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Abstract

The instrument response function (IRF) is an important characteristic
of an SPD that can be used to describe the timing jitter of a single-photon
detector (SPD). In applications involving time-resolved measurements, any
cause of timing uncertainty needs to be taken into account to arrive at a
more precise measurement of the physical quantity of interest. In this report,
the IRF and timing jitter of three different types of SPDs are characterized.
We characterize the thin silicon single-photon avalanche detector (SPAD)
over the visible band, the indium gallium arsenide (InGaAs) SPAD over the
telecommunications band, and the superconducting nanowire single-photon
detector (SNSPD) over the visible and telecommunications band.

The IRF is determined through the cross-correlation between the detection
times recorded with an unknown and a reference detector, while the timing
jitter was determined by taking the full-width half-maximum (FWHM) of the
IRF. The characterization is done using tightly time-correlated photon pairs
generated in spontaneous parametric down-conversion (SPDC) instead of a
typical pulsed laser system. The source is tunable over a range of wavelength

comparable to that of existing pulsed-laser systems.
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Chapter 1

Introduction

Single-photon detectors (SPDs) are used for the detection of light at the
single-photon level. = Some applications of SPDs include quantum
communications, photon-pair correlation measurements, and fluorescence
lifetime measurements [1-3]. These applications typically involve
time-resolved measurements. Depending on the application, a certain type
of SPD is preferred due to it having more suitable characteristics for that
particular application. These characteristics are the IRF and the timing jitter
of the detector.

The timing jitter is the statistical fluctuation of the time interval between
the arrival of a photon on the detector and the output signal produced by
the detector [2,4]. To measure timing jitter, one dependable method is by
taking the full-width half-maximum (FWHM) of the IRF [2]. In applications
involving time-resolved measurements, sources of timing uncertainty needed
to be taken into account to arrive at a more precise measurement. Hence, the
characterization of the timing jitter of the SPD is important.

Typically, the IRF of a detector is obtained from the arrival time
distribution of photons collected from a pulsed laser. In this report, we use

alternative sources that generate tight timing-correlated photon pairs via
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spontaneous  parametric down-conversion (SPDC). The tight
timing-correlation, typically around the order of hundreds of femtoseconds,
can be used to infer the IRF through the cross-correlation function between
the photon pairs detected by the detectors. The sources used do not require
the construction of an optical cavity, is relatively easy to align and is capable
of producing photon-pairs at a range comparable to existing pulsed laser
systems [5]

The outline of this report is as follows: in Chapter 2, we introduce and
provide an overview of the principle behind the SPDs. The SPDs explored in
this report are the superconducting nanowire single-photon detector (SNSPD)
from Single Quantum (SSPD-1550Ag), a thin silicon Single-Photon Avalanche
Diode (SPAD) from Micro Photon Devices (PD-050-CTC-FC), and an indium
gallium arsenide (InGaAs) SPAD from S-Fifteen Instruments (ISPD1). In
Chapter 3, we outline and explain briefly the principle behind SPDC and the
three photon-pair sources used in the experiment. Afterward, we discuss
the timing jitter characterization of the SPDs and the device physics behind
the results. Finally, in Chapter 4, we will conclude with a summary of the

detector characterizations and its implications.



Chapter 2

Theory and Background

2.1 Detection of Light at Single-Photon Level

The detection of light in discrete energy quanta was first made possible by
the invention of the photoelectric tube by Elster and Geiter in 1913 [6]. This
invention made use of the photoelectric effect where light of certain frequency
incident on a surface of metal would cause the electron on the surface of the
metal to be liberated. The effect, which is independent of intensity and is
dependent only on the frequency of the incident light, was postulated by
Albert Einstein in 1905 [7]. Later on, the development of the photomultiplier
tube (PMT) would mark the first milestone of detection of light at a single-
photon level [6]. As photons pass through the window of the PMT and hit
the surface of metal called the photocathode, photoelectrons are emitted due
to the photoelectric effect. These photoelectrons are accelerated towards a
series of materials that act as electron multipliers called the dynodes. Here
electrons would be multiplied through secondary emission. These electrons
would then be directed towards and detected at the anode [8].

From past experimental measurements, the timing jitter of PMTs is

determined to be in the order of hundreds of picoseconds [2, 8]. This timing
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jitter is comparable to some types of SPDs such as the visible-light photon
counters or a thick silicon SPAD. However, PMTs typically have high dark
counts-registered photon counts observed in the absence of incident light [2].
This limits the applicability of PMT in many time-resolved applications. The
development of SPDs then shifted to the use of solid-state semiconductors as
photodetectors. These semiconductor photodetectors, also known as
photodiodes, utilize the presence of a p-n junction in the semiconductor

material [6].

2.1.1 Introduction to Photodiode and Avalanche

Photodiode

A photodiode is a semiconductor device that absorbs incoming photons to
excite valence band electrons (holes) to conduction band electrons (holes).
This is possible through manipulating the electronic properties of
semiconductor materials, typically silicon (5Si), germanium (Ge), and gallium
arsenide (GaAs), by the addition of impurities (also known as doping).
Doped semiconductors that contain excess holes are referred to as ‘p-type’
while those that contain excess free electrons are known as 'n-type’ [9].

A p-n junction is formed when p-type and n-type semiconductors are
joined together due to the diffusion of charge carriers. Electrons from the
n-type region would diffuse towards the p-type region while holes from
the p-type region would diffuse towards the n-type region. These diffused
electrons and holes would recombine at the junction to form the depletion
region. The charge polarity between the n-type and p-type regions would
also simultaneously create a potential difference across the depletion region,
generating an electric field as shown in Fig.

When photons with energy greater than the bandgap of the

semiconductor used in the photodiode, they have a higher probability of
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FIG. 2.1. A simplified illustration of a p-n junction, formed by an n-type and
p-type semiconductor material. A region called the depletion region is formed at
the junction between the two types of semiconductors due to the recombination
of holes and electrons. A qualitative electric field profile denotes the regions with
a high electric field.

being absorbed. The absorption of photons generates an electron-hole pair
as free charge carriers in the process. The generated electrons and holes are
then accelerated by the electric field formed due to the charge separation in
the depletion region. As a result of the movement of these charge carriers, a
flow of electrons is created through the photodiode. Application of a reverse
bias voltage, where negative bias is applied at the p-type region while
positive bias is applied at the n-type region, can further increase the electric
field strength across the depletion region. This would allow the created
charge carriers to move at a greater velocity out of the depletion region and
create a larger photocurrent.

To allow a photodiode to have a higher detection probability, a larger
photon absorbing region is required. This can be done by adding an intrinsic
(undoped) region between the two doped regions, creating a PIN junction.
The intrinsic region serves to increase the area where electron-hole pairs
can be created. This would result in a higher probability of each photon

forming charge carriers, resulting in higher photon detection efficiency or the
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probability that the detector would register an output signal when a photon
arrives at the detector [2].

The application of high reverse bias voltage would enable the PIN
photodiode to detect low-intensity light down to a single-photon level. This
is because the application of high reverse bias would create a greater electric
field in the intrinsic region where charge carriers are formed. The free charge
carriers can then gain greater kinetic energy which allows them to produce
secondary charge carriers through impact ionization, leading to an
avalanche. Thus, this kind of photodiode is also known as an avalanche
photodiode (APD). One commonly used APD is the silicon APD (Si APD).
The bandgap of silicon is approximately 1.12 eV, making the Si APDs
sensitive to photons with wavelengths ranging from 150 nm to 1100 nm [9].

One mode of detector operation used to detect single-photons is the
Geiger-mode APD [9]. For this report, we will be referring to Geiger-mode
APD more straightforwardly as a Single-Photon Avalanche Diode (SPAD).
The operating principle of a SPAD is based on reverse-biasing the PIN
junction at a voltage higher than the breakdown voltage of the junction. In
this mode, the electric field is sufficient to cause a single charge carrier to
trigger a self-sustaining avalanche. The predominant source of noise for
SPADs is due to thermal or field-related components in the absence of
incoming photons [1]. Knowing this allows further development in the

detector device structure to minimize the noise in the SPAD.

2.1.2 Thin SPAD

Generally, the depletion region of a silicon SPAD can be up to 25 ym in
thickness. Such SPAD has relatively good photon detection efficiency and
low noise. However, it has a large timing jitter in the order of a few hundreds

of picoseconds [10]. To improve upon this, a silicon SPAD with a thinner
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depletion region was designed. This silicon SPAD has a depletion region of
about 1 - 2 ym and is dubbed thin SPAD in this report. The thin SPAD has
low dark count and attained timing jitter as low as 30 ps [10]. To achieve
these characteristics, a double-epitaxy structure is used to reduce the drift
effect of the charge carriers through the sharp increase in the electric field at

the active region [10]. Figure. 2.2illustrates a cross-section of the thin SPAD.

anode . p anode

N4 active reglon "1\ ) _____________________________

n-substrate

FIG. 2.2. A cross-section of a thin SPAD. Boron-implanted n+ and p+ doped
junction forms an active region with a high electric field, contributing to the low
timing jitter of the device. A qualitative electric field profile denotes the regions
with a high electric field [10, 11].

A boron-implanted part of the n+ and p+ doped junction gives rise to
a high electric field region, making it the part of the SPAD that is active in
producing photoelectrons [11]]. This high electric field partly enables the
device to achieve low timing jitter. The active region is fabricated on top
of the p doped layer, which is followed by the highly doped p+ layer that
presents a low-resistance path for the produced charge carriers. This would
allow charge carriers to flow faster after being created. Electrical insulation
from the adjacent SPADs to prevent current leakage is ensured by integrating
highly doped n+ regions with the n-doped region in the device [10].

In the case of a thin SPAD, the timing jitter is mainly contributed from

the process of absorption of a photon to produce charge carriers or motion of
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the charge carrier in the intrinsic region of the semiconductor. This timing
jitter is typically in the order of tens of picoseconds [10]. Having low timing
jitter is crucial especially in high precision time-resolved measurements as it

decreases the timing uncertainties of the measured correlation.

2.1.3 InGaAs SPAD

Indium gallium arsenide (InGaAs) SPAD is a group III-IV heterostructure
device and is used primarily for single-photon detection in the infrared to
the near-infrared regime. It is a type of APD with different structure and
dopant to allow for optimized detection efficiency in the desired wavelengths.
Figure[2.3|shows a cross-section of the InGaAs SPAD. An InGaAs layer works
as the absorption region in the device, with a bandgap of 0.75 eV. Another
lattice-matched InP layer, on the other hand, forms a multiplication layer that
generates secondary electrons via impact ionization in the device. At this
multiplication layer, the high electric field formed by applying bias voltage
above the detector breakdown voltage to increase the likelihood of avalanche

where secondary electrons exponentially produce more electrons [1]].

-contact metallization
P ! Electric field
| \ [ i
I ! I

diffused region

HinPcap  mfiplicatiomregion

n-InP charge
n-InGaAsP grading

i-InGaAs absorption

n+ -InP buffer

n+ -InP substrate
[ , [

7 | \

J
anti-reflection coating ” ' n-contact metallization

FIG. 2.3. A cross-section of an InGaAs SPAD. A qualitative electric field profile
denotes the regions with a high electric field [1].
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Photons incident on the detector will be absorbed in the absorption region,
forming free electron-hole pair as charge carriers. The electric field in the
region would cause the charge carriers to move towards the multiplication
layer where the high electric field in that layer led to the formation of a
self-sustaining avalanche. This would then be detected as a surge in current
in the circuit, indicating the detection of a single photon. Depending on
the bias voltage, the timing jitter of InGaAs SPADs can be in the order of

hundreds of picoseconds [1, 2].

2.2 Superconducting Nanowire Single-Photon
Detector

The superconducting nanowire single-photon detector (SNSPD) detects
photons through a state transition that occurs when the detector absorbs a
photon. Coupled with advances in micro-fabrication techniques and cooling
technologies, SNSPD began to take hold as one of the most temporally
precise detectors. SNSPD has great potential in time-correlated
single-photon applications due to its fast recovery time and timing precision
[12]. One type of material often regarded as a first choice for the nanowire in
the SNISPD is niobium nitride (NbN) due to its relative ease of fabrication
and good sensitivity over a wide range of wavelengths [12]. The SNSPD
works using the following principles as outlined in Fig.

The NbN SNSPD is direct current biased below its critical current. A
photon incident on the nanowire detector has sufficient energy to cause a
state transition, forming a hotspot. Such hotspot has a low probability of
forming in absence of an incident photon, allowing SNSPD to have
exceptionally low dark count [13]. The formation of a hotspot would lead to

an increase in the local current density in the surrounding region (where the
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FIG. 2.4. A schematic of the working principle of an SNSPD [12]. (i) The
nanowire is maintained below the superconducting critical temperature and is
direct current (DC) biased below its critical current. (ii) A photon incident on the
nanowire is absorbed and led to the creation of a small resistive hotspot on the
nanowire. (iii) The resistive hotspot causes the current to flow around it. Local
current density around the hotspot increases until it exceeds the critical current
density due to the narrowness of the nanowires. (iv) As a result, a resistive
barrier is formed across the width of the nanowire [13]. (v) The DC bias also led
to joule heating, furthering the growth of the resistive region along the nanowire
axis to the point where current stops flowing [14]. The biased DC would also be
shunted by the external circuit. (vi) This allows the dispersion of the resistive
region and returns the nanowire to its superconducting state again. The biased
DC is then returned to the original value.

hotspot has not formed) due to the increase in the size of the hotspot. When
the superconducting current density reaches its critical value, the nanowire
loses its superconductivity, where it has zero resistance, and regain its
normal-state resistance. This would eventually lead to a resistive barrier
along the width of the nanowire, generating a measurable output voltage
across the nanowire [13].

The timing jitter of an SNSPD is can be in the order of picoseconds to tens
of picoseconds depending on the size and geometry of the nanowire [12, 15].
This level of timing jitter is, comparable to that of a thin SPAD and actively
quenched SPAD [2,[16]].
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Chapter 3

Timing jitter characterization

Characterization of detectors used is a crucial step in determining the
suitability of the detectors for the intended application. For instance, the
timing jitter of a detector would have a direct influence on the precision of
timing measurements. Low detector timing jitter is generally required in
time-resolved measurements, for example in single-photon quantum
communication or time-resolved correlation spectroscopy [17-19]. In this
chapter, we perform a quantitative characterization of timing jitter of SNSPD

and two variants of SPADs.

3.1 Tightly Time-Correlated Photon Pair Source

To characterize the SPDs, we distribute time-correlated photon pairs
generated through spontaneous parametric down-conversion (SPDC) to two
SPDs. Due to the tight-timing correlations (in the order of a few hundred
femtoseconds) between each photon in the pair, the probability distribution
of the detection time differences between the two SPDs will be governed
mainly by the timing jitter of the SPDs [20]. In this report, we use three

different sources based on SPDC. Two sources are produced using a
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periodically poled potassium titanyl phosphate (PPKTP) crystal (2 x 1 x 10
mm?) and one source using a B-Barium Borate (BBO) crystal (2 x 2 x 2 mm?)
[21-25].

PPKTP crystal produces photon pairs using photons from a pump source
through a nonlinear interaction in a the periodically poled crystal [26-28].
The produced photon pairs are traditionally referred to as the signal and idler
photons. The produced photon pairs must satisfy energy and momentum

conservation as follows

wp = wWs + W, (3.1)

and

kp = ks + ki, (3.2)

where w, and Ep denote the frequency and momentum of the pump
photons respectively, ws and ks denote the frequency and momentum of
the signal photons respectively, and w; and k; denote the frequency and
momentum of the idler photons respectively. These are the phase-matching
condition for SPDC. In the case of a periodically poled crystal, such as a
PPKTP crystal, there is an additional term in the momentum conservation to

satisfy the quasi-phase-matching condition:

(3.3)

where A is the poling period of the poled nonlinear crystal. The PPKTP
crystal we used in the experiment has a poling period of 9.64 ym, allowing
the generation of 810 nm degenerate photon pairs as well as 810 nm and 1550
nm non-degenerate photon pairs depending on the pump wavelength used.

BBO crystal produces photon pairs through phase matching interaction
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of SPDC [21-24]]. Thus, the signal, idler and pump photons must obey the
energy and momentum conservation shown in Eqn. and Egn.
respectively.  With a BBO crystal, it is possible to achieve critical
phase-matching by angle tuning, allowing the generation of idler and signal

photons of various wavelengths [29, 30].

3.2 Experiment set-up

Different photon wavelength produced by the photon sources requires a
corresponding optical component in the experimental set-up to optimize the
photon counts incident on the detector. To characterize the SNSPD at 548
nm, 810 nm, and 1550 nm, we use two photon-pair sources produced by the
PPKTP crystal and one photon-pair source by the BBO crystal. Subsequently,
the characterization of thin SPAD and InGaAs SPAD is also done using
photon-pairs produced by the BBO crystal. The choice of using PPKTP as
the photon pair source to characterize the SNSPD was due to convenience as
there is a pre-existing PPKTP-based source in the lab rather than a limitation

in the BBO crystal in producing photons of the desired wavelengths.

3.2.1 Characterizing SNSPD

The reference detector, SNSPD, is characterized at 548 nm, 810 nm, and 1550
nm. The cross-correlation of the photon detection times at two similar
SNSPDs (at SPD-1 and SPD-2) is subsequently used to characterize the
instrument response function (IRF) of the detector. The method of

characterization and the significance of the IRF will be explored in Section

B3
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PPKTP-based source with 405 nm laser diode

To characterize the timing jitter of SNSPD at 810 nm, we produce degenerate
810 nm photon pairs using PPKTP-based source pumped with a 405 nm laser
diode [25]. A schematic of the experimental set-up is shown in Fig.

LD (405 nm) F

780HP SPD-1
—D L]

780HP SPD-2 |___|

SMF (405 nm)

BG39

Oscilloscope

PPKTP Crystal PBS

FIG. 3.1. Experiment set-up with PPKTP-based source pumped with a 405
nm laser diode. Light from a laser diode (LD), with wavelength 405 nm was
coupled into single-mode fiber (SMF) and directed towards a PPKTP crystal. This
produces 810 nm signal and idler photons, which is then split by a polarizing
beam splitter (PBS). The split beams are each coupled into an SMF (780HP),
before being detected at SPD-1 and SPD-2. In this set-up, both SPD-1 and SPD-
2 are SNSPDs. LD: laser diode, PPKTP: periodically poled potassium titanyl
phosphate, BG39: blue colored glass bandpass filter, DM: dichroic mirror, IF: 810
nm interference bandpass filter.

The 10 mW pump laser diode is coupled to a single-mode optical fiber
to filter the spatial mode and focus it to produce a beam waist of 350 ym.
The focused beam was passed through a blue colored glass band-pass filter
(BG39) to filter out broadband fluorescence from the pump laser diode.

Subsequently, the beam is directed into the PPKTP crystal (9.64 ym
poling period) which produces tightly time-correlated signal and idler
photons. Dichroic mirrors are used to reflect the incident 810 nm photons at
a 90° angle to its incident path. The signal and idler photons are then split

using a polarizing beam splitter (PBS) into two beams, each passing through
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an interference bandpass filter (FF01-810/10-25). These photons are then
collected using two collection modes, each with a beam waist of
approximately 150 ym, defined by the single-mode fiber (SMF). The SMFs
(780HP) then deliver the photons to the SNSPDs, where they will be
detected.

The arrival time of each photon is registered as the time when the detector
signal goes above a threshold. The threshold was set at approximately half of
the average signal amplitude observed in an oscilloscope for a single photon
event. The cross-correlation events are obtained using a histogram of the
detection times registered by SPD-1 measured with an oscilloscope that is
triggered by the detection of a photon by SPD-2. The timing jitter of the
oscilloscope is approximately 4.4 ps, which is negligible compared to the
expected timing jitter of the SPDs that are being characterized. The whole
process allows the characterization of the IRF and timing jitter of the SNSPD
at 810 nm described in Section[3.4

PPKTP-based source with 532 nm laser diode

Next, the pump laser diode in the PPKTP-based source is replaced with a
532 nm laser diode. This produces non-degenerate photon pairs at 810 nm
and 1550 nm. A schematic of the experimental set-up is shown in Fig.

Change in the wavelength of the pump laser diode to 532 nm produces
tightly time-correlated non-degenerate signal and idler photons at 1550 nm
and 810 nm respectively. The photon pairs are separated using a 100 ym-
thick Si wafer with an approximate transmission of 50% for photons in the
infrared spectrum (cut-off wavelength, A, ~ 1050 nm) but almost zero in the
visible spectrum. As such, the Si wafer would allow the signal photons to
pass through while the idler photons will be reflected.

Signal photons are coupled into an SMF (SM28e) while the idler photons
will be coupled into another SMF (780HP). These photons will then be
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LD (532 nm) DM& ;*, b 780HP SPD-1.—)

SMF (532 nm
( ) SMF28e SPD-ZL——I

*8(339

/D Oscilloscope

FIG. 3.2. Experiment set-up with PPKTP-based source pumped with a 532 nm
laser diode. Light from a laser diode (LD), with wavelength 532 nm was coupled
into an SMF and directed towards a PPKTP crystal. This produces 1550 nm signal
photons and 810 nm idler photons. A silicon (Si) wafer was placed to separate
the photons by the wavelength of each pair. Signal photons are coupled into an
SMF (SMF28e), before being detected at SPD-2. Idler photons are coupled into
another SMF (780HP), before being detected at SPD-1. In this set-up, both SPD-1
and SPD-2 are SNSPDs. LD: laser diode, PPKTP: periodically poled potassium
titanyl phosphate, BG39: blue colored glass bandpass filter, DM: dichroic mirror,
IF: 810 nm interference bandpass filter.

delivered into their respective SPDs where the cross-correlation between the

arrival times can be obtained.

BBO-based source with 405 nm laser diode

Finally, the pump laser diode in the PPKTP-based source is replaced with
a 405 nm laser diode and the photon pair source is replaced with a BBO
crystal. This produces non-degenerate photon pairs at 548 nm and 1550 nm.
Furthermore, the angle between the BBO crystal and the pump beam can be
tuned to vary the wavelengths of the signal and idler photons. A schematic
of the experimental set-up is shown in Fig.

Separation of the signal and idler photons was done with the Si wafer.

One SMF (SM600) collects the signal photons and delivers them to SPD-1
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LD (405 nm)

£ . SM600 SPD-1 l___l

SMF (405 nm
( ) SMF28e SPD-2,_—_|

Oscilloscope

BBO Crystal Si water

FIG. 3.3. Experiment set-up with BBO-based source pumped with a 405 nm laser
diode. Light from a laser diode (LD), with wavelength 405 nm was coupled into
single-mode fiber and directed towards a f-Barium Borate (BBO) crystal. The
wavelength of the signal and idler photons produced can be tuned by varying
angle ¢ of the crystal. A silicon (Si) wafer was placed to separate the photons
by the frequency in each pair. A calibrated color glass long-pass filter (CGF)
was used to determine the wavelength of the signal photons. Signal photons are
coupled into an SMF (SM600), before being detected at SPD-1. Idler photons are
coupled into another SMF (SMF28e), before being detected at SPD-2. LD: laser
diode, BBO: B-Barium Borate, BG39: blue colored glass bandpass filter, GG495:
green colored glass long-pass filter.

while the other SMF (SMF28e) collects idler photons and delivers them to
SPD-2.

Determination of the wavelength of the signal photons, As was done
by measuring the transmission, T, of the photons through a color glass
tilter (CGF). Pair source rate detected before and after inserting the filter in
the signal path was compared. The change in pair source rate due to the
change in T was noted down and checked against a calibration table that
relates A; and T to determine the signal wavelength [31]. Idler wavelength,
Ai, can then be inferred by invoking Eqn[3.1| together with the measured
As and the known pump wavelength, A,. This set-up allows SPDs to be
characterized for a range of wavelengths as As can range from 526 nm to 661

nm while A; ranges from 1050 nm to 1760 nm. The range of wavelengths is
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comparable to that found in existing dye and solid-state femtosecond pulsed
lasers with the advantage of not requiring any optical cavity and is relatively

straightforwards to align [5} 32, 33]

3.3 Characterization of Detector Instrument
Response Function

To determine the instrument response function (IRF) of a particular detector
(i.e. SPD-1), we obtain the cross-correlation function, g(z), between photon
pairs detected by SPD-1 and by another detector (SPD-2) with a known IRE.

These functions are related by

¢@ (A = N(fi * o) (A) = N / ADf(E+ At (3.4)

where fi and f, are the IRF of SPD-1 and SPD-2 respectively, At is the
difference in detection time by the two detectors while N is the total number

of coincidence events collected from the pair source in the experiment [34].

3.4 Characterizing Timing Jitter of SNSPD

To use SNSPD as a reference detector, we would first need to obtain the IRF
and timing jitter of the SNSPD. This is done by obtaining the IRF for SNSPD
at 548 nm, 810 nm, and 1550 nm. First, we measure the IRF at 810 nm by
obtaining the cross-correlation function g(?) of the photon pairs using the
set-up shown in Fig. This cross-correlation function, normalized to the
background coincidences, is shown in Fig.

Since the two detectors are of the same model and operated under the
same condition, we can assume that they have the same Gaussian IRF. We

can then simplify Eqn. [3.4|to
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FIG. 3.4. Cross-correlation function between two degenerate 810 nm photon-
pairs detected using two SNSPDs. The function is normalized to the background
coincidences. Assuming that both detectors are identical, the timing jitter for
each detector can be determined to be (39.8 £ 0.1) ps.

gD (Af) = NGi(01, At) * Go(0, At)
(3.5)
= NG(o, At),

where ¢ = \/(712 +c722, G is a Gaussian distribution with standard
deviation ¢, while G; and G, are Gaussian distributions, with standard
deviation o7 and o, respectively, describing the IRF of each SNSPDs.

From our assumption, we have 04 = 0, = 0/ V2. The FWHM of the

Gaussian function is related to o by [35]

FWHM = 2,/2In(2)0. (3.6)

The o of the Gaussian function in Fig. [3.4is determined to be 23.9 ps from
its FWHM. This means that each SNSPD has a Gaussian IRF with o7 and o,

of 16.9 ps. Using these ¢ values, we can then determine the timing jitter of
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SNSPD via the FWHM of the IRE.

We determined the timing jitter of SNSPD at 810 nm to be (39.8 = 0.1) ps.
To determine the timing jitter of SNSPD at 1550 nm, we used the photon-pair
source shown in Fig. The cross-correlation function, normalized to the

background coincidences, is shown in Fig.

Two SNSPD (810 nm and 1550 nm)
FWHM = (57.4 £0.3) ps

N

N w

—

Normalized Cross-correlation (104)

0 L O =
-200 -150 -100 -50 0 50 100 150 200

At (ps)

FIG. 3.5. Cross-correlation function between 810 nm and 1550 nm photon-pairs
detected using two SNSPDs. The function is normalized to the background
coincidences. Assuming that both detectors are identical, the timing jitter for
each detector can be determined to be (41.3 + 0.5) ps.

Using the ¢ of the SNSPD IRF at 810 nm as ¢, we determine the ¢ of the
SNSPD IRF at 1550 nm by designating it o> in Eqn. The value of o of
the Gaussian function in Fig. 3.5is determined to be 25.4 ps from its FWHM.
Hence, the value of 0 is calculated to be 17.5 ps, and the timing jitter of
SNSPD at 1550 nm can be ascertained to be (41.3 + 0.5) ps from the FWHM
of the IRF

Finally, to determine the timing jitter of SNSPD at 548 nm, we use the
photon-pair source shown in Fig. The cross-correlation function,
normalized to the background coincidence, is shown in Fig. Using

similar calculations as before, we determine the timing jitter of SNSPD at 548
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FIG. 3.6. Cross-correlation function between 548 nm and 1550 nm photon-pairs
detected using two SNSPDs. The function is normalized to the background
coincidences. Assuming that both detectors are identical, the timing jitter for
each detector can be determined to be (38.2 & 0.6) ps.

nm to be (38.2 £ 0.6) ps. The IRF of SNSPD does not change significantly
with incident photon wavelength. Besides, it also shows that the timing jitter
of SNSPD is relatively constant for photons of different wavelengths,
making it a suitable reference detector for our experiment. Therefore, in this

report, we designate SNSPD as SPD-2 to obtain the IRF and timing jitter for

our SPD of interest, designated as SPD-1.

3.5 Characterizing Timing Jitter of thin SPAD

The timing jitter of our thin SPAD has been previously characterized to
be in the order of tens of picoseconds [10]. To properly characterize the
timing jitter of thin SPAD, it is crucial that the timing jitter of the reference
SPD is comparable or smaller. This is to ensure that the cross-correlation
function obtained is not dominated by the IRF of the reference SPD due to

its high timing jitter. The low timing jitter of our SNSPD makes it a good
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reference detector to characterize the IRF and timing jitter of the thin SPAD.

The cross-correlation function obtained using the two detectors is shown in
Fig.
thin SPAD (555 nm) and SNSPD (1500 nm)
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FIG. 3.7. Cross-correlation function between two non-degenerate photon pairs,
555 nm and 1500 nm, detected using thin SPAD and SNSPD respectively. The
function is normalized to the background coincidences. The function allows us
to extract the IRF of the thin SPAD at 555 nm as shown in the inset. The IRF is
approximated to be equal to a linear combination of a Gaussian and exponential
function. The time constant T of the IRF and timing jitter is determined to be
(172 & 2) ps and (38.6 £ 0.9) ps respectively.

From Fig. it can be seen that there exist an exponential tail. As it has
been previously determined that the IRF of SNSPD is Gaussian, we can thus
regard the exponential tail as a feature that is present in the IRF of the thin
SPAD.

In the thin SPAD, photoelectrons are typically generated in the depletion
region as mentioned previously. The strong electric field that that region
allows the electrons to generate secondary electrons, causing an avalanche.
In a thin SPAD, its structure gives rise to a finite probability that the
photoelectron is generated in the underlying n-substrate instead of the

active region. The weaker electric field within this substrate region means
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that the photoelectron would slowly drift towards the depletion region
where avalanche would occur [36]. This drift of photoelectrons created
outside the depletion region might be the reason why an exponential tail is
observed in the IRF.

We model the IRF of thin SPAD using a heuristic model, comprising of
a linear combination of Gaussian and exponential function [16} 37]. The

heuristic model is as follows

Finin(A) = AG (1,0, At) + BO(jip, At)e™(A#2)/T) (3.7)

where A and B are the weights of the Gaussian and exponential function
respectively. y1 and ¢ are the mean and standard deviation of the Gaussian
function. 8(pup, At) acts as a step function centered at i, to mark the start of
the exponential function with a characteristic time constant 7.

The cross-correlation function, g(?)(At) between the thin SPAD and
SNSPD is obtained from the histogram of the time difference At between the
detection times of the two detectors. Invoking Eqn. we substitute f;
with Eqn. 3.7land f, with a Gaussian function with approximated FWHM of
41.3 ps (corresponding to SNSPD timing jitter at 1550 nm). The
approximation is justified due to the relatively constant SNSPD timing jitter
at various wavelengths. This allows us to extract the parameters describing
the thin SPAD IRF by fitting the data to the model in Eqn. Using the
extracted parameters, we can infer the IRF of thin SPAD as presented in Fig.
(inset).

We determined the time constant T of the IRF to be (172 &+ 2) ps when the
photons incident on the thin SPAD is 555 nm. Varying the wavelength of the
incident photons causes the value of 7 to vary as well. This is presented in
Fig. where T can be seen to increase as the wavelength of the photon is

increased.
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Characteristic time constant, T of a thin SPAD
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FIG. 3.8. The characteristic time constant of the exponential component in the
IRF of a thin SPAD. The time constant increases as incident photon wavelength
is increased from 542 nm to 647 nm.

We observed that varying the wavelength of the signal and idler photon
(while maintaining pump wavelength) causes some variation in the
cross-correlation function, and thus the length of the exponential tail. One
explanation for this is that photons with longer wavelength have a greater
probability of penetrating deeper and is absorbed further away from the
active region of the detector [38| 39]. As a result, more photoelectrons would
need to drift towards the depletion region to cause an avalanche. In
addition, the deeper penetration means that a longer time is required for the
electron to drift towards the depletion region, hence a longer T is observed.
This confirms that the response of a thin SPAD is dependent on the
wavelength used in the measurement.

As the IRF of the thin SPAD changes slightly with wavelength, its
characterized timing jitter varies correspondingly. This is presented in Fig.

B9
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Characteristic timing jitter of thin SPAD
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FIG. 3.9. Variation in the characteristic timing jitter of a thin SPAD for different
incident photon wavelengths. The characteristic timing jitter varies from 34.7 ps
to 38.6 ps for the tested wavelength that ranges from 542 nm to 647 nm.

The characteristic timing jitter of thin SPAD does not seem to vary much
as seen in Fig. One reason for this is that despite the slight change
in IRF, the changes mainly occur in the exponential tail. As a result, the
FWHM of the IRF which gives a measure of the timing jitter is relatively
unaffected. The measured FWHM could have stayed relatively unchanged
due to photons absorption in the active region remains unaffected by the
change in wavelength. Thus, the thin SPAD has a relatively stable timing jitter
across different wavelengths. Nevertheless, the existence of the exponential
tail and slight variation in IRF with wavelength means that there is a need
to characterize the IRF of a thin SPAD at the desired wavelength since the
change in the exponential tail will affect the accuracy of a time-resolved

measurement.
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3.6 Characterizing Timing Jitter of InGaAs SPAD

Other than thin SPAD, we also characterize the IRF and timing jitter of
an InGaAs SPAD, a detector widely used in quantum communication to
detect photons at telecommunications band (1100 nm - 1600 nm). The cross-
correlation function obtained using SNSPD and InGaAs SPAD, normalized
to the background coincidences, is presented in Fig.

InGaAs SPAD (1200 nm) and SNSPD (610 nm)
FWHM = (196 = 1) ps

100

50

Normalized Cross-correlation

—

-200 0 200 400 600
At (ps)

0¢&

-600 -400

FIG. 3.10. Cross-correlation function between two non-degenerate photon pairs,
1200 nm and 610 nm, detected using InGaAs SPAD and SNSPD respectively.
The function is normalized to the background coincidences. As the SNSPD is
much faster than InGaAs SPAD, this function can be approximated to be the
IRF of InGaAs SPAD at 1200 nm. The function was approximated to be a linear
combination of two Gaussian functions, with a FWHM of (196 £ 1) ps [40].

Using a similar approach to when we characterize the IRF of thin SPAD,
we characterize the IRF of an InGaAs SPAD by measuring the
cross-correlation function due to the detection of photons by the InGaAs
SPAD and SNSPD. However, as the timing jitter of an InGaAs SPAD is

expected to be significantly larger than that of an SNSPD, the
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cross-correlation function obtained can be used as an approximation for the
IRF of the InGaAs SPAD [40, 41].
We approximate the IRF of the InGaAs SPAD with a heuristic model

comprising of a linear combination of two Gaussian functions [40].

FinGans(Bt) = g@ (At) = AG(u1, 01, At) + BG(pa, 02, At), (3.8)

where A and B are the weights of each Gaussian function and the
subscripts on the u’s and ¢’s denote the mean and standard deviation of the
respective Gaussian functions.

The two Gaussian functions in the IRF of InGaAs SPAD are due to the
higher breakdown voltage at the edge of the SPAD device as compared to
the breakdown voltage at the central active area [40]. This results in slower
detection of photons that originate near the edge of the device as compared
to those generated at the central active area. Hence, the IRF of InGaAs SPAD
comprises of two peaks.

The characterized timing jitters from the FWHM of the IRF are presented
in Fig. 3.11]

Varying the wavelength of the photon incident on the InGaAs SPAD (1200
nm - 1600 nm), we observed that there is no significant change in the detector
IRF and timing jitter. The timing jitter is determined to be around 196 ps to
198 ps. This might be because the timing jitter in an InGaAs SPAD is mainly
contributed by the variation in the build-up of the avalanche process in the

active area, which is independent of wavelength [42, 43].
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Characteristic timing jitter of InGaAs SPAD

|

200

198 - |

s)

Jitter (p

196 - ¥

194

] | ] | |

1200 1300 1400 1500 1600
Wavelength (nm)

FIG. 3.11. Characteristic timing jitter of an InGaAs SPAD for different incident
photon wavelengths. The timing jitter varies from 196 ps to 198 ps for the tested
wavelength that ranges from 1200 nm to 1600 nm.
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Conclusion

In this report, the IRF and timing jitter of three different detectors have been
characterized. We measured that the timing jitter of our SNSPD around 40
ps at 548 nm, 810 nm, and 1550 nm. Furthermore, we also demonstrated a
technique for characterizing the IRF and timing jitter of a thin silicon SPAD
and InGaAs SPAD using the SNSPD as a reference detector.

We experimentally demonstrated the wavelength-tunability of our SPDC
source over the visible and telecommunications band, exhibiting a
comparable tunability to the existing femtosecond pulsed laser systems. We
successfully characterized the IRF and timing jitter of a thin silicon SPAD
from wavelengths 542 nm to 647 nm. The timing jitter is determined to be
approximately constant around 35 ps to 38 ps while the IRF is observed to
have an exponential tail, which changes with the incident photon
wavelength. Using incident photons with higher wavelength cause time
constant, 7, of the exponential tail to increase. The subsequent
characterization of the IRF and timing jitter of an InGaAs SPAD from 1200
nm to 1600 nm shows that both the IRF and timing jitter are independent of
the incident photon wavelength. The timing jitter of InGaAs SPAD is

determined to be around 196 ps to 198 ps
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Our experiment showed that the IRF of the thin silicon SPAD are
dependent on the wavelength of the photons used. Existing characteristics
provided by the manufacturer can provide a rough approximation for the
detector characteristics but is inadequate to get an accurate measurement.
This implies that precision measurements such as measuring the photon
statistics of narrowband astronomical sources and characterizing fluorescent
markers at different wavelengths require prior characterization of the

detector IRF and timing jitter at the required wavelengths [3, [16].
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