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EPIGRAPH

Those who are not shocked when they first come across quantum theory

cannot possibly have understood it.

- Niels Bohr
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ABSTRACT OF THE DISSERTATION

Photon Pairs from a Silicon Photonic Chip

by

Ranjeet Kumar

Doctor of Philosophy in Electrical Engineering (Photonics)

University of California, San Diego, 2016

Shayan Mookherjea, Chair

Photon pair sources with the capability to tune the wavelength and corre-

lation properties of the generated photons can be useful for quantum applications

such as communication, sensing, and computing. Silicon devices based on the SOI

(silicon-on-insulator) platform benefits from both tight modal confinement, due to

high index contrast between core and cladding, and CMOS compatible manufac-

turing process, making it a suitable platform for such sources. In the present work,

we discuss the possibility of using planar resonant silicon devices with bend radii

of a few tens of microns as photon pair sources. We discuss that a silicon nanopho-

tonic chip consisting of either a single microring or coupled microrings can be used

to generate photon pairs around 1.55 µm. We discuss that the photons are gener-

ated in multiple pairs of wavelengths and can be tuned over several nanometers,

xiv



demonstrating the capability to generate wavelength division multiplexed photon

pairs at freely chosen telecommunication-band wavelengths. Further on, we dis-

cuss the ease of control over the bi-photon spectrum of the generated photon pairs

and its implication in controlling their correlation properties. Uncorrelated pho-

ton pairs can be used to herald a single photon, and correlated photon pairs can

be used in various quantum applications such as communication and sensing. In

the end, we discuss the design parameters of a single microring resonator based

sources.
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Chapter 1

Introduction

There is a growing need for a good source of single photons or photon

pairs in the scientific and engineering community for various applications such as

quantum computing [1], communication [2] and sensing [3, 4]. All these appli-

cations promise enhanced performance compared to their classical counterparts,

e.g., quantum communication (quantum key distribution) promises unbreakable

secure communication through the laws of quantum mechanics [2, 5]. Classical

communication, which ensures security through mathematical complexity, such

as RSA encryption, can in principle be broken [6]. Some of the possible appli-

cations of quantum key distribution may include secure energy grid controllers,

space/satellite control network nodes and UAV portable ground control stations.

Source of Photons

Generation of photons can be classified into two categories: (1) Generation

of single photons through deterministic sources, and (2) Generation of photon pairs

through probabilistic sources. Deterministic sources such as Quantum dots [7,8] or

Diamond NV centers [9,10] use deterministic processes to generate single photons

on-demand. On the contrary, probabilistic sources use non-deterministic processes

such as spontaneous parametric-down conversion (SPDC) [11, 12] or spontaneous

four-wave mixing (SFWM) [13,14] to generate photon pairs in a probabilistic man-

ner. Due to inherit non-deterministic nature, the exact emission time of photon

1
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pairs are not known, but SPDC/SFWM ensures that the photons are always gen-

erated in pairs. This property can be utilized to “herald” a single photon from a

pair, and a pair source can effectively be used as a single photon source [15, 16].

Examples include SPDC process in χ2 non-linear materials such as periodically-

poled KTP & LiNbO3, and SFWM process in χ3 non-linear materials such as glass

& silicon.

Photons from pair sources also have the advantage of being non-classically

correlated (entangled) under certain conditions. Quantum entanglement is a unique

physical phenomenon under which the state of interacting particles cannot be de-

scribed independently. Entanglement can happen in various degrees of freedom,

such as polarization [17], energy-time [18] and orbital angular momentum [19].

Due to photon-starved nature of the modern communication systems, we always

seek to use more degrees of freedom to encode information than simple on-off key-

ing [20]. Hence, it is useful to maximize the number of bits per photon, and the

entanglement based protocols can be useful for higher order encoding processes.

Due to different generation processes, the generated photons are also inher-

ently different in their physical properties. In this dissertation, we are interested in

the photon pairs that can be useful for quantum communication over existing opti-

cal networks such as ITU-T 100-GHz telecommunication grid [21], which restricts

the wavelength of operation to be around 1550 nm.

Though bulk crystals and fiber optics have been the traditional go-to sources,

semiconductor-based platforms have recently gained more interest as they can ben-

efit from wafer-scale, low-cost, scalable manufacturing processes, in view of on-chip

integration. In particular, the CMOS-compatible SOI (silicon-on-insulator) plat-

form is advantageous because of the high refractive index contrast between silicon

core and silica cladding, which increases the mode confinement, increases non-

linearity, and thus reduces the device size [22]. Numerous silicon photonic struc-

tures have been demonstrated to generate photon pairs and herald single photon

at room temperature [23–31]. Among them the resonant devices such as ring based

structures have the advantage to being more compact and power efficient, requiring

only a few milliwatts or less of optical pump powers.



Chapter 2

Photon Pair Generation in Silicon

Photon pairs are generated inside silicon devices through spontaneous four-

wave mixing via non-linear Kerr interaction [32]. Through this mechanism, two

photons from a single optical pump beam at frequency ωp are absorbed and photon

pairs are created at frequency ωs (signal) and ωi (idler). Energy conservation

requires that 2ωp = ωs + ωi, and momentum conservation (phase matching) is

also necessary for appreciable rate of pair production. The expression for pair

generation rate (PGR) in a silicon waveguide can be written as [33]:

r = ∆ν (γP0Leff )
2 sinc2

[
β2 (∆ω)2 L/2 + γP0L

]
e−αL (2.1)

where ∆ν is the bandwidth of photon-pair channel, γ is the waveguide non-linear

coefficient, P0 is the input pump power, L is the waveguide length and Leff is the

effective length after accounting for the propagation loss α, and sinc2 [· · · ] is the

phase matching term with β2 being the group-velocity dispersion coefficient & ∆ω

being the pump–signal/idler angular frequency separation. γ and Leff in Eq. 2.1

are defined as:

γ =
2π

λ

n2

Aeff

Leff =
1− e−αL

α
(2.2)

where n2 is the Kerr non-linear coefficient, which give rise to an intensity dependent

3
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refractive index, and is approximated to be 5× 10−18 m2/W, λ is the pump wave-

length, and Aeff is the effective mode of the light field inside the waveguide [34].

(γP0Leff )
2 is the non-linear interaction term, where P2

0 shows the quadratic de-

pendence of pair generation rate on the pump power.

Periodically patterned silicon nanophotonic waveguides can have an effective

non-linearity coefficient γeff ≈ 4, 000 W−1m−1 to 10, 000 W−1m−1 that is 5 to 6

orders of magnitude larger than that of Highly Non-Linear Fiber (HNLF) around

a wavelength of 1.5 µm [35,36], allowing for pair generation using only milliwatts

or less of optical pump powers, in a regime where two-photon absorption and

free-carrier generation losses may be small. γeff is defined in Section 2.2.

2.1 Coincidence-to-Accidental Ratio

Once the pairs are generated, they are characterized through a time cor-

relation measurement. The generated photons are detected through two single-

photon avalanche diodes (SPADs), followed by a time-correlator. Coincidence-to-

accidental ratio (CAR) measures the correlation of the photon pair arrival times.

“Accidentals” can result, e.g., from one photon of a pair being lost/absorbed.

Fig. 2.1 explains the mechanics of CAR calculation, and Eq. 2.3 shows the expres-

sion for CAR, in the presence of detector dark counts.

CAR =
C

A
=

Craw − Araw

Araw −D
(2.3)

where C is the number of real coincidence counts, A is the number of real accidental

counts, Craw is the number of raw coincidence counts, Araw is the number of raw

accidental counts, and D is the number of coincidences due to detector dark counts.

CAR can be compared with a much known metric: Signal-to-Noise (SNR) ratio.

Having a signal at least one order of magnitude stronger than noise (i.e., CAR

> 10) suggests a possible implementation for applications such as quantum key

distribution (QKD). For example, Takesue et al. in [37] explicitly uses the value

of CAR ∼ 10 to numerically estimate a 5% error in QKD system using entangled

photon pairs.
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 Signal

Idler

Pairs

SPADs

Coincidence Accidental

Figure 2.1: Mechanism of coincidence-to-accidental ratio (CAR) measurement.
SPAD = Single photon avalanche diode and black dashed arrow is an indication of
spurious clicks in the SPADs, generally due to unwanted photons or detector dark
counts.

2.2 Straight Waveguide versus Planar Resonant

Devices

The pair generation rate described in Eq. 2.1 is for straight waveguides, and

for resonant devices the equation requires a modification: γ → γeff and γeff is

defined as [39]:

γ2
eff = SsSi

(
Sp + 1

2

)2

γ2 (2.4)

where Sp,s,i are the slowing factors at the pump (p), signal (s) and idler (i) wave-

lengths. Slowing factor incorporates the effect of resonant cavity, e.g., for a straight

waveguide S = 1, and for resonators S > 1. Here, we are interested in the compar-

ison of: (1) Straight waveguide, (2) Single microring resonator and (3) Chain of

microring resonators or coupled resonator optical waveguide (CROW). In CROW,

the light propagate from input to output through nearest-neighbor coupling, simi-

lar to tight-binding model of propagation in solid-state physics. The coupling of N

resonators contribute via coherent superposition of each (Bloch) resonance, that

is, these N resonances are the ‘supermodes’ of the combined structure, not N indi-

vidual, uncoupled resonances. CROW forms an optical slow-light structure, whose

dispersion relation exhibits reduced group velocity points [38], and these charac-

teristics are similar to those of photonic crystals, but coupled microring chains are
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easier to fabricate and couple light in and out.

In a perfect phase-matched condition, using Eq. 2.1 & 2.4, the pair genera-

tion rate (photon pair flux) can be written as [39]:

F
[
s−1
]

= ∆ν (γeffP0Leff )
2 e−αL (2.5)

where γeff , ∆ν, α, and Leff are defined previously with L = NπR; N is the number

of microring resonators. In Ong et al. [39] (Fig. 2), Eq. 2.5 has been evaluated

numerically, which suggests, for an identical α, P0 and ∆ν, a CROW with about 10

microrings surpasses both a single microring resonator and a waveguide in photon

pair flux.

2.3 Coupled Resonator Optical Waveguide

Having gone through the mechanism of photon pair generation in resonant

devices, let us look into a CROW with 11 microrings as a source of photon pairs.

Fig. 2.2(a) shows a microscope image of a fabricated CROW with 11 microrings,

cumulatively spanning a distance of 0.23 mm on the silicon chip with a bend radii

of 10 µm. The device was fabricated using CMOS-compatible processes on SOI

wafers with 220 nm silicon layer height, and singulated into chips for testing using

edge-coupled waveguide-to-fiber tapers. The cross-section of the device is shown

in Fig. 2.2(b). The implanted regions create a photo-diode which can monitor

the optical power in the CROW, so that the pump wavelength can be aligned

to the CROW resonances despite temperature variations – discussed for a single

microring resonator in Chapter 6. The transmission spectrum of the device is

shown in Fig. 2.2(c), with several passbands of about 1.75 nm in spectral width

separated by the 7 nm free spectral range (FSR) of the constituent microrings.

2.4 Generation and Detection of Photon Pairs

The experimental setup is shown in Fig. 2.3. The insertion loss of each fiber-

to-waveguide coupler was estimated as 4.3 dB, based on calibration measurements
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on separate test sites. Light was transmitted through the CROW in a disorder-

tolerant slow light regime, with a wavelength-dependent group index between 24

and 40 (greater values at the shorter wavelengths). The propagation loss was about

0.13 dB per ring including slow light enhancement of the loss, i.e., an insertion loss

of about 1.4 dB for the microring section. SFWM process was excited, generating

polarization-degenerate and frequency non-degenerate photon pairs. In view of the

ripples in the transmission passbands (shown in Fig. 2.2(c)), the pump wavelength
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Figure 2.2: (a) Microscope image of CROW with 11 microring resonators. (b)
Schematic of the cross-section with A = 650 nm and B = 900 nm. (c) Classical
transmission spectrum of the 11-ring coupled-microring device showing a series of
passbands and stopbands in a clean, single-mode family, with high passband-to-
stopband contrast.
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was initially chosen by optimizing the classical four-wave mixing conversion of a

weak signal beam at the signal wavelength to the idler wavelength.

L

1561.9 - 1565.4 nm

C/L splitter

Si CROW SFWM
    pair source

Detection and Coincidence
         measurement

InGaAs

InGaAs

l

l

l

l

I

Tunable cw laser diode

4 ns

5 MHz

0.2 mW avg. power

TE - polarized

TCSPC

Ch 1

Ch 2

V

Thermo-optic heater

DUT

Figure 2.3: Photon pair generation using laser diode-pumped SFWM. EDFA = Er-
bium doped fiber amplifier, FPC = Fiber polarization controller, EOM = Electro-
optic modulator, ASE = Amplified spontaneous emission, DUT = Device under
test, TCSPC = Time-correlated single photon counting.

Transverse electric (TE) polarized light at λp = 1562.6 nm with 4 ns pulse

width, 5 MHz repetition rate, 0.2 mW average power was used. The generated

signal and idler photons were separated using a tunable set of narrowband filters

with full-width at half-maximum (FWHM) of 0.6 nm for the C-band and 1.0 nm for

the L-band, with insertion loss of 6.2 dB in each case, and passband-to-stopband

contrast exceeding 150 dB. Photons were detected using InGaAs SPADs using a

reverse bias voltage of 3.0 V, resulting in an estimated quantum efficiency of 10%.

The SPADs were electrically gated with a window of 4 ns, synchronously with the

optical pump repetition rate. The averaged detector dark count rates in the two
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channels were measured to be 94 Hz and 195 Hz. The measured average singles

count rates were 98 kHz for the signal photons in the C-band at λs = 1547.9 nm

and 76 kHz for the idler photons in the L-band at λi = 1577.6 nm. The output

of SPADs were connected to the time-correlator, which measures the coincidence

events based on the arrival times of photons in SPAD A and B.
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Figure 2.4: Representational TCSPC data – measured with a bin resolution of 32
ps.

Fig. 2.4 shows the representational measurement from the time-correlated

single photon counting (TCSPC) module, with x- and y-axis being the delay in

arrival times of photons and detected coincidences in 60 min, respectively. Both

the generated photons in a given pair are expected to arrive at the same time,

with close to zero delay and hence, the real coincidence data (C) should have

zero delay on the x-axis. The coincidences detected after one/two/three· · · clock

cycle/cycles represent the accidental data (A). Clock cycle of 200 ns (inverse of

5 MHz ≡ 1
5×106

sec = 200 × 10−9 sec) with a bin resolution of 32 ps was used

for this measurement, and hence, the real and accidental data were separated by

the multiples of 200/0.032 = 6250 bins. Due to the jitter of about 500 ps in the

InGaAs detectors, the coincidence data has FWHM of about 500 ps, as can be seen

in Fig. 2.4. With an intention to collect the entire zero-delay data, an artificial

offset of about 25 bins was introduced in the TCSPC. The accidental after one
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clock cycle can be seen at about 6275 bins. Eq. 2.3 was used to calculate the value

of CAR from a data similar to Fig. 2.4, where Araw is the average accidentals of

many clock cycles.

The CAR was calculated to be 80± 24 with pair generation rate of 1.64×104

per sec. The uncertainties in CAR come from fluctuations in the measured coin-

cidence and accidental counts, and represent one standard deviation values. It

should be noted that due to quadratic dependence on pump power, PGR increases

with increase in pump power, but CAR decreases, mostly due to multi-photon pair

generation [23–25,28,40].

2.5 Spectral Multiplexing and Wavelength Tun-

ing

Now that we understand the generation and detection of photon pairs in

silicon based CROWs, let us look into the following two features of resonant devices

such as CROWs: (1) A device based on silicon microrings can generate multiple

lines of signal and idler photon pairs coupled into the same output waveguide

(spectral multiplexing), and (2) Generation of photon pairs in resonator-based

devices, whose wavelengths can be tuned using electrical current-driven thermo-

optic change of the refractive index of silicon.

2.5.1 Spectral Multiplexing

The wavelength of generated photons in the previous section correspond

to Band 2 in Fig. 2.5, but based on energy conservation and phase matching,

there are also other available bands for photon pair generation, such as Band 1,

Band 3, etc. [41]. For one chosen pump wavelength at 1562.6 nm, photons were

being generated in all the neighboring bands. The values of CAR and PGR are

mentioned in Table. 2.1. The measured values are within the permissible range,

which show the spectral multiplexing feature of CROW.
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Figure 2.5: A classical transmission spectrum of the 11-ring coupled-microring
device at room temperature (296.4 K) showing a series of passbands and stopbands
in a clean, single-mode family, with high passband-stopband contrast. Using a
single pump, multiple sets of photon pairs were generated, as indicated.

Table 2.1: Simultaneous pair generation from three bands as indicated in Fig. 2.5

at room temperature (296.4 K), using a fixed pump wavelength at 1562.6 nm with

0.2 mW average power.

Band CAR PGR (/sec) PGR (/pump pulse)

Band 1 55±11 6.75×103 1.4×10−3

Band 2 80±24 1.64×104 3.3×10−3

Band 3 65±16 1.13×104 2.3×10−3

2.5.2 Wavelength Tuning

When the chip was thermally heated or cooled using an external current-

driven thermo-electric controller (TEC) module, the spectrum shifted cleanly, and

without loss of contrast. As shown by the insets to Fig. 2.6, both the signal and the

idler wavelengths at which pairs were generated shifted smoothly, in accordance

with the predictions of energy and momentum conservation, to longer wavelengths

upon heating, without significant change in their spectral separation (λsignal−λidler).
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Figure 2.6: Changing the temperature of the chip changes the wavelengths of the
signal and idler photon pairs, and requires a linear tuning of the input pump
wavelength. The height of the bars is proportional to the measured CAR between
the photon pairs. Insets: Peak pair generation wavelengths for signal (top - left)
and idler (bottom - right) are shown here by tuned filtering channels, in front of
the wavelength insensitive SPADs.

Thus, in this device, photon pairs can be generated at any wavelength, e.g., aligned

to a grid of lambdas prescribed by a fiber network, if the free spectral range of the

constituent microrings is also compliant with this grid. Table 2.2 shows the pair

generation rate for Band 2 (indicated in Fig. 2.6) at several different temperatures;

Bands 1 and 3 have similar temperature tuning behavior. Fig. 2.6 shows that the

wavelength shift is linear with temperature, and a high CAR value is maintained

while tuning.

Temperatures were estimated using a measurement of resistance and a ther-

mistor equation:

RT = RT0 exp [β (T0 − T) /TT0] (2.6)

where RT is the resistance at a temperature T, β = 3900 was the specified material

constant of the thermistor, and RT0 = 10 kΩ was the resistance at T0 = 298.2 K.
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Table 2.2: Coincidence measurements of generated pairs from Band 2 at different

temperatures; wavelength shifts with temperature are described in Fig. 2.6.

Temp.(K) CAR PGR(/sec) PGR(/pump pulse)

287.9 65±22 1.27×104 2.5×10−3

296.4 80±24 1.64×104 3.3×10−3

303.4 85±16 1.12×104 2.2×10−3

307.6 79±17 8.59×103 1.7×10−3

313.9 54±10 1.16×104 2.3×10−3

317.8 65±08 1.44×104 2.9×10−3

320.7 64±15 1.39×104 2.8×10−3

324.2 83±24 1.17×104 2.3×10−3

328.4 53±12 1.23×104 2.5×10−3

2.6 Summary

In summary, this chapter discusses the photon pair generation in silicon pho-

tonic devices, along with the experimental setup to measure the time-correlation of

generated photons. In the later section, this chapter demonstrates the photon pair

generation from a comb of frequencies produced by a coupled-microring resonator

device pumped by a single wavelength, and its capability of tuning, via electric

current, the wavelength of the generated pairs. This demonstration is a step to-

wards realization of compact, electrically-tunable wavelength-division multiplexed

quantum light generating devices made using CMOS-compatible fabrication and

silicon photonics.

Chapter 2 contains material, reproduced in part with permission, from

Ranjeet Kumar, Jun Rong Ong, John Recchio, Kartik Srinivasan, and Shayan

Mookherjea, “Spectrally-multiplexed and tunable-wavelength photon pairs at 1.55

µm from a silicon coupled-resonator optical waveguide” Optics Letters Vol. 38,

Iss. 16, pp. 2969–2971 (2013). Copyright 2013, Optical Society of America. The

dissertation author was the primary author of this paper.



Chapter 3

Control over Bi-Photon Spectrum

In the previous chapter, the discussion was about the generation of photon

pairs in silicon devices such as CROWs. CROWs generate photon pairs in multiple

passbands, and while the discussion, in part, was about the spectral multiplexing

over different bands, the spectra of photons within individual passbands were not

explored. The bi-photon spectrum within the individual passbands can provide

the information about their bandwidth and correlation properties.

Due to ‘photon starved’ nature of the modern communication systems, we

always seek to use more degrees of freedom than simple on-off keying [20]. Some

of the common methods to encode information includes polarization-bin encod-

ing [17], time-bin encoding [42], and frequency-bin encoding [18]. However, the

quantum equivalent of manipulating the spectrum of the source has not been

demonstrated. Though directly-modulated semiconductor lasers are widely used

and well understood, demonstrating a similar concept in quantum optics is not

simple because a number of issues have to be simultaneously addressed. These

include the following: showing a photon source using semiconductor technology

which can be easily manufactured, designing internal degrees of freedom in the

architecture of the source which can be externally manipulated by a user to gen-

erate different quantum spectra, and developing a measurement procedure for the

different photon spectra, rather than simply counting photons (as discussed in the

previous chapter).

The bi-photon state |1〉s|1〉i of the photon pairs generated inside a CROW

14
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through SFWM can be written as:

|ψ〉 ∝
∫∫

dωs dωi

[
Φ

(
ωs + ωi

2

)] Ψ(ωs, ωi)︷ ︸︸ ︷
φPM(ωs, ωi)t(ωs)t(ωi) |1〉s|1〉i (3.1)

where Φ is the pump spectral envelope – generally taken as a Gaussian function

[43], φPM is the phase matching function, and t is the transfer function (amplitude

transmission) of the device. Eq. 2.1 described the φPM = sinc
[
β2 (∆ω)2 L/2 + γP0L

]
(approximation of sinc [∆β L/2 + γP0L] for ∆ω � ω) as the phase matching term

for straight waveguides, which under low input pump power can be approximated

as sinc
[
β2 (∆ω)2 L/2

]
. ∆β is the deviation from the perfect phase-matching, and

in devices such as CROW, the expression for ∆β is more complicated compared to

a straight waveguide, involving a discrete set of wavenumbers and terms that de-

scribe the reduction of group velocity (slow light effects) at these wavelengths [38].

The bi-photon spectrum or Joint Spectral Amplitude (JSA), which is a

product of Φ and Ψ in Eq. 3.1, can be measured experimentally through Joint

Spectral Intensity (JSI), which is given by the magnitude-squared of the JSA. The

shape of the JSI in the ωs − ωi plane depends concurrently on the linewidth and

wavelength of the pump, the phase-matching points and the transmission functions

t (ωs) and t (ωi) in the passbands of the two generated photons. The JSI has been

widely used in SPDC experiments for distinguishing between separable, correlated

and anti-correlated two-photon states, and quantifying entanglement [44–56]. The

manipulation of JSI is an active field of research in SPDC, and it is mostly done

through the manipulation of pump pulse [57]. Control over the JSI can be useful in

creating a versatile SFWM pair source, whose emission properties can be adapted

to the target application; e.g., for a heralded single photon source, uncorrelated

photon pairs are needed [54–56,58], whereas for an entangled photon source using

the spectral degree of freedom, the photon pairs may need to be highly corre-

lated [59]. Shaping the JSI of photon pairs after generation reduces their spectral

brightness significantly, and it is beneficial instead to modify the optical density

of states at the source [60].
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3.1 JSI in CROW

Eq. 3.1 suggests that the simultaneous energy conservation and phase match-

ing determine the JSI of the two-photon state generated by a pump beam of a

particular frequency or wavelengths. Fig. 3.1(a) represents an idealized map of Ψ

in terms of the quantity defined in the integrand of Eq. (3.1), i.e., the product

of the two-dimensional phase matching points for N = 5 coupled microresonators

and the transfer functions at the two passbands of the generated photon pair.

Along the horizontal and vertical axis, the transmission spectra at the ωs and ωi

passbands are plotted, showing the five supermode transmission resonances. In

real CROW, the separation between the resonances are not constant, but for sim-

plicity it is shown to have a constant separation. The number of transmission

resonances in each band is equal to the number of resonators (five), and together,

they form 5×5 = 25 phase-matching points in the two-dimensional plane at which

photon-pair generation can be efficient. When the pump frequency is fixed, the

equation 2ωp = ωs + ωi = constant. In the two-dimensional ωs − ωi plane shown

in Fig. 3.1(a), this equation defines the JSI to be one of the diagonally-oriented

boxes shown with dotted white lines. Different choices of ωp result in the selection

of different regions and correspondingly different JSIs, e.g., the regions marked

by the labels ‘b’, ‘c’ and ‘d’ correspond to the JSIs shown in Figs. 3.1(b), 3.1(c)

and 3.1(d), respectively. Other choices are also possible, corresponding to the

unmarked diagonals in Fig. 3.1(a).

The width (along the short axis) of the regions indicated by white dotted

lines in Fig. 3.1(a) is given by the spectral width of the pump pulses, which in

our experiment was less than 300 MHz, and therefore, only one narrow strip (one

band of resonances) was selected. The length (along the long axis) of the regions

indicated by white dotted lines in Fig. 3.1(a) is given by the lesser of two quantities:

either the spectral extent of phase matching (which was quite wide in our device,

exceeding several nanometers [35]), or the extent of the transmission band, that

is, the end-to-end span of the supermode resonances (which is determined by the

strength of the inter-resonator coupling coefficient [61]). In our device, the latter

quantity was the smaller one, and therefore, depending on the pump frequency,
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Figure 3.1: (a) This two-dimensional plot obtained by numerical simulation shows
the contours of the function Ψ defined in Eq. 3.1 as a function of the wavelengths
of the two generated photons, relative to the band center. Shown to the top
and the right are the transmission amplitudes in the two bands. The wavelength
of the pump determines which diagonally-oriented slices of this phase-matching
diagram comprise the joint-spectral intensity (JSI) of the photon pair, with three
particular possibilities for the JSI marked by regions ‘b’, ‘c’ and ‘d’. (b) The JSI
of the two photon state when the pump wavelength is positioned at the edge of its
transmission band, showing a state with one major peak in the JSI. Such a state is
suitable for heralding [46,58]. (c) The JSI when the pump wavelength is positioned
in the middle of its transmission band, showing a state with 5 distinct peaks, which
is suitable for an entangled pair source [46,59]. (d) The JSI when the pump is tuned
to another resonance in its transmission band, with three peaks as an intermediate
case. In each figure, the horizontal axes are in units of normalized wavelength
(one unit equals the separation between adjacent peaks) measured relative to the
band center, and the vertical axes and color scales are normalized so that the area
under the JSI is unity. The K values represent the Schmidt numbers, i.e., the
dimensionality of the singular-value decomposition of the JSI.

the number of peaks in the JSI could be varied from approximately one (in Fig. 3.1

(b)), when the pump was positioned at supermode resonance located at the edge

of its own transmission band) to the total number of resonators in the chain (5 in

Fig. 3.1(c), when the pump was positioned at the center of its transmission band).

Fig. 3.2(a) shows the construction of the JSI using the calculated transfer

function of an 11-ring coupled resonator structure, which models the device that

was fabricated. The peaks are not of the same size and strengths because near the

band-edges, the resonances are sharper and the transmission magnitude decreases
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Figure 3.2: (a) The JSI can be interpreted as the section of the N × N array of
phase-matching points in the ωs − ωi plane which are selected by the input pump
(of a particular energy ωp0) based on the principle of energy conservation to lie
along the diagonal regions shown by dotted white lines. The width of the selected
region which defines the JSI is given by the spectral width of the pump envelope
δωp. The pump itself must be resonant with one of the supermodes in its trans-
mission band; the possible choices of the pump frequency are shown by the black
circles along the diagonal line, defined by ωs = ωi = ωp/2. The JSI consists from
1 up to N peaks; here N was taken as 11 in this representative calculation of the
device used in the experiment, which consisted of 11 coupled silicon microring res-
onators. The horizontal axis represents the optical frequency of the ‘signal’ photon,
and the vertical axis represents the optical frequency of the ‘idler’ photon; in both
cases, the (ideal) transmission of one passband is shown to the top and right edges
of the plot, respectively. (b) Due to fabrication disorder that affects the precise
coupling coefficients between the resonators, the experimentally measured trans-
mission spectrum at the signal and idler passbands shows lower transmission at
some of the band-edge resonances compared to the band-center. Correspondingly,
the calculated JSI shows about five peaks should have higher brightness than the
others.

(see Fig. A.1). The JSI expected from the measured transmission at the signal and

idler wavelengths is shown in Fig. 3.2(b); this figure differs from the ideal because

of at least two possible reasons: (i) the increased loss at band edges due to the

increase in the slowing factor near the band-edge, (ii) errors in fabrication resulting

in a different coupling coefficient than intended between the feeder waveguides and

the first / last microring resonators (i.e., imperfect apodization). These issues can
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be addressed with improved fabrication, but for the present device, the JSI should

vary between one and five peaks. The JSI can consist of any number of peaks

ranging from 1 to N if the pump spectral width is narrow, and upto N2 if the

pump spectral width can be changed. Chains of upto N = 235 coupled silicon

microring resonators have been demonstrated with an end-to-end spectral width

of the transmission band of only about 5 nm [61], but those structures are not

suitable for pair-generation, because although the propagation loss per ring was

quite low (about 0.08 dB/ring), the total transmission loss was not low enough for

such long chains.

3.2 Schmidt Number

Schmidt number K is a widely used measure of entanglement, representing

the number of orthogonal modes in the singular-value decomposition (SVD) of

the magnitude of JSA [44]. In this chapter, it is calculated as the square root

of the measured JSI under the assumption of flat spectral phase. A bi-partite

state is entangled if the number of non-zero eigenvalues is more than one. The

Schmidt number can equal the Shannon number for a communications system,

which reflects the number of independent communication channels between source

and receiver [62] and is related to the “entanglement entropy” [45]. As shown in

Figs. 3.1(b) – 3.1(d), K can take on a wide range of values for the different JSIs. In

the most general case, K can be continously varied by changing the inter-resonator

coupling coefficients [63]; however, this is difficult to realize in practice. Here, we

show the selection of different values of K from a discrete set of alternatives,

achieved by two different ways: either by changing the temperature of the chip, so

that the transmission bands shift with respect to the (fixed) pump frequency, ωp, or

alternatively, by changing the pump frequency while holding the chip temperature

constant. Fig. 3.3 shows the zoomed-in transmission spectrum of the device used

in this chapter – CROW with 11 microring resonators.

In conventional SPDC experiments, the pump beam is shaped by bulk optics

components in order to fine-tune the spectral correlations [46,54–56], but the ability
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Figure 3.3: (a) The bands indicated by the blue, green and red dashed-line boxes
denote the passbands for the signal, pump and idler beams. (b) The transmission in
a single passband is magnified, to show the individual transmission peaks (Bloch
mode resonances). Unlike the idealized transmission calculated for an N = 11
coupled-resonator waveguide, shown in Fig. A.1, the transmission spectrum for
the experimentally-fabricated device shows peaks of unequal height because of the
enhanced loss near the band-edges and fabrication imperfections.

to select manifestly different JSIs with vastly different K’s is a unique aspect of

this type of lithographically-fabricated, multi-component structure that has not

been demonstrated before, for any other photon pair source.

3.3 Experimental Details

The experimental conditions for generating photon pairs and measuring co-

incidences are similar to the last chapter, showing good coincidence-to-accidentals

ratio for a wide range of temperatures and pump wavelengths. Light was coupled

between optical fibers and the on-chip waveguides using inverted tapers on the

waveguides, and lensed tapered single-mode polarization maintaining fibers. The

insertion loss of each fiber-to-waveguide coupler was estimated as 3 dB, based on

the calibration measurements on seperate test sites. SFWM generated polarization-

degenerate and frequency-nondegenerate photon pairs, and the wavelengths of

the pump and the generated photons were in the telecommunications band near

1.55 µm. The required pump power was about 0.2 mW after coupling to the on-

chip waveguide from the input fiber. The pump wavelength was aligned with one
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of the transmission passbands of the coupled-resonator device near 1.55 µm. The

continuous-wave pump light was carved into pulses of duration approximately 4 ns

at repetition rate 60 MHz using an electro-optic modulator. For measurement, the

photons were filtered using a tunable set of narrowband filters with full-width at

half maximum of 0.6 nm for the C-band and 1.0 nm for the L-band, insertion loss

of 6 dB, and passband-to-stopband contrast exceeding 150 dB. SPADs were used

at an estimated quantum efficiency of 10%. The average detector dark count rates

in the two channels were measured to be 1.53 and 2.5 kHz. The electrical “clicks”

from the SPADs were processed using a fast AND gate (7,400 series TTL logic

integrated circuit) and a frequency counter to measure the number of coincidences

in a given time window.

3.4 Deconvolution of the Filter PSF

The rapid measurement of JSI is a non-trivial problem. The peaks and

valleys which distinguish one JSI from another are separated by a frequency interval

of about 20 GHz (about one-tenth of a nanometer), and whereas classical optical

spectrum analyzers are capable of providing such a high resolution, they are not

sensitive at the single photon level. On the other hand, quantum photon detectors

such as SPADs are not wavelength-selective. While two-dimensional arrays of

SPADs now being developed [64, 65] will be beneficial in the future, here, we

use high-contrast tunable telecommunications-grade optical filters in front of the

SPADs, as shown in Fig. 3.4(a), to measure the JSI by scanning over the two-

dimensional frequency grid. The measured data, of which two examples are shown

in Fig. 3.4(c) and 3.4(g), represent the convolution of the actual JSI and the point-

spread function (PSF) of the filters shown in Fig. 3.4(b). There are a number of

different ways of deconvolving blurred images and as a representative method,

we used the Richardson-Lucy (RL) algorithm [66]. The RL deconvolution is an

iterative procedure for recovering, in a maximum-likelihood sense, a latent image

that has been blurred by a known PSF. The end-point of the iteration generally

needs to be determined by the user, and we use our prior knowledge of typical JSIs
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Figure 3.4: (a) Photon pair generation using laser diode-pumped SFWM. The de-
vice temperature was controlled using a thermo-electric controller (TEC). Tunable
filters were used in front of the SPADs to measure the JSI. (b) The filter point-
spread function (PSF) had a full-width at half-maximum of 0.6 nm along the axis
for photon S and 1.0 nm along the axis for photon I, which resulted in the mea-
surement of a blurred JSI. The colorbar represents transmission in dB. (c) & (g)
Examples of two different raw (blurred) JSIs, which were deconvoluted from the
PSF using the iterative Richardson-Lucy algorithm, with (d) & (h) 20 iterations
and with (e) & (i) 50 iterations. (f) & (j) A classical four-wave mixing experiment
was performed to identify the phase-matching points. Each JSI was normalized to
unit area, consistent with its definition as a probability density. In panels (c)-(j),
the horizontal axes are in units of normalized wavelength (one unit equals 0.6 nm),
measured relative to the respective band centers (‘Photon S’ : 1548.8 nm, ‘Photon
I’ : 1578.7 nm).
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(as shown in Fig. 3.1) as a guideline, and confirm our choice by a classical four-

wave mixing experiment [53]. In Figs. 3.4(d), and 3.4(e), we show the results of

deconvolution on the measured data (Fig. 3.4(c)) for 20 and 50 iteration steps,

respectively. Similarly, for the measured data shown in Fig. 3.4(g), we show the

results of deconvolution with 20 and 50 iteration steps in Figs. 3.4(h) and 3.4(i),

respectively. In each case, we stopped at 50 iterations, because the general shape

and “sharpness” of the JSI was then similar to the phase-matching function mea-

sured by a classical four-wave mixing experiment, shown in Figs. 3(f) and 3(j) for

the two cases.

3.5 Measurement of the JSI

Fig. 3.5 shows that different JSIs were obtained experimentally from a

CROW with 11 microrings (transmission spectrum shown in Fig. 3.3). In Fig. 3.5(a)

–3.5(c), the optical pump wavelength was kept constant at λp = 1563.61 nm, and

the chip temperature was tuned from 27.7 ◦C (Fig. 3.5(a)) to 30.2 ◦C (3.5(b))

and to 37.3 ◦C (3.5(c)). This range of temperature variations can be achieved by

conventional thermo-electric controllers, such as those incorporated within com-

mercial semiconductor lasers [20]. In Fig. 3.5(d)–3.5(f), the chip temperature was

kept constant at 30.2 ◦C and the pump wavelength was tuned from 1563.03 nm

(Fig. 3.5(d)) to 1563.61 nm (Fig. 3.5(e)) and to 1563.79 nm (Fig. 3.5(f)). This

range of wavelength variation required of the pump is comparable to the range of

tunability offered in compact commercial tunable semiconductor lasers [20], which

can therefore be conveniently used to pump the silicon chip. Other different JSIs

can also be obtained; however, we limit our study to these three examples because

each frame shown in Fig. 3.5 took many hours to acquire since the optical filters

were individually scanned over the two-dimensional grid.

In the next section we show a measurement example in which the de-blurring

algorithm was not needed, e.g., to decide between three distinct JSI alternatives,

where the measurement took only 30 seconds. In Fig. 3.5(a) and Fig. 3.5(c), the

JSI showed a single peak, but because of the elliptical shape of the peak, the
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Figure 3.5: Experimentally generating photon pairs with different JSIs. Distinctly
different JSIs can be obtained by tuning either the chip temperature or the pump
wavelength. (a), (b) & (c) Three JSIs measured with a fixed pump wavelength
(1563.61 nm) while tuning the TEC controlling the chip temperature to 27.7 ◦C
(a) to 30.2 ◦C (b) and to 37.3 ◦C (c). (d), (e) & (f) Three JSIs measured with a
fixed TEC temperature setting of 30.2 ◦C while tuning the pump wavelength to
be 1563.03 nm (d), 1563.61 nm (e), and 1563.79 nm (f). In each case, the range
of wavelengths over which data was acquired was the same. The Richardson-Lucy
algorithm was used to deconvolve the point spread function of the filters in front
of the SPADs with 50 iterations. The Schmidt numbers are K = 1.95 (a), 5.72
(b), 7.02 (c), 1.88 (d), 5.72 (e) and 5.47 (f). In each panel, the horizontal axes
are in units of normalized wavelength (one unit equals a wavelength separation of
0.6 nm) measured relative to the respective band center, which for ‘Photon S’ was
1548.8 nm and for ‘Photon I’ was 1578.7 nm. The vertical axes and color scales
are normalized so that the area under each JSI is unity, reflecting the fact that JSI
is a probability density.

Schmidt number K is greater than 1. To reduce K without shaping the pump

pulse, the device design should be adjusted to support a slightly broader spectral

envelope for the pump pulse. The results of Fig. 3.5 show that temperature tuning
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and pump wavelength tuning result in similar effects, and either method of selecting

different JSIs can be adopted in practice. The peak coincidence rates are estimated

as (from panels a to f in sequence): 72 kHz, 30 kHz, 18 kHz, 61 kHz, 30 kHz, and

20 kHz. These rates are calculated from the measured coincidence rates at the

detectors after factoring out the chip-to-fiber coupling loss (3 dB), off-chip filter

losses (6 dB) and detector quantum efficiencies (10%).

3.6 Rapid Differentiation of the JSIs

Measurement of JSI is a slow process, as described in the previous section,

but for some applications, it may not be necessary to wait for the full acquisition,

e.g., a choice between a finite number of JSI alternatives can be made significantly

faster.

Fig. 3.6 shows the result of a representative experiment in which the silicon

chip transmits photon pairs with different JSIs encoded in different time slots,

thereby encoding information in the quantum spectrum of the photon pair. We

choose the three alternatives for JSI shown in Fig. 3.5(d), (e) and (f) as the possible

choices at the transmitter. The receiver, which consists of the tunable filters and

SPADs, measures a wide two-dimensional wavelength spectrum sufficient to cover

all possible choices of the JSI. In the interest of making a faster measurement, we

did not measure the full 2.4 nm × 2.4 nm span shown in Fig. 3.4 and limited our

measurements instead to a smaller 0.6 nm × 1 nm window which was sufficient to

distinguish between the three particular JSIs under consideration.

The tall coincidence peaks shown in Fig. 3.6(a) correspond to the cases

where the filter settings at the detector were correctly matched to the JSI that was

transmitted. Coincidence counts were accumulated for a duration of 150 s for each

of the 9 entries. The low off-diagonal peaks represent cases where the detector’s

JSI measurement was not matched to that of the transmitted JSI.

The dominant diagonal entries of the matrix of values showed that measure-

ment over 150 s was sufficient to clearly distinguish at the receiver which JSI was

transmitted. A further speed up can be achieved, to about 30 s. In Fig. 3.6(b), we



26

show the results of a timed experiment, in which the pair-source was programmed

to transmit the three JSIs shown in Fig. 3.5(d), (e) and (f) in sequence. In each

case, the diagonal entry of the matrix was the dominant one, showing that the

correct JSI could be identified.
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Figure 3.6: Distinguishing between JSIs more rapidly. (a) Photon pairs were gen-
erated in one of the three JSIs shown in panels Fig. 3.5(d), 3.5(e) and 3.5(f) , and
labeled P1, P2 and P3 respectively. By counting coincidences with three different
filter settings (labeled F1, F2 and F3), the detector independently attempted to
infer the JSI. Correct alignment, i.e., F1 to P1, or F2 to P2, or F3 to P3, resulted
in the largest number of measured coincidences as shown by the tall bars on the
diagonal, compared to the small number of mis-matched counts in the off-diagonal
entries. The colorbar indicates measured coincidences in a duration of 150 s. (b)
The transmitter cycled through the “P1-P2-P3” pattern 10 times, each of duration
30 s. At the receiver, the diameter of the circles is proportional to the number of
measured coincidences in the time interval. Since the diagonal entry in each case
is the largest, the receiver can correctly identify which JSI was transmitted among
the three alternatives within each time slot.
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3.7 Discussion

These results show the rich diversity of JSIs that can be generated by ex-

ploiting the degrees of freedom offered by chip-based lithographically-fabricated

photon-pair sources, as contrasted with their bulk crystal or fiber counterparts. In

addition to the simple tuning schemes shown here, the individual resonator fre-

quencies or coupling coefficients can be tuned, to realize even more interesting JSI

shapes.

Exploitation of higher-dimensional states for communication is of consider-

able research interest but the most widely-studied examples of spatially-encoded

or polarization-encoded states are generally not robust to transmission over con-

ventional optical fiber or realistic atmospheric channels. One example of utilizing

the frequency degree of freedom to overcome these limitations is time-frequency

coding [67], where the ability to achieve high values of K without requiring a large

frequency bandwidth can relax the timing constraints on detectors. Since there is a

strong trade-off between detector speed and efficiency of single-photon detectors at

the present time, the ability to generate strong spectral correlations over a narrow

band has been desired [67], so that the arrival-time coincidences can be stretched

over a long enough period to be resolved by detectors. Unlike the elliptical JSIs

generated by SPDC, the JSIs discussed here use the two-dimensional frequency

space more fully, and can achieve large Schmidt numbers in a bandwidth of only

a few nanometers.

3.8 Summary

In summary, these results have demonstrated control over the bi-photon

spectrum using compact, chip-scale photon pair sources, made using conventional

planar lithography on silicon wafers with CMOS-compatible fabrication proce-

dures. Such devices combine the high nonlinearity of the silicon material with

internal degrees of freedom resulting from the design of the optical circuit in which

the photons are generated. We have demonstrated that the JSI of the two gen-

erated photons can be controlled by either selecting different pump wavelengths,
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or different chip temperatures, and additional ways of programming the chip can

be envisioned. The potential for high density of information encoding in the spec-

trum of the photon pairs will lead to advances in both regular and quantum optical

communications.

Chapter 3 contains material, reproduced in part with permission, from

Ranjeet Kumar, Jun Rong Ong, Marc Savanier, and Shayan Mookherjea, “Con-

trolling the spectrum of photons generated on a silicon nanophotonic chip” Nature

Communications Vol. 5, art. 5489 (2014). Copyright 2014. The dissertation

author was the primary author of this paper.



Chapter 4

Proof of Entanglement

In the previous chapter, we discussed the mechanism to control the bi-

photon spectrum, and its usefulness. Pairs with K = 1 are supposed to be uncor-

related and with K > 1 are supposed to be non-classically correlated, or entangled

– where K is the Schmidt number. Though this a generally accepted metric, it has

been argued that just Schmidt number calculation is not sufficient to prove the non-

classical correlation between pairs, mostly due to its mathematical construct and

vulnerabilities toward numerical artifacts. In quantum community, a generally ac-

cepted norm for the proof of entanglement is the violation of Bell’s inequality [68].

The violation of Bell’s inequality implies the correlation between the particles can-

not be explained using local hidden variables, and therefore, they are non-classically

correlated. The original Bell’s inequality was derived for spin/polarization degree

of freedom but in 1989 J. D. Franson rederived the inequality for energy-time

degree of freedom [69].

The wave-function of quantum states collapse with measurements, and

hence, leaving them of no further use. So, unlike a classical object, a quantum

object requires extreme care, while being probed. In SFWM process, through en-

ergy conservation (2ωp = ωs + ωi), we know the combined energy of the generated

photons, but we do not know the energy of the individual photons, unless we mea-

sure it or in other words, collapse their wave-functions. In the time-domain, this

means, it is known that the photons were generated within the two-photon coher-

ence time but we do not know the exact emission time [70]. Here we used a Franson

29
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type experiment to investigate the energy-time entanglement [69, 70]. For silicon

photonics, such measurements have been shown recently for the (single) microring

resonator [40, 71, 72] and the photonic-crystal coupled cavity waveguide [73]. In

this chapter, we performed a similar experimental test of entanglement on photon

pairs generated by our coupled-microring structure.

4.1 Experimental Details

The device, fabricated in the same batch as the one described in the previ-

ous chapters, was pumped for SFWM with a TE-polarized light with an average

power of few mWs (typically 3 - 5mW) in the waveguide (wavelength λp ≈ 1561.5

nm, pulse width = 8 ns and repetition rate = 15 MHz). Figure 4.1 describes the

experiment, which is a coincidence measurement setup in which the arrival times of

the simultaneously generated photons are analyzed using two independent interfer-

ometers [69]. Due to reasons explained later in the chapter, pump pulse width has

to be longer than the path-length imbalance of the interferometers, which in turn

has to be longer than the timing jitter of the detectors. The generated energy-time

correlated signal (photon 1) and idler (photon 2) pairs are at λs ≈ 1546.5 nm and

λi ≈ 1576.5 nm, respectively (generation probability = 6.7 × 10−4 pairs/pump

pulse). The chip temperature was stabilized at 30.2 ◦C. Photons at the output

of the chip were spectrally separated using a three-port add/drop filter. After

further filtering for pump rejection, the filtered bandwidths of the photons were

about 0.6 nm (76 GHz) for λs and about 1.0 nm (122 GHz) for λi. Note that it

would have been preferable to use two filters of same bandwidth, wide enough to

capture the entire photons spectra, but despite extensive search, we were unable

to find telecom components complying with our requirements. In both the arms,

collective insertion loss from cascaded filters was about 6 dB each.

The photons were input into two separate Mach-Zehnder interferometers

(MZIs). One arm of each MZI was made of polarization maintaining fiber (long

arm) and the other of free-space polarization-maintaining optics elements (short

arm), with an optical path-length difference ∆L = 56.55 cm. Equivalently, the
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Figure 4.1: Photon pair generation using diode-pumped SFWM and entangle-
ment characterization measurement through Franson interferometry. Two separate
Mach-Zehnder interferometers (MZIs) were constructed, and separately stabilized
using feedback based on transmission of the classical pump light. Blue lines refer
to polarization-maintaining single-mode fiber and green lines to non-polarization-
maintaining single-mode fiber.

path-length difference corresponds to a time delay ∆τ = 1.88 ns, which is indeed

greater than the typical timing jitter (0.5 ns) of the off-the-shelf InGaAs SPADs

used here. The two MZIs were matched carefully: the difference between the (long

arm – short arm) imbalances of the two interferometers was less than 0.16 cm,
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verified by time-of-flight measurements.

Each free-space path-length was actively (and separately) stabilized by us-

ing a piezo-actuated positioner under computer control using feedback from a

power-level measurement of the classical pump light which was fed through the

interferometers. Using error propagation calculations on the dependence of MZI

output power with the arm imbalance (phase difference), the stability of the MZI

was calculated to be about ±0.1 radian, indicating that the length of the MZI vari-

able arm was stabilized within about ±25 nm relative to the fixed arm. During

the measurements of visibility, the signal MZI was scanned, whereas the idler MZI

was held stationary.
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Figure 4.2: Full Franson Interferometer: (a) Singles from SPAD 1 (Signal) and
SPAD 2 (Idler). (b) Output of the TCSPC for three gate configurations (corre-
sponding to the SL, SS+LL and LS events) for two different interferometer phases
(Φ = Φ0 and Φ = Φ0 + 180◦). Each bin represented here is of 400 ps in width and
the measurement time was 900 seconds for each events.

The insertion loss of each MZI was 7 and 8 dB respectively, including ∼1dB

excess loss at each of the input and output ports of the 50%/50% splitters, ∼3

dB loss at the fiber collimators, ∼1.5 dB excess loss at the fiber TE polarizer and

∼1 dB excess loss at the output 90%/10% coupler. In order to maintain a good

signal-to-noise ratio for our coincidence measurements, we matched the singles rate

of the two SPADs by balancing their respective quantum efficiencies in order to

compensate for the insertion loss difference, as seen in Fig. 4.2(a). These loss values

could be reduced in the future using an on-chip interferometric structure; however,

the timing jitter of the InGaAs SPADs required that the MZI arm-length imbalance

had to be about 56.55 cm (in air), and would require very low loss waveguides on



33

chip (e.g., 0.5 dB/cm loss in waveguides with refractive index approximately 4).

In this experiment, we did not attempt to make such waveguides, although the

state-of-art in silicon waveguide fabrication is already not too far off this goal, and

the requirements are eased if the timing jitter of the SPADs can be reduced [74].

Photons were detected using InGaAs SPADs with an estimated 15% quan-

tum efficiency and a gate width of 2.5 ns. The measured dark counts were 310

Hz and 115 Hz, for detector 1 and 2, respectively. Coincidence measurements

were performed with a TCSPC board (TimeHarp 260 PICO) over a period of 900

seconds, by cumulatively adding the contributions of 10 bins of width 100 ps.

4.2 Results and Discussion

In each MZI, a photon (labeled ‘1’ or ‘2’) can take two equally-probable

paths, short (S) or long (L), leading to four possible scenarios for the coincidence

events measured at the TCSPC: |S1L2〉, |S1S2〉, |L1L2〉, and |L1S2〉. In the case of

|S1L2〉 and |L1S2〉, since the two photons have acquired a relative time lag larger

than the two photon correlation time, they are distinguishable from each other

as well as from |S1S2〉 and |L1L2〉. For the remaining two processes, the intrinsic

uncertainty in the emission time of a photon pair within the duration of a pump

pulse makes them indistinguishable from each other – pump pulse width larger than

the path length imbalance also ensures indistinguishability of the detected photons.

Thus, the bi-photon state |Ψ〉 reaching the detectors can be written as |Ψ〉 =

1√
2

(|S1S2〉+ |L1L2〉) = 1√
2

(
|S1S2〉+ eiΦ|S1S2〉

)
, where Φ = φ1 +φ2, with φ1 and φ2

being the phases of signal and idler MZI, respectively. The associated coincidence

rate should exhibit an interference pattern, which should go from constructive to

destructive for a phase change ∆Φ = π, as verified in Fig. 4.2(b). The incomplete

disappearance at ∆Φ = π is attributed towards the background accidentals count.

The path-length imbalance of the interferometers greater than detector’s timming

jitter ensures distinct SL, SS+LL, LS peaks.

There are several factors that contribute towards the accidentals counts,

as observed in other reports [23, 25, 26, 28, 40, 71–73, 75–78], such as the amplified
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spontaneous emission of the pump leaking through the filters, the detector dark

counts and the propagation losses encountered by the photon pairs in propagating

from the output of the chip to the detectors via the filters and interferometers,

which can cause broken pairs and thereby result in start-stop pair counting between

separated time slots, rather than coincidences. We operated our device at a pair-

generation rate of approximately 10 kHz (without scaling for the duty cycle of the

pump pulses, or approximately 83 kHz after multiplying by the duty cycle of the

pump).

The path imbalance ∆τ � τp (single-photon coherence time) ensures no

single-photon interference events [69, 70]. Here, the single photon coherence time

was estimated through the bandwidth (∆ν) of the detection filter: ∆ν ≈ 0.8 nm at

1550 nm implies τp ≈ 10 ps� 1.88 ns. Fig. 4.2(a) confirmed the absence of single-

photon interference through the independence of the singles rate on Φ for both

the SPADs. We also verified the independences of |S1L2〉 and |L1S2〉 coincidence

counts over the same variation.
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Figure 4.3: Two photon interference pattern of |Ψ〉 for two different pump wave-
lengths: (a) 1561.64 nm, (b) 1561.86 nm. These wavelengths correspond to adja-
cent transmission resonances within a single passband of the device. Red circles =
experimental coincidence data, Black solid curve = Fit to the experimental data,
Black dashed line = Average accidentals, Black circles = Individual accidentals.

The cumulative value of the counts under the central peak shown in red

in Fig. 4.2(b) was measured as the MZI phase of the signal interferometer was

varied. The measured data were assumed to have an error bar of magnitude
√

N,

N being the number of coincidences measured during 900 seconds. The phase
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(horizontal axis) was inferred from the transmission of the classical pump light

beam, using the standard power-versus-phase-imbalance relationship of a MZI.

A fitting procedure, based on the Levenberg-Marquardt non-linear least-square

curve fitting algorithm, confirmed the sinusoidal variation of coincidences with

phase, as shown in Fig. 4.3. Each set of measurements took about 4 hours, over

which time we could maintain the stability of both the MZIs, and of the input

pump pulse-train in power and polarization, and both input and output chip-fiber

couplings. An average value of accidentals, averaged over all the phase values,

was subtracted from the measured coincidences, as shown by the dotted lines.

A two-photon interference pattern fringe visibility V ≥ 70.7% implies that the

generated pairs are quantum-mechanically correlated, i.e., entangled [79], without

necessarily providing a test of local realism. In Fig. 4.3, we show V in excess of

this threshold value for two adjacent spectral peaks in the transfer function of the

device after subtracting the accidentals (the raw V without subtracting accidentals

are 68.1±5% and 55.1±4.2% for Fig. 4.3(a) and Fig. 4.3(b), respectively).
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Figure 4.4: Classical transmission for 11 ring CROW. Signal, Idler, and Pump
passbands are shown in green (left), blue (right), and red (center), respectively.
The most prominent central five peaks are labeled as P1 - P5. (a) Chip used for
full Franson measurement. (b) Chip used for folded Franson measurement.

In Fig. 4.3, the pump wavelength was aligned to two adjacent peaks of the

transmission spectrum which were separated by 0.2 nm. This range of wavelength

tuning is equivalent to varying the chip temperature by 7◦C. The presence of
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multiple transmission peaks in the passband of the coupled-resonator structure

makes it possible to vary the pair generation properties by tuning to a nearby

peak that is only 0.2 nm away. In contrast, a single microring device would have

to tune by at least one-half of the FSR, which corresponds to changing the chip

temperature by more than 40◦C [75] before encountering another resonance.
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Figure 4.5: Photon pair generation using diode-pumped SFWM and entanglement
characterization measurement through a folded Franson interferometry. Notice the
simpler apparatus for stabilizing the interferometer, compared to Fig. 4.1.

The neighboring spectral peaks in the transmission spectrum are also ex-

pected to be useful in generating entangled photon pairs with visibilities V ≥
70.7%. To confirm this, we used a folded Franson interferometer [80]: a simplified

experimental setup, where both the photons go through a single MZI, as repre-

sented in Fig. 4.5. This experimental configuration is simpler to use and stabilize,
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enables all the spectral filtering to be performed after the interferometer, and would
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Figure 4.6: Folded Franson Interferometer: (a) Singles from SPAD 1 (Signal)
and SPAD 2 (Idler). (b) Output of the TCSPC for three gate configurations
(corresponding to the SL, SS+LL and LS events) for two different interferometer
phases (Φ = Φ0 and Φ = Φ0 + 180◦). Each bin represented here is of 300 ps in
width and the measurement time was 900 seconds for each events.

occupy less space on a chip when integration is attempted in the future. The

relative group delay shift accumulated between the ‘signal’ and ‘idler’ photons,

separated in wavelength by about 30 nm, in propagating through a few meters

of SMF-28e fiber was ignored in comparison to the SPAD timing jitter. The

singles-versus-phase plot and coincidence binning plots for this set-up are shown

in Fig. 4.6; in this case, the singles counts were not intentionally balanced as in

the previous case. Because of mechanical damage to the chips during repeated and

prolonged testing, we had to use a different device in these additional measure-

ments, which had a similar, but not identical, transmission spectrum (Fig. 4.4).

Nevertheless, when the pump wavelength was aligned within the passband to the

same transmission peaks as used in Fig. 4.3, the measurement of interference pat-

terns in the folded Franson interferometer shown in Fig. 4.7(c) and (d) resulted in

values of V similar to those reported in Fig. 4.3. Since this experiment was easier

to operate, involving one feedback-stabilized interferometer, rather than two, we

also measured V for two other transmission resonances of the pump, as shown in

Fig. 4.7(a) and (b). We believe that there is a relationship between the two-photon

interference visibilities, V , and the two-photon JSIs measured in previous chapter

[81], but have not fully investigated the connection yet.



38

(d)c)(

(a) (b)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
o

in
c
id

e
n

ce
 r

a
te

 (
H

z)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
o

in
ci

d
e

n
ce

 r
a

te
 (

H
z)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
o

in
ci

d
e

n
ce

 r
a

te
 (

H
z)

V = 96.5 ± 5.8%

V = 90.2 ± 6.9% V = 75.1 ± 4.3%

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
o

in
c
id

e
n

ce
 r

a
te

 (
H

z)

0

Phase (degree)

360180 27090

V = 82.5 ± 7.3%

0

Phase (degree)

360180 27090

0

Phase (degree)

360180 270900

Phase (degree)

360180 27090

Figure 4.7: Two photon interference pattern of |Ψ〉 for four different pump wave-
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device. Red circles = experimental coincidence data, Black solid curve = Fit to
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4.3 Summary

In summary, this chapter shows the two-photon (Franson) interference of

spectral lines of photon pairs generated using a silicon photonic chip at room-

temperature, pumped by only a few milliwatts of optical pump power, and us-

ing commercially-available thermo-electrically cooled InGaAs SPADs at 234K. We

have reported measurements of time-energy entangled photons using both unfolded
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and folded Franson interferometers. Taken together, these results suggest it may

be possible to realize an inexpensively-fabricated, chip-scale entangled photon pair

source with low tuning power consumption, integrated with an entanglement mon-

itor operating at a modest cooling budget, which may be useful for practical ap-

plications.

Chapter 4 contains material, reproduced in part with permission, from

Ranjeet Kumar, Marc Savanier, Jun Rong Ong, and Shayan Mookherjea, “Entan-

glement measurement of a coupled silicon microring photon pair source” Optics

Express Vol. 23, Iss. 15, pp. 19318–19327 (2015). Copyright 2015, Optical Society

of America. The dissertation author was the primary author of this paper.



Chapter 5

Photon Pair Generation in

Microring Resonators

CROW promises to be a better device, both in terms of pair generation rate

and ease of control over the bi-photon spectrum, compared to a single microring

resonator; but unlike a single microring, CROW is a more complicated device to

design and fabricate. One such example was discussed in Chapter 3 for CROW

with 11 microring resonators (Fig. 3.3). Error in fabrication results in different

coupling coefficient than intended between the feeder waveguides and the first/last

microring resonators (that is, imperfect apodization). Single microring resonator

based sources also have smaller footprints on the chip. This matters more when it

is required to multiplex several pair sources. For example, a few dozen multiplexed

non-deterministic sources with heralding detectors, used concurrently with an ac-

tive optical switching networks has the potential to operate as a quasi-deterministic

single photon source with high emission probability [82].

5.1 Pair Generation: Theoretical

Unlike in straight waveguide, once the light enters a microring resonator, it

circulates for multiple round-trips before exiting. In a traveling-wave picture, due

to circulation of the fields in a microring resonator, non-linear optical interactions

between modes coherently build up intensities over an increased interaction length,

40
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which can also be seen as the resonator length multiplied by the number of round

trips made by the resonant photons – dictated by the ‘photon lifetime’ in the res-

onator. Using the transfer matrix model of propagation for a waveguide-coupled

microring resonator [83], ring resonator can be “unfolded” into a straight waveg-

uide, and can be shown that both the interaction length and circulating optical

powers are scaled by the resonator finesse (F). Hence, Eq. 2.1 can be modified to

include the effect of finesse such that the pair generation rate in microring becomes:

r = ∆ν
[
γPres

0 (λ)Lreseff
]2

sinc2

[
β2 (∆ω)2 Lres

2
+ γPres

0 Lreseff

]
(5.1)

where ∆ν is the resonance line-width, defined as ∆ν = c/(λpQ), Q is the quality

factor of the resonator, γ, ∆ω & β2 are defined in Chapter 2, and the superscript

res indicates the resonantly enhanced following quantities:

Pres
0 (λ) = P0 ×

F
π
× (λp/2Q)2

(λ− λp)2 + (λp/2Q)2

Lres = L× F
π

Lreseff =
1− e−αL

α
× F
π

(5.2)

where F = Qλp/(ngL), ng & α are defined in Chapter 2 and L = 2πR, where

R is the radius of the ring resonator. The monochromatic pump wavelength λ is

assumed to be positioned close to the ring resonance wavelength λp. It is apparent

from Eq. 5.1 and Eq. 5.2 that the Q is an important parameter for pair generation

in a ring resonator. Q combines the contribution of two loss mechanism: (1)

propagation loss and (2) coupling to the bus waveguide. The loaded Q of the ring

can be expressed as [84]:

QL =
π

2 sin−1
(

1−aτ
2
√
aτ

) ngL
λ

≈
aτ→1

π
√
aτ

1− aτ
ngL

λ
(5.3)

where a = exp(−αL/2) is the round-trip field attenuation, and τ 2 = 1 − |κ|2 is

the (path-integrated) coupler intensity transmission coefficient, with |κ|2 being the
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path-integrated coupling coefficient which appears in the popular matrix formula-

tion of the waveguide-ring model [83].

For an isolated resonator (τ = 1), the unloaded Q is dominated by loss and

represents the intrinsic Q limit. In the low-loss regime, it can be expressed as:

QU =
2πng
λα

. (5.4)

In the case where the loaded quality factor is dominated by the coupling

coefficient in the low-|κ|2 limit, Q is given by:

Qcpl =
2πngL

λ|κ|2
. (5.5)

It should be noted that ng, α, and the GVD coefficient (β2) depend on the waveg-

uide cross-section, and |κ|2 depends on the gap between input bus waveguide and

the microring.

5.1.1 Design Parameters

The silicon waveguide, with a cross-section that is approximately 525 nm

wide and 226 nm tall [85], supports a single optical mode in the transverse electric

(TE) and transverse magnetic (TM) polarizations, and the latter can be excluded

from participating in the transmission resonances not only by injecting the optical

input in the TE polarization, but also by relying on the higher bend loss of the TM

mode compared to the TE mode [86]. Though making waveguides narrower can

help remove unwanted modes, but this results into higher group-velocity dispersion

(4400 ps/nm-km) [85], and incurs a significant optical propagation loss (typically

2–4 dB/cm) [86,87], both of which can negatively impact pair generation.

Our waveguide cross-sections, shown in Fig. 5.1(b) have a more favorable

GVD coefficient, calculated to be -1040 ps/nm-km (B = 220 nm) or -110 ps/nm-km

(B = 340 nm) at a wavelength of 1550 nm. Test waveguides similar to those used

to form the microring resonator were measured using an atomic force microscope

to have a root-mean-squared sidewall roughness of 2.6 nm, and, using an optical

cutback method, to have a propagation loss of -0.74 dB/cm (B = 220 nm) and

-1.23 dB/cm (B = 340 nm) at 1550 nm.
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Figure 5.1: (a) Microscope plan view of a microring resonator with embedded p-i-
n junction across the waveguide. (b) Cross-section schematic drawing; measured
devices have A = 650 nm, B = 220 nm or B = 340 nm, C = 70 nm, D = 900 nm.
(c) Transmission spectrum for B = 220 nm and B = 340 nm microring resonators
(the solid circles indicate the chosen pump wavelengths, and the dotted circles the
measured signal-idler wavelengths). (d) Group velocity dispersion (calculation) for
the lowest-order TE modes of waveguides with the cross-section shown in panel
(b).

Through standard microring theory [88], the resonant enhancement in a

ring can be quantified through its quality factor (Q). In the absence of waveguide-

ring coupling loss, the upper limit on the un-loaded Q has been estimated as

QU = 9.2 × 105 (B = 220 nm) and QU = 5.6 × 105 (B = 340 nm). From the

transmission measurement performed at low input power to prevent thermo-optic

effect, our fabricated microring resonators were seen to have a (loaded) quality

factor around 1×105 e.g., B = 220 nm microring with radius 20 µm: QL ≈ 9.5×104

and B = 340 nm microring with radius 20 µm: QL ≈ 2.5× 105.

Eq. (5.3) shows the dependence of loaded Q on the experimentally accessible

parameter: propagation loss α and the coupling coefficient |κ|2. While α shall be

as low as possible to increase the intrinsic QU , |κ|2 can be selected by the designer
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Figure 5.2: Nonlinear relationship between the loaded quality factor Q and the
coupling coefficient |κ|2, calculated using Eq. (5.3) and the parameters specific to
the two structures studied here (B = 220 nm: blue, B = 340 nm: red). The |κ|2
values for the fabricated devices are estimated from the measured loaded Q’s (dots
and dashed lines)

during the design stage. Fig. 5.2 explicitly shows the relation between QL and

|κ|2 for the microring devices presented above, based on the measured value of α

and the simulated ng (Lumerical software package). From QL = 9.5 × 104 (B =

220 nm) and QL = 2.5 × 105 (B = 340 nm), we inferred the respective coupling

coefficients |κ|2 ≈ 0.018 and |κ|2 ≈ 0.005.

5.1.2 Microring-Waveguide Coupling Coefficient

The value of |κ|2, the path-integrated coupling coefficient of the waveguide

directional coupler formed between the feeder waveguide and the microring res-

onator [83], is determined by the width of the waveguides, the separation between

them, and the length of the coupling region. It may not be easy to fabricate cou-

plers such as shown in Fig. 5.1 accurately, and this can be a bigger problem when

the desired value of |κ|2 is very small, as is required for a high-Q resonator. When

using waveguides that have a significant GVD with higher pump powers, small

variations in |κ|2 may cause large changes in the measured PGR.

Fig. 5.3 shows calculations of the PGR using Eq. (5.1) for different values

of |κ|2. Since we are especially interested in small values of |κ|2, the horizontal axis

is plotted on a logarithmic scale. For these numerical calculations, we have used
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Figure 5.3: The appropriate choice of the coupling coefficient |κ|2 is guided by
numerical calculations of the coincidences counted in 900 s. A study of two cross-
sections (B = 220 nm and 340 nm – blue and red curves, respectively) with in-
creasing pump powers: (a) 10 µW, (b) 100 µW and (c) 1 mW, shows the critical
role of GVD and self-modulation on the coincidences counts, through the SFWM
phase-mismatch.

values for the fiber-waveguide coupling efficiencies, waveguide losses and detector

parameters which are relevant to our experiment, but altering these values does

not qualitatively change the following observations. The PGR does not grow in-

definitely for small values of |κ|2, as one would expect from an idealized model [89].

This is because the ‘sinc’ term in Eq. (5.1) decreases in magnitude if either P0 or

L increase. (Another effect, non-linear absorption, which has been studied else-

where [90], would also limit the increase of PGR at high Q values.) For small values

of |κ|2 (i.e., under-coupled regime), the optical propagation length increases, and

there are ‘nulls’ in the PGR (driven by the ‘sinc’ term). Practically, it may be safer

to use larger values of |κ|2 (i.e., the slightly over-coupled regime) to reduce the risk

that small fabrication imperfections or temperature-dependent fluctuations would

catastrophically lower the PGR. For slightly larger values of |κ|2, to the right-hand
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side of the optimum in Fig. 5.3, there are no nulls, since the argument of the ‘sinc’

term is small. The circles indicate the values of |κ|2 used in our devices. These

nulls are obviously much more of a factor if the pump power is increased. The

benefit of the lower GVD of the B = 340 nm waveguide (red curve) is evident,

compared to the 220 nm tall waveguide (blue curve).

It should be noted that these behaviors are relevant for weak waveguide-

resonator coupling or lower values of |κ2|, i.e. once the Q factor of the microring

exceeds a reasonably high value – around 105 for typical GVD of Si waveguides,

see Fig. 5.2 – and may not be relevant for lower-Q microrings (see Table 5.1). The

PGR scales as the cube of Q and in the search to improve PGR by achieving higher

Q, these effects will undoubtedly become critically important.

Critical coupling is another important discussion for a ring resonator, be-

cause at critical coupling, maximum amount of input optical pump power is de-

livered at resonance wavelength. Designing a ring resonator at critical coupling

is beneficial because the maximum input optical pump power is delivered to the

resonator, and the transmission of the residual pump power past the microring is

minimized. Any assistance in extinguishing the pump that can be provided by

critical coupling helps filtering, since on-chip silicon photonic filters do not provide

as much on-off contrast as off-chip assemblies. In silicon microrings formed using

low-GVD waveguides, the value of |κ|2 that achieves critical coupling is, in fact,

close to the value of |κ|2 which optimizes PGR at low pump powers. The critical

coupling for two relevant different waveguide heights are shown in Fig. 5.3, through

vertical dashed line. Fig. 5.3 also show that our experimentally-fabricated couplers

(circles) achieved values of |κ|2 that were close to, and slightly above, critical cou-

pling (dashed red and blue lines). Due to fabrication imperfection, it is difficult

to obtain the designed κ values, and in fact, through finite-difference time-domain

simulation done through Lumerical software, we found that our waveguide-ring

gap has an error of 43 nm for the B = 220 nm ring, and 16 nm for the B = 340 nm

ring. Tunable directional coupler, in principal, can solve this discrepancy but they

tend to be too long for devices like compact microring.
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5.2 Pair Generation: Experimental

The micro-resonator was optically pumped in the experimental setup similar

to the one described in Chapter 2. Single photons at signal and idler wavelengths

were detected using gated InGaAs SPADs with an estimated 15% quantum effi-

ciency, electrically-generated gate width of 2.5 ns and gating repetition frequency

5 MHz [91]. The dark counts of the two SPADs were 70 Hz and 130 Hz. For a rep-

resentative microring used in this chapter (B = 220 nm, R = 20 µm), the intensity

enhancement factor (ratio of the circulating field intensity in the microring to the

intensity in the feeder waveguide) was 173. Thus, in the low pump power regime,

an input waveguide power of -10 dBm resulted in a circulating field intensity in

the microring of about 9.3 MW.cm−2. The associated two-photon absorption in

silicon was calculated to be 0.02 dB/cm, i.e. more than one order of magnitude

smaller than the reported linear propagation loss.
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Figure 5.4: Measurements of PGR as the pump wavelength was finely tuned across
the resonance (the error bars are smaller than the markers); input pump power was
approximately -10 dBm. The dashed line is a squared-Lorentzian fit, consistent
with Eq. 5.1 and 5.2

Fig. 5.4 shows the PGR vs pump wavelength for one resonant peak. As

one would expect from Eq. 5.1 & 5.2, the PGR peaks when the pump is spectrally

aligned to the resonant wavelength of the microring (B = 220 nm, R = 10 µm).

The measurement was done using continuous-wave pump with SPADs gated 50

MHz with 2.5 ns gate width. Low input pump power ensured negligible self-phase
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Figure 5.5: (a) Measured PGR using pump pulses of 3 ns duration at a repetition
rate of 5 MHz (the error bars are too small to be visible) and (b) CAR versus
average optical pump power in the feeder waveguide.

modulation (second term in the sinc[· · · ] of Eq. 5.1) and hence, constant value

for ‘sinc’. Using Eq. (5.1), the dashed line shows a fit of a squared-Lorentzian

functional form, since the field generated by SFWM is proportional to the square

of the circulating pump field. When pumped with -11 dBm of optical power in the

feeder waveguide at λp = 1562.16 nm, the photon pairs were generated at λs =

1542.61 nm and λi = 1582.24 nm with a generation probability of about 2 × 10−4

pairs/detector gate.

Fig. 5.5(a) shows the PGR measurements of R = 20 µm radii devices for

B = 220 nm and B = 340 nm. The experimental PGR are calculated from the

measured coincidence rates at the detectors after factoring out the chip-to-fiber

coupling loss (3 dB), the off-chip filter losses (6 dB for signal and 5 dB for idler)

and detector quantum efficiencies (15%). The CAR is plotted in Fig. 5.5(b). The

improvement in CAR at lower pump powers (and thus, at lower PGR) has been

briefly discussed in Chapter 2, as well as reported and discussed extensively in the

literature [23–25, 28, 40]. To find the on-chip “intrinsic” PGR, we further scaled
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the PGR by the duty cycle of the SPADs, and it is shown in Fig. 5.6.

5.3 Discussion

The intrinsic PGR values shown in Fig. 5.6 are still several orders of mag-

nitude below what theory predicts. In the ideal case, where the SFWM process

is perfectly phase-matched (i.e., ‘sinc’ is unitary), we calculated that the two mi-

croring resonators studied here would result in PGR = 3.6 GHz (B = 340 nm)

and PGR = 329 MHz (B = 220 nm) at P0 = 530 µW. One possible reason for

this deviation could be the dependence of coincidence count on the precise value

of |κ|2, as discussed before.
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Table 5.1 in microrings (squares), and microdisk (diamond). The quadratic de-
pendence of PGR with P0 is highlighted by the fits PGR = KQ3/R2 × P2

0 of each
experimental dataset at low pump power (dashed lines), while saturation occurs
at higher pump powers.

Our values of |κ|2 (marked ‘fab.’ in Fig. 5.3) were estimated from the

measured linewidth of the resonance, assuming that the waveguide propagation loss
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coefficient which was measured on separate test structures (paperclip waveguides)

also represents the loss coefficient of the (curved) waveguides in the microring, and

there are no additional losses (e.g., in the coupler). If these assumptions are not

valid then the estimated value of |κ|2 would be different. However, if we assume

that our estimation of |κ|2 is accurate, then Eq. 5.1 predicts that our microrings

should exhibit PGR = 10.8 MHz (B = 340 nm) and PGR = 8.6 MHz (B = 220 nm).

These PGR values are already much smaller than the ideal, phase-matched cases

which ignore the ‘sinc’ term in Eq. 5.1. Moreover, as Fig. 5.3 shows, small errors

in fabrication can further reduce PGR catastrophically if we happen to fall into

one of the nulls of the argument, which are closely spaced at higher pump powers.

Thus, in practice, the PGR depends critically on the microring-waveguide coupling

coefficient, especially when GVD is non-zero and low |κ|2 values are targeted.

Reducing the pump power mitigates these impairments somewhat, but also results

in a less bright pair source.

Based on Eq. 5.1 in the low-loss approximation, we also fitted the experi-

mental data at low optical power following PGR = KQ3/R2 × P2
0. The quadratic

behavior was seen to hold for in-coupled pump power up to ≈ 100 µW (R =

10 µm) and ≈ 500 µW (R = 20 µm), above which the PGR saturated. In gen-

eral, pair generation in microrings operating at high pump power is hampered by

nonlinear effects triggered by high circulating power (e.g., two-photon absorption,

free-carrier absorption/dispersion, thermal shift). Fig. 5.6 also confirms the de-

pendence of PGR on the microring radius R. Generally, microring resonators with

smaller radii are more efficient at generating pairs, as has already been discussed

in Ref. [92].

The p-i-n junction diode fabricated across the waveguide ridge, as shown in

Fig. 5.1, was done for the purposes of sweeping out optically-generated free-carriers

and thus improving the PGR, following the report of Ref. [28]. However, despite

careful study, we were unable to prove this effect in any of our large ensemble

of chips. Instead, the diode performed a different, and very useful, purpose of

providing an electronic readout (essentially, a Ge-free photodiode) for aligning the

pump laser to the microring – discussed in the next chapter.
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5.4 Summary

Table 5.1 summarizes the advancement in the state-of-the-art in photon

pair generation using silicon microring resonators at wavelengths near 1.55 µm.

With these few-microwatt pump power pair-generation results, silicon microring

resonators now approaching a performance regime previously only attainable using

microdisk resonators [30], compared to which microrings have some advantages

such as a cleaner mode spectrum, CMOS-compatible fabrication and waveguide

coupling instead of suspended-fiber coupling. In this chapter, we found that com-

pact silicon microrings with a radius of about 10 µm (or less, as long as the loss

can be kept low), which are slightly over-coupled to the feeder waveguide and

are operated at low pump power will come closest to the theoretical performance

predictions. In fact, since these devices can be pumped with only a few tens of

microwatts of average pump power to achieve hundreds-of-kilohertz rate (on-chip)

PGR, it may even be possible to use on-chip microlasers to realize a fully-integrated

chip-scale source of photon pairs.

Chapter 5 contains material, reproduced in part with permission, from Marc

Savanier, Ranjeet Kumar, and Shayan Mookherjea, “Photon pair generation from

compact silicon microring resonators using microwatt-level pump powers” Optics

Express Vol. 24, Iss. 4, pp. 3313–3328 (2016). Copyright 2016, Optical Society of

America. The dissertation author was one of the primary author of this paper.



Chapter 6

Optimization of Photon Pair

Generation through PIN Diode

Silicon devices are prone to be affected with the change in ambient tem-

perature due to high thermo-optic coefficient. In fact, in resonant devices such

as microring resonator, self-heating can also be a problem. Resonators with high

Q utilizes input pump power more efficiently and even a low optical power can

heat the ring enough to have a red-shift in the transmission spectrum. Hence, the

device must therefore be monitored, so that the pump wavelength can be adjusted

when the temperature varies. Some of the work in this direction includes the use

of on-chip Germanium [96] or AlGaInAs [97] photodetector for power monitoring,

but in both of these cases, extra processing steps were required and that increases

the cost and complexity of the device. In this chapter, we will discuss the incor-

poration of p-i-n junction diode in the silicon waveguide cross-section, as shown

in Fig. 6.1, which can be conveniently fabricated in a silicon-only process. The

current generated in the reverse-biased diode in the microring resonator is propor-

tional to the circulating optical intensity of the pump field, implying this is not

a two-photon absorption but is conjectured to be due to a phototransition of an

electron from the valence band to a mid-bandgap state, and transitioning to the

conduction band assisted by the electric field [98]. Reverse bias (typically, -1 V)

results in a generated current of about 1 µA when the microring is generating

photon pairs at a suitable operating point. Such a current is easily measurable

53
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by low-noise integrated or off-chip electronics and is adequate for monitoring the

resonance of the microring. This all-silicon “photodetector-in-a-microring” can be

compared to the defect-based Si photodetector [99]; both schemes share the goals

of monitoring the resonance without the use of III-V materials or germanium, but

this scheme does not introduce lattice damage to the waveguides (which resulted

in an additional propagation loss of 45 dB/cm [99], which would not be accept-

able for photon pair-generation), and yet, achieves a higher measured photocurrent

by a factor of 10. For monitoring without a built-in diode, an externally-biased

conductance measurement of a microring resonator through capacitively-coupled

metal contact pads has been recently reported [100].

6.1 Device Characterization

Device

The cross-section of the device is shown in Fig. 6.1(a). The p doped region

was formed by implanting Boron (33 keV, 1× 1015 cm−2) and the n doped region

was formed by implanting Phosphorous (90 keV, 1× 1015 cm−2). The edge of the

implanted regions was 900 nm from the edge of the ridge. Additional shallow im-

plants of Boron and Phosphorous were used below the metal (Aluminum) contacts.

This waveguide cross-section supports two TE and one TM polarization but due

to bending loss from the microring, only lowest order of TE polarization survives

in the microring. Due to this, the transmission spectrum shows a clean, single-

family set of resonance peaks, as shown in Fig. 6.1(c). The loaded quality factor

(QL) was calculated to be 1.42 × 105, and based on the discussion from previous

chapter the intrinsic (unloaded, loss-limited) quality factor (QU) was estimated to

be 6.2× 105. Also from the previous chapter, the propagation loss was estimated

to be -0.74 dB/cm at 1550 nm.

Diode Characterization

The I-V relationship of the diode with no light in the waveguide but with

some ambient illumination though microscope illuminator is plotted in Fig. 6.1(d).
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Figure 6.1: (a) Optical microscope image of a silicon microring, side-coupled to
a waveguide, and with a p-i-n junction across the waveguide cross-section. (b)
Schematic of the waveguide cross-section. (c) Optical transmission spectrum (ar-
bitrary normalization); the dotted boxes indicate which resonances are used for
the input pump and for the generated photon pair. (d) I-V measurement without
light in the waveguide (under microscope illumination). (e) The magnitude of the
reverse-biased current measured when light was guided in the feeder waveguide,
and coupled into the microring, as a function of the optical power in the waveguide.

The ambient light helped generate small photo-current in the reverse-biased regime.

Through fitting a measurement of dV/dI versus I, the contact resistance was

inferred to be 44 Ω and diode ideality factor to be 1.81 – indicating that in the high

forward-bias regime, the current was dominated by recombination in the depletion

region (as expected). In an ideal “dark” reverse-biased junction, all mobile carriers

should be removed from the junction volume; however, thermal excitation promotes

electrons across the bandgap. In the reverse-biased condition, given the heavily-

doped neutral regions (i.e., low carrier mobility in that region), the current is

expected to be dominated by the carrier generation in the depletion region, with an

estimated current density JR ∼ qniWd/τg ∼ 3 mA.cm−2 where q is the electronic

charge, ni is the intrinsic carrier density of Si, Wd is the depletion width, and
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τg is the generation carrier lifetime, estimated to be approximately 100 ps from

carrier modeling using Silvaco software. Based on the microring geometry, the

reverse-biased current (IR) was estimated to be ≈ 440 pA. Though not shown

in Fig. 6.1(d), IR = 380 pA was measured at 25 ◦C at a bias voltage of −2 V,

showing a good agreement with the calculation. IR ≈ 15 nA in Fig. 6.1(d) is due to

halogen light from microscope. When continuous-wave laser light was guided in the

waveguide, IR was in the micro-ampere range as shown in Fig. 6.1(e). The effective

responsivity at the wavelength of 1562 nm was 1.2 × 10−4 A.W−1, referenced to

the circulating optical power in the microring (consistent with the responsivity

1× 10−4 A.W−1 measured at 1545 nm in an un-implanted silicon waveguide with

p and n doped regions across it [98]). This responsivity is suitable for the reverse-

biased junction current to be a suitable practical quantity to measure, with ample

dynamic range headroom above the noise floor (either when dark or under normal

room lighting), for the purpose of stabilizing photon pair generation.

6.2 Photon Pair Generation

The microring resonator was optically pumped using continuous-wave light

in a setup similar to previous chapter, along with an addition of a current measure-

ment on the reverse-biased diode. At a temperature of 30◦C, when pumped with

-11 dBm of optical power in the waveguide at λp = 1562.16 nm, the photon pairs

were generated at λs = 1542.61 nm and λi = 1582.24 nm with a generation prob-

ability of about 2 × 10−4 pairs/detector gate. With increasing temperature, the

resonance wavelengths red-shifted by about 0.077 nm.K−1, and the free-spectral

range changed by less than 0.001 nm.K−1 over the range of temperatures considered

in these measurements. Due to full-width at half-maximum of the current versus

wavelength, the minimum resolvable wavelength shift was about 11 pm. Single

photons at signal and idler wavelengths were detected using gated InGaAs SPADs

with an estimated 15% quantum efficiency, electrically-generated gate width of

2.5 ns and gating repetition frequency 5 MHz.
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Figure 6.2: The (a) CAR versus optical pump power in the feeder waveguide
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transmission lineshapes of the microring resonance, deforming from the Lorentzian
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at 30◦C.

CAR versus pump power in waveguide is plotted in Fig. 6.2(b), and as

expected the value of CAR decreased monotonically with increasing pump power.

Sweeping out the free carriers through the reverse-bias voltage across the diode

improved the CAR by a modest amount in most of the cases. Uncertainties in

CAR come from fluctuations in the measured coincidence and accidental counts,

and represent one standard deviation values. Based on the discussion presented in

Ref. [101, Fig. 4], carrier sweepout in thin-slab diodes is rapidly screened when the

intensity rises above a threshold. The onset of saturation at an optical intensity

of 108 W.cm−2 in Ref. [101, Fig. 4] corresponds to a waveguide power of -6.3 dBm

(235 µW) in this experiment, given the intensity resonant enhancement (425×)

of the microring resonator. Therefore, application of a reverse-bias voltage is not

expected to be too helpful in a high-quality silicon microring: carrier screening

lessens its usefulness when the pair generation rate increases.

The pair generation rate (PGR) versus pump power is plotted in Fig. 6.2(b),

after factoring out the chip-to-fiber coupling loss (3 dB), off-chip filter losses (6

dB for signal and 5 dB for idler) and detector quantum efficiencies (15%) – the

error bars are smaller than the markers. The slight reduction in PGR with reverse

bias voltage is probably caused by the spectral shift and slight change in the depth

of resonance lineshape. The expected deformation of the lineshape caused by the
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refractive index shifts due to heating from the continuous-wave pump beam circu-

lating in the microring was also observed, as shown in Fig. 6.2(c) [102]. Though

it was still possible to generate photon pairs with CAR > 10 in this regime, it is

generally preferable to operate at a lower pump power to prevent instability.

When operating at a pump power of -6 dBm (250 µW) in the waveguide,

the PGR, accounting for the off-chip losses and the SPAD detection efficiencies,

was approximately 30 kHz. If we further scale PGR by the SPAD gating duty

cycle, we estimate that an internal PGR of 240 kHz can be sustained by the silicon

microring, which is similar, to within an order-of-magnitude, to other reports of

silicon microrings [40, 72]. The calculated PGR will be raised further (by 21× to

about 5 MHz) if we assume that the lower-bound limitation on detector timing is

not the InGaAs SPAD gate width, but the photon lifetime (approximately 120 ps).

6.3 Optimization of Photon Pair Generation
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Figure 6.3: Measurements of the (a) optical transmission and (b) reverse-biased
photocurrent at a fixed pump power of −11 dBm (80 µW) in the feeder waveguide
and at 30◦C.

Figs. 6.3(a) and (b) show measurements simultaneously made of optical

transmission of the pump past the microring, using an off-chip InGaAs photode-

tector synchronized with the stepped wavelength scan of the tunable pump laser

diode, and the electronic current from the reverse-biased diode across the micror-

ing. Here, a reverse-bias voltage of -1 V was applied and the temperature was set

to 30◦C. The two lineshapes were seen to closely correspond (including deviations
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from a symmetric Lorentzian lineshape), for this and all other measured cases in-

cluding at different power levels. The depth of the transmission resonance, relative

to the baseline, reflects how much of the available pump power was delivered into

the microring, whereas the peak in the current also reflects how much optical pump

power circulates in the microring.
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Figure 6.4: Using the reverse-biased current to find the optimal wavelength in each
case, the (a) PGR and, (b) CAR were optimized at various different temperature
settings, as indicated by the TEC resistance setting, converted to the indicated
temperature readout by calibration.

We measured the pair generation properties of the microring at a range of

different temperature settings, ranging from 20◦C to 55◦C on the TEC module

(calibrated using a Steinhart-Hart equation). At each temperature setting, the ap-

propriate pump wavelength was determined by finding the peak of the electronic

diode current (at a reverse bias of -1V). Figs. 6.4(a) and (b) show that the pump

wavelength could be successfully positioned to achieve favorable PGR and CAR

over a wide temperature range. These experiments were run “open-loop”, i.e.,

without continuous measurement-and-feedback stabilization of the pump wave-

length. The required wavelength tuning range is well within the capabilities of

distributed-feedback laser diodes [103]: 2.7 nm of pump wavelength variation com-

pensated for a temperature change of 30◦C. Without compensation, even 0.5◦C

change in temperature would reduce the CAR and PGR to nearly zero, given the

wavelength sensitivity (about 0.077 nm.K−1) and the linewidth of the microring

resonance (0.018 nm). Minor variations in the trends in Figs. 6.4(a) and (b) may

be attributed to small variations in the fiber-chip coupling, or gradual laser polar-
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ization drifts over the long time taken to acquire the data (10 minutes per point),

which are common when testing unpackaged chips.

6.4 Summary

In summary, these results show that a reverse-biased photodiode in a mi-

croring pair-generation device serves mainly to provide a measurement suitable for

determining the optimum pump wavelength when the temperature varies and the

resonance wavelength shifts. For a typical low-loss silicon microring, the current

is approximately a few micro-amperes, which can be easily measured. Commer-

cial laser diodes incorporate monitoring photodiodes as an essential component

of a laser module; we believe that the reverse-biased diode in the silicon micror-

ing pair-generation device may serve a similar important role in monitoring and

therefore, stabilizing, the non-classical light source without requiring a different

material like germanium or InGaAs in the fabrication process.

Chapter 6 contains material, reproduced in part with permission, from Marc

Savanier, Ranjeet Kumar, and Shayan Mookherjea, “Optimizing photon-pair gen-

eration electronically using a p-i-n diode incorporated in a silicon microring res-

onator” Applied Physics Letters Vol. 107, 131101 (2015). Copyright 2015, AIP

Publishing LLC. The dissertation author was one of the primary author of this

paper.



Appendix A

Coupled Resonator Optical

Waveguide

The transmission spectrum of a CROW consisting of N coupled resonators

can be written as a superposition of individually-weighted Lorentizian lineshapes,

as shown in Fig. A.1,

T (ω) =
+∞∑
m=1

N∑
n=1

Am,nL(ω|Ωm,n; τm,n) (A.1)

where n indexes the resonators along the linear chain, and m is the azimuthal mode

number, i.e., the number of wavelengths that physically fit along the resonator

circumference. The value of m changes by 1 in going from one free spectral range

(FSR) to the next.

The physical interpretation underlying Eq. (A.1) is that in each of the N

Bloch modes that comprise the passband, the transmission is given by a Lorentzian

line shape centered at Ωm,n and with half-width at half-maximum (HWHM),

1/τm,n, defined as [104]

Ωm,n ≈ Ωm −
Ωm|κ|
mπ

cos

(
nπ

N + 1

)
(A.2)

1

τm,n
≈ 1

τi
+

2

τe

sin2
(
nπ
N+1

)∑N
p=1 sin2

(
p nπ
N+1

) (A.3)
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Figure A.1: Multi-peaked transmission spectrum of a CROW. The widths of the
resonances are not uniform, and become narrower near the edges of the band.

where Ωm = (mc)/(neffReff) is the passband center frequency for the optical mode

of effective index neff circulating in a resonator of effective radius Reff, |κ| is the

inter-resonator coupling coefficient, 1/τi and 1/τe are the internal and external dis-

sipation rates, accounting respectively for the optical losses in the resonators, and

for the additional losses arising from the input and output coupling. In Eq. (A.1),

each Lorentzian is weighted by a factor:

Am,n = exp(−Sm,nαNπReff) (A.4)

where α is the waveguide loss coefficient, and Sm,n is the slowing factor, reflect-

ing the fact that light at transmission band edges travels slower, and therefore

experiences greater attenuation, than light at the band center. S is defined as the

group velocity in the constituent waveguide divided by the group velocity in the

coupled-resonator waveguide [39,105].

Appendix A contains material, reproduced in part with permission, from

Ranjeet Kumar, Jun Rong Ong, Marc Savanier, and Shayan Mookherjea, “Con-

trolling the spectrum of photons generated on a silicon nanophotonic chip” Nature

Communications Vol. 5, art. 5489 (2014). Copyright 2014. The dissertation

author was the primary author of this paper.



Appendix B

Two-Photon Interference

(Franson Interferometer)

B.1 Some Mathematical Relations

B.1.1 Coincidence Rate Derivation

Based on the discussion from Chapter 4, after post-selection, |Ψout〉 can be

written as coherent superposition of |Ψs〉1|Ψs〉2 and |Ψl〉1|Ψl〉2:

|Ψ〉out ≈
1√
2

[|Ψs〉1|Ψs〉2 + |Ψl〉1|Ψl〉2] (B.1)

and due to relative phase (∆Φ) between the interfering |Ψs〉1|Ψs〉2 and |Ψl〉1|Ψl〉2,

we can write:

|Ψl〉1|Ψl〉2 = |Ψs〉1|Ψs〉2ei∆Φ (B.2)

Now, using Eq. B.2, Eq. B.1 can be rewritten as:

|Ψ〉out ≈
1√
2

[
|Ψs〉1|Ψs〉2 + |Ψs〉1|Ψs〉2ei∆Φ

]
≈ 1√

2

[
1 + ei∆Φ

]
|Ψs〉1|Ψs〉2 (B.3)
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It should be noted that Eq. B.3 is a quantum state, and in order to find the coin-

cidence rate, we need to find 〈Ψ|Ψ〉out. Using Eq. B.3, 〈Ψ|Ψ〉out can be calculated

as:

〈Ψ|Ψ〉out ≈ 〈Ψs|〈Ψs|Ψs〉1|Ψs〉2
1 + ei∆Φ

√
2

1 + e−i∆Φ

√
2

(B.4)

or

Coincidence Rate ≡ 〈Ψ|Ψ〉out ∝
1 + ei∆Φ

√
2

1 + e−i∆Φ

√
2

≡ 1 + cos ∆Φ (B.5)

B.1.2 Phase versus Path Imbalance

The path imbalance (∆L) between the arms of a Mach-Zehnder Interferom-

eter (MZI) leads to a phase difference between the arms:

∆Φ =
2π

λ
∆L (B.6)

where λ is the wavelength of the light field. Hence, the total phase of the photons

can be written as::

∆Φ =
2π

λ1

∆L1 +
2π

λ2

∆L2 (B.7)

‘

here λ1 and λ2 are the wavelength of the photons entering interferometer 1 and 2,

respectively. ∆L1 & ∆L2 are the path imbalances of two interferometers. Eq. B.7

can also be rewritten as:

∆Φ =
ω1n1∆L1

c
+
ω2n2∆L2

c
(B.8)

Measurement with Two Interferometers

With two interferometers, one for each photon, we have:



65

∆Φ =

(
ω1 + ω2

2c

)
︸ ︷︷ ︸

2ωp=ω1+ω2

[n1∆L1 + n2∆L2] +

(
ω1 − ω2

2c

)
︸ ︷︷ ︸

ω1−ω2≈0

[n1∆L1 − n2∆L2]

=
2ωp
2c

[n1∆L1 + n2∆L2]︸ ︷︷ ︸
n1≈n2≈np

=
ωpnp
c

(∆L1 + ∆L2) (B.9)

In this case, the coincidence rate can be written as:

Coincidence Rate ∝ 1 + ei∆Φ

√
2

1 + e−i∆Φ

√
2

≡ 1 + cos
[ωpnp

c
(∆L1 + ∆L2)

]
(B.10)

Measurement with One Interferometer

Now consider the case when instead of two interferometers, there is only one in-

terferometer for both the photons. In that case, ∆L1 and ∆L2 are the same and

can be written as ∆L1 = ∆L2 = ∆L. Eq. B.8 can be written as:

∆Φ =
ω1n1∆L

c
+
ω2n2∆L

c

=

(
ω1 + ω2

2c

)
︸ ︷︷ ︸

2ωp=ω1+ω2

[n1∆L + n2∆L] +

(
ω1 − ω2

2c

)
︸ ︷︷ ︸

ω1−ω2≈0

[n1∆L− n2∆L]

=
2ωp
2c

[n1∆L + n2∆L]︸ ︷︷ ︸
n1≈n2≈np

=
ωpnp
c

(2∆L) (B.11)

In this case, the coincidence rate can be written as:

Coincidence Rate ∝ 1 + ei∆Φ

√
2

1 + e−i∆Φ

√
2

≡ 1 + cos
[ωpnp

c
(2∆L)

]
(B.12)
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B.2 Experimental Details

Based on the discussion presented in Chapter 4, the experimental conditions

can be summarized as follows:

• Path dependent indistinguishability requires the following:

1. ∆L ≡ ∆L1 −∆L2 � Two-photon coherence length

2. Both ∆L1 (or ∆τ1) & ∆L2 (or ∆τ2) < Pump pulse width

• No single photon interference: Both ∆L1 & ∆L2 � Single photon coherence

length

The experimental setup shown in Fig. 4.1 is designed with the above requirements

taken into consideration.

B.2.1 Timing Information

The measurements in Chapter 4 were done using a pump waveform carved

by an electro-optic modulator into temporal pulses whose duration was 8 ns nanosec-

onds, and using gating on the InGaAs SPADs whose duration was 2.5 ns. Under

these conditions, the relative alignment of the gate with the pulse can influence

the coincidence events, as described in Fig. B.1. The convolution of detector gate

with the optical pump pulse gives singles versus delay a trapezoid shape. Due to

the time lag (∆τ) between the short (S) and long (L) arm of the MZI, a photon

traveling along the longer arm arrives at the detector with a lag of ∆τ , resulting

in a shifted trapezoid. In order to reduce the detection noise from the SPADs, the

gate width (GW) and optical pump pulse width (PW) had to be kept as short

as possible. Here, within the experimental imperfections, ∆τ was chosen to be

approximately same as the GW (2.5 ns being the minimum value for our SPADs)

and the PW was chosen such that the trapezoids for S and L only overlap for the

time period of GW, implying PW should be equal to GW + ∆τ + GW. PW > ∆τ

also ensures the indistinguishability of detected photons in |S1S2〉 + |L1L2〉 mea-

surement, otherwise, based on the timing information of the coincidence events it
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can be deduced whether the pairs took the short or the long arm, which can give

the information about their emission times.
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Figure B.1: (a) Detected singles are the result of the convolution of detector gate
(left) with the optical pulse width (right), while the gate relative delays varies. (b)
Each SPAD can detect photons having taken the short (red) or the long (blue)
arm of the MZI. By changing the relative position of the gate within the pump
pulse, independently for the two SPADs (CH1: left column, CH2: right column),
we can select the events which coincidences are measured by the TCSPC module.
Second row is |S1S2〉 + |L1L2〉, third row is |S1L2〉, and fourth row is |L1S2〉.

It is important to note that because the signal-idler photons are generated

at the same time, singles coming from different portions of the pump pulse can
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not result in a coincidence event. As a result, the first gate configuration shown in

Fig. B.1(b) allowed the coincidence measurement associated with |S1S2〉 + |L1L2〉:
|S1S2〉 via the trailing edge of the pulse and |L1L2〉 via the leading edge of the pulse.

Likewise, second and third configurations lead to the coincidence measurement of

|S1L2〉 and |L1S2〉.

B.2.2 Stabilization of the MZI

The MZI used in the experiment was made of commercial off-the-shelf fiber

and free-space optical components. Polarization maintaining optical fibers were

used in the long arm and free-space components such as collimators and mirrors,

along with polarization maintaining optical fibers, were used in the short arm.

The phase of the interferometer was controlled using a piezo-actuator in the free-

space arm, which was a part of NI-DAQ and Matlab simulink based feedback

controller, as shown in Fig. B.2 (also shown in Fig. 4.1). 10% taps from the output

of interferometer was used as an “analog input” for the simulink block, and the

“analog output” of the PID controller was used as a driving voltage for the piezo-

actuator.

nidaq Dev1
PCI - 6221

nidaq Dev1
PCI - 6221

Analog Output

Analog Input

5V Offset voltage

Saturation 

Rate Limiter

PID

Discrete PID
  Controller

Discrete
  Filter

Input Power

User input

+- ++

Figure B.2: Matlab simulink block diagram for MZI feedback control.
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B.2.3 Estimation of Phase of the MZI

The dependence of the MZI output power P can be described classically

through:

P =

(
PM + Pm

2

)
+

(
PM − Pm

2

)
cos(φ) (B.13)

where PM and Pm are respectively the maximum and minimum values taken by P,

and φ is the relative phase between the two arms of the MZI. Using Eq. B.13, the

phase of the MZI, which changes due to change in the optical path length, can be

estimated.

B.2.4 MZI Feedback-Loop Phase Stability

Eq. B.13 can also be written as

Pout = IL× Pin

2
× [1 + V cos (φ)] (B.14)

where IL is the insertion loss in the MZI, Pout and Pin are the output and input

powers of the MZI, respectively; V is the classical MZI fringe visibility, and φ is

the phase of the MZI. Assuming constant IL and V, the differentiation of Eq. B.14,

along with standard error propagation theory, leads to:

∆φ =
1 + V cos (φ)

V sin (φ)
×
(

∆Pout

Pout

+
∆Pin

Pin

)
(B.15)

Using Eq. B.14, cos (φ) and sin (φ) can be rearranged as follows

cos (φ) =
1

V

(
2

IL
× Pout

Pin

− 1

)
sin (φ) =

√
1− 1

V2

(
2

IL
× Pout

Pin

− 1

)2

(B.16)

Combining Eq. B.15 and Eq. B.16, leads to
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∆φ =
2
IL
× Pout

Pin√
V2 −

(
2
IL
× Pout

Pin
− 1
)2

︸ ︷︷ ︸
constant

×

∆Pout

Pout︸ ︷︷ ︸
2%

+
∆Pin

Pin︸ ︷︷ ︸
1%

 (B.17)

Based on the experimental values IL = -7 dB and V = 0.72 for residual pump

(classical light). The value of ∆φ is estimated to be ±0.1 radian (±6.3◦), indicating

that the length of the MZI variable arm is stabilized within ±25 nm relatively to

the other arm. The modest value of the visibility V is attributed to the fact that

the residual pump available for the MZI stabilization is pulsed. Indeed, V is greater

than 0.99 when a CW laser source is used as an input of the MZI (consistent with

the observed extinction ratio >25dB).

B.2.5 Estimation of Visibility

The visibility is estimated through the fitting of the measured coincidence

rates as a function of the MZI phase, as described in Eq. B.13. The fitting proce-

dure was based on the Levenberg-Marquardt non-linear least-square curve fitting

algorithm, and the following model:

C(φ; A,B,Θ) = A + B cos(φ+ Θ) (B.18)

where φ is the phase of the MZI; A, B, and Θ are the fit parameters. Once the

data are fitted, the visibility is calculated through the following:

V =
Cmax − Cmin

Cmax + Cmin

=
B

A
(B.19)

where Cmax and Cmin are the maximum and minimum values of the fit function,

respectively. So far, the effect of accidental counts has not been taken into account

in either the measured coincidence or the fit function. Hence, Eq. B.19 requires a

modification based on the effect of accidental counts [26]. Based on the average

accidentals Ac, averaged over all the phase values, the expression becomes
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Vcorr =
Cmax − Cmin

Cmax + Cmin − 2× Ac
(B.20)

From Eq. B.19, it is apparent that Vcorr is affected by the uncertainty with which

the two independent variables A and B are estimated. Using the standard error

propagation, the relative error in visibility can be written as

∆Vcorr

Vcorr

=

√(
∆A

A

)2

+

(
∆B

B

)2

(B.21)



Appendix C

Some Useful Definitions

C.1 Group Velocity

vg =
c

ng

=

(
dω

dβ

)
ω0

(C.1)

where ω is the angular frequency of light, β is the wave-vector of light, and c is the

speed of light in vacuum. β is related to the refractive index through the following

expression:

β = n (ω)
ω

c
(C.2)

C.2 Phase Velocity

Phase velocity is also related to ω and β through the following relation:

vp =
c

n (ω)

=
ω

β
(C.3)
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C.3 Group Index

Group index can be expressed in the following two forms through dispersion rela-

tion:

ng = n+ ω
dn

dω
(C.4)

ng = n− λdn
dλ

(C.5)

C.4 Free Spectral Range

Free spectral range (FSR) is defined as the difference in frequency (∆ν) between

two adjacent resonances. From the resonance condition, we have the following

expressions:

β1L = m2π

β2L = (m+ 1) 2π (C.6)

where L is the round trip length of the resonator cavity and m is an integer. From

Eq. C.6, we have the following relation:

(β2 − β1) L = 2π (C.7)

or using E. C.2, we have

(nω2ω2

c
− nω1ω1

c

)
L = 2π (C.8)

Since ω2 − ω1 is much smaller than the ω1 or ω2, we can do the Taylor expansion

of nω2 as
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nω2 ≈ nω1 + (ω2 − ω1)
dn

dω
|ω=ω1 (C.9)

Using Eq. C.9 in Eq. C.8 leads to

nω1 (ω2 − ω1)
L

c
+ (ω2 − ω1)

dn

dω
|ω=ω1

ω2L

c
= 2π (C.10)

Eq. C.10 can written as

∆ν = ν2 − ν1 =
c/L

nω1 + ω2
dn
dω
|ω2

=
c/L

nλ1 − λ2
dn
dλ
|λ2

(C.11)

Using Eq. C.5, Eq. C.11 can be written as:

∆ν =
c

ngL
(C.12)

C.5 Quality Factor

Quality factor of a resonator is related to the bandwidth of its Lorentzian lineshape.

For a Lorentzian lineshape, the energy decays exponentially in the resonator.

Q = ω × field energy stored by the resonator

power dissipated by the resonator
(C.13)

Q =
λ0

∆λ1/2

=
Ω

∆ω1/2

(C.14)

where Ω is the resonance frequency of the resonator, λ0 is the resonance wavelength,

and ∆ω1/2 and ∆λ1/2 are the full-widths half-maximum (FWHM) in frequency and

wavelength of the lineshape, respectively.

C.6 Finesse

Finesse (F) of a resonator is defined as the ratio of its Free spectral range and

full-width half maximum of the lineshape.
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F =
∆ωFSR
∆ω1/2

=
∆λFSR
∆λ1/2

(C.15)

C.7 α
[
cm−1

]
to αdB

[
dBcm−1

]
conversion

From the definition of dB scale, we have the following equation:

αdB = −10

L
log10

(
PO

PI

)
= −10

L
log10e× loge

(
PO

PI

)
(C.16)

where αdB is the dBcm−1 loss, PI and PO are input and output powers, respectively.

PI and PO are also related through the linear loss (α) through following equation:

PO = PIe
−αL (C.17)

or

α = − 1

L
loge

(
PO

PI

)
(C.18)

Now, Eq. C.16 and Eq. C.18 can be combined such that we have the following

expression:

αdB = 10log10e× α (C.19)

Eq.C.20 can simplified as

αdB ≈ 4.343α (C.20)
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