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Abstract— The integration of quantum functionalities in
photonic integrated circuits (PICs) is attracting intense research
efforts nowadays. Many solutions have been proposed for
generation, processing and detection of single photons in such
guantum PICs. A significant breakthrough would be the
monolithic integration of all the three functionalities in a compact,
CMOS compatible silicon chip. In this paper we present a solution
to integrate monolithically photonic architectures with photon
detectors on the same chip. In our device, the light (850 nm
photons) propagates within a SiON waveguide, integrated on top
of a silicon chip where we realized the single photon avalanche
diodes (SPADs). The light is coupled from the waveguide to the
detector with a novel and efficient top-down evanescent-transfer
approach. The proposed solution for a monolithic integration is
fully CMOS compatible. In this contribution, we characterized the
performance of the photonic integrated chip, containing several
waveguides coupled to SPADs. We detail the functional
performance of the fabricated SPADs, as well as the system
performance when the injected photons are manipulated and
detected within the same chip.

Index Terms— Quantum photonics, photon, silicon, photonics,
single-photon detector, SiON, waveguide, SPAD.

I. INTRODUCTION

ODAY quantum photonics represents one of the most

fascinating and discussed fields of research, with many
efforts directed towards enabling novel applications. A generic
quantum photonic system consists of three different parts,
corresponding to the generation, manipulation and detection of
quantum states of light carried by single photons [1]-[3].

In such systems, a very important and hot-topic nowadays is
the integration of single-photon detectors within the quantum
PICs. Among the technologies that are exploited for the
implementation of single-photon detectors, an important class
of devices is the one based on superconducting materials.
Superconducting nanowire single-photon detectors (SNSPDs)
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are now an established technology. They can achieve photon
detection efficiency (PDE) close to 90%, dark count rate (DCR)
<0.1 cps (counts per second) and good timing jitter [4]-[7].
However, they typically have a relatively large active area (e.g.,
100 um diameter), a PDE dependent on the polarization of light
[6] and they are not able to resolve the number of impinging
photons (unless used in arrays, but limited to few elements).
Another detector, whose operation is based on superconducting
materials, is the transition-edge sensor (TES). This device has
a very high detection efficiency (>90%) [8], very low noise <1
cps, and has the ability of distinguishing the number of photons
impinging on the detector at the same time. However, being
calorimetric devices, they are affected by a trade-off between
sensitivity and timing performance, and a recovery time in the
order of 1 ps.

Although integration of these detectors with waveguides has
been demonstrated [9][10], both types of devices require a
cryostat to operate at temperatures <4 K. This requirement
increases the cost and the complexity of the experimental setup,
questioning thus their compatibility with a vision of full
integration of the quantum system. Moreover, going towards a
fully integrated approach, CMOS compatibility is of prime
importance. In literature, few solutions have been proposed, for
example, working in the short-wave infrared (SWIR) range
(e.g. at 1310 nm or 1550 nm) using a Silicon-on-Insulator (SOI)
photonic platform with Ge-on-Si based single-photon
avalanche diodes (SPADs) [11]. However, Ge-based SPADs
typically have a very high DCR, even when cooled down to
80K+160K and a PDE of few percent [11].

A different solution, with a better CMOS compatibility, is the
use of silicon nitride (SiNx) based PIC platforms. This can be
realized on the top of a silicon chip, including silicon detectors,
having all the ancillary electronics in the same chip, thanks to
the CMOS process. In such kind of solutions, the main research
topic nowadays is the efficient coupling between the optically
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transparent waveguide, where the light propagates inside the
PIC, and the light-absorbing waveguide (or generically light-
absorbing silicon region), where it is photo-detected [3]. As an
example, a simple butt coupling of the two waveguides has been
proposed in ref. [12], whereas another possible approach is the
evanescent coupling between the two waveguides [3]. While in
these approaches the detector (e.g. SPAD) is realized in a
waveguide shaped form to aid the light propagation, the
drawback is that this geometry causes a silicon SPAD to suffer
a poor performance and high DCR due to the very small
dimensions. In addition, the waveguide shape of the SPAD
prevents from the implementation of proper guard-ring
structures (implanted or virtual guard-ring), the proper isolation
by the Si/SiO2 (or generally silicon-dielectric) interface layers
and, generally, a proper electric field “shaping”.

In this paper, with the aim to develop a more efficient and
CMOS compatible solution, we present a monolithically
integrated approach of silicon-oxynitride (SiON) PICs
fabricated on top of a silicon substrate. Here, the single-photon
avalanche diodes, which will be used as the single photon
detectors for an integrated photonic platform, have been
fabricated directly within the Si substrate. The light coupling is
based on the top-down convergence approach, where we shape
the geometry of both the waveguide and the bottom cladding
material. This approach has been described in [13] where it has
been used to couple a SiON waveguide with a linear mode
photodiode. In this paper, we detail the implementation of the
integrated photonic structures with single-photon detectors, and
characterize the functional performance of the implemented
SPADs, fabricated in the same photonic chip, with a modified
process compatible with the subsequent waveguide fabrication
in the back-end-of-line (BEOL) part.

The approach presented here has several advantages: i) the
material used and the fabrication processes are all CMOS
compatible (already used in the standard CMOS technologies),
ii) it does not require alignments, butt coupling or generally the
use of two waveguides made in different materials, iii) it
operates at room temperature and iv) the design of the SPADs
does not have particular constraints.

In the following sections, we first describe the implemented
test chip layout and describe our top-down approach. Then, we
describe the performance of the implemented SPADs in terms
of noise and detection efficiency. We also describe some
preliminary performance characterization of the complete
detector and photonic integrated circuit (DPIC), e.g. the
variation of the detection count rate when modulating the
driving signal of the preceding Mach—Zehnder interferometer
(MZI). Finally, we describe the performance characterization of
the SPADs when gated and quenching with an external CMOS
fast-gater circuit.

Il. PHOTONIC INTEGRATED PLATFORM

A. Top-down photon coupling details

The electronic-photonic integration approach implemented
in this work enables a direct integration of a SiON photonic
circuit with silicon single-photon detectors, realized within the
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Fig. 1  Schematic representation of the implemented photonic-electronic
integration approach. The waveguide is made with SiON within SiO2

cladding, all within the BEOL of the silicon chip including the silicon SPAD
detectors (made within a p-type epi/substrate with a n-on-p junction).
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waveguide: lateral view of the transition from the PIC to the detector region
(top) and cross-sections in different regions of interest, as indicated in the top
lateral view (bottom).

Simulations of the field distribution in various regions of the

same CMOS-compatible fabrication process. The waveguide-
detector coupling is achieved by means of a 3D structuring of
the waveguide and of the bottom cladding of the PIC through
an efficient single lithography and a wet-etching step [14]. We
note that while this study uses SiON as the waveguiding
material, our approach can be readily extended to others, for
example to SizN4 (silicon nitride) PICs.

Fig. 1 shows the schematic representation of the waveguide
(WG) and the photodetector structure (SPAD in this case),
within the light-transfer region. The photonic-electronic
coupling is realized by shaping: i) the waveguide dimensions
laterally (PIC plane) and ii) the bottom cladding thickness of
the photonic waveguide in the vertical direction. At the
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Fig. 3 Layout of the test chip, containing several waveguides, MZls, and
SPADs. The relevant SPADs and waveguides mentioned in the paper have
been indicated (waveguides have input on the left and output on the right of
the chip).

photodetector location, the waveguide follows the cladding’s
profile and approaches the substrate adiabatically. Here the
optical mode leaks into the silicon epitaxial-layer and the
substrate, thus transferring light into the active region of the
photodetector. In this first implementation, the substrates are
hundreds of micrometers thick, thus the back metal is not
contributing in any light reflection, whereas we avoided any top
metal on the SPAD region to be able to perform detection
efficiency measurement with external light.

The light coupling efficiency from a SiON waveguide to the
detector has been numerically simulated using the finite
element method. An example of the obtained results is shown
in Fig. 2, where it can be seen a lateral view (top) and three
cross-sections of the optical modes electrical filed distribution
in three noteworthy points (bottom). In particular, in the cross-
section (A) it can be seen the lossless propagation (full cladding
height) within the PIC architecture. Section (B) represents the
region where the waveguide is widened and it also starts to
follow a shallow descent toward the substrate. In section (C) the
waveguide is in close proximity of the silicon epitaxial-layer,
where the light refracts from the PIC into silicon at an angle 6s
of about 26°. This angle is given by the Snell’s law as:

sin(6,) = Refy
Ns;
where ness = 1.594 and nsi=3.673 are the effective index of the
waveguide mode and of the silicon substrate at the wavelength
of 850 nm, respectively. The choice of the operating
wavelength, being here 850 nm, is based on a tradeoff between
two aspects: the detectors would be much more efficient
towards the visible range, but, on the other side, decreasing the
wavelength is challenging for the scattering and material losses
of the guiding part of the photonic circuit.

The amount of light transferred and absorbed within the epi
layer depends on the transmission (T) at the waveguide-to-Si
interface, the epi layer thickness (tepi) and the absorption depth
(Laps) of photons at the given wavelength. As an example, a
coupling efficiency of 46% at a wavelength of 850 nm has been
estimated from the fraction of the optical power absorbed
within a 10 um thick epi-layer [13]. However, when calculating
the photon detection efficiency (PDE) of the SPAD, additional
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factors must be considered: the effective collection region (tass)
might be different from the epitaxial layer thickness (as a first
approximation we can consider them equivalent) and photo-
generated carriers have a certain probability to trigger a self-
sustaining detectable avalanche pulse, i.e. the avalanche
triggering probability (Pyig):

t
PDE = QE Py =T-|1—exp(——2-)] P
g Labs(/l) g

As reported in [15][16], the triggering probability depends on
the type of carriers triggering the avalanche and it increases
with excess bias (i.e. the difference between applied reverse
bias to the SPAD and its breakdown voltage). As shown in Fig.
2, it is possible to engineer the amount of the coupling of the
waveguide with the underneath detector. Indeed, in our case a
small fraction of light intensity is not transferred but transmitted
and could be used for referencing. For this reason, we designed
uninterrupted waveguides that reach the opposite edge of the
chips, allowing thus to measure the light power exiting the PIC.

B. SPAD layout

The SPADs are based on a technology derived from FBK
RGB SiPMs [17]. The nominal breakdown voltage, noise and
detection efficiency are similar to what reported in [17] (but
being single elements, the fill-factor is not included in the
PDE). Moreover, the overall manufacturing process has been
slightly modified because of the different BEOL procedures
(e.g. by removing the polysilicon resistor and employing
different BEOL dielectric thicknesses).

As shown in Fig. 1, the SPADs are based on a deep p implant,
a shallow n+ implant and a guard ring structure, which is mostly
composed by a p+ shallow implantation (not reported here the
other additional steps).

Concerning the SPAD layout, contrary to the Silicon Photo-
Multiplier (SiPM) microcell layout philosophy, where the fill
factor (FF) needs to be maximized, here we implemented an
oval oblong shape for the shallow implant and the deep
(enrichment) implant, surrounded by a guard ring with the same
shape. This is because, on contrary to typical applications of
SPAD detectors, here the light is injected from the waveguide
mainly along only one direction.

The pitch between SPADs in the implemented chip is
150 um and their nominal active area is about 860 um?2.
Because of the virtual guard ring structure, as discussed in [16],
the “effective FF” is smaller, but this is not an issue in this
application: indeed the SPAD active area has been made
slightly bigger than the area where the waveguide lays on the Si
substrate, along the light propagation direction.

C. PIC layout and fabrication

Fig. 3 shows the layout of the implemented 0.5 x 1 cm? chip,
containing both photonic components and photo-detectors
(SPADSs). There are several waveguides with inputs and outputs
on opposite sides of the chips. In some of them, there are
photonic elements such as MZI’s or a network of MZIs, which
can be reconfigured using thermo-optical phase shifters
(heaters) on one of the MZI arms. The SPADs are organized in
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Fig. 4 Picture of the custom carrier board, placed in the temperature controlled
setup. The heaters of the MZI and the SPAD anodes of the PIC are wire bonded
to the high-connection-density PCB.

Power
 Laser s I fwiter Jil Loser A |
<

3 ‘e, <
m.‘ 0% Inl~, K

Heaters
controller

90%in2  Input fiber Output fiber
SPAD

output

Fig. 5
functional performance evaluation of the integrated SPADs+WGs (top) and
picture of the chip and fibers micro-positioning stages (bottom).

Schemtatic representation of the measurement setup used for the

two arrays of 12 and 13 devices, one on the top waveguides and
one on the bottom waveguides. The chips have been fabricated
in several replicas on a 6” silicon wafer, but with many layout
and process splits, eventually having a total of about 36
nominally identical chips per wafer. In this paper we report the
performance of only the most promising process split.

In our process, the devices are fabricated starting from p-
doped epitaxial Si substrates. Then the SPADs are realized by
means of three different lithographic and ion implantation steps.
After SPAD fabrication, the substrates were covered with a thin
SiN layer, which acts as a wet etch-stop film during the
definition of the 3D structured SiO, cladding. Then, a 1.5-pm
thick SiO. film is deposited, in which the shallow-angled
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triangular wedge structures are realized at the detector locations
using wet etching in buffered hydrofluoric (BHF) acid (more
details on the fabrication can be found in [13] and [14]). The
PIC layer is realized by depositing a SizN4 film, followed by a
PECVD SiON film on top of the structured cladding, patterned
and defined by reactive ion etching (RIE). Next, after dopant
activation a second deposition of a thin SizN4 and a top SiO:
cladding is performed. Finally, two different metal layers are
sputtered, patterned, and etched to allow the connection of the
SPADs and the thermo-optical control of the photonic elements
in the PIC [18].

I1l. MEASUREMENT RESULTS

A. Wafer level measurements

The SPADs contained in the manufactured chips have been
tested with automatic probers. In particular we employed a
customized probe-card which include an external high value
quenching resistor (1 Mohm) to properly bias the SPADs and
be able to measure the reverse leakage current (below the
breakdown voltage), as well as the dark current (above
breakdown voltage) [19]. Good devices have been selected
based on the breakdown voltage value and dark current (below
a certain threshold, corresponding to an estimated DCR of
about 5 kcps). The yield in this first production was limited, due
to some manufacturing-process related issues, which have been
identified and will be fixed in the next production run.
However, the uniformity in breakdown voltage is good (around
0.7 V maximum variation among working devices) and the
spread in the dark current (proportional to the spread in the
primary dark count rate) was generally within 1 up to 2 orders
of magnitude.

B. Functional performance characterization

The functional performance of the SPADs, such as the noise
and the detection efficiency, have been measured on some of
the produced chips. One SPAD at a time has been tested by
connecting it to an external 1 Mohm quenching resistor. The
current signal from the quenching resistor was amplified by a
trans-impedance amplifier with a gain of 1000 V/A.

We produced a custom high-connection-density PCB to host
the chip and to wire-bond all the photonic components and the
SPADs (cathodes and common anode), as shown in Fig. 4. The
PCB has a peculiar hourglass shape, because of the need to have
direct access to the right and left side with optical fibers (to
inject and collect the light from the waveguides) while having
the electrical signals from the chip on the top and bottom sides.

For the functional characterization of the noise of the SPADs,
the chip and the amplifier board have been placed in a climatic
chamber, in dark condition. The pulse signal from the amplifier
has been digitized with an oscilloscope (Agilent DSO9104A,
with 1GHz bandwidth) and periodically transferred to the PC
running a LabVIEW software for the pulse identification and
analysis, following the method described in [15], which has
been developed for SiPMs but that can be adapted for SPADs.
In particular, we collect long time-windows of pulses, e.g. 200
ms long, with a high time resolution, e.g. 8 ns time step (this
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numbers can be adapted depending on the count rate). Then
with the software, we filter the signal, we identify the pulses
and we plot their amplitude and inter-time (i.e. time after the
previous pulse). By creating a scatter plot and a histogram of
the inter-times (with logarithmic axis and logarithmic binning),
we can distinguish the primary dark events (exponentially
distributed, because of the Poisson statistics) and the correlated
noise, e.g. afterpulsing, happening at lower inter-times and with
variable amplitude.

The detection efficiency of the SPADs has been measured
both with top external illumination (i.e. the PDE of the SPADs
alone) and with laser light injected in the waveguide and
detected by the SPADs thanks to the electronic-photonic
integration approach. The latter is the direct measurement of the
detection efficiency of the system (waveguide and detector),
including the light coupling efficiency of the waveguide-to-
silicon interface.

For the measurement of the PDE with external illumination,
we used a dark box and we illuminated the SPADs with
perpendicular light coming from an integrating sphere, to have
uniform and calibrated illumination. The setup and method are
the ones described in [20]. We used pulsed light and calculated
the PDE based on Poisson statistics, using the probability of no-
detection in a fixed synchronous time window.

For the measurement of the PDE with laser light injected in
the waveguide, as well as for other measurements of SPAD
count rate we used the setup reported in Fig. 5. The chip and the
hosting board are mounted on temperature-regulated stage
(based on thermoelectric cooler, TEC). Two fibers are precisely
aligned on left and on the right (typically light is injected from
the left side and residual light collected from the right, unless
otherwise specified). Light from an 850 nm pigtailed laser is fed
into a 90/10 power splitter: 90% of the power is sent to a Power
Meter for monitoring, while the remaining 10% is coupled to a
series of Variable Optical Attenuators (VOA). The VOA output
is then sent to a 90/10 mixer, with the 10% output injected into
a polarization control stage and finally coupled into the chip
with lensed inverse-taper fibers actuated with piezo controllers.
On the other input of the mixer, another laser is injected for
alignment purposes (turned on only during initial alignment, off
during the measurement).

C. SPAD noise

We report the noise as a function of excess bias for some of
the tested SPADs, measured at 20°C. The primary DCR and
afterpulsing are extracted from the inter-times histogram
(corrected for the pulse amplitudes). An example is reported in
Fig. 6 for the SPAD T12 of the tested chip. It can be seen that
afterpulsing is lower limited in time at about 1.5 ps. This is due
to the external quenching used for these SPADs, and due to the
large capacitance of the SPAD and external interconnections.
This non-optimal quenching mechanism was used because of
its simplicity and was necessary to operate the SPADs
implemented in the PIC, which were fabricated bare, without
any integrated quenching circuit.

The comparison of the DCR of some of the tested SPADs is
reported in Fig. 7. The DCR is in the order of few tens of counts
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per second (cps) at near room temperature. This is in line with
state-of-the-art commercial products [21][22]. It can be seen
that there is a spread of less than one order of magnitude (for
SPADs in the same chip). This is mainly due to the intrinsic
variability of noise level in the fabrication process, but also
because of the preliminary and non-optimized manufacturing
process, which has led not only to a non-optimal yield but also
to a spread in the noise level.

The variation of noise (primary DCR) with temperature has
also been measured, and an example of DCR at 10°C, 20°C and
30°C, as a function of excess bias is reported in Fig. 8, for the
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SPAD T12. The dependence is compatible with what reported
for FBK RGB and NIR SiPM and SPAD technologies [15][17],
i.e. approximatively DCR increase of a factor 2 every 10°C.
We also characterized the afterpulsing probability of these
SPADs (estimated from inter-times plots). Results are reported
in Fig. 9. The values are high with respect to the state-of-the-art
and with respect to typical values of corresponding SiPM
technology [17]. As discussed above, this is because of the
external quenching circuit, producing an avalanche charge
much higher than what is typically flowing with integrated
passive quenching or what can be obtained with a proper and
faster active quenching circuit [23]. We measured a gain (i.e.
avalanche charge divided the elementary electron charge) of
more than one order of magnitude higher than what reported in
[17]. For these reasons we tested these SPADs, integrated in the
PIC, also with a faster SPAD-“gater” (and quenching) circuit,
as detailed in the last section. Both the maximum count rate and
the afterpulsing performance are expected to be improved with
the use of such fast quenching and reset circuit, matching the
performance needed for typical photonic circuit applications.

D. SPAD detection efficiency

We characterized the PDE of the SPADs with external
perpendicular illumination and operated at room temperature.
We used several pulsed LEDs, at different wavelengths and

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

fitted the results with polynomial lines. The results are reported
in Fig. 10. In this case, the PDE was estimated considering for
the photon flux, the nominal active area of the SPAD, thus not
compensating for any border effect [15]. Therefore, the PDE in
the very center of the SPAD area could be higher than the
reported values.

The PDE peaks at about 570 nm, as expected for this type of
silicon detector [17], and it shows values around 65% in the
peak, and of about 25% at 850 nm, at 10 V excess bias. These
values reduce to about 50% in the peak and 20% at 850 nm at 4
V excess bias, just because of the lower triggering probability
of the avalanche (despite maintaining the same quantum
efficiency). The wavelength of 850 nm is the one used for the
tests of the photonic chip, as reported in the next section.

E. Photon rate modulation with MZI

The photonic chip has been operated with external laser-light
illumination (850 nm). The injected light was modulated and
detected within the PIC. We used inversely-tapered fibers
coupled to the SiON waveguides in the PIC (Fig. 4) and ensured
proper alignment by using the alignment laser and the value of
the power at referencing output.

The light was injected into the waveguide marked as “IN-B”
in Fig. 3, fed to the MZI and split into two output waveguides,
coupled to SPADs T12 and T13, where the respective count
rates were measured. The injected light power in the photonic
circuit was monitored by means of the power meter, as visible
in the schematic of the setup in Fig. 5. With such configuration,
we measured the count rate in the two SPADs: i) in dark
condition, with laser off, and ii) with laser light on. The count
rate in the two SPADs have been measured separately, by
connecting one or the other device, but always monitoring the
input light power before the fixed VOAs on the power meter.
The “net count rate” (NCR) in the two SPADs has been
calculated subtracting the dark count rate to the light count rate.

To estimate the best working condition for the photon flux
we evaluated the response of the SPADs when changing the
light intensity, to find a proper level for these measurements
(not saturating the detector). The resulting net count rate (of
SPAD T12) as a function of the power detected in the power
meter, i.e. before attenuators (VOA and splitter) is shown in
Fig. 11. It can be seen that with NCRs higher than about 900
cps, the dead-time of the SPAD starts to limit the linearity in
the count rate vs photon flux. As discussed above, this is due to
the external passive quenching (and recharge) circuit, which is
a non-optimal configuration, leading to a very long recharge
time constants. The main reason for this is the high capacitance
of the bonding pads and of the connectors, which have to be
discharged and recharged during every avalanche pulse. This
does not represent a critical issue as it can be avoided with the
use of active quenching or integration of the resistance before
the bonding pad.

To limit the saturation, we operated with a light power of
around 3 pW, thus net count rates in the order of few hundreds
of counts per second.

In such conditions, we modulated the MZI by changing the
heater current (thus heating power) on one of the arms and we
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Fig. 11 Measured net count rate (CR) of SPAD T12 as a function of the
measured light power on the power-meter (before attenuation stages). The
linear fit on the first points is represented, i.e. without count rate saturation.
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SPADs when operated well below the breakdown voltage, in linear photodiode
mode, as a function of the MZI driving heater power (bottom). The dashed
lines are polynomial fits of measured data.

measured the NCR on the two SPADs. The results are shown in
Fig. 12 (top). It can be seen that the light power is exchanged
between the two waveguides and this is properly detected in
terms of photon rate in the two SPADs. Unfortunately, in this
first implementation of the photonic chip the single-arm
thermo-optic actuators on the MZIs could not achieve a full r-
shift within the power limit of the heater itself, and the MZI is
close to the [1 O] condition (i.e. full open on one arm and closed
to the other one). Most of the power remains in the top
waveguide even when spanning the driving signal on the whole
power sweep of the heater. This limitation will be removed in
the next implementations. To verify these results, we also
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measured the light power within the two waveguides with the
two SPADs operated as linear photodiodes, i.e. biased well
below the breakdown voltage. To do this, the input light power
has been significantly increased, and the photodetectors were
operated without quenching resistor, measuring their
photocurrent with a source-and-measurement unit. As reported
in Fig. 12 (bottom), the variation in photocurrent reflects the
variation in the measured count rates. The measurements in
photon-counting mode and in linear mode have been both fitted
with sin? and cos? functions, changing amplitudes but keeping
the same frequency and initial phase shift. The results are
shown in the figures as dotted lines. It can be seen a good
agreement, indicating the same behavior of the MZI with high
light power and in single-photon regime. In our case we added
also a fixed amplitude to the fit, to take into account the non-
zero minimum, which might be likely due to a non-perfect
modulation of the MZI, related to the non-pure polarization of
input light.

F. System detection efficiency

With the same setup used in the previous section, we
estimated the “system detection efficiency”. In our case, since
we aim to a future complete integration of the single-photon
source, the photonic components and of the detectors all on the
same chip, we measured the detection efficiency as the ability
of the integrated SPADs in detecting the photons that are
propagating inside the waveguides of the PIC. Thus, this
include the PDE of the SPAD itself, and the coupling efficiency
of the photons from the waveguide to the detector.

First, we estimated the losses of the photonic part of the chip,
assessed by Beer-Lambert fitting the transmitted optical power
of waveguides of different length, placed on dedicated test
chips fabricated on the same wafer. We estimated about
insertion losses of 6 dB per facet and a propagation loss of
around 1.4 dB/cm. These insertion losses can be considered
relevant for a quantum experiments but in our specific case this
can be neglected as a first approximation since the PIC has been
designed with the aim of integrating the light source on the
same chip, thus no fiber injection.

For the measurement of the detection efficiency, the precise
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estimation of the light intensity at the SPAD location is not
straightforward. The light losses in the setup and in the PIC can
be estimated with high light power (e.g. by means of power
meters and measuring the photocurrent), but then when
including attenuators, approaching the single-photon level, thus
photon-counting mode, this method cannot be used. Therefore,
in our case, we characterized all losses, including the injection
losses from optical fibers to waveguides, and the propagation
loss of the integrated waveguides, with high light power, and
we characterized the overall attenuations of the external optical-
fiber based system. Eventually, we combined the two together
to estimate the power (photon rate) at the SPAD location, for
the detection efficiency estimation.

As a first measurement, we used the SPADs T12 and T13 as
in the previous section. The total light intensity injected in the
PIC has been estimated to be about 4100 photons per second.
Due to the MZI, thse photons are divided between the two
waveguides associated with the two SPADs, where we
measured net count rates of 441+560 for SPAD T13 and
287+185for SPAD T12, at 3 V of excess bias. These count rates
are measured with the minimum and maximum MZI driving
signal intensities. Given these numbers, we estimated a PDE of
the two SPADs combined (i.e. summing the NCR, divided the
number of injected photons in the PIC, considering waveguide
and injection losses) to be in the order of about 17%.

Secondly, as a more direct measurement, we also measured
the PDE of SPAD T11 (which does not have any MZI, thus light
is going directly towards the SPAD), and of SPADs T12 and
T13 but with light injected from the right side of the chip, thus
not having any MZI in the light path between injection point
and SPADs. The different light attenuation with injection from
the left side or the right side have been estimated and taken into
account. In this case, we performed the measurements at
different excess biases. The results are shown in Fig. 13. We
measured also another SPAD (T10) from a second chip (chip
#2), to check possible variations in the waveguide and in the
coupling efficiency of the fibers to the PIC.

From this second set of measurements, the average
waveguide-and-detector (W+D) PDE is in the order of 17% at
4V of excess bias, increasing towards almost 20% at 7 V excess
bias. By comparing these results with the PDE measured with
external illumination, on SPAD T13, we can estimate a light
coupling efficiency (from the waveguide to the SPAD) between
76% and 85%.

Both the PDE of the SPAD and the coupling efficiency can
be considered promising results, even though the PDE can be
further improved within the new production runs, for example
by means of thicker epitaxial layers (see simulations in [19]).

G. Stray-light estimation

We preliminary evaluated also the effect of stray light in the
PIC, i.e. light not-properly coupled to the main waveguide and
travelling in the cladding, or light scattered from neighboring
waveguides and ending being detected by the SPAD under
analysis. We performed a preliminary evaluation of the
sensitivity of SPADSs to the stray light generated when injecting
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Fig. 15 Simulated signals at the important nodes of the gater circuit, in case
of triggering or no-triggering of the SPAD avalanche pulse.

the photon flux into a neighboring waveguide.

As an example, we injected the light from the right side of
the chip #1, in the waveguide associated to SPAD T13 (i.e. from
the point indicated as “O-B” in Fig. 3), while monitoring the
count rate in SPAD T12. With a procedure similar to the one
used in the previous section, we estimated a detection efficiency
of about 0.04%.

In a second test, we monitored the count rate in SPAD T13,
when injecting the light first from the left and then from the
right side in the waveguide associated to SPAD T11 (i.e. from
points marked as “IN-C” and “O-C” in Fig. 3, which is two
waveguides above the one associated to T13). In the former
case, we estimated a detection efficiency around 0.03%,
whereas in the latter approximately 0.16%.

Such results indicate a good isolation between adjacent
waveguides and neighboring SPADs. This is due to a proper
light confinement in the waveguides and to the presence of
dedicated light-blocking structures in the BEOL (but outside
the waveguide region) around each SPAD and near the edge of
the chip. Among such structures we implemented for example
deep trenches within the oxide layers all the way to the silicon
and filled with aluminum, acting as barriers for the light
propagating in the oxide cladding.
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Fig. 16 Example of measured signal at the CAT node of the gater, with SPAD
connected and biased at about 1 V excess bias (waveform collected with 10x
attenuation).
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Fig. 17 Measured cathode voltage signals drop (blue curves: excess bias
increasing from top to bottom), at the avalanche build-up, for different excess
biases, and estimated associated SPAD avalanche-pulse current, based on the
measured overall node capacitance (green curves: excess bias increasing from
bottom to top).

IV. SPAD WITH FAST GATING CIRCUIT

Up to now, we described the SPADs while working with a
non-optimal external quenching and reset circuit, introducing
long dead-time. Here instead, some of the produced SPADs
have also been tested when wire-bonded to a fast external gating
circuit (developed by TUW) [24]. This is important to assess
the overall photonic circuit performance in application where,
for example, a high repetition-rate laser source is used to inject
the photons. When gated, a SPAD has defined, mostly periodic
time slots, where it is set to active and ready for photon
detection, until a photon is detected or until the end of the active
period.

The “gater” circuit schematic is shown in Fig. 14, and
described in detail in [24]. It operates by driving the cathode
node above and below the breakdown voltage (for active
avalanche quenching), while the anode bias is fixed. The circuit
has been fabricated in a CMOS 0.35 pm technology, with a
nominal bias supply voltage of 3.3 V. Thanks to a cascoding
topology, the SPAD cathode can be driven up to a swing of
about 6.6 V. Thus, the excess bias of the SPAD could be
adjusted between OV to max. 6.6V in changing the anode
voltage Van. During the positive gating pulse the cathode of the
SPAD is left floating (i. e. the quenching switch consisting of
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NO and N1 and the charging switch formed by PO and P1 are
open, see Fig. 14) and the SPAD is ready for photon detection.
An example of the cathode voltage and of the simulated signals
is shown in Fig. 15. If a photon is absorbed and triggers a self-
sustaining avalanche, the avalanche current discharges the
capacitance of the SPAD and the cathode potential (CAT) drops
earlier (1% and 2" red pulse in Fig. 15), i. e. before the
quenching switch discharges the SPAD (at the end of the gating
pulse, like in 3 and 4™ red pulse). Here Vspap, Voo and VppL
are +3.3V, whereas Vss is -3.3V.

In our measurements the driving signal was at 10 MHz
(CLKIN). The driving voltage swing has been kept fixed, while
changing the anode voltage (Van). The cathode voltage was
monitored via a pico-probe 35 from GGB Industries with a
bandwidth of 26 GHz and an attenuation of 10. Fig. 16 shows a
superposition of the cathode signals (for absorption of
randomly distributed photons at different times after the start of
the gating pulse), when the excess bias is about 1V. It can be
seen that the avalanche current discharges the capacitance of
the floating cathode of the SPAD to the breakdown voltage
during the gating pulse (on-time) of 50 ns.

The avalanche quenching time, as well as the active gating
slopes, are in the order of a few nanoseconds. When increasing
the excess bias, the amplitude of the avalanche pulses increases,
while the positive (raising) gating pulse swing stays the same.
More precisely, the avalanche duration, calculated as 80%-to-
20% fall times of the measured pulses, are between 3 ns (at low
excess bias) and 1.5 ns (at high excess biases).

A. SPAD capacitance and avalanche current estimation

To be able to extract the actual current flowing within the
SPAD, we estimated the SPAD capacitance. Measurements of
several SPAD samples wire-bonded to gating chips resulted in
an average overall cathode node capacitance of 630 fF. When
excluding from such measurements the active probe
contribution and the input capacitance of the gating circuit, we
estimate a SPAD+PAD capacitance of about 402 fF average
value, with 19 fF standard deviation between the samples.

When considering the total capacitance (Cca = 630 fF), the
avalanche current as a function of time is obtained (see Fig. 17)
when applying the method described in [24].

19) = e - o

The maximum avalanche current increases with the excess
bias and the maximum of the avalanche current is reached
earlier due to higher electric field strength and stronger impact
ionization. The SPADs developed here are characterized by an
avalanche build-up time of about 1 ns, which is a factor of 2 to
3 faster (shorter) than that of the SPADs integrated in 0.35 um
CMOS and characterized in [24].

V. CONCLUSIONS

We presented a new efficient and CMOS compatible
approach to implement a monolithic electronic-photonic
integration of a PIC based on SiON waveguides and silicon
single-photon avalanche diodes (SPADs) as NIR single photon
detector. The light coupling is based on a novel top-down
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convergence approach, based on the shaping of both the
waveguide and of the bottom cladding material. This realizes
an evanescent light coupling between the waveguide and the
SPAD underneath. This approach has several advantages: i) the
material used and the fabrication processes are all CMOS
compatible, ii) it does not require alignments, butt coupling or
the use of two waveguides made in different materials, iii) it can
be operated at room temperature and iv) the design of the
SPADs does not have particular restrictions.

We fabricated the first, to our knowledge, PIC based on
SiON waveguide and with integrated silicon SPADs. We
characterized the SPAD performance, both when operated with
external light and when detecting the light propagating in the
integrated waveguides. The SPADs implemented in the
electronic-photonic integrated chip are characterized by a
moderately low dark count rate (in the order of 100 cps at room
temperature), a high photon detection probability (>50% in the
green wavelength region and >20% at 850nm) and a short
avalanche build-up time. Such performance makes these
SPADs well appropriate for short gating pulses in a photonic
quantum simulator.

We also operated the PIC with integrated detectors in linear
mode with external laser light injected into the waveguides,
modulating the photon propagation in the PIC by means of
MZI, and then detecting the photons with the integrated SPADs,
all close to room temperature. We were able to modulate the
photon propagation between two adjacent waveguides and
detect them by two different single-photon detectors, and we
also measured the system detection efficiency (i.e.
PIC+SPAD), being between 17% and 20% (depending on the
excess bias of the SPADSs). This indicates a coupling efficiency
between the waveguide and the detectors in the order of 80%.

Such performances are very promising and are the baseline
for future developments at FBK, aiming to more efficient
detectors and complex electronic-photonic integrated
platforms.

VI. REFERENCES

[1] J. Wang, F. Sciarrino, A. Laing, M. G. Thompson, “Integrated photonic
quantum technologies” Nature Photonics, vol. 14, pp. 273-284, May
2020, doi: 10.1038/s41566-019-0532-1

[2] J. W. Silverstone, D. Bonneau, J. L. O’Brien, M. G. Thompson, “Silicon
Quantum Photonics”, IEEE J. Sel. Top. Quantum Electron., vol. 22, no.6,
Nov. 2016, doi: 10.1109/JSTQE.2016.2573218

[3] F.Ceccarelli, et. al., “Recent Advances and Future Perspectives of Single-
Photon Avalanche Diodes for Quantum Photonics Applications”, Adv.
Quantum Technol. 2021, 4, 2000102, doi: 10.1002/qute.202000102

[4] H. Wang, et. al., “Boson Sampling with 20 Input Photons and a 60-Mode
Interferometer in a 10 14 -Dimensional Hilbert Space” Physical Review
Letters, 123, no. 250503, 2019, doi: 10.1103/PhysRevL ett.123.250503

[5] A. Boaroon, et. al., “Secure Quantum Key Distribution over 421 km of
Optical Fiber” Physical review letters, 121, no. 190502, 2018, doi:
10.1103/PhysRevLett.121.190502

[6] F. Marsili, et. al., “Detecting single infrared photons with 93% system
efficiency” Nature Photonics (letters), vol. 7, Mar. 2013, doi:
10.1038/nphoton.2013.13

[7]1 M. Caloz, et. al., “High-detection efficiency and low-timing jitter with
amorphous superconducting nanowire single-photon detectors”, Applied
Physics Letters, 112, no. 061103, 2018, doi: 10.1063/1.5010102

[8] D. Fukuda, et. al., “Titanium-based transition-edge photon number
resolving detector with 98% detection efficiency with index-matched

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

10

small-gap fiber coupling” Optics Express Vol. 19, Issue 2, pp. 870-875
(2011), doi: 10.1364/OE.19.000870

[91 W.H.P. Pernice, et. al., “High-speed and high-efficiency travelling wave
single-photon detectors embedded in nanophotonic circuits” Nature
communications, 3, 1325, 2012, doi: 10.1038/ncomms2307

[10] T.  Gerrits, et. al,  “On-chip,  photon-number-resolving,
telecommunication-band detectors for scalable photonic information
processing”, Physical Review A, 84, n. 060301-R, 2011, doi:
10.1103/PhysRevA.84.060301

[11] N. J. D. Martinez, et. Al, “Single photon detection in a waveguide-
coupled Ge-on-Si lateral avalanche photodiode”, Optics Express, vol. 25,
no. 14, Jul 2017, doi: 10.1364/0OE.25.016130

[12] S. Yanikgonul, et. al., “Simulation of Silicon Waveguide Single-Photon
Avalanche Detectors for Integrated Quantum Photonics”, IEEE J. Sel.
Top. Quantum Electron.,, vol. 26, no. 2, Mar 2020, doi:
10.1109/JSTQE.2019.293843

[13] M. Bernard, et. al. “Top-down convergence of near-infrared photonics
with silicon substrate-integrated electronics” Optica, vol. 8, no. 11, p.
1363, Nov. 2021, doi: 10.1364/OPTICA.441496

[14] M. Ghulinyan, M. Bernard, R. Bartali, and G. Pucker, “Formation of
Mach angle profiles during wet etching of silica and silicon nitride
materials”, Appl. Surf. Sci. 359, 679 (2015).

[15] F. Acerbi, et. al., “Silicon Photomultipliers: Technology Optimizations
for Ultraviolet, Visible and Near-Infrared Range” MDPI Instruments
2019, 3(1), 15, doi: 10.3390/instruments3010015

[16] G. Zappala et. al., “Study of the photo-detection efficiency of FBK High-
Density silicon photomultipliers”, JINST 11 P11010, 2026, doi:
10.1088/1748-0221/11/11/P11010

[17] N. Serra, et. al., “Characterization of new FBK SiPM technology for
visible light detection” JINST, 8, p. P03019, 2013, doi: 10.1088/1748-
0221/8/03/P03019

[18] L. Gemma, M. Bernard, D. Brunelli, “An Optical Tool to Optimize the
Output of a Photonic Integrated Chip Architecture®, IEEE Journal on
Emerging and Selected Topics in Circuits and Systems, Vol. 12, n. 3,
2022, DOI: 10.1109/JETCAS.2022.3200937

[19] F. Acerbi, S. Gundacker, “Understanding and simulating SiPMs”, Nucl
Instrum Meth A, Vol., pp. 16-35, 2019, doi: 10.1016/j.nima.2018.11.118

[20] G. Zappala et. al., “Set-up and methods for SiPM Photo-Detection
Efficiency measurements”, JINST 11 P08014, 2016, doi:10.1088/1748-
0221/11/08/P08014

[21] MPD PDM series datasheet, http://www.micro-photon-
devices.com/MPD/media/Datasheet/PDM.pdf, accessed: Apr 2023.

[22] Excelitas SPCM-AQRH-TR, https://www.excelitas.com/product/spcm-
aqrh-tr, accessed: Apr 2023

[23] F. Acerbi, et. al., “Fast Active Quenching Circuit for Reducing Avalanche
Charge and Afterpulsing in InGaAs/InP Single-Photon Avalanche Diode”
IEEE Journal of Quantum Electronics, vol. 49, no. 7, Jul. 2013, doi:
10.1109/JQE.2013.2260726

[24] B. Goll, B. Steindl, H. Zimmermann, ‘Avalanche Transients of Thick
0.35um  CMOS  Single-Photon ~ Avalanche  Diodes’, MDPI
Micromachines, Vol. 11, Special Issue “Miniaturized Silicon
Photodetectors: New Perspectives and Applications”, 869 (2020). DOI:
10.3390/mi11090869.

Fabio Acerbi (S’ 12-M’13) was born in Carpi, Italy, in
1984. He received the Bachelor’s degree in electronics
engineering in 2006 from University of Modena and
Reggio Emilia. He received the Master’s degree in 2008
and the Ph.D. degree in information technology in 2012
from Polytechnic of Milan. From 2009 to 2013 he
worked on design and characterization of InGaAs/InP
single-photon avalanche diodes. Since 2013, he works
at FBK (Center for Sensors and Devices) on the design
and optimization of novel Silicon Photomultipliers
(SiPM), SPADs, integrated photodiodes, fast readout electronics and QRNGs.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2023.3342031

Journal of Lightwave Technology

Martino Bernard, B.S. degree in 2011, M.S. degree in
2013 and PhD in 2017 from the University of Trento
(ltaly) is a researcher at the Centre for Sensors and
Devices (Fondazione Bruno Kessler, Italy). His main
research interests are in the field of photonic integrated
circuits, with particular focus of ring resonators and
photonic-electronic integration for the Quantum
technologies. His current research focusses on the
integration of photonic circuits with control electronics
and detectors. He is co-author of more than 20 papers.

Bernhard Goll (M’08) received his MSc. (Hons.)
degree in electrical and telecommunication
engineering and his Ph.D. (Hons.) from TU Wien
(TUW), Vienna, Austria, in 2003 and 2007,
respectively. He is currently at the Institute of
Electrodynamics, Microwave and Circuit Engineering
of TUW, as a senior scientist involved in the design of
analog integrated circuits, in particular, clocked
regenerative comparators, modulator drivers, and
highly-sensitive optical receivers as well as in
experimental characterization of photodetectors and
ICs. He is author and co-author of more than 70 publications.

Alberto Gola was born in Milano, ltaly, in 1978. He
received the five-year degree in electronic engineering
in 2003 and the Ph.D. degree in 2007 from the
Politecnico of Milano, Milan. He worked on silicon
drift detectors, ASIC design, optimal filtering, and
signal processing. Since 2010, he has been working on
the development of Silicon Photomultipliers and of the
related electronics.

Horst Zimmermann (M’98-SM’02) became Dr.-Ing.
in 1991 and was then Alexander-von-Humboldt
research fellow at Duke University in Durham, N.C.
working on diffusion in Si, GaAs, and InP. In 1993, he
joined Kiel University working on optoelectronic
integration. Since 2000, he has been full professor for
circuit engineering at TU Wien working on (Bi)CMOS
analog and optoelectronic full-custom integrated
‘ circuits. He is author of two Springer books, co-author
of 5 more Springer books, co-author of an IOP book and co-author of more than
600 publications on integrated photodiodes and integrated circuits. He is senior
member of IEEE and SPIE member.

Georg Pucker studied Technical Chemistry at the
TU-Graz, Austria where he became Dipl.Ing. in 1993
and Dr. Tec. In 1996 working on optical spectroscopy
and structure of lanthanide doped glasses. From 1996
to 2000 he was with the Department of Physics at the
University of Trento, Italy. In 2001 he joined ITC-
IRST, now FBK, contributing to the development of
radiation hard detectors and research on solar cells.
Since 2009 his research is focusing on photonic
integrated circuits and quantum optics. He is author or coauthor of more than
100 scientific publications. Currently, he is head of the research unit on
integrated and quantum optics of FBK.

Mbher Ghulinyan was born in Yerevan, Armenia, in
1973. He received the MS in 1995 and PhD in physics
in 1999 from the Yerevan State University. His early-
career research at the University of Trento from 2002
to 2006 focused on optical cavities and superlattices
leading to first-time demonstrations of Bloch
oscillations, ~ Zener tunnelling and  Anderson
localization of light. Since 2006, he works at FBK in
the field of photonics and microresonator optics, with
focus on monolithically integrated classical and quantum photonics He is an

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

11

author of one book, book-chapters, editor of one book, more than 130
publications and 2 patents. He is a Senior member of Optica (former OSA).



