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Summary

One way to achieve a scalable quantum computing and communication platform is to
construct a network of quantum systems. Building a quantum network with photonic
integrated circuits (PICs) is a promising avenue as they provide a platform on which quantum
information can be generated and manipulated via integrated photonic structures. One such
example would be a hybrid PIC with quantum light sources, modulators, interferometers,
and single-photon detectors for complete on-chip single-photon processing.

To date, reports of waveguide-coupled single-photon detectors have been limited to
operation at infrared telecommunication wavelengths. However, many relevant quantum
systems operate in the visible spectrum, which makes efficient, low-noise integrated single-
photon detectors for visible wavelengths highly desirable.

In addition to on-chip detection, coherent modulation of photon states is of paramount
importance for integrated quantum information processing. In this regard, the novel concept
of coherent perfect absorption (CPA) provides new ways of controlling quantum states
of light in hybrid quantum systems. Compared to conventional Mach-Zehnder intensity
modulators which only redistribute photons between two outputs, interferometric modulators
based on CPA can deterministically prevent the propagation of residual photons in complex
networks and eliminate undesired interference or crosstalk at other network arms. Such a
hybrid platform holds the promise of performing linear optical quantum computing (LOQC)
protocols in a scalable architecture with on-chip readout of quantum information. This thesis
focuses on manipulation and detection of photons in its two parts.

In the first part, a new class of silicon waveguide-integrated avalanche photodiodes
(APDs) on silicon-on-insulator photonic platform for visible wavelengths are designed,
fabricated, and characterized. The devices with p-n* and p-i-n™ junction structures and
various geometries are investigated, and 2D Monte Carlo simulations are performed in order
to optimize device performance. Operated in linear mode at 685 nm, we achieved a gain-
bandwidth product exceeding 200 GHz along with a sub-uA dark current, which are on par

or even superior to state-of-the-art similar devices. Operated in Geiger mode, it turns out that
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our devices are affected by high dark count rate for which we provide in-depth analysis and
propose solutions.

The second part of the thesis focuses on single photon manipulation experiments per-
formed by phase-stabilized interferometers with CPA capability. With the end goal of an
integrated CPA interferometer, we tested our ideas of coherent control of single photons via
CPA on a coherent optical fiber network and proved their applicability. Besides serving as
an easily accessible testbed, such optical fiber networks are also indispensable for long haul
distribution and exchange of quantum information.

Regardless of being integrated or fiberized, a fundamental challenge to any interferom-
eter operation is phase noise; its elimination without degrading the efficiency of quantum
channels is of the upmost importance to protect quantum coherence. To deal with the phase
noise, fiberized quantum optics experiments often employ resource demanding stabilization
techniques, which cause additional losses and possible interference on the quantum channel.
Here, first, we develop an active phase stabilization scheme by single-photon counting, and
then apply it to a quantum network operating at the single-photon level. Our method can
overcome the phase noise with no need for auxiliary laser and additional optical components
required in conventional approaches, and it achieved a competitive phase stability while
preserving the efficiency of quantum channels.

Next, we show that a phase-stabilized interferometric modulator based on CPA can
be used to control the absorption probability of single photons via phase modulation. We
demonstrate that CPA at the single-photon level can be used for all-optical dissipative single-
photon switching, which provides increased functionalities over nonlinear approaches for
all-optical signal processing. Moreover, by utilizing different optical response of our CPA
interferometer to symmetric and anti-symmetric wavefunctions of photons, we showed an
application of our coherent network in filtering quantum states of photons where quantum
information is encoded in superposition of two spatial modes. Our work may find applications
in quantum information protocols such as in dual-rail encoding.

Harnessing the functionality of different physical systems for storage, processing, and
readout of quantum information, hybrid photonics approach described in this thesis provides
a viable path towards scalable quantum information processing. In this thesis, we reported
the first integrated avalanche photodetection at visible wavelengths, and by tailoring optical
properties of designer materials, we achieved two successful demonstrations of quantum
light manipulation in coherent optical networks stabilized by our phase stabilization method.
Overcoming hybrid integration and device engineering challenges would pave the way for

performing on-chip LOQC with integrated readout capability.
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the photon detection efficiency (PDE) and timing jitter (full-width-half-
max (FWHM) and full-width-tenth-max (FWTM)), for a p-n™ SPAD with
Aj=-50nm at Vg =21.5 V. (a) Varying Ige; With Az, =1fs, 2k simulation
runs per Ige; value. (b) Varying Az with Igee =20 uA, 2k simulation runs
per Aty value. (c) Convergence of PDE for Az, =101fs and Igee =20 pA
after several thousand runs. Error bars for PDE indicate 1 s.d. uncertainty.
Selected parameters for subsequent simulations are marked. . . . .. . ..
Band diagram of various dark count generation mechanisms. Trap-assisted
tunneling and band-to-band tunneling are the dominant generation mecha-
nisms for silicon SPADs operated in high electric fields. . .. . ... ...
Avalanche triggering probability Pyig(r) for a p-n™ SPAD with Aj=400nm
at Vg =16.5V, obtained over > 40k Monte Carlo simulation runs. Each
20x20nm pixel shows the probability of an initial photo-generated electron-
hole pair injected within that pixel resulting in a successful detection event.
The dashed line indicates the junction position. . . . . . .. .. ... ...
(a) Simulated PDE at varying reverse bias voltages Vg for representative de-
vices, showing the saturation behavior as Vg increases. Error bars indicating
I s.d. uncertainty are much smaller than the symbol size. (b) Distribution of
simulated avalanche times (i.e., time between photon absorption and reach-
ing the detection threshold Iye) for a p-i-n™ SPAD with AW =900 nm at
Vg =41 V. Histogram bin size is 1 ps. The full-width-half-max (FWHM) and
full-width-tenth-max (FWTM) timing jitter values are indicated. (c¢) FWHM
and FWTM timing jitter performance for the same devices in (a). (a) and (c)
share the same legend. . . . . . . ... ... ... .. ... .......
Saturated PDE and timing jitter for various (a) p-n™ and (b) p-i-n* SPADs.
Both full-width-half-max (FWHM) and full-width-tenth-max (FWTM) tim-
ing jitter values are shown. Error bars for PDE indicate 1 s.d. uncertainty.
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, (b) trap-assisted tunneling (TAT) generation
rates, and (c) band-to-band tunneling (BTBT) generation rates at the waveg-
uide mid-height (170 nm from the bottom) for SPADs with high saturated
PDEs: p-nt SPAD with Aj =400 nm, and p-i-n™ SPADs with AW =400 nm
and 900 nm, at reverse bias voltages beyond where their PDE has already
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Dark count rate (DCR) contributions due to TAT and BTBT mechanisms at
varying reverse bias Vg and temperatures. (a) p-nT SPAD with Aj =400 nm.
(b) p-i-n* SPADs with AW =400nm and 900 nm. The contribution from
BTBT is negligible, thus only TAT is shown here. . . . . . ... ... ...

Etching steps. (a) Initial 8-inch SOI wafer with 220-nm-thick silicon device
layer and 3 um buried oxide. (b) Epitaxy of 30 nm silicon. (c) Lithography
to define silicon slab. (d) 450-nm-thick SiN layer deposition via LPCVD.
(e) Reverse etch of SiN by 250 nm. (f) CMP of SiN by 100 nm. (g) Blanket
etch of SiN. (h) Hard mask deposition. (i) Hard mask etching to pattern the
region for silicon rib and SiN channel waveguides. () Silicon rib waveguide
formation. (k) SiN channel waveguide formation. (1) Hard mask removal.
Scanning electron microscope (SEM) image of a fabricated device with-
out the top SiO; cladding and metal contacts. The inspection window is
10X10um. . . .o
Implantation steps. (a), (b), (c), and (d) depict p-, n*-, p*+- and n* " -type
region formation, respectively. . . . . . . ... L oo
Metallization steps. (a) Silicon oxide deposition as the first interlayer di-
electric and a subsequent etching step for vias formation. (b) Aluminum
deposition as the first metal layer, followed by 50 nm SiN patterning to form
the etch stop layer. (c) Silicon oxide deposition and a subsequent CMP
step to form the second interlayer dielectric. (d) Silicon oxide etch and a
subsequent ESL etch for vias formation. (e) Aluminum deposition as the
second metal layer. (f) Silicon oxide deposition as the passivation layer using
PECVD, followed by bond pad opening. . . . . . .. ... ... ......

Device structure and doping configurations. Top view of the (a) lateral and

(b) interdigitated doping profiles. The images are not drawn to scale. . . . .
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Schematic of the characterization setup. Horizontally polarized (TE) 685 nm
light, which can be modulated with an RF signal using an electro-optic
modulator (EOM), is coupled to the on-chip SiN waveguide with a lensed
fiber. Electrical connections to the devices are made via contact pads on the
chip surface using electrical probes. A bias tee separates the AC and DC
signals from the APDs. The AC signal is sent either to a network analyzer
for bandwidth measurements, or to a sampling oscilloscope for eye diagram
measurements. An additional remote sampling head was used at 56 Gbps to
obtainaclearersignal. . . . ... ... ... ... ... .. .. ...
Representative photographs of device under test. a) A bare die of silicon
waveguide-integrated APDs is under test in our custom probe station. The
CW laser light is injected from a lensed fiber into devices. Samples are
placed on top of a temperature-controlled sample holder and stabilized with
a suction force during probing. b) Fabricated devices are imaged under an
optical microscope. Shown here are the optical coupling with lensed optical
fibers and Si APD regions. The red glow is due to the scattering of the 685
nminput light. . . . .. ... L L
Optical coupling loss measurements. (a) Schematic of the experimental
setup, depicting the cutback waveguide structures and the various sources of
coupling losses. Horizontally polarized 685 nm light is coupled to and from
the waveguides via lensed fibers. The optical powers at both ends of the chip
(denoted P4 and Pg) are measured. (b) Optical transmission measurements
for SiN cutback waveguides of various lengths /gjn and different waveguide
widths W. The solid curves are exponential fits, see Eq. 4.1. (c) Measured
coupling losses for different waveguide widths W. The results shown in (c)
are the averaged measurements across several devices; error bars reflect the
standard deviation. . . . . . .. ..o
Micrographs of SiN cutback waveguides. Shown here are two test struc-
tures with shortest and longest waveguide lengths amongst all SiN cutback
waveguides. Since our camera was not wide enough to capture both edges of
the chip in a single frame, the images are obtained by merging two separate

micrographs. . . . ..
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DC characteristics of a laterally doped device with width W =900 nm. (a) Current-

voltage measurements at different input optical powers Fop. The reverse
bias voltage Vg is swept till the avalanche breakdown voltage W, =~ 15.5V,
where the dark current I4, reaches 10 pA. Each sweep takes a few seconds;
prior to each sweep, the device is reset with the application of a forward bias
voltage. (b) The avalanche gain G at different FPop. The inset is a magnified
view of the area marked by the rectangle, showing the curves at larger Py
on a linear scale. Both plots in this Figure share the same legend for Fyp.
Comparison of DC performance for lateral and interdigitated doping profiles
with different widths W. (a) Photocurrent I, versus input power Pop at
the unity gain point of reverse bias Vg =2 V. Straight lines are linear fits,
from which we extract the primary responsivity Rp,, see Table 4.1. (b) Dark
current /g,,x measurements at varying V. (c¢) Avalanche gain G at varying Vg
with a fixed input power FPope =-63.7 &£ 0.7 dBm. Figures (b) and (c) share the
same legendontheright. . . . . .. .. ... ... ... ..........

Optical-electrical bandwidth measurements. An input power of Py, =-24.5 dBm

is used throughout. (a) Frequency response of a W =900 nm laterally doped
device at various bias voltages V. The 3 dB bandwidth is obtained from
a smoothing fit to the data points (see Methods). (b),(c) 3 dB bandwidth
and gain-bandwidth product (GBP), respectively, for different device types.
Both plots share the same legend shown in (c). Each data point and error
bar in both plots represents the mean and standard deviation, respectively, of
several measurements. . . . . . ...l o e
Measured eye diagrams for the different device types. Lateral devices show
open eyes at data rates of up to 56 Gbps at Vg =20V, where the maximum
GBP is observed. The results for interdigitated devices are obtained at the
highest data rate where open eyes could be measured for each device. The

signal-to-noise ratio (SNR) is obtained from the sampling oscilloscope.
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Additional eye diagram measurements. (a) Reference eye diagrams of the
EOM output at different data rates, measured with a Newport 1004 pho-
todetector (3 dB bandwidth: 40 GHz) and the sampling oscilloscope. (b)
Increase in signal-to-noise ratio (SNR) with the reverse bias Vg, obtained
from eye diagrams measured for laterally doped devices. (c) Eye diagrams
measured for laterally doped devices at Vg =20V at different data rates. (c)
Eye diagrams measured for interdigitated devices at Vg =16 V at different
datarates. . . . . . ...
Empirical estimates of the unity gain point Vy,¢. Each plot shows the measured
photocurrent Iy, at an input power of Pope =30.2 £ 0.2 dBm for a device type.
From the data points, we obtain a smoothed curve (solid line), from which
we calculate its second derivative with respect to Vg. The red diamonds mark
the curves at Vg, the reverse bias value where Hzlph /oVRZ=0. ......
Simulations based on a laterally doped device with width W =900 nm. (a)
Electric field at reverse bias Vg =8 V. (b) Photocurrent /, with and without
avalanche effects. (c) Avalanche gain G and quantum efficiency (QE).

Simulated electric field profiles. (a) Electric field profile of a laterally doped
device. Inset shows the schematic of the APD structure (top cladding omitted
for clarity) and the axis orientations. (b) Electric field profile of an inter-
digitated device. The highest electric field strengths are concentrated at the
corners of the n™-doped areas. The devices in both (a) and (b) have the same
width W and are simulated at just above the breakdown voltage. The yellow
arrows indicate the propagation direction of input light. (c) Schematic of
the waveguide cross-section along the horizontal white dashed line in (b).
We mark the interface where we expect significant injection and subsequent
trapping of hot carriers. . . . . . . . .. ... L L o
Decaying gain and breakdown voltage drifts for a W =900 nm laterally
doped device. (a) Photocurrent I, (measured at Py =-25dBm) and dark
current Iq, at reverse bias Vg of 14V and 18 V. Prior to each measurement,
the device is reset with the application of a forward bias voltage. (b) The
avalanche breakdown voltage V4, increases upon successive voltage sweeps.
Each sweep starts from Vg =0V and is terminated upon the dark current /g,
reaching the breakdown current of 10 pA. Here, the device is not reset with
a forward bias voltage in between runs. (¢) Change in gain G over time at

different Vg. Here, the reverse bias is continuously applied. . . . . . . ..
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Reset procedure for high-gain operation. (a) Schematic of the procedure.
Here, multiple sweeps of the reverse bias voltage Vg are applied to the APD.
Prior to each sweep, a forward bias voltage of Vp=-1V is applied to the
APD cathode for 1s. The time axis is not drawn to scale. (b) Comparing
breakdown voltage V4, drifts for a W =900 nm laterally doped device. By
applying the forward bias Vg, the breakdown voltage V. remains stable over
successive sweeps of Vg. If Vr is not applied, we obtain the same results in
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Passive-quenching circuit. a) A circuit model of a passively quenched SPAD.
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Representative plots of avalanche pulses at different Vg captured in persis-
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nm wide p-n™ SPAD biased at Vg = 18 V. Each data point is obtained with
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classical and quantum channels. The images of a, b, ¢, and d are from [6],
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6.2 Stabilization of coherent optical fiber networks operating at the single-photon
level. a) A Mach-Zehnder interferometer consisting of a single-photon source
(SPS), 50:50 beamsplitters, and a phase modulator ¢ as an example network.
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through the coherent network is separated by a multiplexer (e.g., wavelength
division multiplexer WDM) and measured by a photodetector PD. b) An
optical fiber network stabilized by single-photon counting. . . . . . . . ..

6.3 a) Noise spectral density of phase fluctuations of the unstabilized system,
measured by sending a CW-laser of uW power through the same interfer-
ometer. The noise spectral density decreases by 1/ > until 1 Hz before it
reachesanoise floor. . . . . ... ... L L oo

6.4 Feedback loop for active phase stabilization. a) The block diagram of the
setup. b) A representative plot showing counts N,y vs. fiber stretcher voltage
Vis. We set Ny, to N/2. The proportional gain K), of the controller is equal to
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Phase scanning of the unstabilized interferometer to obtain feedback input
parameters. a) The unstabilized interferometer is phase scanned by applying
a ramp voltage to the fiber stretcher. Each data point corresponds to the
SPD counts at output port C integrated over a time period At of 24 ms. The
set point Ns, and proportional constant K, are obtained by fitting measured
interference fringes to a sinusoidal function. b) The corresponding ramp
voltage. . . . . .
Long-term phase stabilization in a fully-fiberized MZI by single-photon
counting. a) The system is stabilized for 7 hours, followed by another
7 hours without stabilization (only one hour is shown). Each blue circle
corresponds to the number of single photon counts with the red line being
the corresponding phase delay retrieved from these counts. The black line
represents the stabilization point. b) The corresponding phase distributions,
where the blue line is the Gaussian fitcurve. . . . . .. .. .. ... ...
Operation speed of the phase stabilization. The system is modulated with a
modulation signal of 7 = 100 ms and a duty cycle of 50%. Blue line shows
the exponential rise and decay fit curves with a time constant of 3.5 ms.

Schematic of the experimental setup to measure single-photon interference
in a fully-fiberized MZI stabilized by our single-photon counting method.
BS: beamsplitter, VA: variable attenuator, DL: delay line, FS: fiber stretcher,

SPD: single-photon detector, TCSPC: time correlated single-photon counter.

Single-photon interference in a fully-fiberized Mach-Zehnder interferometer
stabilized by single-photon counting. Each data point shows the number of
detected photons at the corresponding output ports. The error bars are given
by the photon shot noise. Out-of-phase oscillations of N, and Ny is in a good
agreement with Eqs. 6.1and 6.2. . . . . . . . ... ... .. ... .....

Concept of coherent perfect absorption (CPA). The plasmonic metasurface
to achieve CPA is shown as a yellow stripe. Here, two counter-propagating
coherent beams having the same amplitude interfere and form a standing
wave. a) The configuration for coherent perfect absorption where an antinode
of the standing wave is formed at the position of the metasurface. b) The
other limiting case takes place once a node of the standing wave coincides

with the metasurface. . . . . . . . . . . ...
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Schematic of the full setup for single-photon absorption control and all-
optical single-photon switching experiments. The setup consists of a heralded
single-photon source setup (top) and a fiberized interferometer with coherent
perfect absorber (bottom). In each arm, a HWP and CC pair is used to
compensate for spatial and temporal walk-off of down-converted photons
due to birefringence of the first BBO crystal, whereas the following HWP
and PBS pair is used to choose correlated photon polarizations. BBO: beta-
barium borate, PH: pinhole, CL: collimator lens, HWP: half-wave plate, CC:
compensating (BBO) crystal, BPF: band-pass filter, FC: fiber collimator,
PBS: polarization beam splitter, DL: delay line, VA: variable attenuator, FS:

fiber stretcher, Crc: circulator, CPA: (fiberized) coherent perfect absorber,

SPD: single-photon detector, TCSPC: time-correlated single-photon counter. 151

a) Concept of the fiberized plasmonic metamaterial. Coherent optical input
fields A and B interact on the metasurface and generate output fields C and
D. b) The SEM image of the plasmonic metamaterial absorber deposited
on a fiber end facet. The inset shows the zoomed view SEM image of the
engraved asymmetric split-ring resonator structures. ¢) The photograph of
the packaged metadevice. . . . . .. ... ... o oL
Single photon manipulation in coherent optical fiber networks stabilized by
single photons. Single photon absorption control with a CPA. Each point
corresponds to a single measurement; the dispersion is defined by the Poisson
distribution. . . . . . ...
Timing statistics of heralded single photons. The width of histogram bins is
set to 162 ps, which is twice the timing resolution of the TCSPC unit.
All-optical single-photon switching. a) The modulation signal driving the
system between coherent absorption (CAR) and transmission regimes (CTR).
b) The timestamps of coincidence detection events between SPD-c & SPD-h
and SPD-d & SPD-h registered by TCSPC. The subplots a) and b) share the
x-axis of which broken parts correspond to the phase stabilization periods.
¢) The distribution of coincident photon counts during coherent absorption

(red) and transmission (blue) cycles. . . . . . ... ...

Schematic of the cascaded MZI configuration. ¢;: phase modulator, SPD:
single-photon detector, 50/50: 50/50 beamsplitter. . . . . . ... ... ...
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Experimental setup to implement the cascaded MZI configuration with opti-
cal fibers. The input ports A’ and B’ and output ports C’ and D’ correspond
to the same port labels in Fig. 8.1. The arrows in magenta show the direction
of the field incoming to the absorber, whereas the arrows in blue show the
direction of the field after the absorber. The fiberized 50:50 beamsplitter
induces 7 /2 phase shift on the crossport. . . . .. ... ... ... ....
SPD counts at the output ports C’ and D’. The counts are measured at
different phase delays ¢ over an integration time window At of 24 ms. Error
bars show the photon shot noise. The solid lines follow the expectation
values of the number operators at the corresponding ports in Eq. 8.22.

Normalized counts N/, and Ny, at the output arms C" and D', respectively.
The solid lines show the theoretical predictions. The error bars are calculated

by propagating the photon shotnoise. . . . . .. ... .. ... ......

a) Our photonic integrated circuit will use nanodiamonds with silicon-
vacancy (SiV) centers as single-photon sources. The nanodiamonds are
positioned inside a high Q-factor SiN microring resonators, for which a
typical set of device parameters is shown. . . . . . . ... ... ... ...
a) Cross-section electric field intensity profiles along the straight waveguide
and at the position of the nanodiamond. b) Simulated transmission spectrum
of the microring resonator device. . . . . . ... ... ... ... .....
Preliminary FDTD simulations of plasmonic nanoantennas on top of silicon

waveguides for integrated CPA interferometer. . . . . . . . . . .. ... ..

Design parameters of the taper structures. a) Single-tip taper has a minimum
taper width w of 180 nm, which widens to the various waveguide widths W
ranging from 450 to 900 nm to achieve adiabatic coupling. b) Double-tip
tapers coupled to a multimode interference coupler. The structures have
different taper widths w and tip gaps g. The simulated optical mode profiles
are shownontheright. . . . .. ... ... ... .. ... .. .. ...
Calculated mode matching efficiencies for single-tip and double-tip tapers
with various taper widths at w a) 638 nm and b) 738 nm. For double-tip
structures, the plots show results for various gap g (in nm) between the tips.

The solid and dashed lines show data for TE and TM mode, respectively.
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MMI beam combiner designs at operating wavelength of a) 638 nm and b)
738 nm [10]. ¢) The corresponding coupling efficiencies for both TM and
TEmode. . . ... ... .. ..
Characterization of SiN fiber-to-waveguide edge couplers. a) Optical trans-
mission of double-tip tapers of various taper widths w and waveguide lengths
[ at 685 nm input light with H polarization. b) Fiber-to-waveguide cou-
pling efficiencies of double-tip tapers of various taper widths w for both
polarization states. Solid (dashed) line denotes the edge coupler with MMI-
1 (MMI-2) beam combiner. c¢) Fiber-to-waveguide coupling efficiency of
single-tip edge couplers with w = 180 nm that are tapered to W = 450 nm.

d) Comparison of double-tip and single-tip edge couplers with w = 180 nm

that are tapered to W = 450 nm. The parameter w denotes the design widths.

Concept of coupling single photons emitted from a diamond color center
into a microring resonator. A diamond nanopillar containing an NV center
is positioned in close proximity to the microring resonator. The pump field
from the top excites the NV center to emit single photons. The light field is
enhanced by the resonator, and evanescently couples to a bus waveguide. A
lensed fiber is positioned next to the bus waveguide at the edge of the chip to
outcouple single photons for optical spectrum measurements. The oscillation
direction of the AFM tip during AFM measurements is shown by vibrating
arrow symbols. The image is notdrawn toscale. . . . .. ... ... ...
AFM diamond tips. a) The AFM tip with Akiyama probe footprint has a
cantilever to its quartz tuning fork. b) The cantilever has a diamond nanopillar
underneath of the tip of the cantilever. The nanodiamond nanopillar contains

single NV color center. Images are adapted from [11]. . . ... ... ...
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Photographs of the experimental setup for nanodiamond coupling. a) 532 nm
pump field coming from the top excites the AFM tip located at the bottom of
the microscope stick. b) The bus waveguide is coupled to a lensed fiber via a
3-axis motorized stage from the edge of the chip. An NPBS diverting some
light to camera was used adjust image the AFM tip and the sample during
initial positionings. Two independent stacks of 3-axis piezoelectric stages
are used to align the microring and the diamond nanopillar with respect to
the pump field. ¢) 660 nm CW light coupled from the lensed fiber into the
chip is used to optimize the fiber coupling. The bright green scattering at the
tip of the AFM probe is due to the pump field coming from the top.

Main steps of the experiment for the demonstration of coupling of single
photons from a NV center in a diamond nanopillar into a SiN microring
FESONALOL. . . . . vt it e e e
a) CFM image of the diamond cantilever tip. Each pixel shows number of

photon counts per 50 ms. b) CFM image of the diamond nanopillar region

once the y-position of the tip is optimized. . . . ... ... ... ... ..
Lensed fiber coupling procedure in step-5. First, we imaged the fiber and the

bus waveguide at the edge of the chip and achieved coupling by maximizing

the scattering signal from the bus waveguide. In subsequent steps, we

retracted the lensed fiber by 10 um, moved the chip towards the fiber, and

then re-coupled the fiber. While retaining the fiber coupling, these steps are

repeated until we could image the microring resonator and the bus waveguide

at once. The dashed blue line denotes the fixed imaging region, and the

portions of the chip that could not be imaged are shaded. . . . .. ... ..
Fiber coupling to the microring resonator. a) A lensed fiber is coupled

to a SiN bus waveguide. b) The light evanescently couples from the bus
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scattering along the waveguide, whereas the green light seen at the top left

of the microring resonator is due to the reflection of the illumination LED of
the imaging system. . . . . . . . .. ...
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Chapter 1
Introduction

Quantum information technologies have been rapidly developing in recent years, and ef-
forts are shifting from conceptual laboratory demonstrations to scalable real-world devices.
Relying on the principles of quantum mechanics, especially quantum entanglement and
quantum superposition, new quantum technologies are emerging. Quantum computers hold
the promise of performing computations that are beyond the reach of classical computers [12—
16]. Quantum cryptography secures communication channels with unhackable encryption
methods [17-21]. Quantum simulators allow us to investigate quantum many-body systems
that are hard to investigate in laboratory settings or not feasible to model with classical
computers [22-25]. Quantum sensing and metrology enable us to measure various quantities

with better sensitivity beyond the standard quantum limit [26-29].

Scalability challenge

Ambitious quantum flagship initiatives [30-34] have been launched with the aim to spearhead
the quantum computational advantage or supremacy race [35]. Google has recently claimed
that it achieved quantum advantage with its 53-qubit programmable superconductor-based
processor [16]. There is yet to be any demonstration of otherwise intractable real-world
computing problem that has been solved with this chip. Nonetheless, the field takes a huge
leap forward and promises to achieve a practical quantum computer in the near future.

To be practically useful, however, a quantum chip needs to be scaled beyond these 53
qubits [36]. One clear approach is to increase the number of qubits on the same chip but doing
so makes the preservation of the coherence between qubits and quantum error correction

extremely challenging [37]. Moreover, engineering challenges emerge in connecting and
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controlling large number of qubits on the same device, and consequently, scaling up to

hundreds to thousands of qubits on a single chip is presently not easily accessible.

Photonic quantum networks

A viable approach to overcome the challenge of building a scalable universal quantum
computer is to utilize modularity approach. Modularity allows us to construct large architec-
tures from smaller subsystems while keeping the individual system complexity at an easily
manageable level. Motivated by how computational tasks are executed on a contemporary
supercomputer that consists of CPUs, RAM, and other peripheral electronics in a modular
fashion, a network of separate quantum systems can be interconnected to achieve a scalable
quantum computing and communication platform [38—40]. Within such networks, separate
quantum systems constitute individual network nodes which process and store quantum
information as stationary qubits. Photons, serving as flying qubits, exchange quantum infor-
mation between these nodes with high fidelity and communication rates. Promising progress
has been made for many suitable candidates for quantum nodes, including superconducting
circuits [16, 41-44], quantum dots [45—47], color centers [48-50], trapped ions [51-53],
rare-earth-doped materials [54, 55], and neutral atoms [56-58].

Photonic quantum systems are prominent candidates for the realization of a quantum
network [59, 60] because photons are low-noise carriers of quantum information. Superposi-
tion and entanglement of quantum states can be generated, distributed, and detected using
photons. Moreover, photons are currently the only feasible candidate to connect nodes of a
distributed quantum information network and quantum communication system.

In the KLLM protocol [59] described in the linear optical quantum computing (LOQC)
approach, simple linear optical elements are used to perform unitary quantum gate operations
on qubits while quantum memories and single-photon detectors are used to store and read-
out quantum information. This protocol makes it possible to realize a universal quantum
computation platform via a network of linear optical elements along with single-photon
sources and detectors.!

Most of components required for a photonic quantum network can be monolithically
integrated on a photonic chip. Such photonic integrated circuits (PICs) provide the possibility
of incorporating a lot of functionalities including phase and intensity modulators, interfer-

ometers, phase shifters, resonators, and detectors while maintaining a very small device

'Not all the LOQC protocols allow for universal quantum computing though. KLM protocol is suitable for
this purpose, whereas boson sampling [61], for instance, constitutes a restricted model where its applicability is
not universal.
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Figure 1.1: Simplified schematic of our photonic integrated circuit which consists of high
Q-factor silicon nitride (SiN) microring resonators with silicon-vacancy (SiV) color centers in
nanodiamonds as quantum light sources, SiN waveguide beamsplitter, phase modulators, and
silicon waveguide-integrated single-photon avalanche diodes (SPADs) on silicon-on-insulator
(SOI]) platform. This circuit is configured as a Hong-Ou-Mandel (HOM) interferometer,
where HOM effect can be observed via coincidence measurements between the on-chip
detectors.

footprint. This component miniaturization brings about scalability and ease of operation.
Furthermore, PICs provide advantages of cost reduction, standardization, and precision
compared to bulk implementations. Quantum communication [62—66], quantum compu-
tation [67-73], quantum simulation [74—81], and quantum metrology [82] have all been
reported with PICs, proving its versatility and viability for on-chip implementations of
different quantum technologies.

One example of a multi-functional PIC combination comprises of a photonic platform
where photons are generated, manipulated, and detected via on-chip quantum light sources,
modulators, interferometers, and single-photon detectors as shown in Fig. 1.1. This platform
can be reconfigured to accommodate other photonic components to extend functionalities for
on-chip single-photon processing. One such example utilizes interferometers with coherent
perfect absorption capability. This type of interferometers has been implemented to quantum
states of light including single-photon Fock states [83], entangled states [84], and NOON
states [85]. They have also been used for controlling coupling of photons to other light-matter
eigenstates [86—88], and they have potential applications in quantum communication and
LOQC protocols such as dual-rail encoding.

In the first part of this thesis, we present our work towards monolithically integrated

single-photon detectors for visible wavelengths, which lacks in the literature. The second
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Figure 1.2: Schematic of integrated CPA interferometers. Concept of a) all-optical single-
photon switch and b) single-photon absorption control via plasmonic nanoantennas on top
of the waveguides as coherent absorbers in the middle of the beamsplitter structure. An
electro-optic or thermo-optic actuator for phase modulation is depicted for b). The image is
taken from [1].

part focuses on single photon manipulation experiments performed by phase-stabilized
interferometers with coherent perfect absorption (CPA) capability. An integrated CPA
interferometer as shown in Fig. 1.2 depicts our end goal, and the efforts are geared towards
developing the integrated metamaterial part to achieve on-chip CPA (see § 9 for numerical
studies). While pursuing that end goal, in Part II, we used a coherent optical fiber network
with a coherent perfect absorber as a prototype to prove the applicability of our single photon
manipulation concepts.

Apart from serving as an easily accessible testbed, fiber networks comprising of numerous
interferometers constitute a prominent building block of long-haul quantum information and
communication systems. Quantum computation based on dual-rail qubit encoding [89, 90],
quantum key distribution [91, 92], entanglement swapping and distribution [92, 93], and
high-dimensional quantum state transmission [94] have already been demonstrated in fiber-
based quantum networks, showing the viability of the approach. In addition to being stand-
alone platforms, PICs and optical fiber networks can also work together as complementary
platforms. For instance, an optical fiber network can be used for lang haul connection of
distant quantum nodes realized on PICs; a modular system that utilizes the benefits of both
photonic platforms.

Whether it is integrated or fiberized, an important challenge pertaining to interferometers
originates from phase noise. If it is not eliminated, phase noise destroys quantum coherence,

which subsequently prevents quantum superposition and quantum entanglement. Therefore,



stabilization of interferometers without degrading quantum channel efficiency is of the
upmost importance for realizing quantum optics applications. In the second part, we address
this issue and present our experimental results on phase stabilization of coherent optical
networks and coherent control of single photons.

On-chip detection of single photons at visible wavelengths (Part I) and coherent manipu-
lation of quantum states of light via CPA phenomenon in phase stabilized optical networks
(Part II) are fundamental to the development of our integrated photonics platform. Extended
functionalities for quantum light manipulations together with on-chip readout of quantum
information with single-photon detectors would potentially make our platform an important

device for on-chip LOQC applications.

Part-1: Integrated single photon detection at visible wavelengths

Recent developments based on complementary metal-oxide semiconductor (CMOS) com-
patible material platforms highlight the remarkable promise of a compact, low-cost, and
mass-manufacturable quantum photonics device technology [95-97]. Currently, many cur-
rent PICs still rely on coupling of light to external bulk photodetectors [62, 69]. Major
improvements in device footprint and scalability could be achieved if these photodetectors
reside on the same photonic chip and couple directly to waveguides [98]; therefore, on-chip
waveguide-coupled single-photon detectors would be one of the key building blocks of a
scalable integrated quantum photonics platform.

Superconducting nanowire single-photon detectors (SNSPDs) are a state-of-the-art solu-
tion, featuring waveguide integrability, near-unity quantum efficiencies, low dark count rate
of a few counts per second (cps), and low timing jitter down to < 20 ps [99-101]. However,
they require cryogenic operating temperatures of a few degrees Kelvin, which is expensive
and prohibitive for large-scale deployment.

A practical alternative can be found in single-photon avalanche diodes (SPADs)?. A
single photon that is incident on a SPAD can trigger a macroscopic avalanche current via a
cascade of impact ionizations, and the resultant avalanche current is used for detection. In
contrast to SNSPDs, SPADs typically only require thermoelectric cooling and can operate
even at room temperature [102—104]. Moreover, SPADs can be easily incorporated into
silicon photonics platforms and benefit from mature CMOS fabrication technologies [105—

107], making them a promising candidate for scalable manufacturing. To date, reports of

2 The term single-photon avalanche diode (SPAD) is used to describe avalanche photodiodes (APDs) that
are specifically designed to operate at reverse bias voltages beyond breakdown voltage to achieve single-photon
sensitivity. Therefore, the term SPAD is used interchangeably with Geiger-mode APDs in this thesis.
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waveguide-coupled SPADs have been limited to operation at infrared wavelengths [108, 109].
However, many relevant quantum systems, including trapped ions [110-112] and color
centers in diamond [49, 113], operate in the visible spectrum, which makes efficient and
low-noise SPADs for visible wavelengths highly desirable.

Apart from integrated quantum photonics devices, a high detection efficiency and low
timing jitter waveguide-integrated single-photon detector is desirable in a wide range of
photon-starved applications such as LIDAR [114, 115], non-line-of-sight imaging [116], 3D
time-of-flight imaging [117], fluorescence medical imaging [118, 119], optical time domain
reflectometry [120, 121], STED microscopy [122], and astronomy [123—-125], to name a few.

When operated at a bias voltage that is below breakdown voltage, APDs can achieve
a finite and stable gain for a given applied voltage. This is in contrast with Geiger-mode
operation for which the concept of gain is not applicable in the strict sense due to divergent
nature of the avalanche breakdown. In this linear-mode regime, APDs work as linear
amplifiers such that an incident optical signal is converted into an amplified photocurrent
signal with internal gain. APDs in linear-mode operation are mostly utilized to achieve up-
front amplification of low-intensity optical signals. Linear-mode APDs are extensively used
in numerous applications including high-speed receivers of optical interconnects [126-130],
LIDAR [131, 132], biomedical imaging [119, 133], and scintillation detection [134—136]
which require high bandwidth and high sensitivity.

In this part of the thesis, we report on the design, simulation, and characterization of
silicon waveguide-integrated avalanche photodiodes (APDs) on a silicon-on-insulator (SOI)
photonic chip for visible wavelengths. Our waveguide-integrated APDs are end-fire coupled
to silicon nitride (Si3N4, hereinafter denoted as SiN) photonic waveguides (see Fig. 1.1).
SiN is a suitable material for scalable quantum photonics applications because it is CMOS
compatible [105, 137, 138] and has a large transparency window for many quantum emitters
that emit at visible wavelengths [49, 110]. Moreover, ){3 nonlinearity of SiN has been
recently utilized to demonstrate quantum frequency conversion of single-photons and photon
pairs emitted from quantum dots [139, 140]. Therefore, silicon SPADs which are waveguide-
coupled to SiN waveguides on the same photonic chip constitutes an important milestone on
the road towards scalable quantum information network.

We design two classes of silicon waveguide-integrated APDs for Geiger-mode operation
at visible wavelengths. We develop a 2D Monte Carlo device model that is suitable with the
stochastic nature of impact ionization process and subsequently simulate photon detection
efficiency and timing jitter of devices. Compared to previous SPAD simulation works

which are aimed at simulating free-space devices by considering electric field only along



photon propagation axis, our 2D Monte Carlo simulator is better suited for SPADs in small
waveguide geometries where the electric field distribution is highly non-uniform. We study
the effect of different doping configurations and device geometries on device performance in
Geiger-mode operation by performing numerical simulations.

Next, we fabricated our devices and characterized them in both linear-mode and Geiger-
mode operation. We investigated the effect of different design parameters and operating
conditions on device performance. Operated in linear mode, our APDs show competitive
performance in terms of dark current, primary responsivity, gain, and bandwidth. This
demonstration is the first report on the monolithically integrated avalanche photodiodes for
visible light in the literature.

Operated in Geiger mode, we investigated avalanche breakdown dynamics and noise
performance of our devices . We characterized the breakdown voltage, avalanche pulse
characteristics, and dark count rate along with their temperature and excess bias dependence.
The effect of peripheral quenching electronics on device performance is discussed, and

various methods to reduce dark count rate are presented.

Part-2: Integrated single photon manipulation via CPA

LOQC schemes extensively use interferometers to encode, exchange, and process quan-
tum information of multiple photons. Various interferometric methods have been used to
coherently control quantum states of light, however conventional interferometers operate
probabilistically. Extended functionalities are achievable with interferometric modulator
systems based on novel coherent perfect absorption (CPA) phenomenon, which brings the
advantage of deterministically controlling light propagation. When implemented in complex
optical networks, such interferometric modulators with CPA capability allows for determinis-
tic prevention of residual photon propagation into other network arms, eliminating undesired
interference or crosstalk elsewhere.

However, whether it is equipped with CPA functionality or not, phase noise poses an
important challenge to any interferometer operation. Interferometers, particularly if built
on a fiber network, suffer from phase noise due to environmental factors such as thermal,
mechanical, and acoustic noise. The phase information between photons propagating through
different interferometer arms must be preserved for quantum superposition and quantum
entanglement, for which quantum interference plays a vital role.

Many experiments on optical fiber networks use either resource-demanding stabilization
or elaborate data post-selection techniques to eliminate the effect of phase noise [6-8, 141].

Conventional approaches that form a feedback loop for active phase stabilization use an
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auxiliary laser with a distinct degree of freedom (e.g., wavelength, polarization, or temporal
mode) probing the same optical path traversed by quantum light. However, any optical
components introduced for multiplexing (demultiplexing) auxiliary laser into (out of) an
interferometer increase optical losses in the quantum channel. Furthermore, scattering-
induced photons and crosstalk of the auxiliary laser interfere with the quantum signal.

In this part of the thesis, we developed an active phase stabilization scheme for coherent
optical networks operating at the single-photon level. Our method relies on a digital feedback
controller which monitors single-photon counts sampled directly from the quantum channel.
Compared to other phase stabilization schemes which use dedicated auxiliary lasers, multi-
plexers, and additional photodetectors, our method utilizes existing single-photon detectors
and modulators on the network, and hence, it is less resource demanding and potentially
improve the efficiency of the quantum channel.

We first implemented our method in a coherent optical network represented by a fully-
fiberized Mach-Zehnder interferometer (MZI) operating at the single-photon level. We
demonstrated a phase stability that is comparable to those demonstrated in conventional
stabilization schemes. We further applied this technique to an optical network with a coherent
perfect absorber, and subsequently demonstrated deterministic control of single-photon
absorption probability.

Next, we showed all-optical switching by driving the coherent network between its
coherent perfect absorption and transmission regimes. Unlike conventional approaches based
on nonlinear optical processes requiring high light intensity, the interferometric nature of
coherent perfect absorption allows us to demonstrate all-optical switching down to the single-
photon level. Moreover, our demonstration allows for complete light dissipation, unlike a
standard Mach—Zehnder intensity modulator which only redistributes light between its two
output ports. CPA switches, therefore, are useful for building complex quantum networks
where photon propagation can be deterministically controlled by dissipating photon energy
through coherent interactions.

Lastly, we demonstrated quantum state filtering of single photons whose quantum infor-
mation is encoded in superposition of two spatial modes, i.e., dual-rail photons. Here, we
extended our setup to a cascaded Mach-Zehnder interferometer for input state preparation
and output state measurement and utilize different optical responses of the metamaterial to
symmetric and anti-symmetric wavefunctions of spatial wave function. Our work may find
use cases in optical quantum information protocols such as dual-rail encoding.

To summarize, the work presented here adopts a hybrid approach for building an in-

tegrated photonics platform with on-chip photon generation, manipulation, and detection



capabilities. We report on the first demonstration of waveguide-integrated APDs for visible
wavelengths. Operated in linear mode, the gain-bandwidth product exceeding 200 GHz
and sub-microampere dark current makes our devices very competitive when benchmarked
against other integrated APDs operating in the telecommunication wavelengths. Operated
in Geiger mode, our devices are affected by high dark count rate for which we provide
in-depth analysis and recommendations for future work to overcome this issue. The other key
ingredient of our hybrid integrated platform is the ability of coherent control of photons to
perform on-chip LOQC protocols. Coherent control of single photons is achieved by using in-
terferometric modulator systems equipped with coherent perfect absorbers. Since eliminating
phase noise is vital to any interferometer operation, we developed a method of active phase
stabilization for coherent optical networks operating at the single-photon level. Finally, we
demonstrated two successful examples of coherent control of single photons, single-photon
switching and quantum state filtering of dual-rail photons, to prove the applicability of our

concepts for future on-chip LOQC applications.

Thesis structure

The content of the thesis is structured in the following chapters.

* Chapter 2 presents a brief literature review of solid-state single photon detectors
compatible with monolithic integration and outlines the physics of Geiger-mode APD
operation. This is followed by our design and simulation study for silicon waveguide-
integrated Geiger-mode APDs on silicon-on-insulator platform to achieve single-

photon detection at visible wavelengths.

* Chapter 3 describes the method to fabricate silicon waveguide-integrated APDs which

are end-fire coupled to silicon nitride waveguides on silicon-on-insulator platform.

* Chapter 4 presents the experimental results on characterization of fabricated APDs
in linear-mode operation. It investigates the effect of different device geometries and
doping profiles on optical coupling, device responsivity, dark current, and electro-

optical bandwidth performance.

» Chapter S first describes the performance metrics of an APD in Geiger-mode opera-
tion together with their dependence on operating conditions. Next, it introduces our
test setup and quenching electronics for Geiger-mode operation, and reports on the
experimental results on characterization of a commercial APD to verify the operation

of our test setup. Experimental results on characterization of fabricated APDs in
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Geiger-mode operation are then presented. Lastly, it provides a discussion on the
physical mechanism of excessive dark count rate and suggests methods to prevent

device saturation.

Chapter 6 introduces our method for active phase stabilization of coherent optical
networks operating at the single-photon level, and reports on the experimental results
obtained from its implementation in a quantum network represented by a fully-fiberized

Mach-Zehnder interferometer.

Chapter 7 briefly reviews the coherent perfect absorption phenomenon in plasmonic
metamaterials. Then, it presents a practical application of CPA, which is all-optical
single-photon switching, in a phase-stabilized coherent optical network with heralded

single photons.

Chapter 8 extends the application realm of our phase-stabilized quantum network
and presents our experimental results on filtering quantum states of photons whose

quantum information is encoded in superpositions of spatial wave functions.

Chapter 9 concludes the thesis and outlines the future work towards the development
of a photonic platform incorporating waveguide-integrated Geiger-mode APDs and
waveguide-based coherent perfect absorbers for on-chip LOQC applications with

integrated quantum information readout capability.
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Integrated Single Photon Detection at
Visible Wavelengths



Chapter 2

Design and Simulation of Integrated
SPADs

2.1 Introduction

Here, we first briefly overview various single-photon detector technologies that are suitable
for photonic integration. Next, we present our design and simulation results for silicon
waveguide-integrated SPADs on a silicon-on-insulator platform. Our devices are designed to
detect single photons at visible wavelengths where many relevant quantum systems, including
trapped ions [110-112] and color centers in diamond [49, 113], operate.

Here, we first investigated a SPAD which consists of a p-n™ junction implemented in a
doped silicon waveguide and couples to an input silicon nitride waveguide on the same layer.
We developed a 2D Monte Carlo model to simulate the stochastic avalanche multiplication
process of charge carriers following absorption of an input photon, and calculated photon
detection efficiency (PDE) and timing jitter. We simulated device performance for different
device dimensions and doping configurations at 640 nm input light. The temperature in our
simulations is set to 243 K, which is achievable by thermoelectric cooling.

In the second half of the chapter, we extended this first simulation study. Specifically,
we improved the device simulator, added dark count rate (DCR) calculations, and then
investigated p-i-n™ junction-based devices together with new design variations of p-n™
junction-based devices. Here, we explored various waveguide structures and doping profiles
to maximize photon detection efficiency while keeping timing jitter and dark count rate at
acceptable levels. Our simulation study shows that p-i-n* SPADs have the highest PDE and

the lowest DCR while attaining low timing jitters.
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Amplifier

Figure 2.1: Operation principle of TES-SQUID circuit. Driving Iy, through Ry,,s results in
a voltage bias on the transition edge sensor such that the device operates on its self-biased
region where the dissipated power is constant with the applied voltage. A photon absorption
leads to a negative electrothermal effect and drops the device current. The SQUID, which
is inductively coupled to the input coil L, picks up this change in the device current, and
subsequently outputs a detection signal.

2.2 Single-photon Detector Technologies

Integrated quantum photonics is recognized as a key enabling technology on the road towards
scalable quantum networking schemes. However, many state-of-the-art integrated quantum
photonics demonstrations still require coupling of light to external photodetectors. On-chip
silicon single-photon avalanche diodes (SPADs) provide a viable solution as they can be
seamlessly integrated with photonic components and operated with high efficiencies and low
dark counts at temperatures achievable with thermoelectric cooling.

Besides their use in quantum-enabled technologies, such devices would also find nu-
merous applications in other important realms, including LIDAR [114, 115, 142], non-
line-of-sight imaging [116, 143], fluorescence medical imaging [118, 144], and STED
microscopy [122].

Many such applications employ solid-state detectors due to their advantages of having a
miniature size, lower voltage operation, and high quantum efficiency. Their compatibility for
monolithic integration with photonic integrated circuits motivates research on transition edge
sensors, superconducting nanowire single-photon detectors, and single-photon avalanche
diodes. Next, we review the state-of-the-art solid-state single-photon detectors that can be

suitable for integrated photonic architectures.
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2.2.1 Transition Edge Sensors

A transition edge sensor (TES) is a class of single-photon detector based on superconduc-
tivity [145, 146]. A TES operates as an extremely sensitive calorimeter, a device used
to measure heat generated during a physical process. TES operation strongly relies on
temperature-dependent resistance of superconducting phase transition; therefore, they are
operated at cryogenic temperatures. On-chip implementations of transition edge sensors have
already been demonstrated [147—-149].

During its operation, a TES detector is cooled below its superconducting transition
temperature [150]. The device is voltage-biased by driving a current source Iy, through a
bias resistor Rpi,s as shown in Fig. 2.1. The bias voltage is chosen to put the TES in its "self-
biased region" at which the power dissipated in the device is constant with the applied voltage.
The excess heat caused by a photon absorption is removed by negative electrothermal effect:
the increase in the absorber’s temperature increases the TES resistance, and subsequently
results in a drop in the TES current. This leads to a reduction in the Joule power dissipated,
which in turn cools the device back to its equilibrium state in the self-biased region. The
relatively weak electron-photon coupling at these low temperatures allows for low thermal
conductance between the TES and its surrounding thermal bath, ensuring that most of the
incident photon energy is captured by the TES rather than lost through thermal conduction
to the thermal bath. To read-out the detection signal, a TES is typically connected in series
with an input coil L, which is inductively coupled to a superconducting quantum-interference
device (SQUID) [151]. The change in the TES current is coupled to the SQUID, whose
output is further amplified and read by room-temperature electronics.

TES detectors offer very high photon detection efficiency that can be tailored to different
operation wavelengths ranging from the millimeter regime to gamma rays [152, 153]. In
addition to their very low dark count rates, they also offer photon number resolving capabil-
ity [150]. However, TES detectors suffer from poor timing attributes, e.g., approximately
100 ns FWHM timing jitter [154]. Their operating temperature at around 100 mK necessitates
cooling through an adiabatic de-magnetization refrigerator, which is an energy-intensive and

costly process for scaled system implementations [155].

2.2.2 Superconducting Nanowire Single-photon Detectors

Superconducting nanowire single-photon detectors (SNSPDs) are a versatile class of pho-
todetectors exhibiting near-unity photon detection efficiencies (> 90%), fast response times,

low timing jitter (< 20ps), and very low dark counts over a broad range of wavelengths [156].



16 Design and Simulation of Integrated SPADs

a) i) > hv b) e .
vi) E ii)k : ' I-kinetic :
3 - === 3 3
E EE Ibias, ZIoad E < { :
W= — i (== CD R(t):E }
= = - : ’
= = = _—% : :
"=1= SNSPD
~ e e < [

— —

Figure 2.2: a) Operation principle of SNSPD. (i) A DC current biases the SNSPD. (ii) The
photon absorption creates a localized hotpot. (iii) The local current density around the hotspot
exceeds the superconducting critical current density. (iv) A resistive barrier across the width
of the nanowire is formed. (v) Joule heating extends the resistive region until the current
shunts through load resistance of the read-out amplifier. (vi) Finally, the non-superconducting
region cools down and returns to the superconducting state. b) Equivalent circuit model. Jy;yg:
bias current, Zjy,q: input impedance of the read-out amplifier, Lyinetic: kinetic inductance,
R(t): hotspot resistance. Photon absorption corresponds to the switch opening. Images are
adapted from [2].

Their waveguide-integrated implementations also attain performance metrics similar to that
of their free-space counterparts [99-101, 157, 158].

SNSPDs are based on a superconducting nanowire which is cooled below its supercon-
ducting critical temperature. A DC current that is close to but less than the superconducting
critical current of the nanowire is applied to bias the photodetector. A photon incident
on the nanowire breaks Cooper pairs and reduces the local critical current at that point
below that of the bias current (see Fig. 2.2(a)). This leads to a formation of a localized
non-superconducting region called a hotspot with a finite electrical resistance. If a readout
amplifier having an input resistance less than that of the hotspot is used, then most of the
bias current shunts to the input impedance Zj,,q of the readout amplifier and generates a
measurable voltage for detection (Fig. 2.2(b)). With most of the bias current diverted to the
amplifier, the non-superconducting region cools and returns to the superconducting state, and
the device becomes ready for the next photon detection.

Despite having performance metrics that are desired from a good single-photon detector,
the maintenance of cryogenic temperatures on the order of a few Kelvins is an energy-
consuming and expensive task, which limits the implementation of SNSPDs in scalable

architectures.
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Figure 2.3: A descriptive illustration showing the avalanche multiplication process in SPADs.

2.2.3 Single-photon Avalanche Diodes

Single-photon avalanche diodes (SPADs) are a type of solid-state single-photon detectors
based in a reverse biased diode structure. SPADs typically only require thermoelectric
cooling and can even operate at room temperature [102, 104]; this offers many practical
advantages in system implementation.

Figure 2.3 depicts the avalanche multiplication process in SPADs. Photogenerated charge
carriers trigger an avalanche of subsequent charge carrier generation due to the impact
ionization process. This avalanche generation then leads to a macroscopic current on the
order of a few milliamperes to flow across the device. If the primary charge carrier is
generated by photon absorption, then the leading edge of the avalanche pulse heralds the
arrival of the photon. The details pertaining to device physics are explained in detail in the
next sections.

SPADs are preferred due to their ease of use, as cryogenic temperature is not required,
and competitive performance metrics in single photon detections. SPADs can be fabricated
with mature standard CMOS fabrication techniques, enabling their utilization in scalable

architectures in a cost-effective way with high yields [159-162]. In addition to these advan-
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tages, SPADs have competitive figures of merit for their photon detection efficiency, dark
count rate and timing jitter performance.

Waveguide-coupled photodetectors have gained increasing attention in recent years;
compared to traditional free-space devices, waveguide devices can achieve higher speeds
and responsivities thanks to perpendicular directions of light absorption and current collec-
tion [163, 164].

In waveguide-based devices, long penetration depths to have high photon absorption
efficiency can be achieved simultaneously while keeping the transport time of photogenerated
charge carriers low. The reason is that the carrier collection path in waveguide-integrated de-
tectors, unlike free-space devices, is orthogonal to the light propagation direction. Moreover,
the optical mode confinement provided by waveguides can allow for further reducing the
required depletion width that should be overlapped with the mode profile. Therefore, such
devices can attain higher transit-time-limited bandwidth and timing jitter performance.

In conventional free-space coupled reach-through devices, the depletion region is formed
along the propagation direction of light. Therefore, the generated charge carriers are swept
across the device thickness, which is usually large to achieve high photon absorption ef-
ficiency at target wavelengths. This eventually limits the device bandwidth due to longer
transit time, and potentially leads to degradation of the timing jitter performance.

Besides, the active device volume is considerably smaller for waveguide-based devices
compared to their free-space counterparts. For a given light penetration depth, such a device
has orders of magnitude higher active device volume compared to a waveguide-based device
having a cross-section of submicron dimensions. A smaller active device volume provides
for low-noise operation because shot noise, Johnson noise, and generation-recombination
noise all scale with the detector active volume [165]. Reduced junction capacitance enabled
by a smaller active device volume would also improve the RC-limited bandwidth at low bias
voltages.

Another advantage of waveguide-based devices is that they are suitable for planar mono-
lithic integration with other photonics components [108, 166]. For instance, they can lead
to miniaturized devices for biomedical imaging [119, 133], molecular sensing [167] and
underwater imaging [168]. Combined with nanophotonic phased arrays [169, 170], they
can be used in visible light communication [127, 130, 171] and bathymetric LIDAR sys-
tems [172]. Integrated APDs are also advantageous for developing scalable systems for
quantum information processing, such as the recently demonstrated 100-mode photonic quan-
tum computer [173]. Integrated visible-light APDs will enable the photonic integration of

various quantum systems operating at visible wavelengths, such as trapped ions, color centers
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in diamond, quantum dots, and 2D materials [174]. For the scaled systems, the challenges
pertaining to interconnects between photonic chips and readout detectors can be overcome
by using monolithically integrated detectors. However, the waveguide-integrated SPAD
technology is still in its infancy compared to traditional free-space coupled reach-through
SPADs which have been developed over the course of decades and are now commercially
available. Table 2.1 compares the features of waveguide-based SPADs with that of such
reach-through APDs. For the sake of a quantitative comparison, we compared the widely
used C30902SH series avalanche photodiodes from Excelitas (formerly Perkin Elmer) [175]"
with our waveguide-integrated APD (see Chapter 4 and 5) since there is no other prior work
on waveguide-integrated APDs for visible wavelengths.

The reports of waveguide-coupled SPADs to date have been limited to operation at
infrared wavelengths [177]. However, many relevant quantum systems such as trapped
ions [110] and color centers in diamond [49], operate in the visible spectrum, which makes
efficient, low-noise SPADs for visible wavelengths highly desirable. In the following sections,
we present our research on design and simulation of silicon waveguide-integrated SPAD for

visible wavelengths.

2.3 First Study: Symmetric Rib Waveguide APDs

Here, we present our first design and simulation study for silicon waveguide-integrated
avalanche photodiodes (APDs) in Geiger-mode operation. Operated in Geiger mode, APDs
can detect single photons, and hence, they are commonly referred to as single-photon
avalanche diodes (SPADs). Our silicon waveguide-integrated SPADs are waveguide-coupled
to input silicon nitride (SizN4) waveguides on silicon-on-insulator (SOI) platform, and they
are suitable for quantum photonics applications at visible wavelengths. Moreover, they use
CMOS-compatible materials so that they can be readily incorporated into more complex
silicon photonic integrated circuits, leveraging on mature fabrication techniques and an
optimized set of component devices [105, 178, 179].

To model the SPAD operation, we first perform a DC electrical simulation to extract the

relevant electrical parameters, e.g., electric field, carrier mobilities, ionization coefficients,

!t also offers single photon counting modules (SPCM-AQRH series) that contain a silicon APD with
super low k factor (SLiK™), where k is the ratio of hole to electron ionization coefficients. Compared to the
k factor of 0.02 of its reach-through APDs, the k factor of 0.002 of SLiK™ APDs leads to a smaller excess
noise factor at typical gain and makes these detectors more suitable for photon counting applications [176].
Equipped with active quenching circuit and temperature controller, these self-contained modules are intended
only for Geiger-mode operation. Thus, the comparison is made with reach-through APDs whose specifications
are provided for operation both in linear mode and Geiger mode (see 5.2 for characterization in Geiger mode).
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Table 2.1: Comparison of waveguide-integrated and conventional reach-through APDs.

Feature Waveguide-integrated Reach-through
W =900 nm (Chapter 4, 5) | Excelitas C30902SH [175]
Structure
Light coupling End-fire Free-space
Spatial light profile Confined mode Unconfined
Carrier collection path vs. Orthogonal Parallel
light propagation direction
Photosensitive area (mm?) 2.25x 10774 0.2
Linear-mode operation
Dark current (nA) <0.01 — 120° 1-15¢
Primary responsivity (A/W) 0.8 ~0.4¢
Typical linear gain 12.3¢ 250
Bandwidth (GHz) 19.1¢ 0.7
Geiger-mode operation
Breakdown voltage (V) 15 185
Typical DCR (kcps) >100 0.25-5¢%
PDE (%) N/A ~50

“The light is confined within a 900-nm-wide and 250-nm-thick waveguide core.
"Depending on the bias voltage, it varies from <10 pA to 120 nA at room temperature.
‘It varies from 1 nA (—20°C) to 15 nA (room temperature).
4The spectral responsivity curve at 685 nm is divided by the typical gain of 250.
“The values are for the operation with maximum gain-bandwidth product.

/The 3 dB bandwidth f3dB is calculated from the rise time 7, of 0.5 ns with f3gg = 0.35/7,.
81t varies from 0.25 (—20°C) to 5 kcps (room temperature) for a PDE of 5% at 830 nm.
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Figure 2.4: (a) SPAD structure, consisting of a silicon rib waveguide end-fire coupled to
an input Si3N4 waveguide. (b) SPAD doping profile, with an asymmetric placement of the
p-n" junction. The cross section is constant along the length of the waveguide.

and breakdown voltage. We use a Monte Carlo technique based on a random path length
(RPL) model [180—183] to simulate the avalanche process in the SPAD, and subsequently
obtain the photon detection efficiency (PDE) and timing jitter. Here, we study a series of

devices with variations of waveguide width and doping levels.

2.3.1 Device Description

2.3.1.1 Device structure

The SPAD is based on a SOI platform, and it consists of a symmetric silicon rib waveguide
end-fire coupled to an input SizNy rectangular waveguide (see Fig. 2.4). Silicon is a suitable
photodetector material in the visible range due its high absorptivity, while Si3N,4 has high
transmittivity and a moderately high refractive index [105]. The structure is cladded with
3 um of silicon dioxide SiO, above and below. The length of the silicon waveguide is 16 um,
with an absorption of >99% at 640 nm. For ease of fabrication, we fix the height of the
silicon and SizN4 waveguide layers at 250 nm and the rib height at 125 nm; and vary the
width W between 450-900 nm in our study.

2.3.1.2 Doping profile

The choice of doping profile is essential in determining the performance characteristics of
the SPAD. In surface illuminated configurations, the location and orientation of the diode
junction, as well as the presence of a thick intrinsic region, is used to enhance the absorption
length and to target specific wavelengths of light. This often comes at the cost of a reduced

wavelength detection range or increased timing jitter [184, 185].
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To mitigate this trade-off between the increased timing jitter and enhanced absorption,
we design our SPAD to consist of a p-n* diode with a single continuous depletion region
along the length of the waveguide (see Fig. 2.4(b)). In this waveguide geometry, absorption
is given by the waveguide length. On the other hand, the timing jitter is largely dependent
only on the waveguide width, and not its length.>

In silicon, electrons have a higher ionization coefficient than holes; this results in a
more efficient avalanche multiplication process for electrons [186]. We hence aim to have
photo-generated electrons (rather than holes) drift into the avalanche region of the diode in
order to increase the PDE. In a p-n™ junction, the depletion region extends largely into the
p-doped side, where the dominant charge carriers are electrons. To maximize the spatial
overlap between the large depletion region on the p-doped side and the optical waveguide
mode, the p-n™ junction is placed asymmetrically within the waveguide, with p- and n*-
doped regions having a width ratio of roughly to 5:1.

We choose a nominal n* (p) doping concentration of 1x10'® (2x10!7) dopants/cm?,
drawing on experience from previously published literature [160, 184, 187]. The depletion
width within a 1D approximation is

1/2
2e.&y { No+ N,
Waep = [ 0 ( - D) (Vbi_VA)] : (2.1)

q NaNp

where &, is the relative dielectric permittivity of the semiconductor, &j is the permittivity of
free space, g is the elementary charge, N4 and Np are the number of ionized acceptors and
donors, respectively, Vj; is the built-in voltage, and V4 is the applied bias. The chosen doping
levels ensure that the depletion region covers a large part of the waveguide width. We also
explore other doping levels in this work and assess their effect on SPAD performance.
Electrical connections to the device are made via metal contacts deposited on top of

heavily-doped p** and n™ " regions.

2.3.1.3 Optical coupling

State-of-the-art integrated photodetectors for infrared wavelengths typically use a phase-
matched interlayer transition to couple light from the input waveguide to the detector [109,

178, 188—190]. However, this is difficult to achieve at shorter wavelengths due to the large

2The length of the waveguide could affect the timing jitter due to the timing uncertainty of photon absorption
during its propagation along the waveguide. Since the propagation time along the full 16 um length is very
short, its contribution to timing jitter is negligible (see § 2.3.4.2).
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Figure 2.5: (a), (b) Optical mode profiles at 640 nm for the fundamental (quasi-)TE modes
of 600 nm wide silicon and Si3N4 waveguides, respectively. (¢) 3D FDTD simulations of
end-fire coupling efficiency from the fundamental TE mode of the Si3zN4 waveguide to the
fundamental TE (top) and other modes (bottom) of the silicon waveguide. In both plots, each
curve shows the coupled power for a fixed silicon waveguide width W, normalized to the
input power.

difference in refractive indices for silicon (n = 3.8) and SizNy (n = 2.1). Thus, we choose to
end-fire couple the input Si3N4 waveguide to the silicon rib waveguide in the same layer.

The optical modes in the silicon and SizN4 waveguides have different shapes (see
Fig. 2.5(a) and 2.5(b)). To investigate the dependence of optical coupling on the widths of
the silicon waveguide W and the SizNy4 waveguide Wsin, we perform 3D Finite Difference
Time Domain (FDTD) simulations using Lumerical software (see Fig. 2.5(c)).

For a fundamental (quasi-)TE mode at 640 nm in the input Si3N4 waveguide, near-optimal
coupling to the fundamental TE mode of the silicon waveguide can be obtained by choosing
W = Wsin, with coupling loss <1 dB for widths below 1 pm. Choosing the two waveguides
to be of the same width also simplifies device fabrication. The remaining power is mostly
reflected, with minimal excitation of other waveguide modes (< 25 dB for W = Wsin). As
such, we only consider the fundamental TE mode of the silicon waveguide at 640 nm for

subsequent Monte Carlo simulations.

2.3.2 DC Electrical Analysis

Using the device dimensions and doping profile, we perform a DC electrical analysis of
the SPAD (ATLAS device simulator, Silvaco Inc.) to obtain the electric field F and the

charge carrier mobilities (U, Uy), drift velocities (v,, v,), and ionization coefficients (., o),
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where the subscripts e, denote electron and hole, respectively. These position-dependent
parameters are required for the Monte Carlo simulation of the avalanche process. We
also obtain the breakdown voltage V4, by analyzing the current-voltage characteristics and
identifying V4, as the reverse bias voltage at which the current increases sharply.

As the geometry and doping profile are constant along the length of the silicon waveguide,
a full 3D simulation is not necessary, and we simplify the calculations by considering only
the 2D waveguide cross-section. We use ATLAS’s built-in graduated meshing system with a
maximum element size of 5 X 5 nm in the waveguide core region (given by the width W and
the 250 nm height) and minimum element size of 1 x 1 nm in a ~200 nm region around the
diode junction.

Within ATLAS, we use the Masetti [191] model with the phosphorus parameter set
in conjunction with the Canali [192] model to obtain doping- and field-dependent mobil-
ities and drift velocities. Amongst the available mobility models in ATLAS, we use the
Masetti model as it is built upon the most updated empirical mobility data and provides
more detailed information at high dopant concentrations (we simulate devices with up to
10" dopants/cm3) [191]. Tonization coefficients are obtained from the Selberherr impact
ionization model [193], which only considers local electric fields; the dead space effect
of impact ionization modeling is taken into account within the RPL model in the Monte
Carlo simulator. The implementation details of these models can be found in the ATLAS
manual [194].

2.3.3 2D Monte Carlo Simulator

2.3.3.1 Initial motivations

In addition to photon detection efficiency, timing jitter is another critical performance indica-
tor of single photon detectors for applications such as quantum key distribution (QKD) [195],
LIDAR [196], and lifetime measurements of single photon sources [197]. Timing jitter
arises from the stochastic nature of the impact ionization and avalanche buildup process and
cannot be modeled by deterministic simulators [198]. In contrast, Monte Carlo simulators
can capture the probabilistic outcome of individual avalanches, and thus can evaluate the
timing performance through statistical analysis of repeated simulation runs.

In our Monte Carlo device simulator, the Random Path Length (RPL) model is used to
simulate the avalanche multiplication process [180, 182, 183]. Briefly, an absorbed photon

gives rise to an electron-hole pair. Each charge carrier is accelerated by the electric field
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Figure 2.6: Electric field profile for a silicon rib waveguide (outlined in white), showing
the waveguide core of width W = 900 nm and the surrounding regions, at a reverse bias
voltage of Vg = 21 V. In regions with a lower electric field magnitude, minority charge
carriers (electrons and holes in the p and n™ regions, respectively) near the device edges
are accelerated outwards of the silicon waveguide, potentially leading to their loss from the
SPAD.

and may cause an impact ionization after traveling a certain path length, creating further
electron-hole pairs until the device current crosses a detection threshold.

Given the probabilistic nature of the RPL model, charge carriers under the same conditions
may or may not cause an impact ionization; if they do, the path length traversed by these
charge carriers until the impact ionization is also random. Overall, this leads to a distribution
of random detection times (i.e., time between the initial photon absorption to when the
detection threshold is crossed), from which we obtain the detection timing uncertainty, i.e.,
the timing jitter. The initial photo-generated charge carriers may also fail to cause sufficient
impact ionizations to trigger a self-sustaining avalanche process and reach the detection
threshold; we thus regard the PDE as the ratio of successful detection events to the total
number of simulation runs.

The most efficient way to simulate the RPL model would be to use a 1D simulator,
considering only electric fields normal to the p-n™ junction (F,), as had been done in previous
SPAD simulation work [180, 182, 183]. However, the geometry of the rib waveguide with
a shallow height results in significant orthogonal F, field components (see Fig. 2.6). As
such, minority charge carriers (electrons and holes in the p and n™ regions, respectively) near
the device edges are accelerated outwards of the silicon waveguide, potentially leading to
their loss from the SPAD. A 1D simulator would not take this into account, and thus likely
overestimate the PDE. On the other hand, a full 3D simulation is not necessary, given the
symmetry along the length of the silicon waveguide. Therefore, we choose to implement a
2D Monte Carlo simulator.
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2.3.3.2 Implementation

While the DC electrical analysis considers the silicon waveguide as well as the surrounding
material, we restrict the Monte Carlo simulation to only the waveguide core region, as the
contribution of charge carriers is negligible outside this area.

Each simulation run models the absorption of a single input photon, the injection of a
photo-generated electron-hole pair at that location, and the subsequent avalanche process.

The main steps are:

1. Defining the depletion and quasi-neutral regions.
2. Absorbing an input photon and injecting a photo-generated electron-hole pair.
3. Simulating charge carrier diffusion in the quasi-neutral regions.

4. Simulating avalanche buildup with the RPL model.

For each device setting (device structure, doping levels, and bias voltage), we repeat the
simulation runs until we obtain sufficient statistics. The following subsections describe the

implementation of the simulator in detail.

Defining the depletion and quasi-neutral regions

The SPAD can be divided into the central depletion region, and the p- and n-type quasi-
neutral regions at the sides of the silicon waveguide. The different electric field strengths
in these regions give rise to different charge carrier transport dynamics. The strong electric
fields in the depletion region result in the drift along the electric field being the dominant
transport process, with diffusion being negligible [199]. In the quasi-neutral regions, diffusion
governed by Brownian motion must be considered alongside the drift force under the weaker
electric fields, while impact ionization can be ignored.

Although the transition between these regions would not be abrupt in an actual device,
we follow Ref. [198] and use a threshold electric field to distinguish the high-field depletion
region from the low-field quasi-neutral regions. We choose a threshold field of Fy,, = 1x10°
V/cm, on the same order as the breakdown field in silicon [200]. The transport of charge

carriers in different regions is simulated differently, as detailed in the following subsections.

Injecting a photo-generated electron-hole pair

The probability of a photon absorption event at any position is proportional to the amplitude

of the input optical field. We use the spatial profile of the optical mode as a probability
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density map to determine the injection point of the photo-generated electron-hole pair for
each simulation run. If the injection point is in the depletion region, the simulation proceeds
straight to step 4. For the quasi-neutral regions, we proceed to step 3. These photo-generated

charge carriers are injected with zero initial energy.

Simulating charge carrier diffusion in the quasi-neutral regions

For the photo-generated electron-hole pair injected into the quasi-neutral regions, we im-
mediately remove the majority carrier from the simulation as it would travel towards the
metal electrodes and not towards the depletion region. Thus, we only consider the movement
of the minority charge carrier (electron and hole in p and n* regions, respectively) of the
photo-generated electron-hole pair. We model its Brownian motion as a series of random
walk steps, and additionally factor in the drift due to electric fields at each step. Impact
ionization is not considered here.

It is not practical to simulate every collision event; instead, for simulation efficiency, we
choose a nominal step size Ad,y, treating each step as a “macrocollision”, i.e., a group of

true collisions [201],

Adry = Al /50, (2.2)

where Aly., is the shortest of the three relevant length scales: the widths of both quasi-neutral
regions and the 250 nm height of the silicon waveguide. In other words, at least 50 steps are
required to traverse the full width or height of the quasi-neutral region. The time duration of

this Brownian motion displacement is
Atry = (Adyy,)? /2D, (2.3)

where D = ,u’% is the diffusion constant given by the mobility u, Boltzmann constant k,
temperature 7, and elementary charge ¢g. The total displacement of each random walk step is
then

drry = Adry - €R + V(o 1 (1) - Aty (2.4)

where the first term describes the Brownian motion with a randomly chosen direction €g at
each step, and the second term describes the displacement under the drift velocity v, (r) or
v, (r) (depending on charge carrier type) at the current position r.

The simulation continues until the charge carrier reaches the depletion region edge (as

defined by the threshold field), where the simulation of the charge carrier continues under
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the RPL model described below; or when it is lost from the SPAD through the other edges of

the waveguide core, and the simulation run ends.

Simulating avalanche buildup with the RPL model

In the depletion region, charge carriers accumulate energy as they are accelerated by the
electric field. Above the ionization energy threshold, they can probabilistically cause an
impact ionization, creating a new electron-hole pair. The repetition of this process leads to
an avalanche of charge carriers, giving rise to a macroscopic current that indicates a photon
detection event.

The simulation is carried out in time steps of duration Az, = 1 fs. In every step, we
consider individually the evolution of each charge carrier i having an initial position r; ¢ and

a current position r;. The displacement under the electric field drift is
dr; = Vien} (I‘,’) ‘Atrpb (2.5)

and the energy gain is
Ag = q: Atrpl . [F(I’i) “Vien} (l‘l')], (2.6)

where the term within the square brackets is a dot product.

The charge carrier traverses a random ionization path length before causing an impact
ionization. To simulate this, each charge carrier is assigned a random number X; from a
uniform distribution between 0 and 1. We define the dead space dj; as the total distance
traveled by the charge carrier s; = frrl ’0 dr; when its energy &; crosses the ionization energy
threshold &g, and &y, , for electrons and holes, respectively (see Table 2.2).

Above the threshold, the charge carrier accumulates an incremental ionization probability
along its path with each time step, depending on the ionization coefficients o, (r;) and
0y, (r;). The cumulative probability that the charge carrier has caused an impact ionization
is [182, 202]

0 if 5; < dy;
. 2.7)

Pon,i = r}
) . —[.! o 4 d 4 .
JEE Ot py () & o ST gt if g > 4

Impact ionization occurs when P, ; > X;, generating a new electron-hole pair at the

current location r;, and the energy &; is redistributed among the three charge carriers as
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Table 2.2: Parameters used in the simulations of symmetric rib waveguide SPADs.

Name Symbol Value Reference
Electric field threshold Fine 1 x 10° V/icm [200]
Avalanche detection threshold Let 0.2 mA [205]
Temperature T 243 K -
RPL time step Atyp) 1fs
Electron ionization threshold energy Ethr,e 1.103 eV [203]
Hole ionization threshold energy Ethr, 1.269 eV [204]
No. of simulations per parameter set - ~ 20k -
Energy redistribution constants:
— electrons in an electron impact ionization Qe 0.29 [203]
bee -0.32 eV [203]
— hole in an electron impact ionization Qe -0.31 [203]
bye -0.92 eV [203]
— electron in a hole impact ionization A -0.314 [204]
be.n -0.86 eV [204]
— holes in a hole impact ionization ap 0.375 [204]
by n -0.476 eV [204]

follows [203, 204]. For an impact ionization caused by an electron, the electron and hole
energies are

! /
8e7e == ae,egi + be,e and gh’g - - (ah,esi + bh7e) - ethr,e7 (28)

respectively, and the corresponding energies for an impact ionization caused by a hole are
8;}1 = A, p€i +be7h and 8;17;1 = —(ah,hsi +bh,h> — Ethr,h- (2.9)

The a and b coefficients are listed in Table 2.2.

For simplicity, we do not consider the effects of random walk within the RPL model,
even if the charge carriers travel to the quasi-neutral regions as defined previously. Charge
carriers that exit the waveguide core are considered to be lost from the SPAD and removed
from the simulation. We also assume that the charge carriers are not lost via recombination,
as the carrier lifetime is >10 ns for our doping concentrations, while the transport time across
the sub-micron depletion width under high electric fields is below 1 ns [198, 206].

We obtain the device current using Ramo’s theorem from the contributions of each charge
carrier [207]

(2.10)
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where v; , is the component of the drift velocity in the x direction (i.e., across the width of the
waveguide). We set a detection current threshold I3 = 0.2 mA as a reasonable discriminator
threshold used in experimental SPAD characterization setups [205]. The simulation ends
with a successful detection event when I > I4.; otherwise, it ends with a failed avalanche

when the number of charge carriers drops to zero, or when the simulated time exceeds 1 ns.

Repeating the simulation to obtain sufficient statistics

For each device setting, we perform ~ 20k simulation runs to obtain adequate statistics for
subsequent analysis. In addition, we also performed a separate set of ~ 500k simulation runs
for width W =900 nm at Vg =19 V reverse bias. To reduce simulation time, this separate set
of simulations are performed with a reduced detection current threshold of 0.02 mA. From
the regular simulation runs, we do not observe any case where the device current rises above
0.02 mA but then fail to reach 0.2 mA, thus these results will still predict the PDE correctly.
While these reduced-threshold simulations do not capture the full avalanche behavior, they
can still provide insight into the diffusion of initial photo-generated charge carriers injected
into the quasi-neutral regions, which requires a large number of simulation runs to observe

due to low probabilities of occurrence.

2.3.4 Simulation Results

We first investigate the PDE and temporal behavior for devices with a nominal n™ (p) doping
concentration of 1x10' (2x10'7) dopants/cm?, then explore the effects of varying the

doping concentrations.

2.3.4.1 Photon detection efficiency

By treating the success and failure outcomes of the simulation runs as a binomial distribution,
we obtain the PDE as the ratio of successful detection events to the total number of simulation
runs, with an uncertainty given by the standard deviation. For devices with nominal n* (p)
doping concentration of 1x 10 (2% 10'7) dopants/cm3, the breakdown voltage Vi, =~ 12.4V;
PDE increases with reverse bias voltage Vg and saturates at about 20 V (see Fig. 2.7(a)). We
observe a maximum PDE of 45% for waveguide widths W of 750 nm and 900 nm, with
narrower devices being less efficient.

Figure 2.7(b) illustrates the spatial distribution of successful avalanches. At low Vpg,
only photo-generated charge carriers injected in the central depletion region are sufficiently

accelerated to cause enough impact ionizations, which leads to successful avalanches. As Vg
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Figure 2.7: (a) Photon detection efficiency (PDE) for different waveguide widths W. Error
bars show the uncertainty given by the standard deviation. (b) Maps of successful avalanches
at different reverse bias voltages Vg for W =900 nm. The plots show the 900x250 nm
waveguide core, with each pixel being ~ 20x20 nm. Color scale values indicate the number
of successful avalanches caused by initial photo-generated charge carriers injected within
that pixel, normalized to the maximum value in each plot. The data in each plot consists of
~ 20k simulation runs. (c) Map of position-dependent probability of avalanche success for
W =900 nm at Vg = 19 V over ~ 500k runs. Each ~ 10 x 10 nm pixel shows the probability
of an initial photo-generated electron-hole pair injected within that pixel resulting in a
successful avalanche. All devices in this figure have a n™ (p) doping concentration of 1x 10!
(2x10'7) dopants/cm3, and a breakdown voltage of V;,; =~ 12.4 V.
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increases, the depletion region becomes wider, and the impact ionization rate is enhanced.
This results in more successful avalanches caused by photo-generated charge carriers injected
nearer the waveguide edges, and an overall higher PDE. However, PDE saturates at high Vg
and does not increase above ~45%.

To gain further insight into the saturation behavior, we consider how the probability of
generating successful avalanches depends on the injection coordinate of the initial photo-
generated electron-hole pair (see Fig. 2.7(c)); this shows the SPAD behavior independent of
the optical mode.

In general, as the initial electron-hole pair is injected further away from the junction
towards the p-doped side, the avalanche success probability increases as the charge carriers
can travel a larger distance over which impact ionizations can occur. However, this probability
saturates at ~70% near the middle of the waveguide and does not increase even as the
initial injection occurs further towards the p-doped side. This indicates that most of the
impact ionizations occur near the p-n™" junction, where the electric fields and ionization
coefficients are very high (see Fig. 2.6 and Fig. 2.9(f)). This high-field region does not
become significantly wider with further increases in Vg or W in fact, the peak electric field
magnitude |F| decreases with increasing V3.

Figure 2.8 plots the electric field profile together with electron and hole ionization
coefficients at different reverse bias voltages Vg for W =900 nm p-n™ junction SPAD at the
waveguide mid-height, i.e., 125 nm from the bottom. Figure 2.8(c,e) shows that higher V3
widens the part of the depletion region where impact ionization coefficients are greater than
unity. However, this increase is offset by a reduction of the ionization coefficients near the
junction region as shown in Fig. 2.8(d,f). Their combined effect subsequently results in the
saturation of PDE with the reverse bias voltage Vg (see Fig. 2.7(a) and Fig. 2.11(a)).

Injections near the top and bottom edges in the middle section of the waveguide do not
lead to successful avalanches. These regions correspond to areas where the electric field has
a significant F, component (see Fig. 2.6), thus we infer that charge carriers are pushed out of
the waveguide and are lost from the device. However, within the quasi-neutral regions, it
is possible for the random Brownian motion to overcome the F, field and bring the charge
carrier to the depletion region, thus contributing to the overall device PDE.

A large dead space could also suppress the device PDE by limiting the available space
for charge carriers to impact ionize. However, the dead space travelled by the initial injected
charge carriers is ~ 0.05 W across all widths, which is a relatively small fraction of the device

dimensions.
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Figure 2.8: Electric field profile and electron and hole ionization coefficients vs. reverse
bias voltage Vg for W =900 nm p-n™ junction SPAD along a cut line at the middle of the
waveguide rib height. (a) Electric field profile, (c) electron ionization coefficients, (e) hole
ionization coefficients with their corresponding zoomed view around the junction region in
(b), (d), and (e), respectively.
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The highest electric fields are concentrated at the junction separating the p- and n*-doped
regions. Alternative doping profiles, e.g., ‘L’- or ‘U’-shaped p-n junctions, may be a feasible
way of enhancing the device PDE by increasing the overall junction length, and thus the

overlap between the optical mode and the high-field regions [208-210].

2.3.4.2 Temporal behavior

The distribution of simulated times 7,y, taken to reach the detection threshold /4 is generally
asymmetric, and a typical example is shown in Fig. 2.9(a). Long tails in the timing distribution
can adversely affect applications requiring high timing accuracies. Therefore, we extract
both the full-width-half-maximum (FWHM) and full-width-tenth-maximum (FWTM) timing
jitter from these timing histograms (bin size 0.2 ps). We ignore the effect of finite group
velocity of the input light along the input waveguide; the propagation time along the full
16 um waveguide is ~0.1 ps, and the actual effect on the timing jitter is expected to be much
less significant.

To further investigate the asymmetric distribution, we consider avalanches caused by
photo-generated carriers injected into the p-side quasi-neutral region, as well as those injected
into the high field region within the depletion width (Fig. 2.9(b) and 2.9(c)). In both cases we
still observe an asymmetry, which we attribute to the nature of the impact ionization process.
However, the avalanches from the p-side quasi-neutral region show a ~3 ps longer median
fava and has a larger contribution to the long tail.

Long tails in the timing distribution can be problematic for certain applications, e.g.,
high-repetition-rate QKD [195]. Such features with long characteristic timescales (~ns)
have been reported in other SPAD work [198, 205, 211], and were attributed to the slow
diffusion of charge carriers within the quasi-neutral regions. In our device, the time taken
for charge carriers injected into the quasi-neutral regions to diffuse to the depletion region is
much faster (~10 ps, see Fig. 2.9(d) and 2.9(e)), due to the smaller size of the quasi-neutral
regions in our waveguide device compared to conventional free-space-coupled SPADs. We
also note that the diffusion in the p-side quasi-neutral region is much faster despite its wider
width compared to the n-side, due to the higher mobilities of electrons in the p-side region.

To better understand the dynamics of the avalanche process, we divide t,y, into an
initiation time #;y;; (Where the total number of charge carriers <100) and a rapid avalanche

buildup time fy,y

Tava = tinit 1 Tbu, (2.11)
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Figure 2.9: (a) Simulated times taken to reach the detection threshold ¢,,, for a device of
width W=900 nm and n™ (p) doping concentration of 1x 1019 (2x10'7) dopants/cm3 , at
a reverse bias voltage of Vg=19 V. Histogram bin size is 0.2 ps. The full-width-half-max
(FWHM) and full-width-tenth-max (FWTM) ranges are indicated by dashed lines. Total
simulation runs ~ 20k. (b) and (c) show the results from the same device, but only for cases
with the initial photo-generated charge carriers injected into the high-field region (zones
7 to 8) and the p-side quasi-neutral region (zones 1 to 3), respectively. The zones are as
defined in (f). (d),(e) Times taken for initial charge carriers injected into n- and p-side
quasi-neutral regions, respectively, to diffuse to the depletion region. Total simulation runs
~ 500k; only results from successful avalanches are included in the histograms. Histogram
bin size is 0.5 ps. (f) Electron ionization coefficients , within the 900x250 nm waveguide
core at different doping levels, with Vg significantly above breakdown. (g) Median avalanche
build-up times #,, for charge carriers injected into each zone.
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Figure 2.10: (a) Median time taken to reach the detection threshold 7,y,, and (b) full-width-
half-max (FWHM) and full-width-tenth-max (FWTM) timing jitter for different waveguide
widths W. All plots share the same legend. All devices in this figure have a n™ (p) doping
concentration of 1x10'? (2x10'7) dopants/cm?, and a breakdown voltage of Vi, = 12.4 V.

and consider the dependence of both on the initial injection position. We find a median
tinit = 5 ps across all regions in our simulated devices. However, there is a significant variation
of 1, across some devices. Regions with high ionization coefficients, also indicative of high
electric field, show lower f,, due to more rapid impact ionizations (see Fig. 2.9(f) and
Fig. 2.9(g)).

In general, 7,,, increases with the waveguide width W and the reverse bias voltage Vg
(see Fig. 2.10(a)). As shown in Fig. 2.7(b), at higher Vp, the depletion region becomes wider,
and more avalanches are caused by carriers injected nearer the waveguide edges. The slower
avalanche build-up for these charge carriers results in the overall longer 7,,, but does not
significantly alter the timing jitter (see Fig. 2.10(b)). Wider waveguides have a larger spatial
distribution of photo-generated charge carriers, which accounts for the longer avalanche

times and larger jitter.

2.3.4.3 Varying the doping concentrations

Lower doping concentrations have been shown to increase the multiplication gain in avalanche
photodiodes, albeit at a cost of higher breakdown voltages V4, (and thus higher operational
voltages) [212]. However, for our device the PDE still saturates at about 45% as we decrease
the doping levels (see Fig. 2.11). The time taken to reach detection threshold #,y, also shows
a clear increase with decreased doping, and timing jitter becomes worse. Thus, on all three
counts, we do not observe any performance advantage in lowering the doping concentrations.

We note that our results do not capture the sharp change in PDE near Vi, for n* (p)

doping concentrations of 4x10'® (4x10') dopants/cm?; we only run simulations above
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Figure 2.11: (a) Photon detection efficiency (PDE), (b) median time taken to reach the
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Vir =2 40.6 V obtained from the DC electrical analysis, but perhaps our simulator would show
a significant PDE even below this value.

From our observations, it may be inferred that increasing the doping concentrations (and,
in turn, the electric field) further could still yield a high PDE with an even lower operating
voltage. However, Zener breakdown becomes dominant at very high electric fields [200, 213],

which would then impede the performance of the SPAD.

2.3.5 Discussion

In this section, we performed the first design and simulation study on CMOS-compatible
silicon waveguide-integrated SPADs for visible wavelengths. Our devices have symmetric
rib waveguide geometry, and our simulated devices show a maximum PDE of 45% at ~20V
reverse bias, which is slightly lower but still competitive compared to commercial large-area
free-space SPAD modules with PDEs of up to ~70% [214]. However, typical FWHM timing
jitter in our devices is < 8 ps, significantly better than high-timing-resolution free-space
SPADs (jitter ~ 35 ps).

To simulate a device at a given bias voltage, our simulator (implemented in Python)
requires ~24k CPU-hours on two sets of 12-core CPUs (Intel® Xeon® E5-2690 v3). Such
a high computation cost limits the variety of SPAD designs we can feasibly study. In the
next section, we optimized the simulation parameters to reduce computation time without
sacrificing the simulation accuracy and explored more design variations to improve device

performance.

2.4 Extended Study: Asymmetric Rib Waveguide APDs

Here, we extended our study on silicon waveguide-integrated SPAD design and enhanced
device performance through the optimization of device structure. In our previous study, the
p-n" junction was placed asymmetrically within a symmetric rib waveguide core to maximize
the spatial overlap between the large depletion region on the p-doped side and the optical
waveguide mode. Following some preliminary studies, here, we designed devices with
asymmetric rib waveguides and explored p-n™ junctions placed also outside the waveguide
core to find an optimum position that yields a high photon detection efficiency and low timing
jitter. Besides, we also investigated p-i-n™ junctions and studied the effect of the intrinsic

region width on device performance?.

3 We started our research on the asymmetric rib waveguide APDs with p-n* and p-i-n™ junction profiles
after the simulation and tape-out of the symmetric rib waveguide APDs with p-n™ junction profiles.
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The required computation time to simulate a device with a set of design parameters was a
limiting factor in the previous section; here, we optimized our 2D Monte Carlo simulator to
reduce the simulation time without sacrificing the simulation accuracy. We also incorporated
dark count rate calculations to compare the noise performance of different designs at room
temperature and at —30 °C (243 K), which is a typical operating temperature achievable by
thermoelectric coolers.

2.4.1 Preliminary Investigations

The photon detection efficiency and timing jitter of devices with waveguide widths W of 750
nm and 900 nm are found to be similar (see § 2.3). Given their similar performance, there
are some advantages in choosing a slightly larger width because a wider waveguide allows
for greater flexibility in the diode junction design, as well as affording a greater tolerance for

device fabrication. For this reason, we fixed the waveguide width to 900 nm in this section.

2.4.1.1 Horizontal junction designs

In the previous section, SPAD designs consist of 250 nm thick symmetric rib waveg-
uides of various widths with p-n™ junctions being placed vertically inside the waveguide
core (see Fig. 2.4). The map of the successful avalanches of these devices (see Fig. 2.7)
indicates that the injections near the top and bottom edges in the middle section of the

waveguide fail to lead to successful avalanches due to significant F, field components at
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these regions (see Fig. 2.6). This led us to explore devices with junctions placed horizontally
inside the waveguide core. Unlike the devices having junctions placed vertically inside the
waveguide core, the horizontal junction placement results in negligible overlap between the
optical mode profile and the field component which may cause charge carrier escape. Here,
we first performed a preliminary study to investigate if placing the junction horizontally
inside the waveguide core region would improve the PDE.

Motivated by the previous observation that a larger waveguide width increases the distance
over which avalanche multiplication of charge carriers can occur, we increased the waveguide
thickness to improve the photon detection efficiency of these new set of devices.

Figure 2.12 shows electric field profiles for devices that have different waveguide thick-
ness with p-n™ junctions placed horizontally inside the symmetric rib waveguide cores.
Similar to the devices with vertically oriented p-n™ junctions, these devices also have similar
n* (p) doping concentration of 1x 10 (2x10!7) dopants/cm>. A 60-nm-thick n*-doped
region is centrally placed on top of the rib waveguide with its sides being 80 nm away from
the edges of the rib waveguide. The simulated saturated PDEs of these devices for waveguide
thicknesses of 340 nm and 500 nm are 18 % and 36 %, respectively. Therefore, these new
designs do not bring any improvements to the photon detection efficiency compared to
our previous designs in § 2.3. Increasing the waveguide thickness beyond 500 nm might
increase the PDE, however the fabrication of such devices becomes challenging due to the
mechanical stress associated by such thick waveguide layers. Consequently, the horizontal

doping configuration was not studied any further.

2.4.1.2 Increasing avalanche multiplication path length

Our simulation study in the previous section showed that increasing waveguide core widths
(up to 900 nm) could lead to a higher PDE, as charge carriers can travel a larger distance over
which avalanche multiplication can occur. Here, we fixed the waveguide width to 900 nm,
and alternatively vary the placement of the p-n™ junction. We investigate the hypothesis that
increasing the displacement of the junction beyond the edge of the waveguide core region

can enhance this effective distance as well.

Asymmetric rib waveguides

As a preliminary study, we studied two devices which are comprised of p-n™ junctions that
are placed vertically at 200 nm away from the right edge of the waveguide core as shown

in Fig. 2.13. Here, the attention should be paid to minimize possible hot carrier injections
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Figure 2.13: Electric field profiles of waveguide-integrated SPADs of 340 nm thick asym-
metric rib waveguides. The p-n™ junctions are vertically placed 200 nm away from the right
edge of the waveguide core. a) The asymmetric rib waveguide having a rectangular cross
section with 140 nm etch depth. The asymmetric rib waveguide having a b) rectangular and
¢) trapezoid cross section with 70 nm etch depth.

into the interface between the rib waveguide and SiO; top cladding, which would otherwise
reduce the PDE (see Fig. 2.13). Thus, we design the rib waveguide to be asymmetric via a
slightly shallower etch depth. To have more fabrication tolerance and design flexibility in
designs with shallower etch depth, we increased the waveguide thickness from 250 nm to
340 nm.

Figure 2.13(a) shows a waveguide-integrated SPAD that is comprised of a 340-nm-thick
waveguide with an etch depth of 140 nm. When the device is biased at Vg = 21.3V, at which
the device attains its saturated PDE, 4% of hot electrons undergo sidewall collisions at the
right edge of the rib waveguide during their drift motion. With the aim of minimizing such
sidewall collisions, we increase the rib waveguide asymmetry by designing a device which
has even shallower etch depth of 70 nm as shown in Fig. 2.13(b). This design reduces the
sidewall collisions from 4% to 0.4%, and subsequently increases the PDE from 29.2 +-0.4%
to 40.6 £ 0.6%. We note that the increase in PDE is higher than the percentage improvement
in the sidewall collisions. This additional increase in PDE is due to the prevention of
high electric field leakage into the top SiO; cladding. Increasing the asymmetry of the rib
waveguide leads to more confinement of the high electric field inside the Si waveguide. SPAD
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Figure 2.14: The optical mode profile at 640 nm for the fundamental (quasi-)TE mode of
our silicon waveguide-integrated SPAD in asymmetric rib waveguide geometry. The 900 nm
wide silicon waveguide has a thickness of 340 nm with a shallow etch depth of 70 nm.

designs with shallower etch depths were not investigated because decreasing the etch depth

even further causes the optical mode profile to leak from the waveguide core.

Trapezoid waveguide

Lastly, we checked whether an angled interface between the silicon rib waveguide and the top
S10; cladding improves the photon detection efficiency by reducing such sidewall collisions.
Here, we modified the rectangular asymmetric rib waveguide design with a shallow etch
depth of 70 nm in a way that the cross-section of the rib waveguide is now a trapezoid.
Figure 2.13(c) shows our trapezoid rib waveguide design with 135° angle between the rib
waveguide and the top cladding. The simulated PDE of 39.8 +0.4% is not significantly
different from that of its rectangular counterpart (see Fig. 2.13(b)); therefore, we proceed

with the rectangular waveguide geometry due to its easier fabrication.

2.4.2 Device Description

Based on our preliminary studies, we fixed the device structure such that the silicon waveg-
uide is 900 nm wide and 340 nm thick with a shallow etch depth of 70 nm, defining the
rectangular rib waveguide as shown in Fig. 2.13(b). The optical mode profile at 640 nm for

the fundamental (quasi-)TE mode for this geometry is shown in Fig. 2.14.

Doping configurations

Next, we studied p-n* and p-i-n™ doping configurations to maximize the PDE. For both

device families, we maintained a constant doping profile along the length of the waveguide.
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Figure 2.15: (a) p-n™ doping configuration with the junction placed at a distance Aj from
the right edge of the waveguide core, (b) p-i-n™ doping configuration with an intrinsic region
width AW. The cross section is constant along the length of the waveguide. The images are
not drawn to scale.

Similar to the previous study, we choose an™ (p) doping concentration of 1x10'® (2x10!7)

dopants/cm?, and a lightly p-doped intrinsic region with 1x 10> dopants/cm?>.

Exploring optimum junction placement for p-n junctions

As described in § 2.4.1.2, increasing the displacement A of the junction beyond the edge of
the waveguide core region may enhance the avalanche multiplications. Here, we extend our
design study in § 2.3 and explore the optimum position for the p-n™ junction placement as
shown in Fig. 2.15(a).

Widening the high-field region with p-i-n junctions

Impact ionizations are most efficient in regions with high electric field strengths (see
Figs. 2.16(a)-(c)). Widening a high-field region can enhance the PDE and is achievable by
introducing an intrinsic region between the p- and n™-doped areas (Fig. 2.15(b)). However,
doing so would also lower the peak electric field strength, and subsequently reduce the impact
ionization efficiency (Fig. 2.16(d)). Here, we explore the effectiveness of such p-i-n™ devices
and study the optimum width AW of the intrinsic region, which is centered at 300 nm from

the edge of the waveguide core.

2.4.3 DC Electrical Analysis

Similar to the previous section, for each set of device dimensions and doping configurations,
we perform a DC electrical analysis (ATLAS, Silvaco Inc.) by applying a reverse bias
voltage Vg across the device electrodes. For each device, the cathode and anode are placed
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Figure 2.16: Electric field profiles (left) and electron ionization coefficients (right) at reverse
bias voltages Vg where the photon detection efficiency (PDE) saturates. a) p-n™ SPAD with
Aj=-50nm at Vg =18.5V, b) p-n™ SPAD with Aj=100nm at Vg =23.7V, ¢) p-n™ SPAD
with Aj =400nm at Vg =26.5V, and d) p-i-n* SPAD with AW =300 nm at Vg =28.2'V. For
the electron ionization coefficients, only half the waveguide (x > 0) is shown as their values
are negligible in the other half.

equidistant from the center of the Si waveguide, with a minimum n* region width of 45 nm.
Thereafter, we obtain the electric field F(r), ionization coefficients, and other parameters
dependent on the 2D position vector r in the x — y plane; these are required for the Monte

Carlo simulation of the avalanche process.

2.4.4 2D Monte Carlo Simulator

2D Monte Carlo simulations are performed with the same simulation steps outlined in
§ 2.3.3.2. Similar to the previous section, we use the fundamental (quasi-)TE mode pro-

file (Fig. 2.14) as a probability density map to determine the location where the initial
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electron-hole pair is injected for each simulation run. If the injection occurs in the quasi-
neutral regions, charge carrier transport is simulated using the diffusion model; if the charge

carrier crosses over to the depletion region, the simulation continues under the RPL model.

2.4.4.1 Simulator modifications

Unlike the Monte Carlo simulator in the previous section, however, the Monte Carlo simula-
tion in this section considers the entire device area and is not restricted to the waveguide core
region as the device designs in this section also include junction placements outside of the
waveguide core region.

The other major difference is the calculation of the device current. In the previous section,
we calculate the device current using a 1D approximation of Ramo’s theorem, which only
considers the motion of charge carriers in one direction. However, this would not be suitable
here given our SPAD designs and more complex electric field profiles. As such, we use the
generalized Shockley-Ramo’s current theorem [207, 215], where each charge carrier i at

position r; contributes to the device current I induced on the cathode via

= Zqi'Vi(l‘i) -Fo(r:), (2.12)

where ¢; is the charge, v;(r;) is the instantaneous velocity, and Fy(r;) is a weighting electric
field calculated in a similar way to F(r), but under these modified conditions: (i) the cathode
is at unit potential, while the anode is grounded; (ii) all charges (including space charges) are

removed, i.e., the waveguide is undoped [216].

2.4.4.2 Simulator optimizations

The Monte Carlo simulations are computationally expensive due to the need to keep track of
and model individual charge carriers, especially when the number of charge carriers grows
exponentially during an avalanche process. In the previous section, long simulation times
were a limiting factor for us to study devices with more design variations. Therefore, we
optimized our 2D Monte Carlo simulator to reduce the simulation time without sacrificing
simulation accuracy to be able to explore more designs.

Here, we use a representative device (p-n™ SPAD with Aj=-50nm, at Vg =21.5V) to
perform a series of preliminary studies to optimize the simulation parameters: the detection

threshold /4et, RPL time step At,p;, and number of simulation runs per parameter set.
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Figure 2.17: Optimization study of varying simulator parameters and their effects on the
photon detection efficiency (PDE) and timing jitter (full-width-half-max (FWHM) and full-
width-tenth-max (FWTM)), for a p-n* SPAD with Aj=-50nm at Vg =21.5 V. (a) Varying
Iger With Az =1 fs, 2k simulation runs per lge; value. (b) Varying Arp,; with Iyee = 20 uA, 2k
simulation runs per Az, value. (¢) Convergence of PDE for Az, = 10 fs and Ige¢ =20 uA after
several thousand runs. Error bars for PDE indicate 1 s.d. uncertainty. Selected parameters for
subsequent simulations are marked.
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Detection current threshold

A reasonable discriminator threshold in experimental SPAD characterization setups is
l3et =0.2 mA [205], a value we used in our first design and simulation study in § 2.3. However,
it may not be necessary to simulate the multiplication of charge carriers up to that point
as the avalanche process might already have passed a self-sustaining threshold at a lower
current. On the other hand, a very low /3., would overestimate the PDE by falsely identifying
small avalanches that would not be self-sustaining and underestimate the timing jitter by not
simulating the full avalanche.

By varying lge; while fixing Az = 1 fs with 2k simulation runs per /4e¢ value (Fig. 2.17(a)),
we conclude that we can lower g to 20 A without significant deviations in PDE or timing
Jitter.

RPL time step

A larger RPL time step Az, would speed up simulations but reduces time resolution and
hence accuracy. A suitable choice would be just short enough such that the charge carrier
environment does not change too significantly between each step, even in the high-field
regions with large field gradients.

We vary At while fixing lge =20 pA with 2k simulation runs per Az, value (Fig. 2.17(b)).
We choose Az, =101s as an optimal value; for larger time steps, PDE begins to deviate

significantly compared to the previous value of A =1fs.

Number of simulation runs

We analyze the PDE over an increasing number of simulation runs for Az, =10fs and
I4et =20 pA and observe that the PDE converges to a stable value after several thousand runs.
We choose to perform at least 6k runs per parameter set to reduce the relative uncertainty
to ~1%.

Compared to the previous simulation parameters (i.e., Aty = 1 s, Ijee =0.2 mA, 18k runs),
our optimized values (Atyp = 101, Iger =20 pA, 6k runs) require only ~ 90 CPU-hours per

set, indicating an improved timing performance by a factor of ~ 270.

2.4.5 Dark Count Rate Calculations

Even in the absence of light, free charge carriers may be generated, which can probabilistically

trigger avalanche events and result in dark counts. Due to the high electric fields in SPADs,
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Figure 2.18: Band diagram of various dark count generation mechanisms. Trap-assisted
tunneling and band-to-band tunneling are the dominant generation mechanisms for silicon
SPADs operated in high electric fields.

the most relevant carrier generation mechanisms are thermal excitation enhanced by trap-
assisted tunneling (TAT), and band-to-band tunneling (BTBT) (see Fig. 2.18). We quantify
the dark noise by calculating the DCR Rp(T) via [217]

Ro(T) =L / / Paig(r) - (Grar(r, T) + Gerpr(r,T)) dr, (2.13)

where T is the temperature, L =16 um is the SPAD length, Py;¢(r) is the avalanche triggering
probability, and Gtar(r,T), Grer(r,T) are the net generation rates of charge carriers (per

unit volume) of their respective mechanisms.

2.4.5.1 Trap-assisted tunneling

The thermal generation rate of carriers can be obtained from the Shockley-Read-Hall (SRH)
model, modified to account for TAT [218, 219]

ni(T)

Grar(r,T)

where 7;(T') is the intrinsic carrier concentration and 74(r, 7') is the electron-hole pair gener-

ation lifetime, which can be expressed in terms of the recombination lifetime 7,(r,T') [206]

o (x,T) - elEEl/laT
[+L(F(r).T)

where the exponential term describes the main temperature dependence in TAT, and the field

T, (r,T) = (2.15)

effect function I'(F(r),T) describes the effect of electric fields. E; and E; are the energy
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levels of the recombination centers (assumed to be equal to that of traps at the Si/SiO»
interface [220]) and the intrinsic Fermi level, respectively, and kp is the Boltzmann constant.
The field effect function I'(F(r),T) is

2
I'(F(r),T) ZZM-%-eXp <(M> ) (2.16)

in which

\/24m’ (kgT)3

e (r) = V24 KsT)” 2.17)
qh

where ¢ is the electron charge, and m; = 0.25my is the effective electron tunneling mass,

with mg being the electron rest mass [221]. In eq. 2.14, we calculate the intrinsic carrier

concentration n;(T) in silicon via [222]

ni(T) =5.29 x 10" (T /300)>* - exp(—6726/T). (2.18)

To obtain the electron-hole pair generation lifetime in 7,(r,7T) (Eq. 2.15), we obtain the
effective recombination lifetime at 243 K as follows: The effective recombination lifetime
7,(T) was measured to be 7 ns at room temperature for an undoped Si rib waveguide device
with similar sub-um dimensions [223]. To obtain a suitable value at 243 K, we analyze the
temperature dependence of 7,(T). For low-level injection in p-type silicon, 7,(T) can be

approximated as the electron recombination lifetime [206]

1
- O, Ve(T)-N;’

T(T) (2.19)

where 0o, is the electron capture cross section, V,(7') is the mean thermal velocity of electrons,
and M; is the trap density. The trap density N; is assumed to be temperature-independent,
while for traps at Si/SiO; interface with E; - E;=0.25 eV, o, has been shown to be relatively
constant over our relevant temperature range (243 —300 K) [224]. Thus, the temperature

dependence comes only from V,(T) < /T, and we obtain

7,(243) = 7,(300) - 1/300/243. (2.20)

2.4.5.2 Band-to-band tunneling

The BTBT mechanism has been shown to be important at electric field strengths above
7 x 10° V /cm, where band-bending is sufficiently strong to allow significant tunneling of

electrons from the valence band to the conduction band [221]. This rate can be expressed as
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Table 2.3: Parameters used in the simulations of asymmetric rib waveguide SPADs.

Name Symbol Value Reference
Electric field threshold Fpe | 1x10°Vem! [200]
Avalanche detection threshold Ldet 20 A -
RPL time step Atyp) 10fs -
No. of simulations per - > 6k -
parameter set
BTBT parameter By 4% 101 [221]
em05y-254-1

Br 2.5 [221]

Recombination energy E;-E; 0.25eV [220]

Temperature dependent
parameters at 300 (243) K:

— intrinsic carrier n; 9.70x10° [222]
concentration (2.95%x107) cm™
— Recombination lifetime Ty 7.0 (7.8) ns [220, 223]
— BTBT parameter Bp 1.90 (1.94) x 107 | [221, 225]
Vem'!
Gerer(r,T) = Ba- [F(r)["r - exp ( |§1(3£)T|)>’ 221

where By, Bp, and Br are model parameters; we use values based on ref [221]. Values
for By, Bp and Br at room temperature are given in ref. [221]. Both B4 and Br are nom-
inally temperature-insensitive, while Bp(T') o< [E,(T)]*/2, where Eg(T) is the Si bandgap
energy [225]

Eo(T)=A+BT +CT?, (2.22)

inwhichA =1.1785¢eV,B=—9.025x 1077 eV/K, and C = —3.05 x 10~7 eV/K2, for 150 K
< T <300 K. We thus obtain

(2.23)

Eg(243)) (3/2)

By(243) = B(300) - (Eg(300)

The values of the parameters used in our calculations are listed in Table 2.3.
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Figure 2.19: Avalanche triggering probability Pyg(r) for a p-n* SPAD with Aj =400 nm at
VB =16.5V, obtained over > 40k Monte Carlo simulation runs. Each 20 <20 nm pixel shows
the probability of an initial photo-generated electron-hole pair injected within that pixel
resulting in a successful detection event. The dashed line indicates the junction position.

2.4.5.3 Avalanche triggering probability

To obtain the avalanche triggering probability Pyis(r) for each device, we perform > 40k
Monte Carlo simulation runs, with photon absorption positions distributed uniformly across
the device. A representative map of Pyig(r) is shown in Fig. 2.19.

2.4.6 Simulation Results

2.4.6.1 Photon detection efficiency and timing jitter

We simulate each device at increasing reverse bias voltages Vg, starting from just above its
breakdown voltage. For all devices, PDE increases with Vg and reaches a saturation level
(representative plots shown in Fig. 2.20(a)). We define the saturated bias voltage Vi as the
lowest Vg value where the obtained PDE values within a =1 V range agree within their 1 s.d.
uncertainty; the PDE at Vi is then the saturated PDE.

The distribution of avalanche times is generally asymmetric, especially for p-i-n™ SPADs
with AW > 600 nm (see Fig. 2.20(b)). Similar to the previous study, here we present the full-
width-half-maximum (FWHM) and full-width-tenth-maximum (FWTM) timing jitter, both
extracted from timing histograms with 1 ps bin size, to better describe the timing performance
of the SPADs. In general, timing jitter does not vary significantly with Vg, except when Vg is
near the breakdown voltage.

For p-n™ SPADs, we observe a general trend of PDE increasing with the junction
displacement Aj (Fig. 2.21(a)). If the junction is placed further away from the waveguide
core, charge carriers injected after a photon absorption in the core region travel a longer
distance and can undergo more impact ionizations, thus increasing the likelihood of a
successful avalanche. The stochastic avalanche process taking place over a larger distance
would also explain the increasing timing jitter at higher Aj. However, Aj being too large

would weaken the electric field strength in the waveguide core, which would lead to more
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Figure 2.20: (a) Simulated PDE at varying reverse bias voltages Vs for representative devices,
showing the saturation behavior as Vg increases. Error bars indicating 1 s.d. uncertainty are
much smaller than the symbol size. (b) Distribution of simulated avalanche times (i.e., time
between photon absorption and reaching the detection threshold I4e() for a p-i-n™ SPAD with
AW =900 nm at Vg =41 V. Histogram bin size is 1 ps. The full-width-half-max (FWHM) and
full-width-tenth-max (FWTM) timing jitter values are indicated. (c) FWHM and FWTM
timing jitter performance for the same devices in (a). (a) and (c) share the same legend.
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Figure 2.21: Saturated PDE and timing jitter for various (a) p-n* and (b) p-i-n™ SPADs.
Both full-width-half-max (FWHM) and full-width-tenth-max (FWTM) timing jitter values
are shown. Error bars for PDE indicate 1 s.d. uncertainty.

charge carriers being lost at the waveguide boundaries due to random walk; this may explain
the slight drop in PDE for Aj > 400 nm.

The observed drop in PDE for Aj =100 nm is due to an “edge effect”: when the junction is
placed in close proximity to the waveguide rib edge, we observe a narrowing of the effective
impact ionization region where ionization coefficients are high (Fig. 2.16(b)), which leads to
a lower PDE.

The highest saturated PDE obtained for p-n™ SPADs is 48.4 4 0.6% at Vg =26.5 V for
Aj =400 nm, with a FWHM timing jitter of 9 ps.

For p-i-n* SPADs, the widening of the high-field region has led to a higher PDE than
for p-n™ devices (Fig. 2.21(b)). Besides the increased efficiency of impact ionizations, this
can also be explained by a lower loss rate of charge carriers under the diffusion model (<5%
for p-i-n™, ~10% for p-n™), which follows a photon absorption event in the quasi-neutral
regions. We do not find an obvious dependence of the PDE on the intrinsic region width
for AW > 400 nm, although timing jitter increases with AW.

Based on our analysis, the optimum performance is obtained for AW =400 nm, which
gives a saturated PDE of 52.4 +0.6% at Vg =31.5V, and a FWHM timing jitter of 10 ps.
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Figure 2.22: (a) Electric field strength |F(r)|, (b) trap-assisted tunneling (TAT) genera-
tion rates, and (c) band-to-band tunneling (BTBT) generation rates at the waveguide mid-
height (170 nm from the bottom) for SPADs with high saturated PDEs: p-n* SPAD with
Aj=400nm, and p-i-n* SPADs with AW =400 nm and 900 nm, at reverse bias voltages
beyond where their PDE has already saturated (Vg =31.5V, 34.5V, and 53V, respectively).

2.4.6.2 Dark count rate

We also evaluate the dark count rate performance of the SPADs, focusing on devices having
high saturated PDEs: p-n™ SPAD with Aj =400 nm and p-i-n™ SPADs with AW =400 nm
and 900 nm. We calculate the DCR at 243 K, which is in a typical SPAD operating regime
readily achieved with thermoelectric cooling, as well as at 300 K to explore the feasibility of
room temperature operation.

For our simulated parameters, BTBT shows a greater sensitivity to peak electric field
strength than TAT (Fig. 2.22). In p-n™ SPADs, where the peak fields are high, BTBT is the
dominant dark carrier generation mechanism. As the bias Vg increases, the depletion region
widens, leading to a decrease in the peak field strength and hence the overall DCR, while the
TAT contribution stays relatively constant (Fig. 2.23(a)). At an operating bias of Vg =31.5V
(which is above the saturated bias), the DCR is 11k cps and 21k cps at 243 K and 300 K,

respectively.
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Figure 2.23: Dark count rate (DCR) contributions due to TAT and BTBT mechanisms at
varying reverse bias Vg and temperatures. (a) p-nt SPAD with Aj=400nm. (b) p-i-n*
SPADs with AW =400 nm and 900 nm. The contribution from BTBT is negligible, thus only
TAT is shown here.

In p-i-n™ SPADs, due to wider high-field regions with lower peak fields, BTBT becomes
negligible compared to TAT. As such, DCR generally increases with Vg, and shows a steeper
dependence on temperature (~ 1000 - fold drop between 300 K and 243 K). We observe that
while SPADs with wider intrinsic region widths AW had lower dark carrier generation rates
per unit volume, this was offset by the larger device volume, and could lead to higher DCR
compared to narrower AW.

Overall, dark count performance for p-i-n™ SPADs is significantly better compared to
p-n" devices, with observed DCR of < 4k cps at 300K and < 5 cps at 243 K (Fig. 2.23(b)),
even at Vg beyond the saturated bias.

The BTBT process that increases the dark carrier generation rate for our silicon junction-
based APDs is not a phenomenon that only pertains to the integrated photodetectors. In fact,
it is utilized in other types of semiconductor devices such as tunnel field-effect transistors,
tunnel diodes (a.k.a. Esaki diode), and Zener diodes. However, we note that the effects of
BTBT can be more significant in waveguide geometries because smaller radius of curvature
on device edges, if overlaps with the depletion region, leads to further enhancement of the
electric field at those regions. For instance, the overlap between the high field depletion
region and the corner of the rib waveguide leads to an enhancement of the electric field
strength as shown in Fig. 2.16(b). A similar effect is also responsible for higher dark current

generation in devices that contain sharp corners between p- and n™-doped regions (see
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§ 4.4.2.1 for a detailed discussion). Methods for the mitigation of adverse effects of BTBT
include mesa-type junction structures where such sharp curvatures are eliminated by grooving
and guard-ring structures at such sharp edges to reduce the electric field at those regions.

In this second design study, p-i-n™ junction-based devices outperform their p-n™ coun-
terparts both in terms of photon detection efficiency and dark count rate; we identify the
optimum device as a p-i-n™ SPAD with AW =400 nm, with a saturated PDE of 52.4 & 0.6%
at a bias of Vg =31.5V, FWHM timing jitter of 10 ps, and DCR < 5 cps at 243 K. This is an
improvement over our previous design described in § 2.3, where the highest PDE obtained
was around 45%.

For our simulated devices, the PDE is slightly lower than typical free-space SPAD
modules with PDEs of up to ~70% [214]; however, our waveguide devices can offer
superior timing performance and dark noise compared to available commercial devices (jitter
~35ps, DCR <25 cps). We note that even at room temperature, the DCR of a few kcps
is acceptable for certain important technologies including LIDAR [226] due to the use of
temporal gating, thus indicating the potential applicability of our waveguide SPADs.

2.5 Conclusion

In this chapter, we designed and simulated different silicon waveguide-integrated SPADs for
visible wavelengths, which lacks in the literature. Our devices are waveguide-coupled to
SiN waveguides on SOI platform, and suitable for on-chip integration with other photonic
components. We described a 2D Monte Carlo device simulator based on random path length
model of impact ionization to capture the stochastic nature of avalanche breakdown. The
simulator enabled us to capture the timing jitter performance of different designs. This is
important for quantum applications such as quantum key distribution, where timing jitter is
an important performance parameter of single-photon detectors.

In our first design study presented in § 2.3, our simulated devices show a maximum
PDE of 45% at ~20V reverse bias, with a typical FWHM timing jitter of < 8ps. We
optimized our simulation parameters by performing convergence tests and reduced the
required computation time by 270 times without deteriorating simulation accuracy in our
second design study presented in § 2.4. We also incorporated dark count rate simulation
capability into our simulator and investigated devices with more design variations in terms
of doping configurations and device structures. Compared to our first study, an intrinsic

region between p- and n-doped regions improves the PDE to ~52.4% while just increasing
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the FWHM timing jitter by only 2 ps. The dark count rate calculations showed that p-i-n™
junction-based devices have superior DCR performance compared to their p-n™ counterparts.
In the following chapters, we provide characterization results of our fabricated silicon

waveguide-integrated APDs both in linear-mode and Geiger-mode operation.



Chapter 3

Fabrication of Integrated APDs

3.1 Introduction

In this chapter, we present the fabrication steps for the silicon waveguide-integrated APDs.
The device fabrication is performed in IME’s silicon photonics foundry (later incorpo-
rated to Advanced Micro Foundry). Here, the fabrication details are depicted for a p-n™
junction-based APD with a symmetric rib waveguide structure, and we provide major etching,
implantation, and metallization steps, respectively. The fabrication of p-i-n™ junction-based
APDs with an asymmetric rib waveguide structure follows the same procedure.

We note that the etching procedure was pivotal to achieve end-fire coupling between
SiN channel waveguide and silicon rib waveguide on the same layer. Compared to con-
ventional interlayer coupling methods, which lead to deteriorations in noise and bandwidth
performance due to much longer coupler length required to achieve efficient coupling at
visible wavelengths, the novel end-fire input light coupling achieved here has enabled the
waveguide-integrated APDs with sub-microampere dark current and superior bandwidth

performance as reported in the next chapter.

3.2 Device Fabrication

We start with an 8-inch silicon-on-insulator (SOI) wafer which has a 220-nm-thick p-type
silicon device layer on top of 3 um buried oxide (Fig. 3.1(a)). An epitaxy of 30 nm silicon
using plasma enhanced chemical vapor deposition (PECVD) tops up the total silicon thick-
ness to 250 nm (Fig. 3.1(b)). The silicon slab is then defined using 248 nm KrF deep-UV
lithography. Inductively coupled plasma (ICP) etch is used to fully etch the silicon layer to
form the silicon slab (Fig. 3.1(c)). This is followed by the photoresist stripping.
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Figure 3.1: Etching steps. (a) Initial 8-inch SOI wafer with 220-nm-thick silicon device
layer and 3 um buried oxide. (b) Epitaxy of 30 nm silicon. (c) Lithography to define silicon
slab. (d) 450-nm-thick SiN layer deposition via LPCVD. (e) Reverse etch of SiN by 250 nm.
(f) CMP of SiN by 100 nm. (g) Blanket etch of SiN. (h) Hard mask deposition. (i) Hard
mask etching to pattern the region for silicon rib and SiN channel waveguides. (j) Silicon rib
waveguide formation. (k) SiN channel waveguide formation. (1) Hard mask removal.
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Figure 3.2: Scanning electron microscope (SEM) image of a fabricated device without the
top SiO; cladding and metal contacts. The inspection window is 10x 10 pm.

Next, a 450-nm-thick silicon nitride (SiN) layer is deposited using low pressure chemical
vapor deposition (LPCVD) as shown in Fig. 3.1(d). Reverse etching of SiN reduced the
thickness of the SiN layer on top of the silicon slab by 250 nm (Fig. 3.1(e)). The mask used
in this etching step was the same mask that defines the silicon slab except that it was 1 um
contracted from the sides; therefore, it results in some unetched SiN on top of the silicon
slab edges. The remaining 200 nm SiN layer on top of the silicon slab together with these
unetched SiN on the edges is thinned down to 100 nm using chemico-mechanical polishing
(CMP) as shown in Fig. 3.1(f). After cleaning and blanket etch steps, the SiN layer is reduced
to the same height with the silicon slab, i.e., 250 nm (Fig. 3.1(g)).

Thereafter, a 200-nm-thick undoped silica glass (USG) hard mask layer is deposited and
patterned using 248 nm KrF deep-UV lithography to define the silicon rib and SiN channel
waveguides (Fig. 3.1(h)). The USG hard mask is defined by a subsequent etch step on top
of the silicon and SiN layer (Fig. 3.1(1)). Following the photoresist stripping, the silicon
rib waveguide with 125 nm etch depth is formed using ICP etch (Fig. 3.1(j)). The partially
etched SiN layer is etched down to the buried oxide layer by a subsequent ICP etch step
so that the SiN channel waveguide is formed (Fig. 3.1(k)). The oxide hard mask is finally
removed by wet etch (Fig. 3.1(1)). Figure 3.2 shows the scanning electron microscope (SEM)
image of a fabricated device without the top SiO; cladding and metal contacts.

Next, we proceed to ion implantation steps to define junction regions. A 10-nm-thick pad

oxide layer is deposited via PECVD. A lithography step with subsequent Boron implantation
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Figure 3.3: Implantation steps. (a), (b), (c), and (d) depict p-, n"-, p™*- and n™ " -type
region formation, respectively.

is used to form the p-type region as shown in Fig. 3.3(a), followed by the photoresist
stripping. Similar steps are followed to define the n-type region with Phosphorus implantation
(Fig. 3.3(b)). After forming p™* and n*" ohmic contact regions (Fig. 3.3(c, d)), dopant
activation is performed by rapid thermal annealing at 1030 °C for 5's, and the pad oxide is
subsequently removed by ICP etch step.

Finally, we proceed to metallization steps to form contact pads on the device as shown
in Fig. 3.4. First, 600-nm-thick silicon oxide is deposited as the first interlayer dielectric
(ILD) using PECVD (Fig. 3.4(a)). The vias are subsequently formed using lithography and
ILD dry etch. After stripping the photoresist and wet cleaning with a hydrofluoric (HF) acid
for 10, the first metal layer is deposited using a 750-nm-thick aluminum (Al) layer with a
50 nm tantalum nitride (TaN) barrier layer (Fig. 3.4(b)). Next, a 50-nm-thick SiN layer is
deposited using PECVD. A lithography together with a subsequent etching step pattern the
SiN etch stop layers (ESL) on top of this metal layer. The metal layer is then etched to form
the metallization onto the ohmic contact regions formed in the silicon slab. The photoresist
is then stripped.

Next, 2.65 um silicon oxide is deposited using PECVD as the second interlayer dielectric
(Fig. 3.4(c)). Lithography is used to define the region for 0.8 um (i.e., first metal layer
thickness) oxide dry etch using CMP reverse etch step. Following photoresist stripping, CMP
lowers the total thickness of the top oxide down to 3 um. To form the vias inside the first
interlayer dielectric, ~1.5 um of the oxide layer is etched down to the ESL on top of the first



3.2 Device Fabrication 63

a) b) c)

ey ]
A | |
L e .L-m-ln o I | i

Buried oxide

d) e) ) f)
| 20kA

33 kA

P |
e @ Lsnd @ Land o

Buried oxide

Figure 3.4: Metallization steps. (a) Silicon oxide deposition as the first interlayer dielectric
and a subsequent etching step for vias formation. (b) Aluminum deposition as the first
metal layer, followed by 50 nm SiN patterning to form the etch stop layer. (c) Silicon oxide
deposition and a subsequent CMP step to form the second interlayer dielectric. (d) Silicon
oxide etch and a subsequent ESL etch for vias formation. (¢) Aluminum deposition as the
second metal layer. (f) Silicon oxide deposition as the passivation layer using PECVD,
followed by bond pad opening.

metal layer as shown in Fig. 3.4(d). The vias are then formed by subsequent ESL etch down
to the first metal layer.

Thereafter, the photoresist is stripped and wet cleaning with a HF acid is performed for
10s. The second metal layer is deposited using a 2-um-thick Al layer with a 50-nm-thick
TaN barrier layer as shown in Fig. 3.4(e). Similar to the first metal layer formation, the
second metal layer is patterned via lithography and etching steps. The photoresist is stripped
afterwards.

At the last stage, a 300-nm-thick oxide layer is deposited as the passivation layer using
PECVD. The bond pad openings are then formed by etching the passivation layer following
a lithography step (Fig. 3.4(f)). The photoresist is then stripped. Finally, the deep trench is
formed by etching 6 um of oxide layer and 100 um of silicon substrate to form the region for
edge coupling with fibers.



Chapter 4

Characterization of Integrated APDs in

Linear-mode Operation

4.1 Introduction

In this chapter, we present the experimental results on characterization of silicon waveguide-
integrated APDs for linear-mode operation!. We investigated dark current, device respon-
sivity, dynamic range, and gain-bandwidth product for 685 nm input light and performed
eye diagram measurements. In addition to the devices with lateral doping profile, we also
describe an alternative APD design with an interdigitated doping profile. These devices are
not significantly affected from junction misalignments as laterally doped devices are, and
therefore they are more robust to fabrication tolerances. However, their increased junction
lengths lead to higher depletion capacitances and pose a limit on their bandwidth performance.
Here, we fabricated these devices together with laterally doped devices and performed a
comparative characterization study.

Our experimental results in this chapter reports on the first monolithically integrated

avalanche photodetectors for visible light in the literature.

! The laterally doped devices presented here are based on p-n™ junction doping profile with symmetric rib
waveguide that is introduced § 2.3. The fabrication of p-i-n™ junction-based APDs were completed after we
performed the experimental studies here, and their characterization in Geiger mode is presented in § 5.4.
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Figure 4.1: Device structure and doping configurations. Top view of the (a) lateral and (b)
interdigitated doping profiles. The images are not drawn to scale.

4.2 Device Description

4.2.1 Device Structure

The design of the characterized devices follows our first simulation study in § 2.3.1. The
primary photodetector structure is a Si rib waveguide of length 16 um, which has a high
absorptivity at visible wavelengths (>96% at 685nm). Input light is end-fire coupled
from an input SiN rectangular waveguide, which allows for low-loss propagation of visible
light [105, 227, 228]. Both the Si APD and SiN input waveguide have the same width W,
and we explored waveguide widths of 750 nm and 900 nm here. The height of both the Si
APD and SiN waveguide is fixed at 250 nm, and the Si rib height at 125 nm. The structures
are fabricated on a SOI substrate on the same device layer and cladded with 3 um of silicon
dioxide (SiO,) above and below.

To establish electrical connections to the device, metal electrodes are deposited on top of

heavily doped p™* and n™ " regions at the far ends of the Si slab along the x axis, 3 um apart.

4.2.2 Doping Profile

A careful consideration of the doping profile is required to produce high-performance APDs.
Here, we design our APDs to consist of a p-n™ diode in two different doping configurations:
lateral and interdigitated (see Fig. 4.1). Both profiles aim to maximize the spatial overlap

between the depletion region on the p-doped side and the optical waveguide mode.
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In our previous design and simulation studies in Chapter 2, we studied devices with lateral
doping profiles. These devices have diode structures with a single continuous depletion
region along the waveguide length as shown in Fig. 4.1(a). The design distance between the
junction and the n™ edge of the waveguide Aj is {100, 110, 120, 150} nm for waveguide
widths W = {450, 600, 750, 900} nm. Though conceptually simple, the lateral doping profile
requires stringent control during fabrication. A small misalignment of the junction would
result in a large mismatch between the optical waveguide mode and the depletion region,
and hence, lead to a reduction in photon detection efficiency due to impaired avalanche
multiplications of photogenerated charge carriers.

The alternative design uses an interdigitated profile (see Fig. 4.1(b)), which consists
of alternating p and n™ regions, each 1 um in length. This design is less sensitive to such
misalignment errors, but the increased junction lengths could lead to a higher depletion

capacitance and hence limit the bandwidth, as is reported for Si modulators [229, 230].

4.2.3 Optical Coupling

From our previous analysis of the optical mode overlap between the waveguide modes, we
expect a SiN-Si end-fire coupling loss of N .g; < 1 dB per facet (see § 2.3.1.3). On our
fabricated devices, light is coupled into the SiN waveguides via single-tip inverse tapers
at the edge of the waveguide chip.? Regardless of the waveguide width, the inverse tapers
are designed to have a taper length of 200 um and a minimum taper width of 180 nm. The
edge-coupled devices are suited for interfacing with lensed optical fibers; for a focused spot
diameter of 2 um, the expected coupling loss into the SiN waveguide is 7 g;\ ~ 1.5 dB per
facet.

4.3 Experiment

We test the fabricated devices at room temperature using a custom-built light-tight probe
station. The schematic of the electro-optic characterization setup is shown in Figure 4.2.
Representative photographs of a device under test are shown in Fig. 4.3.

We establish electrical connections via 100 x 100 um contact pads on the chip surface
using electrical probes (see Fig. 4.3(b)). We use a 685 nm continuous wave diode laser
(Thorlabs LP685-SF15) as the optical source. The laser light is coupled to the SiN waveguide

%In addition to this single-tip inverse tapers, we also studied double-tip inverse taper structures with various
design parameters and presented their characterization results in Appendix A.
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Figure 4.2: Schematic of the characterization setup. Horizontally polarized (TE) 685 nm
light, which can be modulated with an RF signal using an electro-optic modulator (EOM),
is coupled to the on-chip SiN waveguide with a lensed fiber. Electrical connections to
the devices are made via contact pads on the chip surface using electrical probes. A bias
tee separates the AC and DC signals from the APDs. The AC signal is sent either to a
network analyzer for bandwidth measurements, or to a sampling oscilloscope for eye diagram
measurements. An additional remote sampling head was used at 56 Gbps to obtain a clearer
signal.

using single-mode tapered lensed fibers (OZ Optics TSMJ-3U-633-4/125-1-30-2-9-1, 2 um
spot diameter).

We maintain a horizontal input polarization, which couples to the fundamental TE mode
of the SiN waveguide. Although different input polarizations could lead to some variations
in the coupling and propagation losses, the APD response itself is not expected to exhibit any
significant polarization dependence.

Over the course of our measurements, we have tested several tens of devices with different
device parameters picked from various locations across an 8" wafer. All tested devices show
repeatable results, and we did not observe a single failed device. This indicates that the

fabrication is robust and has a high device yield.

4.3.1 Coupling and Propagation Loss Measurements

We first systematically characterized the coupling and propagation losses on our devices
by performing a series of cutback measurements with test waveguides. The optical trans-
mission 7" through the device was obtained by measuring the input power Py and output
power Pg with a pair of lensed fibers (see Fig. 4.4(a)). Using SiN cutback waveguides of

various lengths Igjn without Si rib waveguide (see Fig. 4.5 for representative micrographs),
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Figure 4.3: Representative photographs of device under test. a) A bare die of silicon
waveguide-integrated APDs is under test in our custom probe station. The CW laser light
is injected from a lensed fiber into devices. Samples are placed on top of a temperature-
controlled sample holder and stabilized with a suction force during probing. b) Fabricated
devices are imaged under an optical microscope. Shown here are the optical coupling with
lensed optical fibers and Si APD regions. The red glow is due to the scattering of the 685 nm

input light.
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Figure 4.4: Optical coupling loss measurements. (a) Schematic of the experimental setup,
depicting the cutback waveguide structures and the various sources of coupling losses.
Horizontally polarized 685 nm light is coupled to and from the waveguides via lensed fibers.
The optical powers at both ends of the chip (denoted P and Pg) are measured. (b) Optical
transmission measurements for SiN cutback waveguides of various lengths /gjn and different
waveguide widths W. The solid curves are exponential fits, see Eq. 4.1. (c) Measured
coupling losses for different waveguide widths W. The results shown in (c) are the averaged
measurements across several devices; error bars reflect the standard deviation.
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Figure 4.5: Micrographs of SiN cutback waveguides. Shown here are two test structures
with shortest and longest waveguide lengths amongst all SiN cutback waveguides. Since our
camera was not wide enough to capture both edges of the chip in a single frame, the images
are obtained by merging two separate micrographs.

we fitted our results using
T = PB/PA = nfz-SiN e—(O‘SiN lSiN)7 4.1)

to obtain the fiber-waveguide coupling loss 7 g, and the SiN waveguide propagation loss
coefficient ogin. A representative plot is shown in Fig. 4.4(b).

Following this, we measured another series of devices that also included Si waveguides of
various lengths /s;. We obtain the SiN-Si end-fire coupling loss ng;y_g; and the Si waveguide

propagation loss coefficient o; by fitting our results to
T =Ps/Pr= T’fz-SiN nSZiN-Si e (O%sin Isin) (0 i) 4.2)

The measured coupling and propagation losses are shown in Fig. 4.4(c). We note that we lack
test structures for Si waveguides of width W =750 nm; nonetheless we anticipate that the
coupling and propagation losses will not significantly deviate from that of the other widths.

The observed fiber-waveguide coupling losses 7 g;\ agree with our expected values. The
slight increase in 7);_g; With width W is likely due to the larger inverse taper angle, since the
taper length and tip width are kept constant for all W. The end-fire coupling loss 1g;x_g; 18 ~3-

4 dB larger than mode-matching calculations, which is attributed to fabrication imperfections
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Figure 4.6: DC characteristics of a laterally doped device with width W =900 nm.
(a) Current-voltage measurements at different input optical powers Pop. The reverse bias
voltage Vg is swept till the avalanche breakdown voltage Vi, = 15.5 V, where the dark cur-
rent I,k reaches 10 pA. Each sweep takes a few seconds; prior to each sweep, the device is
reset with the application of a forward bias voltage. (b) The avalanche gain G at different Popy.
The inset is a magnified view of the area marked by the rectangle, showing the curves at
larger Py on a linear scale. Both plots in this Figure share the same legend for Fyp.

resulting in a non-ideal waveguide interface. We also observe decreasing propagation losses
with increasing W.
For APD characterization, the total insertion loss into the active device structure (i.e., the

Si rib waveguide) is given by

Neotal = Me-siN TISiN-si e~ (%sin Isin) (4.3)

where Ig;n =0.3125 cm is constant for all characterized devices. For both W =750 nm and
900 nm, this yields 1,,,; =7.1£ 0.4 dB. We decided to focus on devices with lower insertion

loss, and only considered devices with these two widths for the rest of this study.

4.3.2 Current-voltage Measurements

We measured the current-voltage (I-V) characteristics of each device up to the breakdown
voltage Vi, with a series of different input optical powers Py, entering the Si. The values
of Popy are reported after accounting for the insertion loss. Here we consider representative re-
sults for a W =900 nm laterally doped device, as shown in Fig. 4.6(a). For I-V measurements,
the reverse bias voltage Vp 1s swept from 0 V to the avalanche breakdown voltage V4, over a
few seconds. We define V4, here as the voltage where the dark current Iy, (i.e., without input
light) reaches 10 pA; this definition follows other reports of APDs in the literature [231, 232].
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We note here that V},, drifts with time in our devices; as such, to ensure consistent results, it
is necessary to reset the device with the application of a forward bias voltage prior to each
sweep. More details regarding the drift behavior are discussed in § 4.4.3 and § 4.4.4.

From the I-V data we extract the photocurrent Ipy = Igey — ldark, Where Ijey and Iga are
the measured device current and dark current, respectively. We then obtain the avalanche
gain G as the ratio of the photocurrent /,, at bias Vg to that measured at unity gain point
of Vg =2V, where we consider the quantum efficiency to be nearly maximized, and the

effects of avalanche gain to be insignificant

Ion(VB)
n(2V)’

G(Vs) = 4.4)
A discussion of how we determined the unity gain point is provided in § 4.4.1.

At Vg > 10V, both Iq,k and G increase dramatically due to avalanche multiplication.
In this regime, the power dependence of the device response becomes obvious, with G
decreasing for higher Pyp. This is due to the larger number of multiplied charge carriers
causing an increased space charge effect. As a result, the electric field is depressed, leading
to saturation of the device current. Thus, while G~ 10 at Vg =15V for Py, =-20dBm, it
rises to G > 10° for a low input power of Popt =-71 dBm. Power-dependent characteristics
have also been studied in other APDs [233, 234].

As such, we will separately compare the device performance in low-gain and high-gain

regimes.

4.3.2.1 Performance in the low-gain regime

In the low-gain regime, the APDs can be operated at small bias voltages suited for applications
requiring low power consumption. An important example is to monitor optical power levels
in integrated photonic circuits, which requires low dark current and wide dynamic range with
linear response [233, 235].

We focus on the primary responsivity R, = Ion/ Pope measured at unity gain, i.e.,at Vg =2 V.
All device types show linear behavior, with R, within an overall range of 0.65 = 0.18 A/W
over a dynamic range of >50dB (see Fig. 4.7(a) and Table 4.1). We expect the actual
dynamic range to be even larger since we did not explore higher input powers in detail for all
devices, and we had not yet observed the device approaching saturation. R, is slightly higher
for W =900 nm devices due to the larger absorption volume of a wider waveguide.

The dark current measurements are shown in Fig. 4.7(b). I3,k at Vg =2 V is less than 70 pA
for all device types. Laterally doped devices with W =900 nm exhibit the lowest g, ~ 1 pA
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Figure 4.7: Comparison of DC performance for lateral and interdigitated doping profiles
with different widths W. (a) Photocurrent I, versus input power Fop at the unity gain
point of reverse bias Vg =2 V. Straight lines are linear fits, from which we extract the
primary responsivity R, see Table 4.1. (b) Dark current /4,x measurements at varying Vg.
(c) Avalanche gain G at varying Vg with a fixed input power Pope =-63.7 £ 0.7 dBm. Figures
(b) and (c) share the same legend on the right.

(see also Fig. 4.6(a)). We note that in the low bias regime (Vg < 10 V), laterally doped devices
have about an order of magnitude lower Iy, than interdigitated devices. This effect has
also been previously reported in other waveguide-based photodetectors [233]. There are two
likely reasons for the higher dark current in interdigitated devices. First, high peak electric
field strengths associated with the corners of the interdigitated regions can lead to a higher
dark carrier generation rate § 4.4.2. Furthermore, the interdigitated devices have a larger
depletion volume where dark carriers can undergo avalanche multiplication, compared to

their laterally doped counterparts.

4.3.2.2 Performance in the high-gain regime

Fig. 4.7(c) shows the gain G for different device types at a relatively low input power
of Popt=-63.7+ 0.7 dBm, where the devices exhibit high gain. We see that interdigitated
devices have a lower breakdown voltage V4, and a slightly steeper rise in G with respect to Vg.

These effects can likely be attributed to premature breakdown due to high electric fields at
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the edges of the interdigitated regions (see § 4.4.2 for details). For both doping profiles, we
observe no significant dependence of V;,; on the device width W. This is consistent with our
previous simulations for laterally doped devices in Chapter 2.

Applications in integrated photonics typically require low power consumption, thus
both Iy, and Vg should ideally be low as well [235]. While interdigitated devices achieve
similar gain at a lower Vg compared to laterally doped devices, Iq,k tends to be higher.
The optimal choice of doping profile in this regime would then require a more in-depth

consideration of the operating requirements.

4.3.3 High-Speed Response and Bandwidth

For bandwidth measurements and eye diagram measurements, the device gain is first stabi-
lized by continuously applying a reverse bias over ~ 30 mins; this is necessary due to the
drift behavior (see § 4.4.3). The 685 nm input light is modulated with an RF signal using a
40 GHz electro-optic modulator (EOM, Eospace AZ-AV5-40-PFA-PFA-700). The EOM is
operated at 65 °C to mitigate the photorefractive effects caused by high optical input powers.
The EOM is maintained at its half transmission point, i.e., the DC bias is adjusted such that
the EOM output power is at 50% of its maximum value, before RF modulation is added.

The frequency response is measured with an Agilent E8363C network analyzer, which
generates the RF signal for the EOM and measures the APD response. For all devices, we use
an input power of Py, =-24.5 dBm. The measured data is corrected for the electro-optic S21
response of the EOM and smoothed with a Savitzky—Golay filter with a 3™ order polynomial
fit. The 3 dB bandwidth is extracted from the fit function.

For eye diagram measurements, a bit pattern generator (SHF 12104 A together with
Anritsu MG3693C) is used to generate non-return-to-zero on-off-keying (NRZ-OOK) pat-
terns with pseudorandom binary sequences (PRBS) of length 27 — 1. These patterns are then
amplified (Centellax OA4MVM3) and used to modulate the RF signal driving the EOM. The
eye diagrams are measured with a sampling oscilloscope (Keysight 86100D with 86116C
module). An additional remote sampling head (Keysight N1046A) was used at 56 Gbps to
obtain a clearer signal.

Fig. 4.8(a) shows the results of a frequency response measurement for a W =900 nm
laterally doped device. The 3 dB bandwidth, which we define with respect to the device
response at 1 GHz, is obtained via a smoothing fit to the data points. Figs. 4.8(b,c) compare
the bandwidth and gain-bandwidth product (GBP) of the different device types. At lower
reverse bias Vg, the bandwidth generally increases with Vg due to a wider depletion region

and a lower junction capacitance. However, this effect eventually reaches a limit, beyond
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Figure 4.8: Optical-electrical bandwidth measurements. An input power of Pype =-24.5 dBm
is used throughout. (a) Frequency response of a W =900 nm laterally doped device at various
bias voltages Vg. The 3 dB bandwidth is obtained from a smoothing fit to the data points
(see Methods). (b),(c) 3 dB bandwidth and gain-bandwidth product (GBP), respectively, for
different device types. Both plots share the same legend shown in (c). Each data point and
error bar in both plots represents the mean and standard deviation, respectively, of several
measurements.

which the bandwidth saturates or starts to decrease, due to the device response being limited
by avalanche buildup times at large gain [235]; this occurs at Vg ~12 V in our devices.

We find that the bandwidth is indeed lower in interdigitated devices, as expected from
the higher capacitance due to its doping profile. Another potential contributing factor is that
a larger proportion of photo-generated charge carriers in interdigitated devices are created
in n"-doped regions where the electric field is low, leading to slower carrier diffusion and
hence slower device response (see § 4.4.2).

A detailed comparison of the best GBP performance for each device is shown in Table 4.1.
The highest observed GBP is 234 £ 25 GHz for the W =900 nm laterally doped device, at a
reverse bias of Vg =20 V. Although its W =750 nm version has a lower maximum GBP, it
also has a much lower dark current, as well as higher 3 dB bandwidths of up to 30 GHz at
lower V. As such, the optimal choice of device parameters might also depend on the specific

application and operating conditions.
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Figure 4.9: Measured eye diagrams for the different device types. Lateral devices show
open eyes at data rates of up to 56 Gbps at Vg =20V, where the maximum GBP is observed.
The results for interdigitated devices are obtained at the highest data rate where open eyes
could be measured for each device. The signal-to-noise ratio (SNR) is obtained from the
sampling oscilloscope.

To demonstrate the performance of our devices in communications systems, we measured
eye diagrams of the different device types (see Fig. 4.9). Lateral devices show open eyes
at data rates of up to 56 Gbps at Vg =20V, where the maximum GBP is observed. We
note that these devices can potentially support even higher data rates at lower bias, where
the 3 dB bandwidth is higher, but our setup is not capable of generating faster bit patterns.
Interdigitated devices show open eyes only at lower data rates, with the W =750 nm devices
performing slightly better (25 Gbps) than W =900 nm ones (20 Gbps). This is attributed to
the narrower devices having a larger gain (G~ 4 at Vg =16V, while G ~ 2 for the wider
devices), despite having a slightly lower 3 dB bandwidth as seen in Fig. 4.8(b).

The reference eye diagrams of the EOM output are shown in Figure 4.10(a). We observe
clear, open eyes at up to 56 Gbps, indicating that our measurement system performs well
at these bit rates. We are unable to measure at higher bit rates due to our limitations in
generating faster bit patterns.

The eye diagrams presented in Fig. 4.9 show the open eyes at the highest data rate
measured for each device. We note that all devices can be operated at lower data rates with
a higher SNR. In general, the signal-to-noise ratio (SNR) obtained from the eye diagram
increases with the reverse bias Vg, as the signal amplitude increases with a larger gain.
Figure 4.10(b) shows the SNR increase with Vg for laterally doped devices at 25 Gbps.
Figures 4.10(c),(d) show additional data obtained at different data rates for lateral and

interdigitated devices, respectively.
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Figure 4.10: Additional eye diagram measurements. (a) Reference eye diagrams of the EOM
output at different data rates, measured with a Newport 1004 photodetector (3 dB bandwidth:
40 GHz) and the sampling oscilloscope. (b) Increase in signal-to-noise ratio (SNR) with the
reverse bias Vp, obtained from eye diagrams measured for laterally doped devices. (c) Eye
diagrams measured for laterally doped devices at Vg =20V at different data rates. (c) Eye
diagrams measured for interdigitated devices at Vg =16V at different data rates.
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Figure 4.11: Empirical estimates of the unity gain point V. Each plot shows the measured
photocurrent Iy, at an input power of Pype =30.2 £ 0.2 dBm for a device type. From the data
points, we obtain a smoothed curve (solid line), from which we calculate its second derivative
with respect to V. The red diamonds mark the curves at V¢, the reverse bias value where
9%Lyn/0Ve* = 0.

We note that the high-speed performance of our devices can be adversely affected by
factors such as the size of contact pads, which could be further reduced or removed altogether

in future large-scale integration with a photonics platform.

4.4 Detailed Analysis of Device Characteristics

4.4.1 Determination of the Unity Gain Point

To determine the avalanche gain G at a particular reverse bias Vg, the measured photocur-
rent I, has to be compared to that measured at a low bias voltage Vi, where avalanche
effects are negligible, i.e., the APD exhibits unity gain. We can then attribute any further
increase in Iy at Vg > Ve solely to the avalanche gain. An implicit assumption here is that
the quantum efficiency (QE) — the efficiency of absorbing input photons and converting
them into a photocurrent (without multiplication gain) — is saturated and remains essentially
constant above Vig.

However, at a low bias, the junction might not be fully depleted yet, and the QE might
not have reached saturation. Thus, the increase of the photocurrent I,, with Vg may be
caused by both an increase in the QE and G, and it is difficult to distinguish between the two

mechanisms. This leads to a difficulty in determining the unity gain bias V.
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Figure 4.12: Simulations based on a laterally doped device with width W =900 nm. (a)
Electric field at reverse bias Vg =8 V. (b) Photocurrent /,, with and without avalanche effects.
(c) Avalanche gain G and quantum efficiency (QE).

In this section, we will present an empirical estimation based on the measured device
photocurrent, as well as numerical simulations of the gain G and QE. Finally, we analyze our

findings and conclude with our choice of V.

4.4.1.1 Empirical estimation: 2”9 derivative of the photocurrent with respect to bias

Some reports in the literature rely on a bias-independent photocurrent at low Vg to indi-
cate unity gain [129, 236]. However, we do not observe such a feature in our current-
voltage measurements (see Fig. 2(a)). Other reports assume full or nearly full depletion at
low Vg [235, 237], but it is not obvious that this assumption is valid for our devices: the
increase in 3 dB bandwidth with bias up to Vg ~ 10V suggests that the depletion region
might still be widening.

Instead, we estimate the unity gain point by measuring where the second derivative of
the photocurrent with respect to bias becomes zero [238, 239], i.e., 82Iph / dVg? = 0. This
yields a reasonable transition point between regimes where the increase in I, with Vg is
likely dominated by a saturation in QE (at lower bias) and an increase in G (at higher bias).
For an input optical power of Py =30.2 £ 0.2 dBm, we obtain Vy of 1.45—1.7V across all
device types (see Figure 4.11).

4.4.1.2 Numerical simulations of gain and quantum efficiency

We simulate the DC electrical performance of laterally doped devices using the ATLAS
device simulator (Silvaco Inc.), allowing us to analyze the electric field (an example is shown
in Figure 4.12(a)), ionization coefficients, charge carrier drift velocities, etc. Avalanche
effects can be simulated by activating the impact ionization model (we choose the Selberherr’s
model) within ATLAS. By comparing the device photocurrent with and without the impact
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ionization model, we can extract a simulated value of the gain G (see Figure 4.12(b),(c)).
The gain increases smoothly with the bias Vg, and already starts to deviate from unity gain
(G=1) at low bias.

The QE can also be obtained by normalizing the simulated photocurrent to the input
optical power (see Figure 4.12(c)). While QE does vary with bias, it is already almost
saturated at Vg ~ 0V with a high QE of ~ 0.95. We note that the high doping concentrations
lead to large built-in electric fields in the APD even without applied bias, which strongly
accelerates the photogenerated charge carriers. Coupled with the small device size, this
results in the charge carrier transit time being much shorter than the recombination lifetime.
Thus, the photogenerated carriers are efficiently collected by the device before they are lost
to recombination.

While it is sufficient to just simulate the 2D cross-section for laterally doped devices,
interdigitated devices lack a convenient symmetry axis, and thus require full 3D simulations
of the whole device. However, we do not have the required computational resources to
perform a thorough quantitative analysis of the gain and QE for the interdigitated devices.
Nonetheless, we assume the trends in gain and QE for the interdigitated devices will be

similar to that of the lateral devices.

4.4.1.3 Analysis

Our empirical estimates of the unity gain point yield V¢ <2 V. This is consistent with our
simulation results, which show that QE is already high and that the gain G is already increas-
ing even at these low bias voltages. Taking these into account, and to avoid overestimating
the avalanche gain G and gain-bandwidth product (GBP), we conservatively consider the

unity gain point to be Vg =2V for all devices and input powers Fyp in our analysis.

4.4.2 Analysis of Simulated Electric Field Profiles

In this section, we will analyze the representative electric field profiles of both laterally
doped and interdigitated devices of the same width W and relate their features to the device
characteristics we observe in our measurements. The electric field profiles are obtained using
the ATLAS device simulator (Silvaco Inc.).

Figure 4.13(a) shows the electric field profile in a laterally doped device, where the high-
field regions are found along the p-n™ junction within the waveguide core. Figure 4.13(b)
shows the electric field profile of an interdigitated device. To reduce computation time, we

limited the scale of the device to only two periods of alternating p-n™ regions. Nonetheless,
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Figure 4.13: Simulated electric field profiles. (a) Electric field profile of a laterally doped
device. Inset shows the schematic of the APD structure (top cladding omitted for clarity)
and the axis orientations. (b) Electric field profile of an interdigitated device. The highest
electric field strengths are concentrated at the corners of the n*-doped areas. The devices
in both (a) and (b) have the same width W and are simulated at just above the breakdown
voltage. The yellow arrows indicate the propagation direction of input light. (c) Schematic
of the waveguide cross-section along the horizontal white dashed line in (b). We mark the
interface where we expect significant injection and subsequent trapping of hot carriers.

we are still able to obtain the necessary features for our analysis. Both figures are simulated

at just above the breakdown voltage of the devices.

4.4.2.1 Peak electric field strengths

We observe that the highest electric field strengths in the interdigitated device are concentrated
at the corners of the n™-doped areas, and that their magnitude is significantly higher than that
found in the laterally doped device with the same waveguide dimensions. The emergence of
these localized high-field regions is likely to have resulted in a lower breakdown voltage Vi,
in interdigitated devices. This could also have contributed to the higher dark current observed
in interdigitated devices, due to the exponential dependence of the dark carrier generation

rate on higher field strengths.

4.4.2.2 Light absorption in undepleted n"-doped regions

In a p-n™ junction, the p-doped regions are fully depleted, but the depletion region only
extends minimally into the n™-doped regions due to their higher doping concentration. For
the lateral doping profile, there is a large overlap between the depletion region and optical
mode over the full length of the Si rib waveguide. However, for the interdigitated design, a
significant amount of light absorption occurs in the undepleted n™-doped regions, as input

light propagates along the alternating p- and n*-doped “digits”.
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It is less desirable for light absorption to occur in the undepleted n™ regions. Due to
the weak electric field strengths, the avalanche multiplication of the photo-generated charge
carriers is less efficient compared to the high-field depletion region, and thus it is detrimental
to the overall device gain and responsivity. This might explain the slightly lower responsivity
observed in W =900 nm interdigitated devices compared to laterally doped devices, though
we do not observe a significant difference for W =750 nm devices. The slower charge carrier
diffusion in the low-field regions (see § 2.3.3.2) would also contribute to the lower device
bandwidth observed in our interdigitated devices.

In our devices, input light is first incident on a n™-doped region. This results in an overall
slightly higher absorption (a difference of ~10%) in n™-doped compared to p-doped regions.
Thus, the effect of light absorption in the n-doped regions could be slightly reduced by
having input light incident on the opposite end of the Si waveguide, such that the light is first
incident on a p-doped region.

The dimensions of the interdigitated doping regions can potentially be optimized, e.g.,
the pitch and length of each doping region, or to have p- and n*-doped regions of different
lengths. However, we foresee a design trade-off as increasing the depletion volume would

also likely increase the device capacitance, which could lead to an RC-limited bandwidth.

4.4.2.3 Charge trapping

Charge trapping can occur as hot carriers are injected into the SiO; cladding and are sub-
sequently trapped at the interface between the n*-doped region and the cladding. The
trapped charges would change the electrical field distribution inside the depletion region over
time [240]. This effect is likely more severe in interdigitated devices, as the high electric
fields occur at the edge of the Si rib waveguide (see Figure 4.13(c)). This could lead to drifts
in breakdown voltage and device gain over time, which is discussed in detail in the next
section.

A potential mitigating strategy is to include guard-ring structures [241] at the Si-SiO,
interface. In addition, adopting a shallow etch for the Si rib waveguide would also reduce the

interface area for charge trapping.

4.4.3 Decaying Gain and Breakdown Voltage Drifts at High Bias

In our devices, the device breakdown voltage V;,, drifts towards higher values over time as a
reverse bias voltage Vg is continuously applied. This is accompanied by an observed decay in

the photocurrent and dark current from the onset of applying the reverse bias. Representative
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Figure 4.14: Decaying gain and breakdown voltage drifts for a W =900 nm laterally doped
device. (a) Photocurrent I, (measured at Pop =-25 dBm) and dark current Iy, at reverse
bias Vg of 14V and 18 V. Prior to each measurement, the device is reset with the application
of a forward bias voltage. (b) The avalanche breakdown voltage V;,; increases upon successive
voltage sweeps. Each sweep starts from Vg =0V and is terminated upon the dark current Igax
reaching the breakdown current of 10 pA. Here, the device is not reset with a forward bias
voltage in between runs. (c) Change in gain G over time at different V5. Here, the reverse
bias is continuously applied.
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measurements based on a W =900 nm laterally doped device are shown in Figure 4.14(a),(b).
The decrease is more pronounced at higher Vg with a steep decay in the current at the start
before gradually leveling off, while at lower Vg the decay is much slower.

There is a corresponding decrease in the gain G with time, as shown in Figure 4.14(c).
While the effect is minimal at lower Vg, where G decreases by <10% over 10 mins for Vg <13V
at Popy=-25dBm, the drop in gain increases sharply at high V. The rate of decrease
slows down significantly after the first 10 mins, but full stability of G is observed only
after ~ 30 mins.

The W, drift has been reported in other APDs [242, 243]. As discussed above, this effect
is likely to be more severe in interdigitated devices. This is consistent with our observation
of a larger gain reduction over time for interdigitated devices (comparing Table 1 and Fig. 4).

This phenomenon reveals two distinct operating modes for our devices: a gated mode
where the APD is operated at high Vg with high gain, using a reset procedure to circumvent
the decay in gain (explained in the following section); and a continuous mode where the
APD is either operated at low Vg, or after the gain has stabilized over some time under a
higher V3.

4.4.4 Reset Procedure for Gated operation with High Gain

Despite the APD gain decreasing over time, it can be reset by the application of a forward
bias voltage Vr. This likely causes the de-trapping of the charge carriers, allowing the device
gain to recover to its original value. The procedure is illustrated in Figure 4.15(a). In between
the sweeps of the reverse bias Vg used to characterize the APD, we apply Vg=-1V for 1 s to
the device cathode; a shorter duration might be sufficient, but we did not investigate this in
detail. We note that our measurement instrument limitations result in a delay of ~1 s when
switching between Vg and VE.

The reset procedure prevents the drift in the breakdown voltage over successive voltage
sweeps (see Figure 4.15(b)), and also results in repeatable current-voltage characteristics
after each reset. For the DC characterization results presented here, the reset procedure is
carried out before each measurement.

Thus, we are able to periodically operate the APD in the high-gain regime with a gated
mode, which would be compatible with applications where gating is used to reduce noise
and enhance the signal. Such applications include time-of-flight imaging [117], low-light
imaging [244], and Raman spectroscopy [245]. We also note that Geiger-mode infrared
InGaAs APDs often employ gating techniques to suppress dark counts and afterpulsing [246].
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Figure 4.15: Reset procedure for high-gain operation. (a) Schematic of the procedure. Here,
multiple sweeps of the reverse bias voltage Vg are applied to the APD. Prior to each sweep, a
forward bias voltage of Vg =-1V is applied to the APD cathode for 1 s. The time axis is not
drawn to scale. (b) Comparing breakdown voltage V4, drifts for a W =900 nm laterally doped
device. By applying the forward bias Vg, the breakdown voltage V},; remains stable over
successive sweeps of V. If Vr is not applied, we obtain the same results in Figure 4.14(b).

4.4.5 Benchmarking

Table 4.1 shows the benchmarking of our device performance with other recent reports of
integrated APDs. Where possible, we report the performance of each device at the operating
conditions where the maximum GBP is observed. For all the devices we benchmark against,
we omit the uncertainty values, as only some of the literature reports include this information.
We note that in the literature, the primary responsivity and unity gain are reported at varying
bias voltages; where not explicitly defined, we have extracted the relevant values at a bias
of Vg =1V, following ref. [235]. For our devices, we also note that the values for the dark
current /g, in Table 4.1 are measured in a different regime compared to Fig. 4.7(b), where
the reset procedure is used (see § 4.4.4).

Our best-performing device is the W =900 nm laterally doped APD, with a GBP of
234 GHz. Compared to other contemporary devices, this APD shows a strong, balanced
performance in the performance metrics of dark current /.., primary responsivity Ry, gain,
and bandwidth. With the exception of Ref. [235] which has a very high operating /g, of
88 mA, the 234 GHz GBP of our APD is also comparable to the highest reported values
of a few hundred GHz. Yet, our APD also exhibits a much lower Iy, of 0.12 A at the
operating bias Vg than other high-GBP devices; this would lead to decreased noise and power
consumption.

These observations show that our devices are competitive and well-suited for visible-light

applications requiring high bandwidth and high sensitivity.
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Table 4.1: Benchmarking of device performance with other recent reports of integrated
APDs. Results from this work are listed in the top section.

Type A Vs I qark R, Gain BW GBP Device/
(nm) | (V) (HA) (A/W) (GHz) (GHz) Ref.

Si, LD | 685 | 20 | 0.12(1) | 0.83(5) | 12.3(8) | 19.1(8) | 234(25) | W =900nm

Si, LD | 685 | 20 | 0.037(7) | 0.48(2) | 7.7(3) | 18.7(1) | 144(7) W =750nm

Si, ID | 685 | 18 | 0.31(4) | 0.63(1) | 2.25(6) | 14.8(2) | 33(1) W =900 nm

Si, ID | 685 | 13 | 0.0343) | 0.56(1) | 2.9(2) | 16.44(8) | 47.4(3) W =750nm

Si 850 | 14 2 0.05 6 16.4 98.4 ¢ [247]

Si 850 | 20 0.016 0.071 224 13.1 28.8¢ [247]

Si 850 | 12 | 0.0004 0.133 124 15 18¢ [247]

Si 850 | 20 0.001 0.24 1.3¢ 4.7 6.1¢ [247]

Si 850 | 20 0.075 024 1.45¢ 14 2034 [248]
InAs | 1310 | 18.6 | 2000 ¢ 0.13¢ 45 53¢ 240 [249]
InAs | 1310 | 15.9 | 0.033 0.234 20 2.06 414 [250]
Ge/Si | 1310 | 12 100 0.64 11 27 300 [251]
Ge/Si | 1310 | 18¢ 0.27 0.6 ¢ 10 36 360 ¢ [252]

Si 1550 | 9 | 88000 ¢“ | 0.0005“ | 1080 “ 26 28000 [235]
Ge/Si | 1550 | 13 100 0.78 8.1 33.8¢ 274 ¢ [251]
Ge/S1 | 1550 | 6 1000 ¢ 0.48 15 18.9 284 ¢ [253]
Ge/Si | 1550 | 10 14 1.25¢ 17.8¢ 25 445 ¢ [254]

% These values were not explicitly reported and were inferred from the figures or other values.
LD: lateral doping ID: interdigitated doping W: waveguide width

A: operating wavelength ~ Vp: reverse bias Lgark: dark current

Rp: primary responsivity BW: 3 dB bandwidth GBP: gain-bandwidth product

4.5 Conclusion

In conclusion, we report the first monolithically integrated APDs for visible light (685 nm).
Our devices feature a small device footprint and are fabricated with a CMOS-compatible
process. At a reverse bias of Vg =2V, a laterally doped APD of 900 nm width exhibited
a highest primary responsivity of 0.83 +0.05 A/W over a dynamic range of >50dB, with
dark current of ~ 1 pA. At higher Vg, laterally doped devices exhibit superior bandwidth,
with a highest 3 dB bandwidth of 30.5 4= 0.2 GHz, and a highest gain-bandwidth product of
234 £ 25 GHz. APDs with an interdigitated doping profile require a lower bias to attain the
same DC gain than lateral ones but have a higher dark current. Our devices perform strongly

compared to other state-of-the-art integrated APDs operating at other wavelengths.
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The addition of integrated visible-light APDs to the component toolbox of SiN photonics
opens up many application possibilities, and greatly expands the versatility of silicon photon-
ics platforms [105, 227, 228]. There is potential for further design optimizations, such as
alternative doping profiles [235] which may enhance the APD gain and reduce the working
bias.

In the next chapter, we will explore the operation of these devices in the Geiger mode for
single-photon counting, which will play an important role in the development of integrated
quantum photonics platforms, and for interfacing with single-photon sources operating at

visible wavelengths.



Chapter 5

Characterization of Integrated APDs in

Geiger-mode Operation

Following the device characterization in linear-mode operation, this chapter presents the
experimental results on characterization of waveguide-integrated APDs in Geiger-mode
operation to achieve single-photon sensitivity.

We first define characterization metrics for APDs when operated in Geiger mode and
explain how these metrics change with operating conditions. Next, we review different types
of quenching circuits which are used for Geiger-mode operation and describe how they affect
device performance. We then introduce a passive-quenching circuit implementation and
present characterization results of a commercial SPAD operated with this circuit. Finally, we
report on experimental results obtained from characterization of our fabricated devices. Here,
we measured avalanche breakdown voltage, avalanche pulse characteristics, dark count rate,
and investigated their temperature and excess bias dependence. We discussed the physical
mechanism behind excessive dark count rates that our devices exhibit and suggested various

methods to prevent device saturation.

5.1 Introduction

APDs are reverse biased beyond their breakdown voltage in Geiger-mode operation'. Once
an APD is biased in this way, the electric field in the depletion region is so high that a single
charge carrier within a depletion region can trigger a self-sustaining avalanche of impact

ionizations. The avalanche current pulse swiftly rises with its leading edge marking the

'In this chapter, we refer to the reverse bias voltage and breakdown voltage as positive values.
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arrival time of the detected photon if the primary charge carrier is photogenerated. The
self-sustaining avalanche is quenched by lowering its reverse bias voltage. Finally, the reverse
bias voltage is restored to its initial value to prepare the device for subsequent detection
events.

The electrical circuits that are used to handle these quenching and voltage recovery
transitions are known as quenching circuits. These circuits are used to sense the leading
edge of an avalanche pulse and subsequently provide a synchronized output pulse. Here, we
first briefly define characterization metrics of SPADs and then introduce different types of

quenching circuits.

5.1.1 SPAD Characterization Metrics

5.1.1.1 Breakdown voltage

The breakdown voltage Wy, for semiconductor diodes is defined as the minimum reverse
bias voltage that causes the diode to appreciably conduct current in reverse direction. In
Geiger-mode operation, APDs are biased with a reverse bias voltage Vg that exceeds their

breakdown voltage V4, by an amount called excess bias voltage Vg

VE =V — Vpr. (5.1)

The excess bias voltage Vg is a significant factor on detector performance, and hence its value
is determined according to the required performance metric. The breakdown voltage Vi, of
an APD operated in Geiger mode can be identified as the minimum reverse bias voltage at
which an avalanche pulse is obtained from the device. The avalanche breakdown voltage has

a positive temperature coefficient such that it increases with the device temperature.

5.1.1.2 Dark count rate

A dark count is defined as a detection event that occurs in the absence of incoming photons,
and it consists of two types: primary and secondary. Primary dark counts originate from
thermally-generated and tunneling charge carriers that trigger an avalanche event as if they
were real photon detection events (see § 2.4.5 for details). Higher excess bias voltage Vg
increases dark count rate because of the field-assisted enhancement of emission rates from
generation centers and enhanced avalanche triggering probability [3].

Secondary dark counts stem from afterpulsing effect, which is discussed in more detail

in § 5.1.1.4. Reducing junction temperature decreases primary dark counts; however, after-
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pulsing effect gets stronger as lower temperature leads to slower release of trapped charge
carriers [3]. Therefore, there is an optimum temperature to minimize total dark count rate,

especially for devices which suffer from strong afterpulsing effect.

5.1.1.3 Photon detection efficiency

Once a photon is absorbed within the depletion region of the device, a photogenerated
electron-hole pair is created. If these primary charge carriers trigger an avalanche of impact
ionization events , then eventually a measurable current pulse can be generated such that the
incident photon is detected.

If saturation effects are negligible, and the probability of having two incident photons
within the dead time of a device is very low, then the photon detection efficiency (PDE) can
be obtained as the ratio of the number of output pulses to the number of incident photons
after correcting for the dark count rate of the device.

The photon detection efficiency generally rises with the excess bias voltage Vg as higher
electric field increases the avalanche triggering probability. Enhanced avalanche triggering
probability, however, also increases the dark count rate. Given this trade-off, there is usually

an optimum excess bias voltage Vg for device operation.

5.1.1.4 Afterpulsing

Some charge carriers during an avalanche event can be trapped by the deep levels in the
junction depletion layer. These trapped charge carriers are subsequently released with
statistically fluctuating time delays whose mean value depends on the deep levels involved
in the process [5]. Released charge carriers can cause avalanche pulses whose timings are
correlated with the timing of previous pulses; these time-correlated events are known as
afterpulsing.

The number of charge carriers captured during an avalanche event increases with the
total number of carriers crossing the junction, i.e., the total charge contained in an avalanche
pulse (see Eq. 5.6). Even though decreasing the excess bias voltage Vg reduces the total
charge in an avalanche pulse, the excess bias voltage is usually selected based on the required
performance metric.

Minimizing the parasitic capacitance and shortening the avalanche pulse duration reduce
the number of charge carriers swept across the depletion region during an avalanche event, and
subsequently lead to less trapped charge carriers and hence reduced afterpulsing effect. The

parasitic capacitance can be minimized by having the quenching circuit close to the detector,
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or more preferably, by monolithically integrating with the detector if possible. Avalanche
pulse duration, on the other hand, can be kept short by using active-quenching circuits that
quench the avalanche current during its build-up phase within a sub-ns time window [3].
Consequently, the total charge contained in an avalanche pulse with an active-quenching
circuit would be much lower compared to that of obtained with a passive-quenching circuit.

Deliberately prolonging the dead time by keeping the reverse bias voltage at the quenching
level can also be used to alleviate or totally mitigate afterpulsing effects. Extended dead
time creates a time buffer during which the trapped charge carriers can be released without
triggering any new avalanches. However, we note that this method comes with a trade-off: a

prolonged dead time limits the count range of a device before its saturation.

5.1.1.5 Timing jitter

The timing jitter is a measure of degree of variations in the time delays between the arrival
times of incident photons and the generated electrical output pulses. The timing jitter can
be specified as the full-width-half-max (FWHM) and full-width-tenth-max (FWTM) of the
statistical distribution of these time delays (see § 2.3.4.2). It is an important performance
metric for applications such as quantum key distribution (QKD) and lifetime measurements
of single-photon sources [195, 255]. For instance, the timing jitter can lead to intersymbol in-
terference and increase the error rate of the key exchange process in QKD applications [256];

therefore, it should be minimized.

5.1.2 Avalanche Quenching Circuits
Geiger-mode avalanche photodiodes are operated with quenching circuits that
1. Sense the leading edge of the avalanche current pulses,
2. Provide a synchronized output signals upon triggering,
3. Quench the avalanche current by lowering its reverse bias voltage,
4. Restore its reverse bias voltage to reset the device for subsequent detections.

Depending on how they handle quenching and voltage recovery transitions, quenching
mechanisms in the literature can be grouped into three main categories: passive, active and
mixed.

The passive-quenching circuit is the simplest quenching mechanism, yet it bears some

limitations due to its slow voltage recovery transition. Some applications may require more
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Figure 5.1: Passive-quenching circuit. a) A circuit model of a passively quenched SPAD. b)
The corresponding diode voltage and diode current during an avalanche event. The image is
based on [3].

elaborate quenching techniques to fully exploit inherent detector performance. Here, we give
implementation details of a passive-quenching circuit following the description in [3], and

then compare it with active and mixed implementations.

5.1.2.1 Passive-quenching circuits

The passive-quenching scheme is the simplest implementation of a quenching circuit as it
only requires a large load resistor, which is connected in series with the device to limit the
avalanche current flow. During an avalanche current build-up, the avalanche current starts to
discharge the diode internal capacitance and parasitic capacitance. The excess bias voltage Vg
then exponentially decreases towards zero with a time constant determined by the effective
RC circuit at the device cathode.

Reverse bias voltage Vg never goes below the breakdown voltage Vi,,; however, the final
value of avalanche current during discharging process approaches an asymptotic value. If
this asymptotic value is less than some threshold current value, which is known as latching
current, then the avalanche current flow is quenched [3]. Here, we describe the operation of a

device with a passive-quenching circuit while referring to Fig. 5.1.

Quenching transition

Figure 5.1 shows a circuit model of an APD with a passive-quenching circuit. Ry, denotes
the large load resistor that is connected in series with the device. Cy4 and C; represent the
junction capacitance and parasitic stray capacitance, respectively. Diode series resistance

Ry is given by the space-charge resistance of the diode junction and the resistance of the
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neutral semiconductor crossed by the avalanche current. Triggering of an avalanche event
corresponds to closing the switch in Fig. 5.1(a).

The relation between the transient current I4(¢z) flowing through the device and the
corresponding transient voltage V() across that device can be described by

la(t) = =S = SR (5.2)

where Vex (¢) is the transient excess voltage. Once an avalanche event is triggered, I4(f) and

Va(t) fall toward their asymptotic steady-state values of I and V¢

BV VE
Ra+RL  RL’ (5.3)
Vi = Vir + Ryls.

It

The quenching time is given by the quenching time constant 7,

R4RL
R4+ Ry

7y = (Ca+GCy) ~ (Cq+ Cs)Rq. (5.4)

The load resistor Ry is typically on the order of a few hundreds of kilo ohms in order to
achieve passive-quenching, whereas the diode series resistance Ry is usually around a few
kilo ohms. Therefore, the quenching time constant 7, is effectively determined by the diode
series resistance Ryj.

The self-quenching mechanism works as follows: If the asymptotic steady-state diode
current /r is very small, then the asymptotic steady-state diode voltage V¢ will be very close
to Vi,r. Once an avalanche event is triggered, the transient diode voltage Vy(t) approaches
the steady-state diode voltage V;. Reduced transient current I4(7) means that there are now
less charge carriers traversing the high-field depletion region. Due to the statistical nature
of avalanche process, it becomes probable that the impact ionizations fail to sustain the
avalanche current flow. This probability becomes significant when the diode current Iy falls
below a latching current /g of around 100 uA [3, 257], and the avalanche current is eventually

quenched. The latching current I; can be obtained from

where V is the corresponding diode voltage at the onset of quenching.
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Value of load resistor

The value of the load resistor Ry, can be chosen by considering its relation to the asymptotic
steady-state current It (see Eq. 5.3). In order to reduce the uncertainty on the time delay
between a photon incidence and the corresponding quench onset, the transient current ;(t)
should cross the latching current I; with a steep slope in Fig. 5.1(b). Therefore, the asymptotic
current Iy should be set to a value that is much lower than the latching current /. Otherwise,
the quenching either does not occur at all and the avalanche sustains itself, or the quenching
occurs with a longer time delay and degraded timing uncertainty. It is advised that the
asymptotic current /f should not exceed one-fifth of the corresponding latching current /g [3].
This ratio suggests using a load resistor R, = 500kQ) for a latching current I; of 100 uA
when the excess bias voltage Vg = 10V (see Eq. (5.3)).

Total charge in an avalanche pulse

The total charge in an avalanche pulse also influences the dark count rate and afterpulsing
performance through its effects on charge trapping. The total charge in an avalanche pulse

Opc can be obtained from both quenching and voltage recovery transitions by

The number of charge carriers captured by the deep levels during an avalanche pulse increases
with the total number of charge carriers crossing the junction. Therefore, the total charge in an
avalanche pulse Q). should be minimized to reduce possible afterpulsing events. Minimizing
the parasitic capacitance Cs by avoiding long electrical connections between a detector and

its quenching circuit would reduce Qpc.

Recovery transition

Once an avalanche current is quenched, the reverse bias voltage must be recovered to its
initial value in order to reset the device for next detection events. The onset of the voltage
recovery transition corresponds to opening the switch in Fig. 5.1 during which the diode
capacitance and parasitic capacitance are charged by the current flowing through Ry.. The

time required for the full voltage recovery is given by the voltage recovery time constant T,

T, = RL(Cq+Cy). (5.7)
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Figure 5.2: Output configurations in passive-quenching. (a) voltage-mode output and (b)
current-mode output. Images are based on [3].

Since the value of the load resistor Ry, required to achieve passive-quenching is considerably
high, the resulting voltage recovery time constant 7, would be high as well. For a typical
commercial APD such as Perkin Elmer C30902SH, the diode capacitance Cq is around 1.6
pF. Assuming negligible parasitic stray capacitance, the diode capacitance leads to a voltage
recovery time constant 7, of 0.8 us for a load resistor Ry, of 500kQ). It takes approximately
5 X 7, to recover the reverse bias voltage Vg within 1% of its initial value: the voltage recovery
transition in this case takes about 4 ps. Here, we note that a parasitic capacitance Cs on the
order of a few tens of pF or higher would dominate the voltage recovery time constant 7, and

lead to a voltage recovery transition that lasts tens of ps or higher.

Output pulse

The avalanche pulse can be sensed by connecting a low-value sense resistor Ry in series with
the device. The avalanche current flowing through this sense resistor builds up a voltage drop,
which can subsequently be discriminated by a voltage comparator. The configuration at which
the sense resistor R is connected to the ground lead of the load resistor Ry, (see Fig. 5.2(a)) is
known as voltage-mode output [3], In this configuration, the peak amplitude of the avalanche
voltage pulse V,, is read as

R R

~ Ve— ~ LR;. (5.8)

Vo=WB—Vir— Iqu)m R
S

The constraint imposed on the asymptotic steady-state diode current /; to achieve a proper
passive-quenching leads to very low values for the voltage pulse V,. Moreover, the voltage
pulse V,, is generated by the current that discharges the capacitances Cy4 and C through a
highly resistive path formed by the large load resistor Ry.. This effective low-pass filter acting
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on the fast avalanche current pulse subsequently leads to a detector timing performance
which is not fully exploited [3].

Therefore, it is a general practice to connect the sense resistor Rg on the ground lead of
the photodiode from its anode terminal as shown in Fig. 5.2(b). Since the waveform of the
pulse follows the diode current, this configuration is called current-mode output. The voltage
Vi across the sense resistor in this case is given by

R Ry Ry

Vo Ve———— =~ IR ~V, . (5.9)
° Rd(l—F%) SRd(l—l-%‘:) ORd(l—F%S)

Comparing Eqgs. 5.8 and 5.9, it can be seen that V; is much higher than V,,. The reason is
that V is generated by the large current that is equal to Vg /Ry, whereas V,, is generated by
the much smaller current that equals to Vg/RL, i.e., I;. In addition to output pulses with
higher amplitudes, the output voltage waveform has the same rise time of the fast avalanche
current in this configuration. The current-mode output, therefore, offers better photon-timing

accuracy compared to that of voltage-mode output in the earlier example [3].

5.1.2.2 Active-quenching circuits

An active-quenching circuit uses active electronic components to reduce the reverse bias
voltage once it detects the steep onset of an avalanche current. The voltage recovery transition
is also expedited by actively restoring the excess bias voltage back to its initial value. This
type of circuits mitigates the drawbacks associated with the slow voltage recovery of passive-
quenching circuits. Moreover, such circuits offer short and well-defined durations for both
avalanche current pulse width and device dead time; therefore, they provide improvements

on afterpulsing and dark count rate performance.

5.1.2.3 Mixed-quenching circuits

The quenching and voltage recovery transitions can also be implemented by a hybrid approach
where one transition is handled passively, whereas the other transition is managed using active
components. One such circuit, a passive-quenching active-reset (PQAR) circuit, can use a
large load resistor to passively quench the avalanche current in a way described in § 5.1.2.1,
whereas active electronic components such as transistors can be utilized to accelerate the
voltage recovery transition. Such mixed solutions can be useful for designing simple yet

effective circuits to meet certain application needs.
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Figure 5.3: Block diagram of electronics circuit used for commercial APD characterization.

5.2 Experiment: Characterization of a Commercial APD

The avalanche output pulses are usually conditioned to make them compatible with the
input signal standards of other instruments such as frequency counters and time-to-digital
converters. Therefore, an electronic signal conditioning stage is usually implemented in
addition to a quenching circuit. In this section, we first describe our passive-quenching
circuit equipped with signal conditioning electronics, and then present our experimental
results for its operation. This electronic circuit and our characterization testbed were verified
by measuring the breakdown voltage, dark count rate, and photon detection efficiency of a
commercial APD (Perkin Elmer C30902SH).

The block diagram of our electronics circuit is shown in Fig 5.3. In the first stage, this
circuit performs passive-quenching as described in § 5.1.2.1. In subsequent stages, it uses
electronic components to provide a standard output pulse that is synchronized to the leading
edge of the avalanche pulses.

First, an avalanche output pulse is compared against a set threshold voltage Vi, using
a fast pulse discriminator. For other instruments that require a minimum pulse width for
the input signal, a pulse stretcher is used to widen the pulse width of the discriminator
output. Lastly, a pulse shifter is used to shift the signal level to a signal logic standard that is
compatible with other instruments. The implementation details of this circuit are given in

Appendix C.
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Figure 5.4: Setup to characterize the commercial APD (Perkin Elmer C30902SH).

5.2.1 Optical Setup

The number of photons incident on a SPAD should be far lower than the saturation limit of
the device. Here, we used a 780 nm continuous wave (CW) laser that is attenuated down to
the single-photon level with anti-reflective coated neutral density (ND) filters (see Fig. 5.4)2.

The photon energy at 780 nm wavelength is approximately equal to 2.55 x 107! J. For a
typical device saturation limit of around 10 cps [4], our aim is to attenuate the optical power
down to sub-picowatt levels. Such low optical power levels are not measurable with typical
silicon optical power sensors because their noise limits are usually around 100 pW. Therefore,
we first separately characterized the attenuation factors of ND filters, and then combined the
attenuation factor of each ND filter that is inserted into the optical path. Table 5.1 shows
the transmitted power through each ND filter for an input optical power of 71.0 0.1 yW

together with the corresponding attenuation factor.

Table 5.1: Neutral density filter characterization.

Filter No. | Power (uW) | Attenuation (dB)
1 0.824+0.01 —19.39+0.05
2 0.76 =0.01 —19.71 +£0.06
3 0.76 £0.01 —19.714+0.06
4 3.754+0.01 —12.77+0.01
5 3.60+£0.01 —12.954+0.01
6 3.504+0.01 —13.07+0.01

2The experimental setup also includes a reference photodetector to monitor any optical power drift during
characterization; however, it was not deemed necessary in this preliminary study.
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With all the ND filters inserted in the optical path, the total attenuation factor of —97.60 &
0.05 dB? attenuates the input optical power down to 12.404+0.14 fW. The corresponding
photon flux is then read as

P 12.40+0.14fW »
o _hn_ ~ 48600 + 550 5.10
Vin =3y = 25510197 5o (5-10)

which is two orders of magnitude lower than the saturation limit of the commercial device,

and hence it is suitable for use during device characterization.

5.2.2 Characterization Results

Here, we report on the experimental results on commercial device characterization at various
excess bias voltages and operating temperatures. In order to perform measurements at low
temperatures, we used a hermetically sealed case and mounted the detector inside. The
case contains a thermistor and a thermoelectric cooler for active temperature control, and
it connects to our electronics circuit board. The design of the hermetically sealed case
follows the one used in [4], and its photographs can be found in Appendix C. We gratefully
acknowledge Prof. Christian Kurtsiefer for his assistance in providing the SPAD case as well

as the circuit schematics of the quenching electronics that we used in this section.

5.2.2.1 Breakdown voltage

We determined the breakdown voltage Vi, by slowly increasing the applied reverse bias
voltage applied until an output pulse is seen on the oscilloscope. The breakdown voltage V;,;
is measured as 195V at —25 °C.

5.2.2.2 Dark count rate

During the dark count rate (DCR) characterization, we turned off the laser and covered
the setup by a black polyurethane-coated nylon fabric to have a light-tight environment.
For a given reverse bias voltage and operating temperature, we measured number of pulses
over a 1-second time interval using a universal counter (Agilent 53132A) and repeated this
measurement for hundred times to obtain enough statistics.

The dark count rate first exponentially increases with the excess bias voltage Vg and then

starts to saturate as shown in Fig. 5.5(a). The DCR is around 100k cps at room temperature,

3The uncertainty is obtained by root-sum-of-squares technique.
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Figure 5.5: DCR measurements of the commercial APD. a) DCR vs. excess bias voltage Vg,
b) DCR vs. temperature 7.

whereas it decreases down to 3k cps at —25.1 °C. The dark count rate, in general, decreases

with reduced temperature for a given excess bias voltage V.

5.2.2.3 Photon detection efficiency

The strongly attenuated 780 nm CW laser is used as a photon source at the single-photon level
for the photon detection efficiency (PDE) measurements. Similar to the DCR measurements,
we counted the number of pulses over a 1-second time interval in a light-tight setup. We
repeated this measurement for hundred times in both dark and illuminated conditions to
obtain the number of dark counts Ny, and the number of device counts Ngeyice, respectively.
We subsequently calculated the photon detection efficiency by first subtracting the number of
dark counts Ny, from the number of device counts Ngey, and then normalizing the result

with the expected number of photons incident on the device

N, dev — N, dark
Yin

PDE = (5.11)

Figure 5.6(a) shows that the photon detection efficiency, in general, increases with the
excess bias voltage Vg. We did not observe PDE saturation over the range of excess bias
voltages applied to the device. Figure 5.6(b) shows that the photon detection efficiency, in
general, reduces with higher temperature for excess bias voltages beyond 10 V. The reason is

that the number of avalanches due to thermally-generated charge carriers increases at higher
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Figure 5.6: PDE measurements of the commercial APD. a) PDE vs. excess bias voltage Vg,
b) PDE vs. temperature 7.

temperatures, and this subsequently leads to inhibition of the device for next photon detection
events. We note that the PDE traces do not show a consistent trend near room temperature

operation most likely due to very high DCR at these temperatures.

5.2.2.4 Comparison of results

Here, we compared our measurement results with the device datasheet and other characteri-
zation studies performed for the same APD model (Perkin Elmer C30902SH).

Breakdown voltage

The datasheet of Perkin Elmer C30902SH APD specifies the breakdown voltage W, as 225 V
at 22 °C [258]. Using the specified breakdown voltage temperature coefficient of 0.7 V/°C,
the breakdown voltage is calculated as 192 V at our operating temperature of —25.1 °C. This

value agrees well with the measured breakdown voltage of 195V at —25.1 °C.

Dark count rate

Figure 5.7(a) compares our DCR measurements with different studies. Our work and Ref-a
([4]) reports similar values, whereas the DCR values reported in Ref-b ([5]) is around one

order of magnitude lower. It was specified that the device used in Ref-b ([5]) had been
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Figure 5.7: Comparison of characterization results for the commercial APD. a) Dark count
rate and b) photon detection efficiency. Near room temperature measurements are shown in
red, whereas measurements performed at temperatures below <—23 °C are shown in blue.
Ref-a: [4], Ref-b: [5].

factory selected for its low noise; this might explain the reason why it shows better noise

performance.

Photon detection efficiency

The comparison of photon detection efficiency measurements from the same studies are
shown in Fig. 5.7(b). We note that different wavelengths of input light used in characterization
studies render a direct comparison between these studies unfeasible. Nevertheless, we
compared photon detection efficiencies for similar operating conditions of excess bias voltage
and temperature.

The photon detection efficiency reported in Ref-b ([5]) is significantly higher than those
reported here and in Ref-a ([4]), especially for excess bias voltages beyond 10 V. The
measurements in Ref-a ([4]) are performed with an input light that has similar wavelength
to ours, and it reports on similar yet not identical photon detection efficiencies at excess
bias voltages of 10 V and 15 V. The photon detection efficiency in Ref-a ([4]) decays with
increased excess bias voltage, whereas a similar trend is neither reported here nor in Ref-b
([5]). Lastly, the photon detection efficiencies reported here and in Ref-a ([4]) vary within

few percent for similar temperature changes when the excess bias voltages are beyond 10 V.
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Since Ref-b ([5]) does not report any data at near room temperature, the photon detection
efficiency vs. temperature trends could not be compared.

We note that the device-to-device variability as well as a lack of absolute calibration
standards for incoming photon rate might give rise to differences in the characterization
results. Nevertheless, this study shows that our quenching electronics and test setup is

suitable to characterize the fabricated waveguide-based APDs in the next sections.

5.3 Experiment: Symmetric Rib Waveguide p-n APDs

Here, we present the experimental results on characterization of our silicon waveguide-
integrated APDs in Geiger-mode operation. Specifically, we measured breakdown voltage,
avalanche pulse characteristics, and dark count rate of devices at different operating condi-
tions. After studying how breakdown voltage V;,, varies with temperature, we investigated
dark count rate performance. When operated at a fixed reverse bias voltage, our devices
showed DCR decay over time due to the breakdown voltage drift upon successive avalanche
breakdowns. We proposed and implemented a method to prevent the DCR decay, and subse-

quently studied how DCR changes with excess bias voltage Vg and operating temperature.

5.3.1 Breakdown Voltage

Here, we report on the experimental results on breakdown voltage V;,, measurements. Specif-

ically, we investigated its temperature dependence and stability upon successive avalanches.

5.3.1.1 Temperature dependence

We used our custom light-tight temperature-controlled probe station to perform measurements
at different operating temperatures (see § 4.3). In order to prevent water condensation on
samples during low temperature operation, the entire setup is covered with a 3-mm-thick
polycarbonate sheet and pumped with compressed dry air with a dew point of around —40 °C
to substitute the humid air inside. The front cover was chosen to be transparent for visual
access inside the station during probing*. The dew point inside the setup is measured via a
hygrometer to ensure that the dew point is lower than the target temperature before cooling

the sample.

4Similar to § 4.3, a black polyurethane-coated nylon fabric is used to cover the setup to prevent stray light
leakage during data acquisition.
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Figure 5.8: Breakdown voltage V;, vs. temperature measured for a 900-nm-wide p-n*
SPAD.

We placed our samples on top of a copper sample holder, which is soldered onto the top
surface of a 3-stage thermoelectric cooler (TEC, Ferrotec 9530/228/060 M). A thermistor
inside the sample holder is used to measure the device temperature, which is actively
stabilized by a temperature controller. The bottom surface of the TEC is soldered onto the
top surface of a copper heat sink to effectively dissipate the heat from the TEC, which would
otherwise suffer from performance degradation.

The sample temperature could be reduced to —30 °C. The lowest achievable temperature
was limited by the effectiveness of the heat dissipation from the TEC. The cooling perfor-
mance could further be improved by a more effective heat dissipation method such as chilled
water cooling and by improving the isolation of the sample from its surroundings. The latter
can be achieved by a hermetically sealed device packaging or by having the sample in a
vacuum chamber.

In avalanche breakdown mechanism, a bunch of electrons knock out valence electrons
from their bonded atoms and create secondary electron-hole pairs. At high temperatures,
increased phonon scattering reduces the mean free path of charge carriers, and subsequently
decreases the impact ionization probability. The device now requires higher electric field
strengths to achieve avalanche breakdown; therefore, the avalanche breakdown voltage Vj,,
has a positive temperature coefficient.

The temperature dependence of breakdown voltage is analyzed by measuring breakdown

voltages at different operating temperatures as described in § 4.3.2. A temperature controller



106 Characterization of Integrated APDs in Geiger-mode Operation

is used to actively stabilize the device temperature to prevent possible breakdown voltage
drift during measurements. The temperature is stabilized to within 0.1 °C for which the
corresponding Vy,, fluctuation is less than 1 mV and hence negligible. The temperature
coefficient of the breakdown voltage W, is calculated to be 7.9 £0.5 mV/°C from the
measurements results shown in Fig. 5.8.

In addition to the active stabilization of the device temperature, we note that the effects
of temperature fluctuation can be prevented by generating a feedback response based upon
avalanche pulse heights [259]. Such methods are more suitable to field-deployed systems
such as LIDAR as well as airborne and spaceborne communication links, for which active
temperature stabilization systems are impractical to be deployed due to power and volume

constraints.

5.3.1.2 Breakdown voltage drift: decaying pulse amplitude

We report in § 4.3.2 that the breakdown voltage V4, increases upon successive avalanche
breakdowns. One of our early hypotheses for the reason of such breakdown voltage walkout
was the localized heating effects in the junction. The heating of the junction can originate
from high current density during an avalanche event and elevated ambient temperature at
which the device operates. As we actively stabilized the operation temperature to within
0.1 °C via a thermoelectric cooler, only high current density during an avalanche event could
give rise to such heating effect in our case. Nevertheless, once the avalanche current is
quenched and the device gets back to its idle state, the junction quickly thermalizes with its
surroundings and V;,; subsequently recovers back to its initial value. What we observed in our
experiments, however, was that the V;,; did not recover at all and remained at its last drifted
value even days had been elapsed from the last device operation.

On the other hand, the drifted V4, did recover once we applied a forward bias voltage
to the device (see § 4.4.3). It is well known that the application of a forward bias voltage
across a p-n junction leads to charge injection, which is a process that does not decrease the
junction temperature if not further increases it. We argue that applying a forward bias voltage
to the device releases the trapped charge carriers such that the initial electric field for a given
reverse bias voltage is restored with the elimination of the opposing electric field generated
by these trapped charge carriers. Therefore, the breakdown voltage walkout did not originate
from the localized heating of the junction, but most likely was caused by the charge trapping
effects as we explained in § 4.4.3.

Regardless of the underlying mechanism, the breakdown voltage drift should be prevented

if a continuous device operation with constant performance metrics is desired. Otherwise,
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Figure 5.9: Schematic of our passive-quenching circuit with peripheral RF components.
This circuit is used to perform avalanche pulse and DCR measurements for the waveguide-
integrated SPADs.

the breakdown voltage drift leads to a decay of the excess bias voltage Vg for a fixed reverse
bias voltage Vg as Vg = Vg — Vi,;. The reduced excess bias voltage Vg results in lower impact
ionization probability, and subsequently decreases the avalanche gain G and hence avalanche

pulse amplitude which are related by

G:L °thdt, (5.12)
s€ J0
where R; is the sense resistor of the passive-quenching circuit, e is the electron charge, and
V; is the voltage amplitude of the avalanche pulse that is generated across the R;.

In order to check whether the avalanche pulse amplitudes of our devices decay over
time when they are operated with a fixed reverse bias voltage Vg, we connected the output
of a representative device to an oscilloscope (LeCroy WaveRunner 204MXi-A 2 GHz
Oscilloscope (10 GS/s)) and monitored its avalanche pulses . Even though the oscilloscope
could initially trigger on the avalanche pulses, after a few minutes of operation, the avalanche
pulse height steadily decreased to a point that the oscilloscope stopped triggering. Therefore,
the continuous operation in Geiger mode at a fixed reverse bias voltage was not possible as
the performance would not have been predictable. The predictable and stable performance

operation requires controlled gating of the applied bias voltage as explained in § 5.3.3.2

5.3.2 Avalanche Pulse Characteristics

Figure 5.9 shows the schematic of our passive-quenching circuit we used during avalanche

pulse and DCR measurements. In our experiments, we examined different values for the
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load resistor R;, and observed that the load resistors with resistance of less than 100 k() were
failed to achieve passive quenching. After measuring avalanche pulses with different load
resistors, we chose a load resistor Ry, with resistance of 1 MQ) as it results in high enough
avalanche pulse height with good signal-to-noise ratio.

For the characterization of avalanche pulses, we terminated the device output with the
50 Q input impedance of the oscilloscope. The avalanche pulses directly obtained from
the devices without any signal conditioning have pulse amplitude of around 2 mV with an
FWHM pulse width of ~ 1.5 ns as shown in Fig. 5.10(a).

In order to interface the avalanche pulses with a universal counter (Agilent 53132A), we
amplified the avalanche pulses using an RF signal amplifier, and subsequently filtered them
using RF filters. Here, we used a 30 dB RF amplifier together with a custom low pass filter
and a high pass filter (see Appendix C for details).

Figure 5.10(b) shows the resulting avalanche pulses after amplification and filtering. The
pulse amplitude was amplified by 20 times while FWHM pulse width was kept at around 1.5
ns. We note that the amplified pulses were accompanied by spurious signals whose pulse
heights occasionally reach 30 mV. The pulse amplitudes of these spurious signals were lower
than the trigger voltage Vi, = 40 mV set on the oscilloscope such that they did not cause
false counts. The distribution of avalanche pulse amplitudes after amplification and filtering
are shown in Fig. 5.10(c). The pulses show an asymmetric distribution skewing towards
higher values.

Next, we investigated how avalanche pulse amplitude and noise floor change with the
reverse bias voltage V. Figure 5.11 shows subsequent avalanches that are captured by the
oscilloscope operated in its persistence mode. The avalanche pulse amplitude increases with
reverse bias voltage Vg, though the increase in pulse amplitude is not significant. The noise
floor, on the other hand, significantly rises with V3.

In order to use a fixed trigger voltage Vg over the entire range of the applicable reverse
bias voltages, the trigger voltage Vi, must be determined such that the oscilloscope is
ensured not to trigger on false threshold crossings at none of the applicable reverse bias
voltages. Since the probability of such false threshold crossings increases with higher reverse
bias voltages due to the increased noise floor (see Fig. 5.11), we determined the trigger
voltage Vy;g. at the maximum reverse bias voltage that is to be applied to the device. In this
way, we ensured that the oscilloscope would not trigger on false threshold crossings over
the entire Vg sweep range, albeit at a cost of some missed avalanche pulses at lower Vg

depending on the distribution of pulse amplitudes.
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Figure 5.10: The avalanche pulse characteristics. a) The avalanche pulses that are directly
obtained across the sense resistor Rg without any amplification or filtering. b) The amplified
and filtered avalanche pulses, and ¢) the distribution of their pulse amplitudes.
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Figure 5.11: Representative plots of avalanche pulses at different Vg captured in persistence
mode of the oscilloscope. Brighter regions correspond to higher signal concentrations. The
red dashed line shows the trigger level Vi, 65 mV. The vertical and horizontal grids are
50 mV and 10 ns per division, respectively.

In our experiments, the maximum applicable reverse bias voltage V3 is initially set to
be 1.5 times of the breakdown voltage V;;. We note that the maximum applicable Vg can
vary depending on the noise performance of the device, and it might be necessary to limit the

operating voltage to lower values.

5.3.3 Dark Count Rate

In order to measure the dark count rate (DCR), we fed the amplified and filtered avalanche
pulses into the universal counter, which can count single-shot pulses up to 225 million counts
per second. Specifically, we counted the number of threshold crossings within a specified
time interval. Here, we first investigated the temporal behavior of DCR, and then investigated

how DCR changes with operating temperature and excess bias voltage.

5.3.3.1 Dark count rate decay

The avalanche pulse amplitude reduction (see § 5.3.1.2)) manifested itself as a decay in the
number of counts for a given time interval as shown in Fig. 5.12(a). In order to prevent
the dark count rate decay over time, we applied a reset voltage Vg = —Vp (i.e., forward
bias polarity) as shown in Fig. 5.12(b). The pulse width of the reset voltage Vr was set to
one-ninth of the pulse width of reverse bias voltage V. In the actual reset implementation,
we used a programmable power supply (Rohde&Schwarz HMP2030) to act as a switch (see
Fig. 5.12(¢c)).

After implementing this reset procedure, we measured the DCR over time at various

excess bias voltages Vg at —10°C as shown in Fig. 5.13(a). The use of the reset circuit
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Figure 5.12: DCR decay over time due to V;, drift. a) Number of counts shown for a 450
nm wide p-n* SPAD biased at Vg = 18 V. Each data point is obtained with 0.2 seconds
integration time. b) The reset circuit to stabilize DCR decay. c) The duty cycle of the bias
voltages.

4
a) 104 . b) 10
k ~ VE B ]
F - e 14 —— I 1
108 & =/1.3 — 10° 2 E
M1.2 ~ F ]
- r 711 0 L i
2 1.0 —— A 102 L |
2L _ 10° & E
& 10° 07— | & g E
a - 04 —| 2 C ]
101 E — 101 E 3
109 Mided & 11y ¥y 13yl ¥yl 100 | | | | | |
0 20 40 60 80 04 06 08 10 1.2 14
Time (s) Excess bias voltage Vg (V)
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Figure 5.14: Temperature dependence of DCR at various excess bias voltages Vg. The data
is shown for representative devices that have 900-nm-wide and a) 9-um- and b) 16-um-long
waveguides.

reduced the pace of the DCR decay compared to Fig. 5.12(a); nonetheless, the complete
stabilization could not be achieved over the time span of our measurements, and further
modifications of the reset circuit might be needed for this purpose.

Figure 5.13(b) shows the mean DCR values calculated from Fig. 5.13(a). The dark
count rate increases by more than 3 orders of magnitude when the excess bias voltage Vg is
increased from 0.4 V to 1.4 V, and it reaches 6k cps at Vg = 1.4 V.

5.3.3.2 Temperature dependence

The SPADs are usually operated at low temperatures in order to reduce the dark pulses
originating from thermally-generated charge carriers. Here, we investigated how DCR
performance of our devices changes at various operating temperatures. Figure 5.14 shows
the DCR measurements for representative devices. The temperature was varied from —20 °C
to 30 °C, whereas Vg was increased up to 2 V. Our experimental results show that the dark
count rate reduces when the operating temperature is lowered. This is in contrast with our
expectations that a reduction in temperatures would lead to lower thermal generation of

charge carriers and hence decrease the dark count rate.



5.3 Experiment: Symmetric Rib Waveguide p-n APDs 113

Device Saturation

What gives rise to this counter-intuitive trend between DCR and temperature in our measure-
ments is associated with the oversaturation of the device with the very high dark generation
rate. Higher temperature does indeed increase the number of thermally generated charge
carriers. However, if the generation rate is too high, most of these events occur prior to the
full voltage recovery and lead to avalanche pulses with smaller amplitudes (see Eq. 5.9). This
smaller avalanche pulses are subsequently missed by the counter as the pulse amplitudes are
no longer high enough to exceed the trigger voltage Vy;g. set on the instrument.

Similar observations are also reported in the literature for a commercial Geiger-mode
APD that is operated at its saturation regime with passive-quenching circuit [260]. The study
models the recovery transition of a typical passively quenched Geiger-mode APD with a few
high-level parameters. In the model, the combined probability of generating a digital signal
(i.e., a count) upon a given charge carrier on the device is given by the joint probability of
avalanche triggering probability P, and the probability that an avalanche signal V; is sensed
by a comparator with a threshold voltage Vy,. Since the voltage recovery transition of such
devices are well known, and P, and Vi can be modeled in terms of the excess bias voltage Vg,
the observed behavior of such devices, even when they are operated deep into their saturation
regimes, can be successfully modelled.

To verify our hypothesis that the increased number of thermal charge carriers at higher
temperatures reduces the observed event rate as outlined in [260], we performed a numerical
study to simulate the avalanche quenching and voltage recovery transitions for a device
with typical device parameters. In our simulations, we assume that the SPAD has a series
resistance Ry of 1k(Q) and a diode capacitance Cq of 10 fF. The parasitic stray capacitance
C; 1s assumed to be 1 pF, and the device is passively quenched with a load resistance Ry, of
2.2MQ. The trigger voltage Vg, is set to 70% of the excess bias voltage Vg. Lastly, the
latching current and breakdown voltage are assumed to be 100 uA and 16 V, respectively.

Once the avalanche current is quenched, the voltage across the diode Vj recovers to its

initial value by [3]
e~ (—Tevent)
Vd(t):Vq—i—VEx(l—f), (5.13)
T
where Vj is the diode voltage when the diode current equals to the latching current (see
Eq. 5.5), fevent 1s the timing of an avalanche breakdown event, and 7; is the voltage recovery
time constant (see Eq. 5.7).
In our simulations, we first set a mean event rate, and then determined the simulated event

rate according to Poisson distribution. We assigned random timings to each of the events
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denotes the detection threshold voltage. b) Simulated number of detected events, i.e., pulses,
and pulse-to-event ratio at different event rates.
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within a given time interval. The cathode voltage of the SPAD is calculated via capacitive
discharging and charging equations during quenching and voltage recovery transitions,
respectively. If the cathode voltage exceeds Vi , then the corresponding event results in a
detection event, generating an output pulse. On the other hand, if the pulse amplitude fails to
exceed Vyig., then this event is not detected.

Figure 5.15 shows the cathode voltage of the simulated device with respect to time. At
low event rates, most events occur after the device has fully restored its reverse bias voltage
as shown in Fig. 5.15(a). At high event rates, however, most events occur during voltage
recovery transitions as shown in Fig. 5.15(b) and lead to smaller pulse amplitudes that cannot
be detected. As the event rate gets even higher, the device enters the heavy-saturation regime,
where the reverse bias voltage cannot be recovered at all. At prohibitively high event rates,
this eventually leads to no detected pulses and the effective duty cycle of the device becomes
zero [260]. Such an extended dead time means the paralysis of the device [261], which we
also confirmed by shining bright light onto one of the samples and getting zero counts in
return.

This simulation study explains the trend between measured dark count rate and tem-
perature. In our experimental results shown in Fig. 5.14, reducing the device temperature
decreased the thermal generation rate of charge carriers. Consequently, there were less small-
pulse events during voltage recovery transition, and the devices could recover their excess
bias voltages to a larger extent such that the avalanche pulses with amplitudes exceeding the
trigger voltage Vyg. could be generated. Referring to Fig. 5.15(c), this trend corresponds to
approaching the saturation hump from the high event rate region.

We note that the device saturation rendered the photon detection efficiency measurements
inapplicable. Further reduction of the temperature may help to reduce thermal generation
rate of charge carriers to a point that the measured dark count rate starts to decrease with

lower temperature; in other words, the device may pass the saturation hump.

5.4 Experiment: Asymmetric Rib Waveguide p-i-n APDs

Here, we report the experimental results on characterization of p-i-n™ junction-based devices
in Geiger-mode operation. Similar to the devices introduced in § 2.4, the devices characterized
here also utilize an asymmetric rib waveguide that is 250 nm thick with 70 nm etch depth.
The doping profile of the device is shown in Fig. 2.15(b).

Here, we investigate the effect of intrinsic region width AW on breakdown voltage and

dark count rate performance at different operating conditions such as excess bias voltage and
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Figure 5.16: Current vs. voltage measurements to identify the breakdown voltage V4, of
p-i-n™ junction-based devices with rib waveguide width W of a) 750 nm and b) 900 nm.
Each trace belongs to a device with different intrinsic region width AW.

temperature. Specifically, we investigated how utilizing an intrinsic region between p- and
n"-doped regions in an asymmetric rib waveguide structure helps to prevent oversaturation
of the devices. We gratefully acknowledge Prithvi Gundlapalli, who is a member of our

research group, for his assistance in acquiring measurement data presented in this section.

5.4.1 Breakdown Voltage

Figure 5.16 shows the current-voltage measurements of p-i-n™ junction-based devices that
have different intrinsic region widths AW. The breakdown voltage V4, is identified as the
voltage at which the device current reaches to a current threshold level of 10 uA. The
breakdown voltage V4, increases with larger depletion region width W: it is around 13.5 V for
200-nm-wide intrinsic region and increases up to 24.5 V for an intrinsic region width of 600
nm. The experimental results agree well with our simulation results presented in § 2.4.6.1.
For instance, the simulated and measured breakdown voltage of a p-i-n™ junction-based

device that has 300-nm-wide intrinsic region are both around 16 V.

5.4.2 Dark Count Rate

The dark count rate of the devices is characterized similarly to those of p-n* junction-based
devices. We note that the distribution of avalanche pulse amplitudes as well as the trigger
level set on the pulse counter significantly affect the absolute values of count rates; small
changes in the pulse heights significantly affect the number of counts obtained. This makes

it challenging to directly compare the absolute values of DCR between different devices.
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Figure 5.17: Dark count rate of p-i-n™ junction-based APDs at different bias voltages.
Dark count rate data is shown at various excess bias voltages Vg for p-i-n™ devices with
different intrinsic region width AW at 19 °C. The devices consist of a) 750-nm-wide and b)
900-nm-wide rib waveguides. Each trace corresponds to 30-seconds long sampling interval
and each data point is obtained by integrating counts over 0.2 s. ¢) and d) shows 1/e decay
times of count rates extracted from a) and b), respectively.

However, the comparison of how DCR changes with different operating conditions is still
applicable because what is compared here is not the absolute values of count rates but the
qualitative trend of the DCR change, which is independent of the pulse height and the
trigger level used during a characterization. Here, we share the experimental data on how
dark count rate of p-i-n™ junction-based devices change with excess bias voltage Vg and
operating temperature T, and thereafter compare the measurement results with that of p-n™
counterparts.

Figure 5.17 shows how the dark count rate of p-i-n* junction-based APDs with different
intrinsic region width AW changes with the excess bias voltage Vg. The dark count rates
generally increase with higher excess bias voltage Vg because of more dark carriers generated
at high electric field strengths. In general, a wider intrinsic region reduces the count rate for a

given operation condition. This agrees well with our earlier simulations that a wider intrinsic
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Figure 5.18: Dark count rate of p-i-n™ junction-based APDs at different temperatures. Dark
count rate vs. temperature T for © devices with different intrinsic region width AW at 3 V of
excess bias voltage V. The devices consist of a) 750 nm and b) 900 nm wide rib waveguides.
Each trace corresponds to 30-seconds long sampling interval and each data point is obtained
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region diminishes the peak electric field strength, which in turn, lowers the dark carriers
generated by band-to-band tunneling and trap-assisted-tunneling mechanisms (see § 2.4.6.2).

In order to quantify how fast the count rates decay, we calculated the time durations
during which the count rates decay from their initial values to 1/e times of those values (i.e.,
~36.7%), where e is the Euler’s number. Figure 5.17(c) and 5.17(d) show that 1/e decay
time, in general, increases with higher excess bias voltage V.

Next, we investigated how the dark count rate is influenced by the operating temperature
T. Figure 5.18 shows our experimental results on dark count rate vs. temperature at the
excess bias voltage Vg of 3 V. Reducing the operating temperature from 19 °C to —10 °C,
in general, decreases the dark count rate. This is in contrast with the behavior observed
in p-n™ junction-based APDs where the dark count rate increases when the temperature is

reduced because of the oversaturation effect (see § 5.3.3.2). Therefore, the asymmetric rib
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waveguide geometry with p-i-n™ doping profile indicates an improvement to prevent device
oversaturation with excessive dark carrier generation.

Figure 5.18(c) and 5.18(c) show the calculated 1/e decays times of the count rates.
The 1/e decay times of all the devices are higher at —10°C compared to 19°C. One
likely explanation is that the charge carrier trapping and subsequent breakdown voltage
drift become more significant at higher operating temperatures since there would be more
thermally-generated charge carriers that get captured at the interface trap levels. This
subsequently would accelerate the weakening of the electric field inside the depletion region
for a fixed reverse bias voltage, and hence the dark count rate would decay due to reduced
avalanche triggering probability. The count rate decay time might also be affected from the
local heating effects in the junction since such local heating effects modify the avalanche
triggering probability as well and hence can modify the decay dynamics. Figure 5.18 shows
that lower operating temperature 7 improves the stability of count rates, regardless of rib
waveguide width W and intrinsic region width AW.

We note that p-i-n™ junction-based devices have yet to attain dark count values that we
predicted in our earlier simulation studies (see 2.4). This is most likely due to the charge
trapping effects inside the oxide/silicon interface, whose secondary effects were observed as
the breakdown voltage walkout and the dark count rate decay. Nonetheless, our new device
design based on p-i-n* junction profile in an asymmetric rib waveguide structure, unlike

their p-n™ counterparts, mitigates the oversaturation of the devices.

5.4.2.1 Discussion: improving device performance

The device performance can further be improved by preventing the charge carrier injection
and subsequent trapping at the interface. Different oxide deposition techniques and etching
methods during the formation of the silicon rib waveguides may help to reduce the number
of trap centers at the oxide/silicon interface. Annealing methods such as high-temperature
forming gas anneal can also be explored to improve the oxide/silicon interface quality by
lowering both the interface state density and the interface charges.

From the device design point of view, eliminating the silicon rib waveguide completely by
zero etch depth and coupling the light from the silicon nitride input waveguide to directly into
the resulting silicon slab may be beneficial to improve device performance as it eliminates
possible charge carrier injection into the rib waveguide interface of the previous design.
However, the trade-off would be that the spatial profile of the light inside the silicon slab
would not be confined and hence well defined; therefore, the timing jitter performance would

be degraded. The horizonal junction designs such as those introduced in § 2.4.1.1 might also
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Figure 5.19: Dark count rate of p-n™ junction-based device operated in 0 °C at Vg=17.1 V.
The regions without data points correspond to the time intervals during which we change
between short and long electrical connections. The length difference between cables is 5
meters.

improve the noise performance, albeit at the cost of small depletion region widths due to
wafer thickness limitations. We note that thicker silicon wafers are commercially available
and may be utilized to increase the depletion region thickness; however, an attention must be
paid for the mechanical stress associated by such thick waveguide layers. Using field plates
or guard ring structures at the proximity of the oxide/silicon interface can also be investigated
to reduce the electric field strengths in such regions for the mitigation of premature edge
breakdown and hot carrier injection.

In addition to these suggestions pertaining to the device design and fabrication improve-
ments, the device saturation can also be prevented by improving the operating conditions.
One such way would be to reduce the operating temperature even further to decrease the ther-
mal generation of dark carriers. In addition, different quenching circuit types can also lead to
better noise and saturation performance. Here, we describe our efforts to reduce parasitic
capacitance and voltage recovery time by wire bonding devices and using passive-quenching

active-reset circuit, respectively.

Wire bonding

A long electrical connection between the device cathode and electrical ground increases
the parasitic capacitance. A higher capacitance increases the total charge in an avalanche
pulse (see Eq. 5.6), and subsequently leads to more secondary dark count events. Here,
we performed a simple experiment to gain more insight and checked if a longer electrical

connection does indeed increase the measured count rates of the devices. Figure 5.19
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Figure 5.20: Schematic of the passive-quenching active-reset circuit.

shows the measurement results of the dark count rate for different electrical cable lengths
between the device and the load resistor. The count rate clearly increases when the electrical
connection is extended by 5 m.

Wirebonding devices may help to minimize such parasitic capacitance as it decreases the
length of the electrical connection between a device and its quenching circuit. The design
of our custom electronics board that accommodates wire bonded devices on a ceramic chip

package with compatibility for light coupling from the edge is provided in Appendix C.

Passive-quenching active-reset circuit

Alternatively, the device saturation can be overcome by increasing the saturation threshold
using a passive-quenching active-reset (PQAR) circuit. Compared to the slow recovery of a
passive reset transition (see Eq. 5.1.2.1), such circuits can be used to achieve faster voltage
recovery, and subsequently reduce the number of small pulse events. Figure 5.20 shows the
schematic of our custom PQAR circuit, and the photographs of the implemented circuit are
provided in Appendix C.

Here, we describe the operation of this circuit. The bias voltage applied to the device is
controlled via a 1-form-C optocoupler relay (IXYS LCC120) configured as a single pole
double throw switch. Controlled by the relay control signal, this part applies a forward bias
voltage V to reset the breakdown voltage V4, that is drifted before reverse biasing the device
with Vg (see § 5.3.3.1).
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The avalanche current is passively quenched by the very large drain source resistance
Rpsoff) of the n-MOSFET. The avalanche pulse is subsequently amplified and filtered before
it is converted to a standard output pulse via a comparator. The output of the comparator
is connected to a pulse generator which, upon triggering, provides an output pulse that is
subsequently registered on a counter.

After a predefined time delay, the pulse generator outputs another pulse with a well-
defined pulse width and amplitude. This second pulse is used as a feedback signal for
active reset of the device. By switching the transistor on, the equivalent resistance of
the electrical path of the avalanche current which charges the capacitances during voltage
recovery transition decreases from Ry =1 MQ) to the equivalent resistance of the two resistors
Ry and Rps(on) connected in parallel. Since Rpgs(on) of the n-MOSFET is very low compared
to R, the equivalent resistance is effectively determined by Rps(on). Consequently, the
voltage recovery time constant 7, decreases by a factor of ~ Ry /Rps(on) (see Eq. 5.7), and a
faster voltage recovery can be achieved.

We note that the use of a PQAR circuit does not bring any advantage on improving the
DCR performance compared to a passive-quenching circuit as it does not change the rate of
dark carrier generation; nonetheless, this circuit can be used to measure the dark count rate

without saturation effects as the dead time of the device can be significantly reduced.

5.5 Conclusion

In this chapter, we present the characterization results of our silicon waveguide-integrated
APDs in Geiger-mode operation. We built a custom light-tight low-temperature probe
station that is suitable for the characterization of bare dies of APD, and we developed
necessary quenching and pulse conditioning electronics. We first verified the operation of
our electronics and measurement testbed by characterizing a commercial APD in Geiger
mode and comparing our results with prior studies. Next, we characterized our devices by
measuring their breakdown voltage, avalanche pulse characteristics, and dark count rates.
The dark count rate vs. temperature measurements clearly showed that APDs based on
symmetric rib waveguides with p-n™ junction profiles are oversaturated with very high dark
carrier generation. On the other hand, we did not observe such oversaturation effects in
general for the devices that have asymmetric rib waveguide structure with p-i-n™* junction

profile. Therefore, utilizing an asymmetric rib waveguide structure and incorporating an

31t is 50 mQ) for the Vishay SI4539ADY n-MOSFET we used here.
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intrinsic region between p- and n-"-doped regions to limit the peak electric field strength
inside the depletion region improve the noise performance of the devices.

We note that our experimental results on device characterization show higher dark count
rates than the simulated ones. This is most likely due to the material imperfections, especially
at the oxide/silicon interface. We provided an in-depth analysis of the mechanism underlying
the device saturation and suggested possible strategies for further research to mitigate this
effect. The experimental results presented here provide insights on how device performance

could further be improved to achieve on-chip single-photon sensitivity.



Part 11

Single Photon Manipulations by
Coherent Perfect Absorption
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The achievement of on-chip single photon detection at visible wavelengths is an important
pillar for our PIC concept introduced in Chapter 1. Targeting on-chip linear optical quantum
computing (LOQC) applications with on-chip readout capability, the other key ingredient
of our platform consists of interferometers with increased functionalities for single photon
manipulation. Compared to a conventional MZI intensity modulator which redistributes
light between its two output ports, interferometric modulator systems based on novel co-
herent perfect absorption (CPA) phenomenon allow for deterministic prevention of light
propagation through coherent interactions with light. This is particularly useful for complex
optical networks consisting of numerous cascaded interferometers, where residual photon
propagation into other network arms could cause undesired interference or crosstalk if not
prevented. Moreover, CPA interferometers can also be used to filter quantum states of light
in an interferometric setup.

On the road towards an integrated CPA interferometer, we test our single photon ma-
nipulation concepts in a prototype platform comprising of an optical fiber interferometer
with a CPA capability. Whether it is implemented in a photonic chip or in optical fiber,
any interferometer is prone to phase noise, which must be eliminated to protect quantum
coherence. The stabilization of interferometers while protecting the efficiency of quantum
channels is of paramount importance for LOQC applications.

In Chapter 6, we introduce an active phase stabilization scheme for coherent optical
networks operating at the single-photon level. Our method is based on single-photon counting,
and it does not introduce any additional components for phase stabilization as conventional
approaches do. Acquiring the phase information from single photon counts sampled directly
from the quantum channel, the method prevents possible degradation of the quantum signal
due to the introduction of other components into the quantum channel.

Chapter 7 presents experimental results where we demonstrated coherent perfect ab-
sorption at the single-photon level by using a plasmonic metamaterial in a phase-stabilized
optical network. The coherent control of single-photon absorption probability allows us to
demonstrate all-optical single-photon switching with high visibility.

In Chapter 8, we extended the application realm of the CPA interferometer. Using
different optical responses of the coherent perfect absorber to symmetric and antisymmetric
superpositions of input states, we showed that the CPA phenomenon can be used to filter
quantum states of photons whose quantum information is encoded in superposition of spatial
wave functions. This work might find use cases in quantum information processing such as

dual-rail encoding protocols.
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Our phase stabilization method enables us to perform successful single photon manipula-
tion experiments in an interferometric setup containing coherent perfect absorbers. These
demonstrations prove the applicability of our concepts and motivate their implementation
in our hybrid quantum photonic platform. Merging integrated single-photon detectors with
on-chip modulators equipped with added functionalities opens up new opportunities towards

on-chip LOQC applications.



Chapter 6

Phase Stabilization of Coherent

Networks by Single-photon Counting

6.1 Introduction

Coherent optical fiber networks provide an easily accessible testbed to verify photonic net-
work concepts prior to their implementation in photonic chips. Leveraging on advanced
telecommunication technologies, optical fiber networks are also indispensable for long-haul
quantum light processing and quantum communication systems. Single-photon interfer-
ence [6, 7], quantum computation based on dual-rail qubit encoding [89, 90], quantum key
distribution [91, 92], entanglement swapping and distribution [92, 93], and high-dimensional
quantum state transmission [94] have already been demonstrated in fiber environment proving
the feasibility of fiber-based quantum optics.

Such demonstrations extensively use interferometers which are locked to specific phase
offsets for minutes or even hours during their operation. To deal with the phase noise, these
experiments usually employ resource demanding stabilization systems to set the required
phase offset and to achieve long-term phase stability [6—8]. Most phase stabilization tech-
niques use an additional classical control signal that is brighter than the quantum signal.
When a quantum channel and a classical channel are combined into an interferometer, the
bright control signal in the classical channel must be efficiently isolated from the quantum
channel. The reason is that even small amounts of photons, which can be induced by Rayleigh
and Raman light scattering in the classical channel, may lead to crosstalk and eventually
degrade the quality of the quantum signal [262]. Efficient isolation of the control signal,
however, is challenging and requires elaborate demultiplexing techniques with additional

components.



130 Phase Stabilization of Coherent Networks by Single-photon Counting

FM
77777
-
MF (6 km) = H
Signal light SMF@Gkm S |
(1850.120m)  \yom G Bs | SMF®Km)

7o O / : = EFM
R’OVA . control
D2

Reference light FBG

‘ s
'
(1552.93 nm) N prorn DRI :
generator

e
- - LED

e i — I—. Aess=830 nm
N

C) PC wom PC gl PC WDM2 D1 d) il '}' \."‘rp ﬁ o
- F i B =D T
LFC, 6 km spool  ODL2 000 . g " lbUl An.=8107m
,Bs, pump “f gs 0 o) = =
rer:;rence Beo g"'\ HWP PBS HWP SF10  EOM V. E D
light Fs7O0LL BPF - . Sty ey )
CX =L I &= i e U = HWP PBS QWP IF SPAD
WDM1 L] WDM2 D2 Interferometer 3 PN
Ll ot ......q@ Yorw res e 80 0, cou S
- X—+E+A >l

HWP PBS QWP IF SPAD

Figure 6.1: Examples of conventional phase stabilization schemes for fiber interferometers
operating at the single-photon level. All these setups use an auxiliary light source, multiplex-
ers, and additional photodetectors for phase stabilization, and they utilize demultiplexers to
achieve good isolation between classical and quantum channels. The images of a, b, ¢, and d

are from [6], [7], [8], and [9], respectively.

Figure 6.1 shows various conventional active phase stabilization schemes that are de-

veloped for fiber interferometers operating at the single-photon level. A common to all is

to use an auxiliary laser signal, various (de)multiplexers, associated optical components,

and additional photodetectors. The addition of these (de)multiplexers increases losses

on

the quantum channel due to added insertion losses, and it must be minimized especially for

loss-sensitive networks.

In this chapter, we first propose a simple yet powerful technique for phase stabilization

by single-photon counting. Next, we show the applicability of our method by implementing

it in an optical network represented by a Mach-Zehnder interferometer (MZI). Our technique

suppresses the phase noise with a phase stability that is comparable to that of conventional

phase stabilization schemes. Moreover, it obviates the need for using a bright auxiliary

laser with additional optical components required in conventional approaches, and hence it

potentially increases the efficiency of the quantum channels.
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Figure 6.2: Stabilization of coherent optical fiber networks operating at the single-photon
level. a) A Mach-Zehnder interferometer consisting of a single-photon source (SPS), 50:50
beamsplitters, and a phase modulator ¢ as an example network. In conventional stabilization
schemes (highlighted in blue), a laser light sent through the coherent network is separated by
a multiplexer (e.g., wavelength division multiplexer WDM) and measured by a photodetector
PD. b) An optical fiber network stabilized by single-photon counting.

6.2 Phase Stabilization Method

6.2.1 Concept

The extreme sensitivity of optical fiber networks to thermal, mechanical, and acoustic
noise [263] strongly affects the measurement of quantum light. One way to overcome
this problem is to use a feedback loop for an active phase stabilization. The conventional
approaches use a bright auxiliary laser with a distinct degree of freedom (e.g., wavelength,
polarization, or temporal mode) probing the same optical path traversed by the quantum
light [6-8]. Figure 6.2(a) shows an in-fiber Mach-Zehnder interferometer (MZI) operating
at the single-photon level. The MZI consists of 50:50 beamsplitters and a phase modulator
backbone together with an auxiliary phase stabilization loop. Phase fluctuations affect the
intensity distribution of light detected at the MZI output ports. To compensate this effect, the
intensity of the auxiliary laser beam traversing the same optical path is subsequently used
to generate a feedback signal sent to the phase modulator. The dedicated multiplexers (e.g.,
wavelength division multiplexers, dichroic mirrors, and polarizers), filters, and photodetectors
are used to isolate the feedback signal from the quantum channel. However, this subsequently
degrades the quality of the quantum signal due to added insertion losses and nonideal isolation

between channels.
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Alternatively, single-photons themselves can be used to accomplish the same task (see
Fig. 6.2(b)). In the single-photon regime, the photon wave function acquires different
phases while passing through the different arms of the interferometer such that the photon
distribution at the output ports is modified. The very same output of the single-photon
detectors (SPDs) can be used to generate a feedback signal based on the expected photon
count rate. The experiment can subsequently be performed within a time window that is
shorter than the characteristic time of the phase fluctuation. The costs for this simplicity
compared to conventional stabilization schemes based on auxiliary components are: (i) lower
frequency of operation as single-photon counting requires comparatively long integration
time, (i1) gated mode of operation since experimental measurements are interleaved with
stabilization periods.

In our experimental setup shown in Fig. 6.2(b), the photon wave function is split after
the first beamsplitter into a superposition of two spatial modes, corresponding to the upper
and lower interferometer arm. Here, each arm is composed of ~15 meters of polarization-
maintaining single-mode optical fiber. The probabilities to a detect a single photon at output
ports C and D depend on the phase delay ¢ between the two optical paths due to interference
on the second beamsplitter. The corresponding detection probabilities p. and pq are equal
to [141]

pe(@) = (1+5in(9))/2,

pa(9) = (1—sin(9))/2.

To estimate these probabilities, the number of SPD counts N, and Ny should be measured

(6.1)

during a time interval Ar which is smaller than the characteristic time of the phase noise.
Assuming N photons impinge on the second lossless beamsplitter during the time interval As,
and single-photon detectors have unity photon detection efficiency, the numbers of counts
are read as

Ne(¢) =N-pc(9),

Na(9) =N - pa(9).

The most likely reasons for the phase noise in our experiments were thermal fluctuations

(6.2)

affecting optical fibers [264] and electronic noise associated with single-photon counting
unit [265]. The noise spectral density shown in Fig. 6.3 decreases by 1/ > until 1 Hz and
reaches a noise floor. Since the noise is present on a scale of A fn ~1 Hz without significant
contributions above this frequency, we set the single-photon detector integration time window
At to 24 ms such that Ar < 1/AfN.

The phase delay ¢ is the only parameter that determines the detected photon numbers N,

and Ny in Eq. 6.2; therefore, we may monitor the phase stability of the network by measuring
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Figure 6.3: a) Noise spectral density of phase fluctuations of the unstabilized system,
measured by sending a CW-laser of uW power through the same interferometer. The noise
spectral density decreases by 1/£%° until 1 Hz before it reaches a noise floor.

single-photon detector counts variations. After scanning the phase to set N, at approximately
N /2 level, we start the stabilization procedure to keep N, at the same level. If no significant
phase fluctuations are present during A¢, then N, does not change (more precisely, number
of detected photons would be within the Poisson distribution centered at N /2, considering
the random nature of the laser source), and no action is required. Conversely, if the noise
causes significant phase fluctuations during Az, and the difference AN = N, — N /2 becomes
noticeable, then a feedback voltage proportional to —AN is generated to offset the phase

modulator driving voltage and compensate for the fluctuations.

6.2.2 Development

Here, we introduce the implementation details of our digital feedback controller.

6.2.2.1 Working principle

Figure 6.4(a) shows the block diagram of the negative feedback loop of our active phase

stabilization method. Here, the error signal AN is obtained by
AN — Nsp - NpV 9 (6.3)

where N, is the set point at which we stabilize the network, and N,y is the sampled SPD
counts denoting the process variable of the feedback loop. We set Ng, = N/2 and generate a

feedback voltage AV to offset the phase fluctuations if
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Figure 6.4: Feedback loop for active phase stabilization. a) The block diagram of the setup.
b) A representative plot showing counts Ny vs. fiber stretcher voltage Vi,. We set Ny to N /2.
The proportional gain K, of the controller is equal to the reciprocal of the first derivative of
Npy vs Vi curve at Ngp.

|AN| — /Ny > 0, (6.4)

where ,/Ngp is the photon shot noise centered at Ngp. A proportional controller generates AV
according to

AV = K, x AN, (6.5)

where K, denotes the proportional gain of the controller. AV is added onto to the previously

applied Vi to compensate the phase fluctuation such that
Vi! = Vi — AV. (6.6)

Next, we describe how we determine the proportional gain K),. In our interferometric
setup, the number of detected counts N,y (¢) is a sinusoidal function of the phase difference
A¢ between the interferometer arms (see Eqgs. 6.1 and 6.2). The phase delay ¢ is linearly
dependent on the relative optical path length (OPL) displacement A/ between interferometer

arms
Ap = Al/2, (6.7)

where A is the photon wavelength inside the optical fiber. The OPL displacement Al
is controlled by a fiber stretcher that has a linear OPL displacement response of around
0.2 um/V in our modulation frequency range. Therefore, the number of detected counts is a
sinusoidal function of the fiber stretcher driver voltage Vi due to linear input-output relations
of the intermediate processes.
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Figure 6.5: Flow chart of the algorithm.
Figure 6.4(b) shows a representative plot for the number of detected counts as a function

of fiber stretcher driver voltage. The proportional gain K, is set to the reciprocal of the slope

of the tangent line at the set point Np; in other words, K, is equal to the reciprocal of the

-1
) ; (6.8)
V=V,

first derivative of Npy vs. Vi curve at Ngp

o _ (N (V)
d Vi

where V,, is the voltage at which N,y (V;,) = Ngp.

6.2.2.2 Algorithm

The flow chart of the algorithm is shown in Fig. 6.5. Here, we describe the main parts of the

stabilization procedure.

Drive system to set point

The algorithm first attempts to drive the fiber stretcher to the set point @, and samples Ny
during integration time Az. To account for the optical power fluctuations of the input laser, we

implement a section where N,y counts can be normalized by the output voltage of a reference
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linear photodetector monitoring the input light power (not shown for simplicity). However, it
turns out that the power fluctuations are negligible so that this section is not critical to the

implementation.

Check feedback sign

An attention must be paid to the sign of K, in Fig. 6.4(b) when the generated feedback
voltage is added onto the fiber stretcher voltage. If K, is negative, AV should be summed
with the previous fiber stretcher voltage V; otherwise, the system would apply a positive
feedback. We obtained the sign of the slope at Ny, point as follows: the system is perturbed
with +0.27 phase delays and photon counts are subsequently sampled to check whether the
counts are increased following the perturbation. It turns out that the sign of K, does not flip

once the system is locked, obviating the need for the slope check in the actual operation.

Update feedback signal

Next, we check whether the sampled count N,y is within the associated Poisson fluctuation
limits (see Eq. 6.4). If N,y is outside of the photon shot noise range, then a feedback voltage
is applied to compensate for the phase fluctuations. The algorithm does not proceed to
the phase sampling block and iterates over the phase stabilization loop until it recovers the
system back to the initial set point N, (see Fig. 6.5). The response time of the feedback loop

is around a few ms!.

Phase sampling procedure

Once the sampled count N,y is within the boundaries of photon shot noise range, the algorithm
proceeds to the phase sampling block. Here, single-photon interference fringes are sampled
at different phase delays ranging from O to 27 radians by applying corresponding voltage
steps to the fiber stretcher.

For each phase step, the algorithm sends one digital signal to an 8-channel time-correlated
single-photon counting unit (TCSPC, IDQuantique ID800). This signal indicates the start of
a data acquisition time window At, and it is followed by another signal indicating the termi-
nation of Az. In our experiments with heralded single-photon source, the time correlations

between single photons registered by the TCSPC unit are analyzed over the time interval

'We note that the speed of the digital controller was limited by the USB communication and the software
execution time. It could be further increased if these bottlenecks are bypassed, for instance, by processing
single-photon detector counts in a field-programmable gate-array (FPGA).
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marked by these two signals. Finally, the system is driven back to its initial phase point once

the sampling of photon counts is over.

6.2.2.3 Operation details

The fiber stretcher driving voltage Vi is initialized in a way that the phase difference between
interferometer arms leads to a count rate that is equal to the set point Nyp,. This initialization
procedure is similar to adding an offset voltage in conventional PID controllers to prevent
overloading of the controller response.

Prior to the program execution, the fiber stretcher driving voltage that generates 27 phase
retardation between the interferometer arms V; is specified. This voltage value depends on
the actuator response and the photon wavelength. In our experiments, V5 is approximately
equal to 4 V for the operation wavelength of 810 nm.

This voltage is used to prevent the calculated Vi from exceeding the output voltage
limitations of 10 V of the analog I/O channels; otherwise, the voltage saturation would
cause nonlinear feedback response. Such a case may occur if the network drifts in a way that
the required Vi to compensate for the phase drift monotonically increases. For this reason,
before applying the calculated Vi to the analog 1/0 channel driving the fiber stretcher, we
performed a modulo operation and applied Vi, = Vg, (mod Vay) to the fiber stretcher.

Following the execution command of Vi, a time buffer lasting a few ms is added before
the data acquisition to ensure that the fiber stretcher completes its response. This additional
time delay mitigates the effect of possible serial communication delays between the PC and

I/0 device driving the fiber stretcher.

Obtaining feedback parameters

We phase scanned the unstabilized interferometer with a ramp signal applied to the fiber
stretcher. The amplitude of the ramp signal is set such that the phase delay ¢ between
interferometer arms is scanned from 0 to 27 radians. The SPD-c counts N, are sampled over
an integration time Az of 24 ms.

Figure 6.6(a) shows a representative phase scan plot for an unstabilized interferometer
whose phase is scanned with a ramp voltage shown in Figure 6.6(b). The input parameters
of set point Ny, and proportional gain K), of the controller are obtained by fitting measured
interference fringes to a sinusoidal function. The set point N, is determined to be the mean
of the sinusoidal fit function, whereas the proportional gain is obtained according to Eq. 6.8

by substituting the fit parameters. For the representative phase scan shown in Fig. 6.6, the
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Figure 6.6: Phase scanning of the unstabilized interferometer to obtain feedback input
parameters. a) The unstabilized interferometer is phase scanned by applying a ramp voltage
to the fiber stretcher. Each data point corresponds to the SPD counts at output port C
integrated over a time period Az of 24 ms. The set point Ny, and proportional constant
K, are obtained by fitting measured interference fringes to a sinusoidal function. b) The
corresponding ramp voltage.
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controller locks into Ny, = 1360 counts /At with K » being 2.44 mV/counts. Here, we consider
the data measured up to 10 s in our fitting procedure because longer data acquisition times
affect the evaluated fit parameters due to significant phase drift at longer time scales (see

Fig. 6.3 for noise spectral density).

6.3 Experiment: Phase Stabilization

6.3.1 Single-photon Source

To assess the applicability of our phase stabilization technique by single-photon counting,
we implemented our method in an optical network represented by a fully-fiberized Mach-
Zehnder interferometer operating at the single-photon level (Fig. 6.2(b)). Here, we used a
strongly-attenuated CW-laser as a single-photon source. The maximum number of detected
photons was around 3k counts/Az (see Fig. 6.6), indicating that the detected photon rate
r was around 125k counts/s (hereinafter abbreviated as cps). Our single-photon detectors
(Excelitas SPCM-AQRH-13 [266]) have a detection time window A7 of around 30 ns, over

which the mean number of detected photons is given by
U =rArt. (6.9)

The probability of finding n photons within detection time window A7 follows Poisson

statistics n,—u
M (6.10)

P(nnu) = Y )

where e is the Euler’s number. The probabilities of detecting 0 and 1 photon within AT are

then read as
PO,u)=e*,

P(l,p)=pe H.

Similarly, the probability that a non-empty weak coherent state contains more than one

(6.11)

photon equals to [267]

1—P(0,u) ’
_l—eH(l+p) u
T l—e kT

P(n>1n>0,u) =
(6.12)
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Figure 6.7: Long-term phase stabilization in a fully-fiberized MZI by single-photon counting.
a) The system is stabilized for 7 hours, followed by another 7 hours without stabilization
(only one hour is shown). Each blue circle corresponds to the number of single photon counts
with the red line being the corresponding phase delay retrieved from these counts. The black
line represents the stabilization point. b) The corresponding phase distributions, where the
blue line is the Gaussian fit curve.

which was around 0.002 for our experiments; in other words, only one of ~500 detection
events was due to a multiphoton state. Consequently, a strongly-attenuated CW-laser source
with these photon statistics is suitable for testing our stabilization method at the single-photon

level.

6.3.2 Phase Stability

Figure 6.7(a) shows the continuous phase stabilization of the interferometer up to 7 hours.
Each blue circle in Fig. 6.7(a) shows the number of single-photons detected by SPD-c over
At, and the red line represents the phase delay retrieved from these counts. The sampling
period was set to 10 s. The corresponding distribution of photon counts during stabilization
and free-running regimes (i.e., unstabilized) are shown in Fig. 6.7(b) together with Gaussian
fit-curves. The standard deviation of the Gaussian fit for the stabilized regime is o = 0.07
radians. This implies that the length difference between interferometer arms is stabilized
to within 10 nm range for 810 nm input photons, corresponding to a 9 orders of magnitude

spatial resolution for 15 meters of fibers. This value is comparable to those demonstrated
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in conventional stabilization schemes [6], and it proves the viability our method for phase
stabilizing optical networks operating at the single-photon level by single-photon counting.

Figure 6.3 and 6.7 clearly show that the phase stabilization of the interferometer is
necessary for its long-term operation beyond 1 second. We note that the stabilization of
longer interferometers with enlarged noise bandwidth may require reduced integration time

At or increased single-photon source brightness or both.

6.3.3 Operation Speed

The operation speed of our method is mainly limited by the photon integration time, which is
required to be rather long in order to have a feedback signal with good signal-to-noise ratio.
We note that the integration time window could be reduced if a bright single-photon source
were used; nonetheless, the operation speed would eventually be limited by the response
speed of the fiber stretcher. For instance, the fiber stretcher we used in the experiments
(Optiphase PZ1-PM4-PC-E-850B) has a bandwidth of around 10 kHz, beyond which it has
nonlinear frequency response including resonances.

With these limitations on mind, we tested the operation speed of our setup. We checked
the unit step response of the system by inducing a step phase change in the interferometer.
The fiber stretcher is driven by square modulation pulses having a period of 100 ms with 50%
duty cycle, and subsequently the photon detection times are registered by a time-correlated
single-photon counting (TCSPC) unit. Analyzing the timestamps of photon detection events,

we calculated the second-order correlation function g(?) (1)

() = Lot ) 613
(n(1))

where (.) denotes the time average, and 7 is the time delay between detection events.
Figure 6.8 shows the corresponding g(z)(r) measurements. The exponential rise and
decay fit functions indicate a time constant of around 3.5 ms. To convert this value to a
comparable figure of merit in terms of operational bandwidth, we use the rise time vs.
bandwidth relation of a simple RC low-pass filter model: 7, ~ 0.35/B where 7, represents
10%-90% rise time and B denotes the 3 dB bandwidth. A bandwidth of around 100 Hz is
estimated for the stabilization system, which was mainly limited by the integration time A¢

of the photon counts.
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Figure 6.8: Operation speed of the phase stabilization. The system is modulated with a
modulation signal of 7 = 100 ms and a duty cycle of 50%. Blue line shows the exponential
rise and decay fit curves with a time constant of 3.5 ms.

6.3.4 Benchmarking

Table 6.1 benchmarks our phase stabilization technique with other contemporary methods
developed for fiber interferometers operating at the single-photon level. All these methods
use only a fiber stretcher as the feedback actuator component with the exception of [8], which
additionally uses an optical delay line to achieve long-term stability and to have a wide range
of optical path delays in their Hong-Ou-Mandel interference experiment.

The bandwidth of fiber stretchers is usually on the order of a few kHz because of large
capacitance associated with the piezoelectric nature of the fiber stretcher; therefore, the
operation speed of all these methods is limited to kHz range.

Long-term stability is demonstrated only in our work and in [8]. Since the experimental
results for longer durations are not available in other works, a direct comparison on the
long-term effectiveness of these methods is not applicable. Lastly, we achieved a phase
stability that is comparable to that of [6].

Similar to [268], our method does not introduce additional insertion losses at the quan-
tum channel due to (de)multiplexing. Moreover, since the system does not necessitate an
auxiliary light source at a different wavelength, it inherently prevents possible crosstalk due
to scattering-induced noise and insufficient isolation between channels and preserves the
quality of the quantum signal. The drawbacks of our method are the interleaved operation
and reduced operation speed. Nonetheless, for experiments that already operate in a gated
regime, the cost of interleaved operation could be mitigated by generating the process vari-

able signal during the inactive portions of the gate interval. Therefore, this method can be
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Table 6.1: Benchmarking of our method with other phase stabilization schemes developed
for fiber interferometers operating at the single-photon level.

Type | Length | Phase BW | Stabilized | (De)mux items | Actuator | Ref.
(m) stability ¢ (Hz) | for (min.)
MZ 15 0.07 rad. 100 420 Nil FS Ours
MZ 1k N/A 1k 4.17 WDM, OC, FBG FS [7]
M 6k 0.06 rad. 1k 20 WDMs FS [6]
HOM 6k N/A 1k 300 WDMs, BPF FS, ODL [8]
MZ 85 |50+£0.1%°% | 1k 15 OL IF FS [9]
MZ NA | 1.6x1073¢| 10 0.17 Nil FS [268]

The "type" column indicates the interferometer configuration.

¢ The related information is included if the phase stability in radians is not available.
b This is the mean transmittance in a balanced MZI configuration.

¢ This is the estimated fundamental limit to the phase noise error.

MZ: Mach-Zehnder HOM: Hong-Ou-Mandel M: Michelson

FS: Fiber stretcher WDM: Wavelength-division multiplexer OI: Optical isolator
OC: Optical circulator (De)mux: (De)multiplexer BPF: Band-pass filter
ODL.: Optical delay line FBG: Fiber Bragg grating IF: Interference filter

implemented in coherent optical networks operating at the single-photon level, where loss

budget is prohibitively low and long-term stability is required.

6.4 Experiment: Single-photon Interference

Next, we implemented our phase stabilization technique in a coherent optical network
represented by a fully-fiberized MZI and measured single-photon interference fringes to
test the applicability of our method for quantum optics experiments. The schematic of our
experimental setup is shown in Fig. 6.9.

Photons at the single-photon level is fed into the interferometer via a 50:50 beamsplitter.
A delay line at the bottom arm is used to equal the lengths of the interferometer arms?, and a
variable optical attenuator at the upper arm is used to balance the optical losses in both arms.

The fiber stretcher serves both as a phase modulator and an actuator through which the

feedback response is applied for phase stabilization. The output channels of the second

2 We note that the coherence length of the laser beam is ~30 meters, and the use of an optical delay line is
not critical as optical fibers in both arms have almost the same length. Nonetheless, we decided to keep it in our
experimental setup to make the setup compatible for different photon sources which might have significantly
shorter coherence length and eventually require the use of an optical delay line.
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Figure 6.9: Schematic of the experimental setup to measure single-photon interference in a
fully-fiberized MZI stabilized by our single-photon counting method. BS: beamsplitter, VA:
variable attenuator, DL: delay line, FS: fiber stretcher, SPD: single-photon detector, TCSPC:
time correlated single-photon counter.

50:50 beamsplitter are connected to single-photon detectors whose output signals fed into
a TCSPC unit. The single-photon detector signals are also connected to a data acquisition
card (National Instruments (NI), USB-6251) through a connector block (NI, BNC-2120) to
retrieve the error signal during phase stabilization. These components are represented as the
Feedback block in Fig. 6.9

The set point of the stabilization system Ny, is set in a way that SPD-c counts N, locks into
N/2, where N is the maximum count rate read by SPD-c. After stabilizing the interferometer,

the phase retardation is shifted to one from a discrete set

On = O n-AQ, (6.14)

where A¢ ~ 0.1 and n is an integer from O to 10. The photons are subsequently sampled
by single-photon detectors at the output ports within a time interval As. Thereafter, the
phase delay is reverted to its initial set point. The full 27 phase spectrum is sampled by
repeating this procedure. In addition to this type of static stabilization in which the set point
is fixed, we note that the proposed technique can be extended to dynamical type, where the
stabilization is performed at any point of the SPD-c curve without any need to back to @
after each measurement, or to Pound-Drever—Hall type of phase control [269] by periodically
modulating phase delay with an extra phase modulator.

The experimental data in Fig. 6.10(a) clearly demonstrates out-of-phase oscillations of
N, and Ny with near unity visibility, which agrees well with the theoretical predictions in Egs.
6.1 and 6.2. In contrast to interference fringe measurements performed with an unstabilized
interferometer (see Fig. 6.6), we are now able to set and retain any arbitrary phase delay in

the interferometer. Out results show that phase stabilization by single-photon counting can
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Figure 6.10: Single-photon interference in a fully-fiberized Mach-Zehnder interferometer
stabilized by single-photon counting. Each data point shows the number of detected photons
at the corresponding output ports. The error bars are given by the photon shot noise. Out-of-
phase oscillations of N, and Ny is in a good agreement with Egs. 6.1 and 6.2.

be used to protect the coherence of single photons propagating through an optical network

without complicating the setup for phase retrieval during stabilization.

6.5 Conclusion

In this chapter, we showed a simple yet powerful technique of phase stabilization by single-
photon counting for coherent optical networks operating at the single-photon level. Our
method can overcome phase noise with no need for auxiliary laser and additional optical
components required in conventional approaches. Significant hardware simplification brought
about by the proposed method is promising. We achieved a phase stability of 0.07 radians,
which is comparable to those used in conventional stabilization schemes, while preserving
the efficiency of the quantum channel.

The development of relevant quantum technologies such as single-photon detectors
with decreased dead time and higher efficiency, bright sources of quantum light, and high-
performance integrated optics at telecom wavelengths would allow real-world applications
of this technique in quantum communication and computation systems.

In the next chapter, we applied our phase stabilization method to a coherent optical
network which is configured as an interferometric intensity modulator with added func-
tionalities enabled by coherent perfect absorption phenomenon. Such CPA interferometers
can achieve complete light dissipation through coherent interactions with light even at the
single-photon level. Therefore, any undesired interference or crosstalk in other network arms

can be prevented by completely dissipating the residual photon.



Chapter 7

All-optical Single-photon Switch

7.1 Introduction

Controlling light-with-light at possible multi-THz bandwidth [270] without introducing signal
distortion down to the single-photon level has allowed to extend coherent perfect absorption
(CPA) phenomenon to quantum regimes'. Recent works include the experimental studies
of CPA with single-photon Fock states [83], entangled states [84], and NOON states [85]
as well as theoretical investigations of CPA for squeezed states [271]. Moreover, CPA has
been demonstrated to control coupling of photons to other light-matter eigenstates such
as exciton-polaritons [86], magnon-polaritons [87], and surface-plasmon-polaritons [88],
extending its applicability to different realms.

Recent achievements in fabrication of fully-fiberized metamaterial packages have made
it possible to manipulate quantum light in fiber environment [272]. For instance, quantum
coherent perfect absorption (CPA) with plasmonic metamaterial absorber, first demonstrated
in free space [85], was shown in an optical fiber network [141]. In the latter experiment, an
elaborate data postselection technique was used to overcome the effects of phase noise in
optical fibers. This data postselection method, however, prohibited to control absorption
probability of single photons on demand.

In this chapter, we show that a phase stabilized coherent fiber network operating at CPA
regime can be used to deterministically control single-photon absorption probability for
coherent optical switching applications. Unlike conventional optical switches which are
based on non-linear optical processes requiring high photon flux, interferometric switches

can operate down to the single-photon level, and hence they are suitable for quantum

! The abbreviation CPA is used to indicate both coherent perfect absorption and coherent perfect absorber
depending on the context.
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optics applications. Compared to a standard Mach—Zehnder intensity modulator which only
redistributes light between its two output ports, the optical switching via CPA has the added
advantage of complete light dissipation. Therefore, CPA interferometers can be used in
complex optical networks as they can prevent the propagation of residual photons into other
network arms and eliminate undesired interference or crosstalk elsewhere. Moreover, CPA
interferometers can be used to filter quantum states of photons as shown in the next chapter.

In the following sections, we first briefly describe the coherent perfect absorption phe-
nomenon, and then introduce our fiberized plasmonic metamaterial absorber to achieve this
effect. Next, we present experimental results where we control single-photon absorption prob-
ability on demand. The chapter concludes with the demonstration of all-optical single-photon
switching through CPA.

7.2 Coherent Perfect Absorption

Coherent perfect absorption is a phenomenon where full absorption of light is achieved
by a subwavelength thick absorber under coherent illumination. CPA was first introduced
as a time-reversed laser at the lasing threshold in the original theoretical paper [273]; a
coherent perfect absorber supports a purely incoming radiation pattern as opposed to lasers
which support purely outgoing radiation pattern. Complete absorption and zero reflection
of incoming coherent radiation is possible depending on material absorption for travelling
waves and interference between transmitted and reflected fields. It has been shown that
any arbitrary physical body can be made perfectly absorbing at discrete frequencies in the
presence of specific amounts of dissipation and correctly chosen relative phase between
incident coherent beams of equal intensity [273]. Coherent perfect absorbers can be used
to control the incident radiation energy to a device through phase or amplitude modulation
of the incoming beams; therefore, they act as linear and absorptive interferometric optical
elements.

The first experimental demonstration of CPA was performed with two counter-propagating
coherent beams incident on a silicon wafer of subwavelength thickness in a free-space Mach-
Zehnder interferometer [274]. In this experiment, CPA occurred near the silicon band-edge;
therefore, the wavelength at which CPA could take place was determined by the material
properties. Nonetheless, it was emphasized that the operating wavelength could be engi-
neered by fabricating devices where an additional parameter tunes the absorption coefficient

independently of wavelength.
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Figure 7.1: Concept of coherent perfect absorption (CPA). The plasmonic metasurface to
achieve CPA is shown as a yellow stripe. Here, two counter-propagating coherent beams
having the same amplitude interfere and form a standing wave. a) The configuration for
coherent perfect absorption where an antinode of the standing wave is formed at the position
of the metasurface. b) The other limiting case takes place once a node of the standing wave
coincides with the metasurface.

Following this first demonstration with a silicon absorbing scatterer, CPA was reported
with an artificial nanostructured material, a plasmonic metasurface [275]. To achieve the
desired optical characteristics, resonant nanostructures were designed and fabricated at target
wavelengths. The metamaterial was positioned along the path a standing wave formed
by two counter-propagating coherent beams. Controlling the relative phase between the
interferometer arms, coherent interaction of light with the metamaterial was altered. If the
metamaterial absorption for travelling waves is 50%, then two limiting regimes of interaction
are achievable depending on the relative position of the metasurface with respect to the
standing wave as shown in Fig. 7.1. If an antinode of the standing wave coincides with the
plasmonic metasurface, then the light strongly interacts with the absorber, and subsequently
enhanced light absorption occurs (see § 7.2.1). The other limiting case happens once a node
of the standing wave coincides with the metasurface. There is no interaction in this case
since the total electric field within the subwavelength thick metasurface is equal to zero.

Alternatively, the interaction of light with the plasmonic metasurface can be modified
through amplitude modulation of one beam. Given that the metasurface initially coincides
with a node of the standing wave as shown in Fig. 7.1(b), blocking one of the beams destroys
the standing wave pattern; consequently, the standing-wave regime of light-matter interaction
is substituted by the travelling-wave regime for the other beam. It was shown that the
combined output intensity of the light was reduced from 95% to 20% once the interaction

with the metamaterial was switched from the travelling-wave regime to the standing-wave
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regime [275]. These experiments show that plasmonic metasurfaces provide different ways
of controlling light with light such as phase or amplitude modulation of the coherent light.
Coherent perfect absorbers have been used to design switching devices [270, 276], logic
elements [272, 277], and interferometers [274]. Here, we demonstrate an all-optical single-
photon switching device by using a plasmonic metasurface that is integrated within a fiberized

Mach-Zehnder interferometer.

7.2.1 CPA at the Single-photon Level

The following quantum mechanical analysis briefly introduces the quantum regimes of
coherent perfect absorption and transmission [141]. The quantum state of the photon in this

analysis has the following path-entangled wave function

¥ = =5 (101005 + 1014 1)) a.n

where A and B denote the top and bottom incoming fields to the absorber in Fig. 7.2,
respectively. Once this photon incidents upon a subwavelength thick lossy beamsplitter
which induces a 7 phase shift between transmitted and reflected fields, then the following

outcomes are possible depending on the phase shift ¢ defined at the absorber position:

* Destructive interference happens after the absorber if ¢ = 2nmw (where n € Z) and

reflected and transmitted fields extinguish each other (see Fig. 7.1(a)).

* Constructive interference happens after the absorber if ¢ = (2n+ 1)7 and the field
propagates through the absorber (see Fig. 7.1(b)).

In the case of @ = 2nm, we note that the absorption probability under coherent illumination
reaches unity if the travelling-wave absorption of the device is equal to 50%, a regime known
as coherent perfect absorption. In Eq. 7.1, the input fields A and B relate to the annihilation

operators d and b with the following commutation relations

la,a%) = [b,b"] = 1,
R (7.2)
[a,b"] =0,
where [, | denotes the commutator. The coherent perfect absorber (hereinafter denoted as

the absorber) mixes the input amplitudes and adds the Langevin noise operators f. and fy,
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Figure 7.2: Schematic of the full setup for single-photon absorption control and all-optical
single-photon switching experiments. The setup consists of a heralded single-photon source
setup (top) and a fiberized interferometer with coherent perfect absorber (bottom). In each
arm, a HWP and CC pair is used to compensate for spatial and temporal walk-off of down-
converted photons due to birefringence of the first BBO crystal, whereas the following HWP
and PBS pair is used to choose correlated photon polarizations. BBO: beta-barium borate,
PH: pinhole, CL: collimator lens, HWP: half-wave plate, CC: compensating (BBO) crystal,
BPF: band-pass filter, FC: fiber collimator, PBS: polarization beam splitter, DL: delay line,
VA: variable attenuator, FS: fiber stretcher, Crc: circulator, CPA: (fiberized) coherent perfect
absorber, SPD: single-photon detector, TCSPC: time-correlated single-photon counter.

which fulfil the commutation relation conversation [278, 279]

¢

d

tClA‘i‘rl;'i'fc,

o (7.3)
ra—+tb+ fy,

where ¢ and d are the annihilation operators related to the bottom and top outgoing fields
from the absorber in Fig. 7.2, respectively, and ¢ (r) is the amplitude transmission (reflection)
coefficient for travelling waves. Given a single-photon input state and unity detection
efficiency, the photon detection probabilities p. and p,; at two output ports of the absorber

equal to the expectation values of photon number operators associated with ¢ and d. The
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mean values of photon number operators are then equal to

pe=(e'¢) = (P + |2 +2lrlIrlcos(0 — &) /2.

(7.4)
pa={d'd) = (P + 1+ 2| rlcos(0 + &) ) /2,

where 1 = |t|e’%, r = |r|e’®, and A,, = 6, — 6,. Here, we performed quantum mechanical
averaging with the initial state where the contributions due to noise operators average out to
zero [278]. If |t| = |r|, Eq. 7.4 can be further simplified into

pe = t]? (14cos(p —Ayr)),

(7.5)
Pd = |z‘]2 (1 +cos(¢ +A,r)) )

Here, we performed two experiments in each of which single photons interact with a different
material: (i) a lossless 50:50 beamsplitter with (see § 6.4)

it =|r| =1/V2, A,==+mr/2, (7.6)
and (ii) a plasmonic metamaterial that was designed as an ideal lossy beamsplitter with
t|=1r|=1/2, Ay==£m. (7.7)

In the former case, the photon detection probabilities p. and p,; oscillate out of phase (see
§ 6.2.1). In the case of the metamaterial , however, these probabilities oscillate in phase such
that

pe(9) =pa(¢) = (1 —cos¢)/4, (7.8)

with the total detection probability p

p(9) = pc(9)+pa(9) = (1 —cos9)/2. (7.9)

The total detection probability p, which also indicates the total probability of photons trans-
mitted through the absorber, is equal to unity when ¢ = (2n+ 1)7, whereas the probability
becomes zero when ¢ = 2n7 meaning that the photons are completely absorbed by the

absorber.
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Figure 7.3: a) Concept of the fiberized plasmonic metamaterial. Coherent optical input fields
A and B interact on the metasurface and generate output fields C and D. b) The SEM image
of the plasmonic metamaterial absorber deposited on a fiber end facet. The inset shows the
zoomed view SEM image of the engraved asymmetric split-ring resonator structures. ¢) The
photograph of the packaged metadevice.

7.2.2 Fiberized Plasmonic Metamaterial Absorber

Coherent perfect absorbers in optical fiber environment have been fabricated by various
methods including carving a plasmonic metasurface over a fiber tip [272, 276], depositing
chromium thin film on a fiber cross-section [280], and defining a short-length erbium-doped-
fiber cavity with fiber Bragg gratings [281].

Here, we followed the method described in [272] and fabricated a plasmonic metasurface
on a fiber end facet (see Fig.7.3(a)). The metamaterial was fabricated on a 50-nm-thick gold
film, which is thermally evaporated on the flat-cleaved facet of a polarization-maintaining
(PM) single-mode optical fiber. The metamaterial consists of a 2D array of asymmetric
split-ring resonator structures, which are engraved by focused ion beam (FIB) milling method
on a 30 x 30 um? area covering the fiber core. Figure7.3(b) shows the scanning electron
microscope (SEM) image of the fabricated metamaterial.

The fiber with the patterned structure is mounted into a glass fiber ferrule and attached
to a second bare fiber. The symmetry axis of the metamaterial is aligned with the slow axis
of the PM fiber, and coupling is optimized by adjusting 3-axis kinematic stages. The fiber
ferrule is mounted with a two-layer glass tubes, and then the device is encapsulated with a
stainless steel housing for mechanical protection (see Fig.7.3(c)). The metadevice package is
finally connected to standard FC/APC connectors on both sides.

The packaged device has 10% reflection, 20% transmission, and 70% absorption at the
engraved side of the fiber at the operation wavelength of 810 nm. The corresponding figures

for the bare side of the fiber are measured as 6% reflection, 20% transmission, and 74%
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absorption. We note that these values also include the losses pertaining to the packaging and
internal fiber-to-fiber coupling, and hence the actual reflection and transmission values of the

device are higher.

7.3 Experiment: Single-photon Absorption Control via CPA

We used two different photon sources in our experiments: i) a strongly attenuated CW laser,
and ii) a heralded single-photon source. The strongly attenuated CW laser at 810 nm was
used to measure interference fringes, whereas the heralded single-photon source was used to
demonstrate single-photon switching beyond the dark count noise.

Similar to the previous experiment with two 50:50 beamsplitters (see § 6.4), the coherent
optical fiber network here was configured as a Mach-Zehnder interferometer with a mod-
ification that it now contains the metamaterial at the place of the second beamsplitter. A
fiber stretcher was inserted in the bottom interferometer arm for phase stabilization and
modulation, and a variable attenuator was placed in the upper arm to equal losses in both
arms. An optical delay line in the lower arm was used to equal the 20-m-long interferometer
arms to within 100 um of the coherence length of heralded photons (see Appendix D). The
circulators were added in both interferometer arms in order to separate photons propagating
in different directions. After splitting on the first input 50:50 BS, the photon is recombined
in the middle of the network where the absorber is positioned.

Since the phase noise was similar to the one shown in Fig. 6.3(a), we kept the SPD
integration time Ar at 24 ms. The reference signal for phase stabilization was obtained from
total photon counts of SPD-c and SPD-d as they oscillate in phase (see Eq. 7.8). Assuming
N photons impinge on the metadevice, and single-photon detectors have unity detection

efficiencies, the total counts are read as
Ne+Ng=N-(1—cos¢)/2, (7.10)

where N, and Ny represent the photon counts detected by SPD-c and SPD-d, respectively.
We measured the interference fringes after stabilizing the interferometer. Figure 7.4
shows that N, and Ny oscillate almost in phase (with a shift of 7/3), which is in a good
agreement with the theoretical predictions from Eqs. 7.8 to 7.10. The phase shift stems from
the imperfections in the device fabrication. In-phase behavior can be obtained by fabricating

the metasurface symmetrically or using a matching gel inside the metadevice package.
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Figure 7.4: Single photon manipulation in coherent optical fiber networks stabilized by
single photons. Single photon absorption control with a CPA. Each point corresponds to a
single measurement; the dispersion is defined by the Poisson distribution.

During a 27 phase scan, the system passes the regimes of coherent absorption (i.e., the
minimum of N; + Ny counts, Nyi,) and coherent transmission (i.e., the maximum of N, + Ny,
Nmax) With the visibility of

(Nmax _Nmin)/<Nmax +Nrnin) =T73%. (711)

This visibility is lower than the visibilities of individual curves, which are equal to 89%
for N. and 86% for Ny). The unity system visibility is achievable if the device nonideality is
mitigated. This result is close to the one demonstrated previously [141] with the exception
that our phase stabilization method now enables us to control single-photon absorption
probability on demand, which is crucial for utilizing the CPA phenomenon for quantum light
processing. Next, we show how we used CPA for all-optical single-photon switching with a

heralded single-photon source.

7.4 Experiment: All-optical Single-photon Switch via CPA

In order to demonstrate all-optical single-photon switching via CPA beyond the dark count
noise, we use a heralded single-photon source instead of a strongly attenuated CW laser.

First, we introduce our setup to generate heralded single photons.
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7.4.1 Single-photon Source

The optical setup to generate heralded single photons is shown in Fig. 7.2. This setup is
originally used to generate polarization-entangled photons, and more details can be found
in [282]. Here, we used the same setup to generate heralded single photons and showed
single-photon switching beyond the dark count noise.

Heralded single photons are generated via type-II spontaneous parametric down-conversion
(SPDC) process in a 2-mm-thick beta-barium borate (BBO) crystal. A horizontally polarized
405 nm laser beam (Omicron LuxX compact 405-300) at 200 mW output power pumped the
BBO crystal to generate photon pairs at 810 nm.

The light cones generated in the BBO crystal through SPDC process are imaged by a
camera. The tilt and rotate angles of the crystal are adjusted such that the two light cones
intersect each other at two points and satisfy the frequency degeneration condition. These
two intersection points are separated into two paths after reflecting off two right angle mirrors.
In order to have a symmetrical and aligned setup, all optical components are mounted on an
optical rail that is positioned perpendicular to the direction of the pump beam. We aligned
the reflected beams by obtaining their images along the optical rail by a camera equipping a
pinhole. Beam divergence in each path is corrected with collimation lenses.

BBO is a negative uniaxial birefringent crystal. For this type of crystals, the extraordinary
ray, which is polarized along the optic axis, has higher phase velocity than the ordinary ray,
which is polarized perpendicular to the optic axis. This causes distinguishability of photons
through time and position, and it gives rise to temporal and spatial walk-off, respectively. To
prevent this distinguishability and achieve entanglement in polarization degree of freedom,
the original setup incorporated a half-wave plate together with a 1-mm-thick compensating
BBO crystal which has the same phase matching angle with the 2-mm-thick BBO crystals in
each optical path [282]. Since we did not make use of polarization-entangled photons but
rather generate only heralded single photons, these components are not strictly necessary for
our experiments; nonetheless, we decided to keep the original setup intact.

These components are followed by a pair of half-wave plate and polarization beamsplitter
for polarization adjustment. The heralded single-photon pairs are then coupled to single-mode
fibers via fiber collimators after they are filtered with band-pass filters (Acenter = 810 nm and
AArwum = 20 nm). The idler photons are sent to a time-correlated single-photon counter
(TCSPC) and herald the presence of signal photons within a coincidence time window Afoinc.,

whereas the signal photons are sent into the interferometer through a 50:50 beamsplitter.
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Figure 7.5: Timing statistics of heralded single photons. The width of histogram bins is set
to 162 ps, which is twice the timing resolution of the TCSPC unit.

To determine the coincidence time window Af..inc., We measured coincidence statistics
of the heralded single-photon source as shown in Fig. 7.5. A coincidence time window
Atcoine. = 3.24 ns is chosen to maximize the heralded single-photon flux rate while minimizing
the false counts due to dark count rate of single-photon detectors. More details about the

photon statistics of the heralded single-photon source can be found in Appendix D.

7.4.2 Results

Figure 7.6 shows the experimental results of all-optical single-photon switching. Here, the
coherent optical network is driven to either coherent absorption or coherent transmission
regime by modulating phase delay ¢ as shown in Fig. 7.6(a). The coincidence counts of
SPD-c & SPD-h and SPD-d & SPD-h over Af.inc. are accumulated over an integration time
window At. Figure 7.6(b) shows the timestamps of these coincident detections registered by
the TCSPC unit. The photons pass through the absorber at coherent transmission regime,
whereas they are almost totally absorbed during coherent absorption regime. We obtain
the distribution of photon counts that are accumulated over a detection time window At
by accumulating statistics over 300 transmission and absorption cycles. Photon number
distributions shown in Fig. 7.6(c) correspond to Poisson statistics of randomly generated
heralded photons. The mean number of photons detected during transmission and absorption
cycles were 8.0 with a standard deviation (s.d.) of 2.8 and 1.0 with a s.d. of 1.0, respectively.
The average switching visibility of 78% is obtained, and the unity system visibility is

achievable if the device nonidealities are mitigated (see § 7.3).
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Figure 7.6: All-optical single-photon switching. a) The modulation signal driving the system
between coherent absorption (CAR) and transmission regimes (CTR). b) The timestamps
of coincidence detection events between SPD-c & SPD-h and SPD-d & SPD-h registered
by TCSPC. The subplots a) and b) share the x-axis of which broken parts correspond to the
phase stabilization periods. c¢) The distribution of coincident photon counts during coherent
absorption (red) and transmission (blue) cycles.

7.5 Conclusion

In this chapter, we investigate the applicability of a coherent perfect absorber for coherent
modulation of absorption probabilities of single photons propagating inside a fiber network.
We demonstrate the coherent perfect absorption of single photons by integrating a plasmonic
metasurface in a fully-fiberized phase-tunable Mach-Zehnder interferometer. Coherent
control of single-photon absorption probability is achieved with the visibility of 73%, which
was limited by the absorber nonidealities.

Compared to conventional all-optical switches based on non-linear optical processes
requiring high light intensities, the interferometric switches can operate down to the single-
photon level. Moreover, the interferometric modulators based on CPA possess the added
advantage of deterministic, complete light dissipation compared to conventional Mach-
Zehnder intensity modulators, which can only redistribute photons between its two output
ports. Such a capability is particularly useful in complex coherent optical networks because
the leakage of residual photons into other network arms can be prevented to eliminate any
undesired interference or crosstalk. In this regard, as a proof of principle experiment, we

demonstrated all-optical single-photon switching with a visibility close to 80% by using a
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heralded single-photon source. Our demonstrations may find applications in linear optical
quantum computing and quantum communication systems.

In the next chapter, we extended the applicability of our coherent optical network for
quantum state manipulation and showed quantum states filtering of photons whose quantum

information is encoded in superposition of spatial wave functions.



Chapter 8

Quantum State Filtering of Dual-rail
Photons

8.1 Introduction

In the previous two chapters, we first phase stabilized a coherent optical network, and sub-
sequently demonstrated all-optical single-photon switching via coherent perfect absorption
phenomenon. Here, we show that a coherent perfect absorber in a phase-tunable optical
network can be used to manipulate quantum states of light. Specifically, as a proof of princi-
ple, we modified the previous optical network into a cascaded Mach-Zehnder interferometer
(MZI) to demonstrate that coherent perfect absorbers can be used to filter quantum states of
photons whose quantum information is encoded in superposition of two spatial modes, i.e.,
dual-rail photons.

Here, we utilized the different optical responses of the absorber to symmetric and anti-
symmetric superposition of spatial wave functions, and measured the output state of photons
after the absorber to verify the quantum state filtering action. Figure 8.1 shows the schematic
of the cascaded MZI interferometer containing the metamaterial absorber. Here, we consider

the following path-entangled wave function of a photon incident on the absorber

¥ = =5 (10 1005+ 1004 11). .1

where indices A and B correspond to the input fields of the absorber. We note that Eq. 8.1 can

also be described in the basis of symmetric |y(5)) and antisymmetric |y*%)) states which
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Figure 8.1: Schematic of the cascaded MZI configuration. ¢;: phase modulator, SPD:
single-photon detector, 50/50: 50/50 beamsplitter.

are defined as {

W) = —= (11)410)5+10)411)5)

\? (8.2)
y49) = NG (1141005 =10)411)g) -
These states form a full orthonormal basis
) [y — (A Ay —
(W) = () =1, ©3)

(wy*9) = 0.

If we describe |1) 4 |0)z and |0), |1) in the basis of |y(S)) and |y“5)) states, we then get

1041005 = —= (1) + [y

\? (8.4)
00411)5 = 5 (1¥*) = W) ).
By substituting Eq. 8.4 into Eq. 8.1, we obtain
) =5 (W) (14 6®) + [y (1 %)), 5

which can also be described with respect to a common phase

) = cos (%) ) — isin (%) 49y, (5.6)
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In the previous chapter, we show that the amplitude transmission ¢ and reflection r
coefficients of the metamaterial for travelling waves result in complete absorption of the
photons when ® = 2n7m, n € Z. On the other hand, the transmission probability is equal
to unity when ® = (2n+ 1)7 such that the photons pass through the absorber without
losses (see Eq. 7.9). In other words, the symmetric state |y(®)) that is obtained at & =
2nm, is completely absorbed, whereas the antisymmetric state \I/I(AS)) that is obtained at
® = (2n+ 1) 7 is transmitted through the absorber without any losses (see Eq. 8.1). Since
any path-entangled input state can be decomposed in the {|y5)) |y} basis, and the
symmetric state ]1//(3)> is completely absorbed, the output state of the photons after the
absorber will be the antisymmetric state

| Wout) = % (IDel0)p = 10)c11)p) (8.7)

where C and D correspond to the output fields of the absorber. Consequently, the coherent
perfect absorber functions as a quantum state filter by which dual-rail photons can leave the
absorber only in antisymmetric state regardless of their input state!.

The first MZI in Fig. 8.1 is used to prepare input states of single photons. The projective
measurements on the output states of the photons leaving the absorbed are performed through
the subsequent MZI. The phase delay between the two arms of the first MZI is controlled with
a phase modulator denoted by ¢;. Following the photon-absorber interaction, the quantum
state measurements are performed through the second MZI, where the phase delay between

interferometer arms is controlled by a phase modulator ¢, to sample the interference fringe
at different phase points.

8.2 Theory

The metadevice acts as a lossy beamsplitter; the photon will end up in a statistical mixture
of the vacuum state and the antisymmetric state once it interacts with the metadevice. The

density matrix describing the entire output state after the absorber is read as

p = pas |y (w4 + ps|0) (0], (8.8)

I Similar to how a polarizer functions in a polarization degree of freedom, the coherent perfect absorber
here operates in a spatial degree of freedom. In other words, the photons that pass through a polarizer would
be in a well-defined polarization state, i.e., along the transmission axis of the polarizer. The coherent perfect
absorber also behaves in a similar way that the photons after the absorber would be in the antisymmetric state.
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where pus and pg represent the probabilities of the input state to be in the antisymmetric
state |y“5)) and the symmetric state |y(5)), respectively, and they are normalized such that
pas+ps=1L

Here, we investigated the output state only for the cases where the photons are transmitted
through the absorber. Our aim is to show that the quantum states of the transmitted photons
are always in the antisymmetric state regardless of their input state. Since we are only
interested in such cases, we can consider the metamaterial as a quantum state emitter that
emits input states to the second interferometer with a probability depending on the quantum
state of incoming photons. In our following mathematical treatment, we calculate the
expectation values of the number operators at the output ports of the cascaded interferometer,

and then verify our calculations by measuring the photon counts at the output ports.

8.2.1 Transformation Matrices

We first describe the transformation matrices of the 4-port optical components used in the

experiment. The transformation matrix of a lossless 50:50 beamsplitter is read as

1 (1 i
Hps = — : (8.9)

V2 i 1
Since we assume a lossless device, the transformation matrix Hgg is unitary, i.e., Hgs = B_S]

The transformation matrix of a lossless phase shifter is given by

e? 0
Hps = . 8.10
PS 0 1 (8.10)

Here, we introduce the annihilation and creation operators associated with the input and
output fields of the absorber to describe the CPA transformation. The operator 4 is the

annihilation operator and decreases the number of particles in a given state from |n) to |n — 1)

aln) = valn—1), al0)=0,

| _ (8.11)
(alm))* = (na" = (n—1]v/n,
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where |n) represents a number state or a Fock state, with n € N°. The operator 4" is the

creation operator and increases the number of particles in a given state from |n) to [n+ 1)

it ny = VaF Tln+1), a'loy=11),

' ' (8.12)
(@ n)" = (nla= (n+1|vVn+1.
These operators satisfy the following commutation relations of
(a;,a%) = aa — atar = 5y,
R (8.13)
[a;,a;] = lai,a;] =0,

where |, ] denotes the commutator, and §;; is the Kronecker delta function.
The coherent perfect absorber in Fig. 8.1 mixes the input amplitudes and adds the
Langevin noise operators fc and fp to preserve the commutation relations in Eq. 8.13. The

resulting CPA transformation can be expressed as

a a f
) =Hepa | 1|+ Je) (8.14)
ap ap )

where A and B (C and D) correspond to the input (output) fields of the absorber in Fig. 8.1

and non-unitary matrix Hcpa is defined as

Hcpa = (8.15)

| =

-1 1

as per its amplitude transmission and reflection coefficients for the travelling waves (see
Eq. 7.7).

In our experiments, a photon is launched into the interferometer from input port A’ with
the vacuum state at input port B’ (see Fig. 8.1). The photon subsequently propagates through
a 50:50 beamsplitter, a phase shifter, the coherent perfect absorber, another phase shifter,
and finally another 50:50 beamsplitter, respectively. The photon is finally detected by the
single-photon detectors at the output ports C’ and D'. If the phase delays induced by the

phase modulators @; and ¢, are both set to ¢, the complete transformation in a matrix form

is read as
aAC, — — fC aAA/
N Hle 'Hps1 - |Hepa+ | 75 Hps - Hps | | (8.16)
ap/ fD ag
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Equation 8.16 should be interpreted with caution. Here, the part of the equation that is
in the right-hand side of the square bracket is not distributive. In other words, the column
vector of the field operators after the multiplication with the beam splitter Hgg and phase
shifter Hpg transfer matrices cannot be distributed over the CPA transfer matrix Hcpa and
the column vector of the noise operators for multiplication operation since the multiplication
of two column vectors is an invalid operation. The column vector of the field operators is
multiplied with the CPA transfer matrix Hcpa only, and the noise operators at CPA output

ports are added once the photon interacts with the metamaterial.

8.2.2 Expectation Values of Number Operators

Before proceeding to the calculations of the expectation values of the photon number at the
output ports, we briefly introduce the particle number operator. The number of particles 7 in

a given number state |1) can be obtained by the number operator N which is defined as
N=a'a. (8.17)

The number operator N is a Hermitian operator, i.e., N = N. Acting on the Fock space, the

number operator N counts the number of particles

Nln) =a'aln) =a"Vnln—1) = /na'|n—1) = Vnv/n|n) = n|n), (8.18)

where |n) is the eigenfunction of the number operator N with the eigenvalue n. The expecta-

tion value of the number operator is then given by
(N) == (n|N|n) = n(n|n) = n. (8.19)

The expectation values of the number operators at the output ports are calculated by first
evolving the field operators according to Eq. 8.16. The field operators evolve such that d¢
and djy are equal to

der = éll (Myaar +Myapg)+ -,

N D R
ap = (M3ay +Madp)+--

(8.20)

where coefficients M; are calculated from Eq. 8.16 as
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M, = — (62i¢ — et — 1) ,

M, = —i(1+e2i¢>,

. (8.21)
My = —i (1 +e2"7’> ,
My = ¥ £ 2ie —1.
In Eq. 8.20, "- - - " symbols denote the contributions contained in the noise operators fc and fp

(see Eq. 8.16), which later average out to zero and do not contribute to the final result [278].
By performing quantum mechanical averaging with the initial state |1),/ |0)z and using
the relations in Eqs. 8.11 to 8.13, the expectation values of the number operators at the output

ports C' and D' are calculated as

(1—sin(¢))?,
(1+cos(29)) .

We note that the symmetric state is obtained when ¢ = (2n+ 1/2)7 because of the 50:50
beamsplitter that induces 7 /2 phase shift on the reflected field (see Fig. 8.1 and Eq. 8.9).

(Nor) = (CAlZ;/aACO =
(8.22)

(Np) = (Cﬁ)@D'> =

00| M= | =

In this phase delay, the expectation values of the number operators (N¢/) and (Npy) are
both equal to 0. On the other hand, for the antisymmetric state, which is obtained when
¢ = (2n—1/2), the expectation values of the number operators (N¢r) and (Nyy) are equal
to 1 and 0, respectively. In other words, the expected mean photon number equals to 0 at both
output ports when the input state is the symmetric superposition of the spatial wave functions,
whereas the mean photon number becomes unity at the output port C’ for the antisymmetric

input state.

8.3 Experiment

We implemented the cascaded MZI configuration in Fig. 8.1 in a more compact way as shown
in Fig. 8.2. This folded interferometer configuration brings the advantage of easier phase
stabilization compared to an implementation with two separate interferometers. However, we
note that the folded interferometer configuration does not allow us to scan the phase delays
@1 and ¢, in Fig. 8.1 independently; therefore, the same phase delay is applied during state
preparation and state measurements cycles, i.e., ¢; = ¢, = @. The phase retardation between

the interferometer arms is controlled via a fiber stretcher, which is denoted by ¢ in Fig. 8.2.
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Figure 8.2: Experimental setup to implement the cascaded MZI configuration with optical
fibers. The input ports A" and B" and output ports C’ and D’ correspond to the same port
labels in Fig. 8.1. The arrows in magenta show the direction of the field incoming to the
absorber, whereas the arrows in blue show the direction of the field after the absorber. The
fiberized 50:50 beamsplitter induces 7 /2 phase shift on the cross port.

Here, an input photon launched into the setup from input port A’ first traverses the
interferometric path containing a beamsplitter, a phase modulator, and the coherent perfect
absorber, respectively. Thereafter, the photon propagates through the second interferometric
path containing the same phase modulator and the beamsplitter. The photon is finally detected
by single-photon detectors located at output ports C' and D’.

A strongly attenuated CW laser at 810 nm is used as a photon source at the single-photon
level (see § 6.3.1 for details.) Similar to the experimental setup shown in Fig. 7.2, an optical
delay line is used to equal the lengths of interferometer arms. A variable attenuator is
used to balance the optical losses in both arms (not shown in Fig. 8.2 for simplicity). We
used our phase stabilization method to prevent any phase fluctuations. The quantum state
measurements were subsequently performed by sampling single-photon detector counts at
different phase points. Similar to § 6.2.1, the integration time window At is set to 24 ms.

Figure 8.3 shows the number of detected counts at each output port for different phase
shift between the interferometer arms. The SPD counts at output port C' changes with
(1 —sin(¢))? / 4, whereas the SPD counts at output port D’ varies with (1 4+ cos(2¢)) /8.
Our experimental results show a good agreement with the calculated expectation values of
number operators at the output ports in Eq. 8.22.

We note that each phase point in Fig. 8.3 corresponds to a different input state. Since
we implemented the folded interferometer configuration, each input state is measured at the
same phase delay ¢ that is used to generate that input state. For the antisymmetric input state,
which only occurs at ¢ = 37 /2 phase delay, the corresponding output state is only measured

at this phase delay; Ny is at its maximum and Npy is almost zero at this point as Eq. 8.22
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Figure 8.3: SPD counts at the output ports C’ and D’. The counts are measured at different
phase delays ¢ over an integration time window Az of 24 ms. Error bars show the photon
shot noise. The solid lines follow the expectation values of the number operators at the
corresponding ports in Eq. 8.22.

predicted. Similarly, ¢ = /2 phase delay is the only point by which the symmetric input
state is generated. At this phase delay, both N and Njy attain their minimum values, which
were limited by single-photon detector dark counts and the metamaterial imperfections (see
§7.3).

The phase shift also modulates the probability amplitudes of the symmetric |W(S)> and
antisymmetric |l//(AS)) parts of the input wave function (see Eq. 8.6), and subsequently
modulates the photon flux in the interferometer (Eq. 8.22). In order to account for this
modulation, we normalized the number of counts detected at each port with the total number
of detected counts (see Fig. 8.4). Here, the normalization is performed for the range of
phase delays that result in high enough photon flux in the second interferometer. This region
corresponds to the phase shifts from 7 to 27 radians in Fig. 8.3. The photon flux in the
interferometer for the other half of the phase shift range (i.e., 0 to & radians) is so low that
the effects of photon shot noise and single-photon detector dark counts become significant.
This subsequently degrades the signal-to-noise ratio of the measured photon counts, and the
uncertainty of the data is further increased once the normalization is performed due to the
error propagation.

The experimental data shown in Fig. 8.4 indicates that the interference of the photons
transmitted through the absorber generates the conventional single-photon interference fringe.
We contrast this case with other scenarios for the sake of interpretation of the experimental

results. If the output state after the absorber were incoherent, then the interference fringe
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Figure 8.4: Normalized counts N/, and N/, at the output arms C’ and D', respectively. The
solid lines show the theoretical predictions. The error bars are calculated by propagating the
photon shot noise.

would not have formed at all. Alternatively, if the output state after the metamaterial were
coherent but varying with the input state, then the interference fringe would not have been a
sinusoidal single-photon interference fringe as we obtained here. The experimental result
obtained here is only possible if the output state of the photons after the metamaterial is
always the same coherent state regardless of their input state.

The experimental results shown in Figs. 8.3 and 8.4 indicate that the metamaterial
coherently transmits almost all the photons for a particular input state, whereas it almost
totally absorbs all the photons when the input state is orthogonal to that particular input state.
According to the designed reflection and transmission coefficients of the metamaterial for
the travelling waves, these two states correspond to the antisymmetric state and symmetric
state, respectively.

We note that the "symmetric" ("antisymmetric") label at /2 (37/2) radians phase shift
in Figs. 8.3 and 8.4 represents the expected state based on the metamaterial design. The
output state here was not explicitly measured through quantum state tomography, which
requires measurements on all possible orthogonal basis states. Nevertheless, the metamaterial
design ensures that the output state of the transmitted photons is always antisymmetric as
per its transmission and reflection coefficients for the travelling waves (see Eq. 7.7). The
absorber can also be designed in a way that it absorbs the antisymmetric input states and
transmits only the symmetric input states. Such behavior can be obtained if the metamaterial

is engineered to have t = r =1/2.
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8.4 Conclusion

In this chapter, we experimentally showed that a coherent perfect absorber in a phase-
tunable coherent optical network can be used to manipulate quantum states of light. Here,
we demonstrated filtering of quantum states of photons whose quantum information is
encoded in superposition of two spatial modes. To achieve quantum state filtering action, we
utilized the capability of our coherent perfect absorber to distinguish between the symmetric
and antisymmetric superpositions of spatial wave functions. Our results agree well with
the theoretical predictions. Such a filtering action can be useful in quantum information
processing, for instance, in dual-rail encoding protocols.

In conclusion, utilizing coherent perfect absorption is a viable approach to extend the
functionalities of optical networks for quantum light processing. Tailoring optical properties
in designer metamaterials to accommodate target wavelengths can provide a universal

processing platform for a variety of quantum states of light.
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Conclusion and Recommendations

Conclusion

In this thesis, we adopted a hybrid and modular approach for building an integrated photonics
platform which comprises of on-chip quantum light sources, interferometric modulators
equipped with coherent perfect absorbers, and single-photon detectors. On-chip detection
of single photons at visible wavelengths and efficient phase stabilization of interferometers
to enable coherent control of single photons are essential for our photonic integrated circuit
design targeting on-chip LOQC applications.

In the first part of the thesis, we present our efforts towards development of waveguide-
integrated single-photon avalanche diodes for visible wavelengths, which lacks in the lit-
erature. In this regard, we first developed a 2D Monte Carlo device simulator to optimize
our device designs. Next, we fabricated and characterized our detectors. Operated in linear
mode, we demonstrated a high gain-bandwidth product of 234 + 14 GHz at 20 V reverse bias
measured for 685 nm input light, with a low dark current of 0.12 uA. We also observe open
eye diagrams at up to 56 Gbps. This performance is very competitive when benchmarked
against other integrated APDs operating in the infrared range. With CMOS-compatible
fabrication and integrability with silicon nitride platforms, our devices are attractive for
visible-light photonics applications in sensing and communications.

Operated in Geiger-mode, the detectors are affected by high dark count rate. Our
experimental results show that p-i-n™ junction-based APDs with asymmetric rib waveguide
structure, unlike p-n™ junction-based devices, do not exhibit oversaturation by excessive dark
counts. We provide an in-depth analysis about potential causes giving rise to such device
saturation. The recommendations for improving the device performance are made, and they

form the subject of the ongoing efforts in the lab.
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In the second part of the thesis, we proposed single photon manipulation concepts utilizing
coherent perfect absorption phenomenon, and then proved their applicability on a prototype
coherent optical fiber network prior to their implementation in a photonic integrated circuit.
The suppression of phase noise is of paramount importance to the coherent control of single
photons through interferometric modulator systems. Here, we introduced and implemented
an active phase stabilization scheme based on single-photon counting for coherent optical
networks operating at the single-photon level. Our method can suppress the phase noise
with a competitive phase stability of 0.07 radians with no need for auxiliary laser and
additional optical components required in conventional approaches. By implementing our
phase stabilization method to a coherent optical network containing a metamaterial-based
coherent perfect absorber, we showed all-optical single-photon switching with a visibility
close to 80%. We further extended our phase-stabilized coherent optical network into a
cascaded Mach-Zehnder interferometer (MZI) in order to demonstrate that coherent perfect
absorption can be utilized to filter quantum states of photons whose quantum information is
encoded in superposition of two spatial modes, i.e., dual-rail photons.

These successful demonstrations verify that coherent perfect absorption is a viable ap-
proach to modulate quantum states of light in coherent optical networks, while providing
flexibilities to engineer the optical properties to accommodate target wavelengths. Such ex-
tended functionalities can provide a universal processing platform for linear optical quantum

computing with a variety of quantum states of light.

Recommendations for Further Research

In § 5.4.2.1, we recommended various methods to reduce high dark count rates observed
in our waveguide-integrated APDs. Unlike p-n™ junction-based devices with a symmetric
rib waveguide structure, our experimental results show that p-i-n™* junction-based devices
with an asymmetric rib waveguide structure do not exhibit oversaturation by excessive dark
counts. This improvement on DCR performance most likely originates from the reduced
peak electric field strength enabled by the introduction of the intrinsic region between p- and
n"-doped regions as well as the reduced hot carrier injection into the oxide/silicon interface
in the asymmetric rib waveguide geometry. Such hot carrier injection is also the likely reason
for the breakdown voltage walkout observed in our devices. Therefore, we suggest that the
future research should focus on the design ideas and fabrication methods outlined in § 5.4.2.1

to mitigate such adverse effects.
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Figure 9.1: a) Our photonic integrated circuit will use nanodiamonds with silicon-vacancy
(SiV) centers as single-photon sources. The nanodiamonds are positioned inside a high
Q-factor SiN microring resonators, for which a typical set of device parameters is shown.

Quenching electronics and electrical connectivity significantly affect the Geiger-mode
APD performance. In this regard, we suggested two methods to mitigate the device saturation:
wire bonding and passive-quenching active-reset (PQAR) circuit. Wire bonding can be
beneficial to reduce the parasitic capacitance and hence the dark count rate (see § 5.4.2.1).
The PQAR circuit, on the other hand, can accelerate the slow voltage recovery transition of
the conventional passive reset schemes, and consequently increase the saturation threshold of
the device (see § 5.4.2.1). This might be useful for comparing the actual noise performance
of different devices for future design optimization.

Following the achievement of Geiger-mode operation, the research effort will be geared
towards integrating waveguide-integrated SPADs with single-photon sources, e.g., nanodi-
amonds with color centers, and other SiN photonic devices on a SOI photonic platform as
introduced in Fig. 1.1.

The silicon-vacancy (SiV) center in diamond has attractive properties such as high
brightness, nearly lifetime-limited optical linewidths, and insensitivity to environmental
electrical noise [283]. In our hybrid integrated quantum photonics circuit concept, the
nanodiamonds containing such SiV centers will be positioned inside the high-Q factor
SiN microring photonic cavities in order to enhance the light-matter interaction (Fig. 9.1).
Assuming a nanodiamond cube within a circular hole inside the microring resonator and
a single dipole at the center of the nanodiamond, our FDTD simulations suggest a Purcell
factor of 15, indicating an enhanced coupling between the color center and the high-Q factor
resonator (Fig. 9.2). Single photons emitted from these SiV centers will evanescently couple
to the SiN bus waveguides and then propagate into a SiN waveguide beamsplitter. The output
ports of the interferometer are waveguide-coupled to the silicon waveguide-integrated SPADs
on the same layer.

Here, the proof-of-principle demonstration of this platform is to observe Hong-Ou-
Mandel (HOM) interference, which is a two-photon interference effect in quantum optics

with no classical analogue [284]. The observation of HOM effect would indicate that
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Figure 9.2: a) Cross-section electric field intensity profiles along the straight waveguide and
at the position of the nanodiamond. b) Simulated transmission spectrum of the microring
resonator device.

the photons emitted from two distinct SiV centers are indistinguishable. Such on-demand
generation of indistinguishable photons, together with the entanglement between them, is
prerequisite to realize quantum information processing.

The successful demonstration of on-chip two-photon interference will show the viability
of our photonic chip to be used as a crucial building block for quantum networks [285]. In
Appendix B, we present our experimental efforts to couple single photons from an alternative
submicron-sized diamond with a color center to a SiN microring resonator. Specifically, we
developed a photon coupling procedure for a diamond nanopillar with a nitrogen-vacancy
(NV) center to study the coupling dynamics of a similar system.

In the second part of the thesis, we first developed a phase stabilization method for
coherent optical networks operating at the single-photon level. Our phase stabilization
method allowed us to demonstrate all-optical single-photon switching (Chapter 7) and
quantum state filtering (Chapter 8) via interferometric modulators equipped with plasmonic
coherent perfect absorbers. Having successfully proved the applicability of our concepts in a
fiberized testbed, we recommend that the future research should focus on implementing these
functionalities on a photonic integrated circuit to realize complete on-chip single-photon
processing.

To explore the idea of on-chip coherent perfect absorber, we performed a preliminary
numerical study on a simple waveguide model described in [1]. The approximate conditions
for coherent perfect absorption at the telecommunication C-band were numerically shown
to be achievable using realistic structures that consist of simple arrays of resonant gold and
aluminum plasmonic nanoantennas on silicon-on-insulator (SOI) photonic waveguides [1].

For our preliminary investigation here, we studied a 400-nm-wide and 220-nm-thick

silicon waveguide whose top surface is loaded with 3 rows of trimer gold nanoantennas with
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Figure 9.3: Preliminary FDTD simulations of plasmonic nanoantennas on top of silicon
waveguides for integrated CPA interferometer.

optimized dimensions [1] at the center. By performing FDTD simulations at 1550 nm, we
studied the transmission of the structure when the light is launched into the TE mode of the
waveguide from both ends with different phase shifts in between (see Fig. 9.3).

When the two light fields are in phase such that they constructively interfere at the CPA
location, the interaction of the light fields with the plasmonic nanoantennas is at its highest
level so that the maximum absorption occurs. The other limiting case takes place when the
two light fields are out of phase by 7 radians at the CPA location; the light fields minimally
interact with the CPA, and subsequently the minimum absorption occurs. Figure 9.3 shows
that the transmission reduces from 86% to 30% when the relative phase between the two
light fields changes from 7 to O radians. The improved photon absorption enabled by the
coherent interactions of the light with the plasmonic nanoantenna array indicates the viability
of the on-chip coherent perfect absorption concept.

Tuning the design parameters of gold nanoantenna arrays and their positioning on the
waveguides, the operation wavelength of such on-chip coherent perfect absorbers can further
be extended to the visible spectrum where diamond color centers operate. Such a hybrid
integration method provides opportunities to implement our previous in-fiber experiments in
a scalable photonic integrated circuit, and it paves the way towards implementing on-chip
linear optical quantum computing protocols with integrated quantum information readout

capability.
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Closing Remarks

We have shown significant progress in the engineering of individual photonic components
such as waveguide-integrated APDs, microresonators, bus waveguides, and coherent perfect
absorbers to achieve single photon manipulation and detection. Hybrid integration methods
(e.g., transfer printing, die bonding, and pick-and-place transfer) can be used to integrate
single-photon sources and plasmonic nanoantennas with our photonics platform. Besides,
the quantum frequency conversion capability with nonlinear SiN nanophotonic cavities can
further be utilized to create coherent optical interfaces between different physical systems.
Harnessing the functionality of each physical system for storage, processing, and readout
of quantum information, such hybrid photonics approaches provide a viable path towards a
scalable quantum information processing platform. Overcoming the device engineering and
hybrid integration challenges as well as the compatibility requirements for different material

systems and operating conditions would turn this vision into a reality.
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Appendix A

Characterization of SiN

Fiber-to-waveguide Edge Couplers

Introduction

Improving the fiber-to-waveguide coupling efficiency is crucial for loss-sensitive integrated
quantum photonics applications. The large mode size mismatch between an optical fiber
and a typical SiN waveguides of sub-micron dimensions imposes a challenge to achieve
fiber-to-waveguide coupling with high efficiency.

In our APD characterizations, the light is coupled into the chip via SiN single-tip fiber-
to-waveguide edge couplers with a minimum taper width of 180 nm (see §4.2.3). Recent
simulation studies have shown that the fiber-to-waveguide coupling efficiency at visible
wavelengths can further be improved using double-tip tapers together with a multimode
interference (MMI) coupler [10]. The use of such higher efficiency tapers would subsequently
increase the external responsivity of the waveguide-integrated detectors.

In this chapter, we present the characterization results of double-tip SiN fiber-to-waveguide
edge couplers equipped with MMI combiners whose design and simulation study were previ-
ously reported by Dr. Jun Rong Ong in [10]. Specifically, here we measured the transmission
of the fabricated couplers at 685 nm input light for both H and V polarizations, and then
compared their performance to that of single-tip edge couplers.
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Figure A.1: Design parameters of the taper structures. a) Single-tip taper has a minimum
taper width w of 180 nm, which widens to the various waveguide widths W ranging from
450 to 900 nm to achieve adiabatic coupling. b) Double-tip tapers coupled to a multimode
interference coupler. The structures have different taper widths w and tip gaps g. The
simulated optical mode profiles are shown on the right.

SiN edge coupler designs

Figure A.1 shows the design of SiN fiber-to-waveguide edge couplers together with the simu-
lated optical mode profiles. The SiN waveguide thickness is 250 nm, and the waveguides
are fully embedded in SiO,, with a 3 um top cladding and 3 um bottom oxide (BOX) layer.
The single-tip inverse tapers have minimum taper width w of 180 nm, and they are adiabati-
cally coupled to SiN waveguides of various widths W between 450 - 900 nm (Fig. A.1(a)).
The double-tip inverse tapers have various taper widths w of 140, 160, and 180 nm with
corresponding gaps g of 520, 540 and 560 nm between the tips (Fig. A.1(b)).

The fiber-to-waveguide coupling efficiency of these designs are studied by calculating
the mode matching efficiency. The mode overlap integral between the mode at the input side

of the coupler and a Gaussian beam of corresponding polarization is read as

. H/ElEodA |
Jllta f 3] an

The calculations are done for 638 nm and 738 nm, which are the typical photon emission

2

(A.1)

wavelengths of nitrogen-vacancy (NV) and silicon-vacancy (SiV) centers in nano-diamonds,

respectively. The mode matching efficiencies are calculated for a Gaussian beam with 1 /¢?
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Figure A.2: Calculated mode matching efficiencies for single-tip and double-tip tapers with
various taper widths at w a) 638 nm and b) 738 nm. For double-tip structures, the plots show
results for various gap g (in nm) between the tips. The solid and dashed lines show data for
TE and TM mode, respectively.

diameter of 2.5 um. Figure A.2 shows the calculated mode matching efficiencies for various
double-tip taper designs together with a single-tip taper for comparison [10].

For a taper width w of 180 nm, which is the typical minimum feature size for 248 nm
DUV lithography, the calculations suggest that the double-tip tapers are more efficient than

the single-tip taper, with the difference being more significant at 638 nm.

MMI beam combiner designs

In double-tip inverse tapers, the dual waveguide mode is converted to a single channel
waveguide mode of 450 nm wide waveguides via MMI beam combiners. In addition to the
mode matching efficiency between optical fiber and double-tip tapers (Fig. A.2), the MMI
beam combiner may introduce additional insertion losses. Therefore, the MMI combiner
designs with ultra-low losses are desired for double-tip taper structures to be advantageous
compared to single-tip tapers. Figure A.3(a) and A.3(b) show two MMI beam combiners
that are designed for 638 nm (MMI-1) and 738 nm (MMI-2) operation [10]. The designs
are optimized for the transmitted power of the TE mode through the device via the particle
swarm optimization method used in [286]. Figure A.3(c) shows their simulated transmission
spectrum. For the optimized TE mode structures, a transmission of > 0.97 is obtained for
both designs at their corresponding target wavelengths. For our characterization wavelength
of 685 nm, both MMI designs show > 0.95 transmission for both TE and TM mode.
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Figure A.3: MMI beam combiner designs at operating wavelength of a) 638 nm and b) 738
nm [10]. ¢) The corresponding coupling efficiencies for both TM and TE mode.



219

) o5 b)

L w=140 nm —— -
~ 04 3 w=160 nm 8
c L w=180 nm — Q0
ke o
8 5
IS o
@ £
s
" S

140 160 180
Taper width w (nm)
C) d)
- 0.4 H e 03 | W= 450 nm, w= 180 nm
2 r V e | 2 04 |VEE HEE
] S L
g 03T Ty 5 g
5| ] 5
g i\iz_;\_‘ g
g_ 0.2 — - s
8§ -
0.1 \ \ \ \
450 600 750 900 Single  Double  Double
(MMI-1)  (MMI-2)
Waveguide width W (nm) Taper type

Figure A.4: Characterization of SiN fiber-to-waveguide edge couplers. a) Optical transmis-
sion of double-tip tapers of various taper widths w and waveguide lengths [ at 685 nm input
light with H polarization. b) Fiber-to-waveguide coupling efficiencies of double-tip tapers
of various taper widths w for both polarization states. Solid (dashed) line denotes the edge
coupler with MMI-1 (MMI-2) beam combiner. c¢) Fiber-to-waveguide coupling efficiency of
single-tip edge couplers with w = 180 nm that are tapered to W = 450 nm. d) Comparison
of double-tip and single-tip edge couplers with w = 180 nm that are tapered to W = 450 nm.
The parameter w denotes the design widths.

Experiment

In our experiments, the fabricated edge couplers are adiabatically coupled from a minimum
taper width w to various waveguide widths W along a 200-um-long taper. In order to
characterize the coupling efficiency of the fabricated edge couplers, we first measured the
optical transmission 7" of SiN waveguides of various lengths / at 685 nm input light for both
H and V polarizations using cutback method. The optical transmission of double-tip edge
couplers at H polarization is shown in Fig. A.4(a) as a representative measurement. We note
that parameter w in Fig. A.4 denotes the designed widths, and the actual values may deviate,
especially for dimensions which are below the typical minimum feature size of 180 nm.
After accounting for the propagation loss, we extracted the fiber-to-waveguide coupling

efficiency of these structures as shown in Fig. A.4(b). A lower minimum taper width w
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yields higher coupling efficiency for both polarizations, and it agrees well with the simulation
results shown in Fig. A.2(a).

Similar transmission measurements are performed for single-tip edge couplers with
w = 180 nm that are tapered to SiN channel waveguides of various waveguide widths W,
and Fig. A.4(c) shows their coupling efficiency. The coupling efficiency for H polarization is
higher than that for V polarization. The fiber-to-waveguide coupling efficiency is uncorrelated
with the waveguide width W as expected. We note that we could not check the dependence
of the coupling efficiency of single-tip edge couplers on the minimum taper width w as we
lacked those test structures.

Figure A.4(d) compares the performance of double-tip and single-tip edge couplers all of
which have a minimum taper width w of 180 nm and couple to 450-nm-wide SiN channel
waveguides. The double-tip edge coupler has higher coupling efficiency than the single-tip
counterpart for V polarization. For H polarization, the coupling efficiency of double-tip edge
coupler with MMI-2 combiner is higher than that of the single-tip edge coupler, whereas the
coupling efficiencies of single-tip edge coupler and double with edge coupler with MMI-1
combiner are within their error bars. Also, we note that the polarization dependence of the
double-tip edge coupler with MMI-2 combiner is larger than that of with MMI-1 combiner.
This trend agrees well with the larger difference in the simulated transmission of MMI-2

combiner at 685 nm as shown in Fig. A.3(c).

Conclusion

In conclusion, we performed a comparative characterization study of various SiN edge
couplers in terms of their fiber-to-waveguide coupling efficiency. Our measurement results
showed that the double-tip edge couplers yield higher fiber-to-waveguide coupling efficiency
than the single-tip edge coupler at 685 nm input light with V polarization. The corresponding
coupling efficiency for H polarization is higher for double-tip edge coupler with MMI-
2 combiner compared to that of single-tip edge couplers, whereas there is no significant
difference for the other double-tip edge couplers with MMI-1 combiner. The performance can
further be improved with the use of MMI beam combiners that are optimized for the operation
wavelength, though an attention must be paid for the bandwidth limitation that might be
imposed by MMI beam combiners. The use such fiber-to-waveguide edge couplers with
improved coupling efficiency can increase the external responsivity of waveguide-integrated
APDs (see 4.2.3).



Appendix B

Towards Interfacing Nanodiamonds with
Integrated APDs

We aim to integrate a nanodiamond containing a color center inside a high-Q factor microring
resonator in order to have an on-chip single-photon source (see § 9). In addition to such nan-
odiamond particles, the diamond nanopillars fabricated in the form of a scanning microscope
probe provide alternative platforms where we explore the coupling of single photons emitted
from a diamond of similar submicron sizes.

Here, we present our experimental efforts to couple single photons emitted from a
diamond nanopillar with a nitrogen-vacancy (NV) center into a microring resonator in a
combined atomic force microscope (AFM) and confocal microscope (CFM) setup. The
purpose of this experiment is to understand the emission dynamics of a diamond nanopillar
with an NV color center and to develop new techniques to interface such an emitter with our

photonics platform.

Concept

The diamond nanopillar is attached to the tip of the cantilever of an AFM probe. These
combined probes are commercially available and extensively used for quantum-enhanced
scanning magnetometry through optically detected magnetic resonance (ODMR) of NV color
centers.

We loaded one such probe into our combined scanning atomic force and confocal mi-
croscope (Attocube attoAFM/CFM), and then performed experiments at room temperature.
Figure B.1 depicts the concept of the experiment. The diamond nanopillar is 200 nm wide and
2 um long. It hosts a single NV center that is centrally located about 20 nm from the bottom
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Figure B.1: Concept of coupling single photons emitted from a diamond color center into a
microring resonator. A diamond nanopillar containing an NV center is positioned in close
proximity to the microring resonator. The pump field from the top excites the NV center to
emit single photons. The light field is enhanced by the resonator, and evanescently couples
to a bus waveguide. A lensed fiber is positioned next to the bus waveguide at the edge of
the chip to outcouple single photons for optical spectrum measurements. The oscillation
direction of the AFM tip during AFM measurements is shown by vibrating arrow symbols.
The image is not drawn to scale.

of the nanopillar as per specifications provided by the supplier, QZabre LLC. Our objective
is to approach the NV center to a SiN microring resonator within 50 nm by using an AFM
probe, and then couple single photons emitted from the NV center into the SiN microring
resonator that has a waveguide width of 480 nm and a radius of 20 um. The photons are then
evanescently coupled from the SiN microring resonator to a bus waveguide that is placed
200 nm away. Finally, a lensed fiber is coupled to a SiN bus waveguide at the edge of the

chip in order to collect the photons for optical spectrum measurements.

Experiment

AFM tip with a diamond nanopillar

Our AFM probe is of Akiyama type. This type of probes uses a quartz tuning fork combined
with a micromachined cantilever for distance control and topography readout through force-
feedback sensor (see Fig. B.2). While approaching, the quartz tuning fork is electrically
excited at one of its resonance frequencies. The motion of its prongs on the horizontal (xz)
plane causes a small vibration at the glued ends of the cantilever in the vertical (xy) plane as

shown in Fig. B.1. As the probe approaches the sample underneath, the phase change of the
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Figure B.2: AFM diamond tips. a) The AFM tip with Akiyama probe footprint has a
cantilever to its quartz tuning fork. b) The cantilever has a diamond nanopillar underneath
of the tip of the cantilever. The nanodiamond nanopillar contains single NV color center.
Images are adapted from [11].

resonance frequency and the resonance amplitude are used to measure the distance between
the probe and the sample.

The photographs of the experimental setup are shown in Fig. B.3. The excitation of the
NV center is performed by a pump laser at 532 nm located inside of the AFM/CFM optical
head (Fig. B.3(a)). A beamsplitter diverting some light to a camera was used to image the
sample during positioning and coupling adjustments. A lensed fiber is coupled to the SiN
bus waveguide at the edge of the chip via 3-axis motorized piezo (Sutter instrument) stage as
shown in Fig. B.3(b). The sample stage is located at the bottom of the microscope stick with
two sets of 3-axis piezo stages for the AFM tip and sample positioning control. Figure B.3(c)
shows the lensed fiber together with the sample and the AFM probe underneath the objective
lens of the attoAFM/CFM. The green scattering from the AFM tip in Fig. B.3(c) is due to the

532 nm pump laser.

Alignment procedure

In order to outcouple single photons emitted from an NV center via a lensed fiber, a precise
alignment between the pump field, NV center, microring resonator, and lensed fiber is
required as shown in Fig. B.1. Here, we listed the main steps of the alignment process and

showed each of them in Fig. B.4:
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Figure B.3: Photographs of the experimental setup for nanodiamond coupling. a) 532 nm
pump field coming from the top excites the AFM tip located at the bottom of the microscope
stick. b) The bus waveguide is coupled to a lensed fiber via a 3-axis motorized stage from the
edge of the chip. An NPBS diverting some light to camera was used adjust image the AFM
tip and the sample during initial positionings. Two independent stacks of 3-axis piezoelectric
stages are used to align the microring and the diamond nanopillar with respect to the pump
field. ¢) 660 nm CW light coupled from the lensed fiber into the chip is used to optimize the
fiber coupling. The bright green scattering at the tip of the AFM probe is due to the pump
field coming from the top.
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Figure B.4: Main steps of the experiment for the demonstration of coupling of single photons
from a NV center in a diamond nanopillar into a SiN microring resonator.
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Figure B.5: a) CFM image of the diamond cantilever tip. Each pixel shows number of photon
counts per 50 ms. b) CFM image of the diamond nanopillar region once the y-position of the
tip is optimized.

1. Image the AFM tip and optimize its position under the pump field via CFM scan.

2. Move the AFM tip upwards by Ay =50 um.

3. Move the sample upwards from the bottom and image the edge of the chip.

4. Couple the lensed fiber from the edge of the chip.

5. Image the microring resonator and bus waveguide while retaining the fiber coupling.
6. Optimize the position of the microring resonator under the pump field via CFM scan.
7. Lower the sample by Ay =150 um.

8. Move the AFM tip back to the focal plane of the pump field by Ay =—50 um and

optimize its position.
9. Move the sample towards the AFM tip by Ay <150 um with auto-approach procedure.
10. Recover the fiber coupling by accounting for the net vertical displacement Ay <1 um.
11. Pump the NV center.

12. Measure the optical spectrum of the outcoupled photons.
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In step-1, we located the cantilever of the AFM tip with the camera, and then optimized
the tip position under the pump field by maximizing the photon counts from the diamond
nanopillar region. Figure B.5(a) shows a CFM image of the edge of the AFM tip with the
diamond nanopillar region located at the lower left corner. We adjusted the height of the tip to
optimize the coupling of the pump field into the diamond nanopillar as shown in Fig. B.5(b).
Since we could only image one structure at a time in the focal plane, we had to moved tip
upwards by 50 um (step-2) to prevent any collision with the sample, and then proceeded to
the adjustment of sample position. We moved the sample until we could image the edge
of the chip (step-3), and then we coupled the lensed fiber into the SiN bus waveguide by
launching 660 nm CW light (step-4).

In step-5, we moved the sample such that we could image both the microring resonator
and the bus waveguide while still retaining the lensed fiber coupling; though, this was
not an easy task. The reason is that the microring resonator was 2.25 mm away from the
edge of the chip where it is coupled to the lensed fiber, whereas the camera imaging area
of 320 umx200 um! was not wide enough to capture the lensed fiber and the microring
resonator at once. Moreover, we could not change the position of this imaging area as the
imaging optics inside the microscope were fixed.

Therefore, in step-5 we performed the fiber coupling procedure shown in Fig. B.6. First,
we imaged the lensed fiber and the bus waveguide on the edge of the chip. Next, we launched
a 660 nm CW light from the lensed fiber, and then achieved coupling by maximizing the
scattering signal from the bus waveguide (see Fig.B.7(a)). Thereafter, we retracted the
lensed fiber from the edge of the chip by 10 um; the fiber-waveguide coupling decreased
but remained sufficient to provide a visible scattering signal. Subsequently, we moved the
chip towards the retracted fiber by <10 um, and subsequently re-optimized the coupling.
By repeating these steps, we could get the microring resonator and bus waveguide into our
imaging area while maintaining the fiber coupling to the chip. A micrograph of the fiber that
is coupled to the microring resonator is shown in Fig. B.7(b).

Thereafter, we proceeded to positioning of the microring resonator and the bus waveguide
under the pump field via CFM scan as shown in Fig. B.8 (step-6). Once we positioned
the microring resonator under the pump field, we lowered the sample by 150 pm (step-7).
Subsequently, we moved the previously retracted AFM tip back to the focal plane of the
pump field (step-8). In doing so, we keep the NV center at its optimal position along the

focal plane of the pump beam.

'We obtained these dimensions by proportioning the microring resonator diameter to the edges of the camera
image.
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Figure B.6: Lensed fiber coupling procedure in step-5. First, we imaged the fiber and the
bus waveguide at the edge of the chip and achieved coupling by maximizing the scattering
signal from the bus waveguide. In subsequent steps, we retracted the lensed fiber by 10 um,
moved the chip towards the fiber, and then re-coupled the fiber. While retaining the fiber
coupling, these steps are repeated until we could image the microring resonator and the bus
waveguide at once. The dashed blue line denotes the fixed imaging region, and the portions
of the chip that could not be imaged are shaded.
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Figure B.7: Fiber coupling to the microring resonator. a) A lensed fiber is coupled to a
SiN bus waveguide. b) The light evanescently couples from the bus waveguide to the SiN
microring resonator. The bright red spot is due to the scattering along the waveguide, whereas
the green light seen at the top left of the microring resonator is due to the reflection of the
illumination LED of the imaging system.
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Figure B.8: CFM image of the microring resonator and the bus waveguide. Each pixel
shows the number of photon counts integrated over 50 ms.
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Figure B.9: a) Micrograph of the diamond tip on top of the microring resonator arc. b)
Atomic force microscope image of the microring resonator and the bus waveguide.

After independently adjusting the positions of both the microring resonator and the
diamond nanopillar on the xz-plane, we kept the tip position under the pump field fixed, and
then moved the previously lowered sample plate towards the tip along the y-axis (step-9).
We performed the auto-approach procedure of the attoAFM/CFM setup. This procedure
uses the resonant tuning fork principle to sense the distance between the sample and the
probe tip. After bringing the chip and the tip closer, the coupling to the chip is recovered
by reoptimizing the position of the lensed fiber (step-10). Here, the lensed fiber is moved
upwards by the net vertical displacement between step-7 and step-9, i.e., Ay <1 pm.

A micrograph of the tip on top of the sample is shown in Fig. B.9(a). Figure B.9(b) shows
the AFM image of the microring resonator and the bus waveguide. Although we could not
finely resolve the topography, Fig. B.9(b) shows a contrast between the lower left and the
upper right portions of the scanned area. The reason for not being able to finely resolve the
topography is that the diamond nanopillar was not as sharp as the conventional AFM probe
tips. Nevertheless, since the lower left feature seems like an arc that bends towards left, we
think that this arc-like structure belongs to the microring resonator, whereas the other feature
was a part of the bus waveguide. Moreover, the slightly shallower region between these
two portions possibly corresponds to the region between the resonator structure and the bus
waveguide. For reference, we put an arrow corresponding to the length of 200 nm, which is
the designed gap between these two structures.

After aligning the AFM tip on top the microring resonator arc, we excited the diamond

nanopillar with a pump field at 1.5 mW output power (step-11), and then, checked the
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Figure B.10: a) Optical spectrum of photons collected from the diamond nanopillar region.
b) CFM image of the diamond cantilever just after the spectrum measurements.

optical spectrum of the coupled photons via a spectrometer (Princeton Instruments Lightfield

Spectrometer) with an exposure time of 60 seconds (step-12).

Optical Spectrum Measurements

In our optical spectrum measurements, we used a notch filter with a center wavelength of
532 nm and a bandwidth of 25 nm at the output stage to block the pump field. Figure B.10(a)
shows the two optical spectrum measurements of the diamond nanopillar region. There are
some sharp spectral lines which are not manifested in both scans; thus, we think that they are
artefact spectral lines due to the spectrometer. On the other hand, there is a spectral line at
572 nm which persists at both scans. This may first suggest a zero-phonon line of a NV
charge state; however, it lacks a more pronounced phonon side band until 700 nm. Therefore,
it does not belong to the NV charge state, and it is most likely a Raman line.

In a subsequent CFM scan of the diamond cantilever as shown in Fig. B.10(b), we
observed a circular feature at the location of the diamond nanopillar instead of a bright spot
at that location similar to Fig. B.5(a). We argue that this circular feature in Fig. B.10(b)
corresponds to the remains of the broken diamond nanopillar. While performing the auto-
approach procedure in step-9, the tip probably crashed into the sample, and then it was
broken. Therefore, what we observed in Fig. B.10(a) is not the optical spectrum of the

diamond nanopillar with NV center but just the diamond cantilever slab.
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Conclusion

The coupling of single photons emitted from a single NV center embedded in a diamond
nanopillar into a SiN microring resonator was not shown during the time frame of our
experimental efforts. Relying on Fig. B.10(b), we think that the diamond nanopillar was
broken while moving the sample towards the tip. A scanning electron microscopy image
would have been useful to further verify that this was indeed the case.

Nonetheless, with the arrival of new tips and the development of custom scripts for 3-axis
piezo stages for more precise tip and sample position control, our group has succeeded in
demonstrating the coupling of photons from the NV center into a fiber by observing the

spectral signature of the NV center in diamond, showing the viability of our approach.



Appendix C

Electronic Circuits for APDs in

Geiger-mode Operation

Commercial SPAD characterization

We verified our characterization testbed by characterizing a commercial APD (Perkin Elmer
C30902SH) operated in Geiger mode. We gratefully acknowledge Prof. Christian Kurtsiefer
for providing us with this APD detector module we used in the verification of our characteri-
zation testbed. These APD detector modules are now commercially available [287], and the
more details about the module can be found in [4]. Here, we briefly describe this module
and explain the operation of its avalanche pulse conditioner electronics.

The fiber-pigtailed APD detector is mounted inside a hermetically sealed case (see [287]
for its photographs). The device temperature is controlled by an electronic temperature
controller consisting of a thermistor and a thermoelectric cooler inside the case as feedback
elements. An electronics circuit, which consists of an analog temperature controller, a high
voltage amplifier, and avalanche pulse conditioner, is connected to the case.

The commercial APD has a latching current /; of around 50 pA. We selected the load
resistor Ry, = 390 kQ) so that the asymptotic steady state current /¢ is 25 nA for an excess bias
voltage Vg of 10 V (see Eq. 5.3). Higher resistance values of Ry, could also be chosen in order
to achieve faster quenching transition and lower timing uncertainty; however, this would
have increased the voltage recovery time constant (see Eq. 5.7). The voltage recovery time
constant was around 0.6 us for our chosen Ry, value for an effective capacitance of 1.6 pF.

Here, we briefly describe the avalanche pulse conditioner part of the electronics circuit.
Figure C.1 shows the schematic of the quenching and avalanche pulse conditioning circuit.

Following an avalanche breakdown, the avalanche current pulse flows through the sense
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Figure C.1: Simplified schematic of the pulse conditioning circuit.

resistor Rg and generates a voltage drop across it. This voltage drop is then compared with
a threshold voltage Vi, which is set at the other input port the comparator by a resistive
network divider composed of R; and R,. The comparator output signal is subsequently fed
into a latch block to widen the pulse width by a duration determined by the time constant set
by C, and R3. The latch block consists of a D flip-flop that is configured as a monostable
multivibrator. At the final stage, the widened pulse is fed into a transistor to convert the logic

level of the pulse to a fast logic standard for transmission to other instruments.

RF filters in waveguide-integrated SPAD characterization

In our waveguide-integrated APD characterization in § 5.3, the avalanche pulses directly
obtained from the devices had a pulse height of 2 mV with a rise time of around 2 ns. The
pulse amplitude was not high enough to reliably transmit the avalanche pulses to other
instruments. Therefore, we first amplified the avalanche pulses with a wideband RF amplifier
(RF BAY, LPA-7-25) that operates within a frequency range from 0.1 MHz to 7 GHz with
around 35 dB power gain.

The amplified pulses were filtered by a custom high-pass filter and low-pass filter. When
they are cascaded, these filters function as a band-pass filter with a lower and upper cutoff
frequency of 5 and 157 MHz, respectively (see Fig.C.2). The filtering and amplification of
stages allowed us to amplify avalanche pulse amplitudes to around 50 mV, which was high

enough for subsequent electrical interfacing.
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Figure C.2: Frequency response of home-built RF filters.

Wire Bonded APDs

Minimizing the parasitic capacitance associated with long electrical connections improve
the noise performance of devices (see § 5.4.2.1). Figure C.3(a) shows the photograph of
devices that are wire bonded onto a ceramic dual in-line (CDIP) package for reducing the
electrical connection between the devices and the quenching circuit. Figure C.3(b) shows
the electronic circuit board accommodating these wire bonded devices. The circuit consists
of a double-pole six-throw switch (DP6T) and two opto-relays for two different regimes
of operation, namely, gated and continuous operation. DP6T switch allows us to choose
amongst 6 different devices, where each throw of the switch allows us to connect the common
electrical ports of the switch to the cathode and anode of one device.

Figure C.3(c) shows an alternative design which is more suitable for the characterization
of wire bonded devices at low temperatures. Unlike the previous design where the heat
transfer between a thermoelectric cooler and the wire bonded devices may be impeded by
the ceramic package, the devices in this design are directly mountable onto the top surface
of the circuit board through a glue with a good thermal conductivity. The top and bottom
copper layers of the attachment region are exposed and connected to each other with vias to
facilitate good thermal conduction between them. A thermoelectric cooler can be soldered
onto the exposed bottom layer of the circuit board for cooling the device.

The APDs are wire bondable to the exposed contact pads on the top surface of the PCB.
Compared to the previous circuit board design, this design uses two 6PDT switches for

switching between 12 different devices on a single board.
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Figure C.3: Quenching circuit board designs for wirebonded APDs. a) The devices are wire
bonded to the pins of a 24-pin ceramic dual in-line package (CDIP) that is cut in half. The
inset shows the zoomed view of the wire bonded contact pads. a) The photograph of the
custom electronics board accommodating the wire bonded devices on a CDIP package. c)
The alternative board design for low temperature operation. Here, the devices are directly
wire bonded onto the exposed pads of the printed circuit board.
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Figure C.4: Photographs of passive-quenching active-reset circuit a) with and b) without an
EMI/RF shielding.

Given their benefits of reduced electrical connections and suitability for lower temperature

operation, the circuit board designs provided here can be utilized in future studies.

Passive-quenching Active-reset circuit

Figure C.4 shows the photographs of the passive-quenching active-reset circuit board
(see § 5.4.2.1). Such circuits can be useful in future studies to prevent device saturation by

actively expediting the slow voltage recovery of a passive transition.



Appendix D

Heralded Single-photon Source

Here, we provide more details about the photon statistics of the heralded single-photon

source.

Coincidence-to-accidental ratio

The coincidence time window Af.oinc. in our experiments with heralded single-photon source
was set to 3.24 ns (see 7.4). The count rate of the heralding photons Nj, and the total
coincidence rate Ny, were 1.25 x 10° counts per seconds (cps) and 192 cps, respectively.
The total coincidence rate Ny was calculated from the single-photon detector timestamps.
The half of these timestamps were obtained when the interferometer was driven to its
coherent absorption regime (CAR), whereas the other half were obtained during the coherent
transmission regime (CTR). Since the corresponding total photon detection probabilities for
these two regimes were pcar = 0.05 and pcrr = 0.46, respectively, the total coincidence
rate Ny was calculated for a system where the average total probability of single-photon

detection p was around 0.25. The heralding efficiency of our single-photon source is then

_ Ntotj: \/Ntot
N, £ N,

which was equal to 1.5340.11 x 1073 in our experiment. We note that Ny, was not high

read as

(D.1)

enough to have a feedback control signal with good signal-to-noise ratio (SNR), which is
given by

N
= — D . 2
SNR = VN, (D.2)
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where N is the number of events integrated over A¢, and \/]T/ is the associated shot noise. For
instance, even if the integration time window At were 100 ms instead of 24 ms, the SNR of
the feedback control signal solely consisting of N,; would have been around 4.4 due to the
associated Poisson fluctuations. This would have subsequently degraded the performance of
the feedback loop. Therefore, for our proof-of-concept demonstration, we also engaged a
CW laser in all-optical switching demonstration. We adjusted the photon flux Ncw such that
the photon rate at the phase stabilization set point was equal to 850 counts/Az. This allowed
us to improve the SNR of the feedback signal by around 7 times.

The probability of accidental coincidence counts due to weak 810 nm CW laser during

Afcoine. 18 given by

Ncw = v Ncw
n=——p0 X Atcoine. (D.3)

which equals to 2.75+0.09 x 107 in our case. The coincidence-to-accidental ratio CAR
(i.e., n/m) is then equal to 55.6 +-0.04. Therefore, the noise contribution from weak CW laser
was insignificant compared to the photon number fluctuations of the heralded single-photons.

The expected mean photon numbers at coherent transmission and absorption regime are
given by

PCTR
UCTR = Niot X 7 X At,

(D.4)
CA
HcAR = Mot X pl_)R X At.

The expected mean photon numbers pctr and Ucar are calculated as 8.3 and 0.9, showing
a good agreement with the measured mean photon numbers of 8.0 and 1.0 at coherent
transmission and absorption regimes, respectively (see § 7.4.2).

We note that reduction of the of p. and p; compared to free-space experiments with simi-
lar metamaterials is mainly attributed to fiber-to-fiber coupling losses inside the metamaterial
package. Nonetheless, this does not give rise to any difference in the interference fringe

visibilities of the in-fiber and free-space experiments [83, 84].

Balancing the interferometer

In order to balance the lengths of the interferometer arms to within the coherence length
of around 100 um of the heralded single photons, we used an 810-nm LED light that has a
shorter coherence length of around 20 um, and then varied the length of one interferometer

arm using an optical delay line until we observed an interference fringe. Figure D.1 shows
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Figure D.1: The interference fringe obtained by an 810-nm LED light launched into the
interferometer. Each data point shows the measured single-photon detector counts integrated
over 10 ms. Here, the corresponding coherence length is around 20 pm.

that the interferometer arms are balanced to within the coherence length of the LED light so

that the heralded single photons can be used in the interferometer as well.
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