated filters, enabling rejection levels of approximately 21 dB with a single
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device and over 60 dB in a cascade of four fully passive devices. Our micro-ring resonators

have achieved a high-quality factor Qcrit
tot of 4.5 × 104 while maintaining compact dimensions.

This combination of a high Q factor and a significant non-linear coefficient n2 further stress

the potential of SiN for integrated quantum applications. We are currently working to develop

quantum photon sources and single photon detectors on this platform to close the set of building

blocks needed to realize a complete QPIC in SiN around 750 nm.
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