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Abstract
ON-CHIP FREQUENCY CONVERSION FOR QUANTUM NETWORKS

Sidarth Raghunathan

The past several decades have seen the emergence of a wide variety of potential candidates
for quantum memories and single-photon sources in many different material platforms, all op-
erating at unique optical frequencies. These include semiconductor quantum dots, color centers
in diamond, alkali vapors, rare-earth-ion-doped solids, and trapped ion systems. Each of these
platforms has its own set of advantages and drawbacks, rendering them desirable in different ap-
plications. To create a versatile hybrid quantum network that can interface between all of these
wavelength-incompatible nodes using optical fiber links requires robust quantum frequency con-
version (QFC). An ideal QFC device performs unitary conversion of a single photon input with
high efficiency and minimal added noise.

In this dissertation, we develop devices for on-chip QFC using the process of Bragg-scattering
four-wave mixing (BS-FWM). Different applications have their own unique set of requirements
for a QFC device, which are explored in each chapter, however all the devices in this dissertation
are united by the fact that they utilize the process of BS-FWM and are performed in an integrated,
CMOS-compatible silicon nitride platform.

In the first part of this dissertation, we demonstrate a ring-based microresonator device that can
perform QFC between the Sr optical clock transition at 698 nm, the Rb D2 transition at 780 nm,
and the telecom O-band (1260-1360 nm). Such a telecom-visible frequency converter connects

promising transitions in two distinct atomic species with the low transmission loss window of



optical fibers. We characterize sources of noise photons in SiN, describe ways of experimentally
distinguishing them, and perform conversion of heralded photon pairs.

In the second part, we describe some limitations imposed by microring resonator-based QFC
devices on the tunability and conversion bandwidth when dealing with broadband single-photon
inputs. We demonstrate a single-pass waveguide that overcomes these limitations, converting pho-
tons near the Rb D1 transition with >50% internal efficiency and low added noise.

In the third part, we introduce distributed Bragg reflector (DBR) cavities as an alternative plat-
form for QFC. This platform resolves the bandwidth limitation of the microring resonator while
reducing the device footprint and pump power requirements of the single-pass waveguide, by en-
abling simultaneous single-pass and multi-pass operation in different wavelength regimes. We
show intraband conversion in a DBR cavity that allows for broadband inputs while still provid-
ing significant resonant enhancement. We also describe other experiments in which the flexibility
introduced by the DBR cavity design allows accessing regimes challenging to achieve with con-
ventional microring resonators.

In the last part, we use integrated thermometry to perform fast and reliable measurement of the
thermo-optic coefficient of SiN at 780 nm. Characterization of the thermo-optic properties of SiN
at near-visible wavelengths is useful for understanding spectral shifts of cavity resonances caused

by optical heating in dual-pump schemes such as that described in part one.
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Introduction

Nonlinear optics primarily manifests itself through the generation of new frequencies
of light in a material. The remarkable mechanisms which enable this arise from the fact that an
intense optical eld can induce a material polarization that depends nonlinearly on the incident
eld. Therefore, nonlinear optics allows new frequencies of light to be generated in a material
without a transfer of energy between the light and the medium (such interactions are known as
parametric processg¢s Photons are notoriously reluctant to interact with one another, and our
day-to-day experience with light is fundamentally linear: we do not expect to send red light into a
piece of glass and get blue light out, especially without exciting any sort of atomic transition in the
glass. And yet we do observe that intense optical elds can induce nonlinear response functions in
materials that modify their refractive index and drive photon-photon interactions, causing multiple
photons to combine or a single photon to spontaneously decay into two.

Two-qubit gates require nonlinearity, so it is readily apparent why nonlinear optics is of inter-
est to quantum computing. Linear optical quantum computing (LOQC) relies on measurement-
induced nonlinearity from the photodetection process. Such gates are inherently probabilistic and
require post-selection, in which only a subset of events are counted while the rest are discarded.
Thus, instead of being proper two-qubit gates, these are often considered simulations of two-qubit
gates which merely mimic their behavior some of the time. Truly deterministic gates require
photon-photon interaction through optical nonlinearity, and can solve scalability issues present in
LOQC [2].

Single-photon nonlinearity is still extremely challenging to generate, and is for the present
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time relegated to exotic laboratory systems like Rydberg atoms and complex cavity QED systems
[3, 4]. However, nonlinear optics has found a place in the quantum revolution in other ways:
speci cally through the generation of non-classical sources and quantum frequency conversion.
Quantum frequency conversion (QFC) refers speci cally to a subset of nonlinear optical processes
that can be written in terms of a unitary transfer matrix between a single input photon that we
call asignal and an output photon called atler, that are nondegenerate (in practice, no transfer
matrix can ever be truly unitary due to material losses). Therefore, QFC-compatible processes can
be regarded as frequency-domain beam splitters between the signal and idler elds, and are fun-
damentally noiseless processes. Because QFC operations are beamsplitter transformations, they
can be used to implement arbitrary single-qubit rotations on a Bloch sphere representing a two-
dimensional frequency Hilbert space. Thus, they offer themselves as a key building block for
realizing logic gates in quantum information processing using frequency-encoding. Spontaneous
parametric down-conversion, which uses nonlinear optics to generate a non-classical state from a
classical pump eld, isrota valid quantum frequency conversion process because it is fundamen-
tally an ampli cation process, and thus requires the addition of noise from an ancillary mode to
preserve the commutation relations of the output eld. The three principal nonlinear optical pro-
cesses employed in QFC are sum- and difference-frequency generation (both three-wave mixing
processes which only occur jn?’ materials), and Bragg-scattering four-wave mixing (& pro-

cess, which occurs in all materials). Energy diagrams of these three processes are shown in Fig.

1.

Figure 1. Energy diagrams for the three widely used QFC processes of (a) sum-frequency genera-
tion, (b) difference-frequency generation, and (c) Bragg-scattering four-wave mixing.



QFC was rst observed in 1992 by showing nonclassical correlations between a signal at 1064
nm and an idler at 532 nm generated via sum-frequency generation in a KJiBH®) crystal
[5]. Since then, there have been numerous demonstrations of interband QFC — where the signal
and idler span widely disparate wavelength bands — as well as intraband QFC, where the signal and
idler have a small spectral separation. Interband QFC is well-motivated since it enables interfacing
between optical bers, which exhibit low loss in the telecom band (1260-1675 nm), and quantum
memories and single-photon sources, whose wavelengths are xed by speci ¢ atomic transitions
often in the visible and near-infrared portions of the spectrum (see Fig. 2). However, intraband
QFC also has numerous applications, including for making emission from multiple quantum dots
indistinguishable [6] (alternatively Stark tuning can be used, however it is dif cult to implement
in integrated setting due to the placement of the electrodes, and is generally unable to support
wavelength shifts of 5 nm in a cryogenic environment), and for quantum information processing
with frequency encoding schemes [7]. In this thesis, interband QFC is explored in chapter 2, and

intraband QFC is explored in chapters 3 and 4.

Figure 2: Wavelengths of common atomic quantum memories and single-photon sources in relation
to the telecom band.



0.1 Outline of Thesis

In chapter 2, we show the rst demonstration of QFC linking telecom and visible domains us-
ing the process of BS-FWM. Heralded single photons are generated at telecom wavelengths using
spontaneous four-wave mixing and upconverted to 698 nm. This enables both photon-pair genera-
tion and frequency conversion to be achieved in CMOS-compatible silicon nitride microresonators,
compared to traditional approaches for visible-telecom quantum frequency conversion that rely on
three-wave mixing processesjin® platforms like lithium niobate which cannot be monolithically
integrated alongside silicon, without contaminating the fab.

BS-FWM is uniquely suited for intraband QFC, which is not possible in a single stage us-
ing three-wave mixing processes. In chapter 3, we explore intraband frequency conversion in
single-pass waveguides, achieving internal ef ciencies of 60-70% near the Rb D1 line wavelength.
Single-pass devices remove the bandwidth constraint imposed by microring resonators, but come
at the expense of a larger footprint and high pump power requirements.

In chapter 4, we introduce distributed bragg re ector (DBR) cavities as a way of overcoming
the bandwidth constraint of the microring resonator while also maintaining a small device footprint,
by placing the pumps within resonances in the stopband of the device but keeping the signal and
idler far away from the stopband where they effectively operate in a single-pass con guration.
We also discuss several other applications for DBR cavities in integrated photonics that facilitate
experiments cumbersome to perform in a ring resonator.

In chapter 5, we perform measurements of the thermo-optic coef cient of SiN at near-infrared
wavelengths using integrated thermometry. In our technique, heat is applied to the chip using
a thin- m platinum resistor near a microresonator, and another platinum resistor on top of the
resonator acts as a thermometer by monitoring minute changes in the temperature-dependent re-
sistance of the platinum. This technique is faster and more accurate than conventional methods for
measuring thermo-optic coef cient, and reveals that dn/dT is a factor of 1.20 times larger at 780

nm than at 1550 nm for LPCVD SiN.



Chapter 1: The Fundamentals

1.1 Nonlinear Optics

When an electromagnetic wave is incident on a dielectric medium, the material experiences
an induced polarizatio®,, described in terms of a response functjor’ known as the linear

susceptibility.

PL=nj VE (1.1)
For an intense eld, we can expand this as a power series in the electric eld

h i
P=rpj VE, | ZE?, jTE3, eeee P_. PnL (1.2)
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where in genera) "*° is a second-rank tensoy,'? is a third-rank tensorj *¥ is a fourth-rank
tensor, and so on. The products of the electric eld present in this expansion allow generation
of new frequencies of light at linear combinations of the input components. In Eg. 1.2 the total
polarizationP is divided into a sum of its linear and nonlinear contributions. We can now derive
the nonlinear wave equation from the concept of the nonlinear polarization, following Chapter 2

of [8]. Starting with Maxwell's equations:

r D=ds r B=0

nB nD

r E= — r H=—
mC mC"‘J

In a dielectric mediunmds = 0 andJ = 0. The displacement eld can be written Bs= g , P.



Assuming the material is non-magnet= ~ gH. Taking the curl of Faraday's Law,

m
rir E°=rir E° r ’E= \Oﬁcl:r Ho (1.3)

We can approximate the E term as being negligible for most cases of interest. Substituting the

right side with Ampere-Maxwell law and writing in terms of the polarization response, we get

2= ‘oﬁD: 1nfE 1 nfP
m&

2'mE 2 me

(1.4)

P can be split into a sum of its linear polarization respoRse= rgj ‘*’E and its nonlinear
componenPy; .

1 nfE 1 ntP
) =— :

1 ntP
= uk (1.5)
2m€E 22 m& 2 mé€
We can rewrite terms on the left-hand side as:
" #
r 2E iﬁ rbll ] 1:I-OOE = in‘?P#!
22mé& ’ 22 mé&

(1.6)

Substituting 1, j '¥° in terms of the frequency-dependent refractive inddx°, we arrive at the
nal form of the inhomogeneous wave equation

‘2 =nfE _ 1 nfPy
2 m€& 22 m€

(1.7)

We can express the electric eld as a sum of many frequency modes, and then consider the
scalar 1D approximation along z (for instance for a eld con ned in a waveguide):

0
l-g=

NI =

ogBV= 1=C 2epe

(1.8)



Consider a single frequency mode and insert into Eq. 1.7.
" #
nt =2| 2 | 2

m—IZ: R 28%% \/2 =, 7 = 4-8\/:I | =C = rb—z_zo/(#[_:llo (19)

It is apparent from the de nition of the propagation constent =| « 2 that the third and fourth
terms of the equation cancel. We can then invoke the slowly varying envelope equation (SVEA) to

discard the rst term, sinc@ri—,; YV 28V This simpli es Eq. 1.9 to:

m - 812

Ml 2Vrg22

4 8V 1 Cop, 10 (1.10)

Using this equation, the coupled-mode equations can be derived for various nonlinear pro-
cesses. The BS-FWM process involves the coherent interaction of four distinct optical modes: a
signal €), an idler (), and two pumpsg andq). Therefore, we can write Eg. 1.8 as a sum over

these four modes:

0
l-€= _1ogBV= 1=C 240 (1.11)
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The nonlinear polarization at the signal and idler frequencies are given by the following:

0
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where the prefactor of six arises from permutation symmetry of the three eldsj(S)refers to
the relevant tensor component of the third order nonlinearity, dependent on the polarizations of the
input elds. Inserting these expressions into Eq. 1.10 yields coupled-mode equations (CMES) for

the signal and idler elds:

mop_ 8|% 3 . 130 S VI
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where we have de nedV= Vs V,, Vg \sas the linear phase mismatch of the process. We can
rewrite these equations in terms of the refractive indexpf the material at the signal and idler

frequencies
m g 38l B .1

Mo Fe o, ooV (1.16)
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If our signal and idler elds are at the single-photon level, we can invoke the undepleted pump
approximation, in which we take »j andj g to be constant in in the absence of loss. In this
case, thé-dependence of ; and @is given entirely by phase factors arising from self- and cross-
phase modulation (discussed below) which can be eliminated by moving to a rotating frame. In
this case Eqs 1.16 and 1.17 can be solved exactly, as done in chapter 3.

For BS-FWM to constructively build up, the linear phase mismatch tekirmust be close
to zero. In contrast, the processes of self-phase modulation (SPM) and cross-phase modulation
(XPM) are automatically phase-matched. In SPM, a pump imprints a temporal phase on itself due
to modi ed refractive index it experiences at high intensities due tq tetensor. In XPM, a eld
experiences this temporal phase due to another intense eld modifying the refractive index of the
material. These process have equations of the form

m 38l 170. . .
’ 2 o 2 8Wo 5  ISPMP (1.18)
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where we described the nonlinear phase accumulated by pump -gttiie to itself (Eq. 1.18),
and due to the second pumpg(Eq. 1.19). The phase induced by XPM is twice as strong as
the phase from SPM due to the permutation symmetry of the elds. In the undepleted pump

approximation, we can tredt »j2 andj »j? as constants, and SPM and XPM manifest simply as



temporal phases

S0 = ,10048W 2% 2 @ (1.20)

We will now derive the coupled-mode equations for BS-FWM in a cavity. Starting with (Eq.

1.16) and absorbing the coef cients into the effective nonlinear pararid¢tee can write:

m—lB = 28W5 o oV (1.21)

In a cavity, we can apply the mean eld model

_10-§= - qtl-g04 8>Pl \ p\_ 8= (1.22)

This is simply a beamsplitter relation that relates the eld in the ring right before the ring-bus
coupling region - 1'!—g° to the eld right after the coupling region-0-§, where - is the
signal eld after=roundtrips, s-is the input eld in the bus waveguidé, is the circumference

of the cavity,Xis the relative phase between!l = 0°and - 1!l = !° due to detuning from

the cavity resonance, andis the (power) coupling coef cient between the bus waveguide and
microresonator. We will now linearize Eqgs 1.21 and 1.22 and combine them. First we Taylor
expand -, under the assumption that the loss is small so the eld changes little after one roundtrip,
and linearize inJ, whereU is the propagation loss experienced by the eld over one roundtrip:

=1 1=0-g4%2 1 D

1l =0-§4 Y2 1.23
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Therefore, we can write
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We can rewrite Eq. 1.21 as

U

g 210-G, 5 S0-G=28W!, g4 (1.26)

where the phase mismatch term vanished since we evaluated the ¢ld=a0. Substituting
=10- § with the expression from Eq. 1.22 and linearizindJr Xand\ , we have

\ o P- U
e st 8X 50 N = o ol BWI, g (1.27)

We canwrite =l-g° = 11l-¢g°=C . g!C—gwhereC =1+ (" is the roundtrip time of the
cavity, and the variable t is our 'slow time' parameter. Unlike the fast tyywhich describes the

coordinate within a single cavity roundtrip, the slow time described the evolution of the intracavity

eld from roundtrip to roundtrip. This gives the nal equation

p

\ U _
cchlc—v 8X —== giCg 28W!7 gs, \ g= (1.28)

2

In a real cavity, the signal eld will also experience XPM from the two pumps, which we can

incorporate by introducing a term of the form of Eq. 1.19. We write the CMEs for all four elds

involved in the BS-FWM process below:

el acar 8% o 8w | o 2 & sy Tr
el dc 8% ‘70 8w 3 7. & @Cu Vel
¢l gcar 8% =E 8w | P & HCUBW - g vl
¢l gcar 8y 1 28w | Pl & sCUBW a6
(1.29)

Itis notable in the cavity treatment that unlike the waveguide CMEs, there is no explicit appear-

ance of the phase mismatch terri, since all information about the cavity dispersion is contained

10



implicitly in the detuning parametet In a resonator, phase-matching BS-FWM is equivalent to
enforcing the condition that cavity resonances must occur at the frequencies that satisfy energy

conservation. The issue of phase-matching is discussed more completely in the next section.

1.2 Dispersion Engineering

Because all materials have frequency-dependent refractive indices (a property kndwo-as
matic dispersioly the propagation consta¥tl °© has a nonlinear frequency dependence which can

be written as a Taylor expansion about a center frequeRcy

Q. <
Vi © = —Ill I o° (1.30)
<=0 <
The coef cients in the summatiol. g’f—V are known as the th order dispersions. The

| =l 0
coef cient of the rst order term in this expansiow = g_lv is equal to the inverse of the group

velocity of light at that frequency. Therefore, the second order coef cént= g’%{ is often

called the group-velocity dispersion (GVD). In a positive (normal) GVD regime;j( 0), longer
wavelengths of light travel faster than shorter wavelengths; in a negative (anomalous) GVD regime
1\, Y 0°, shorter wavelengths travel faster than longer wavelengths. In order for a nonlinear
process to be ef cient, the elds should add coherently as they propagate. If the generated eld
oscillates in and out of phase with the driving elds, it will destructively interfere with itself and
cancel out. In order to ensure coherent build-up of the eld generated in a nonlinear process, we
must satisfy momentum conservation by matching the propagation phases of all the involved elds.

The phase-matching condition for BS-FWM is given by:

V=V @, VI 2© VA © VA £=0 (1.31)

11



Expanding around a center frequerncy ' B=2' Z = %3 this can be rewritten as:

o) o) o) o)
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It is apparent that odd orders of dispersion cancel out, and therefore do not contribute to phase
mismatch. Assuming the dispersion is dominated by second-order (group-velocity) dispersion and
discarding higher-order terms,

h i
V=Vo il g | @2 11 | ¢? (1.33)

Therefore, to a good approximation we can achieve phase-matching by ensuring that the group-
velocity dispersion (GVD) passes through zero near the center wavelength of the BS-FWM pro-
cess.

Integrated waveguides exhibit two types of dispersion. The rst is an intrinsic dispersion of
the material, linked to its absorption spectrum. In general the linear susceptibility is a complex
guantity in which the real part describes the refractive index and the imaginary part is determined
by the material absorption. By the Kramers-Kronig relations, the real and imaginary parts of a
causal response function are related through the equations

1
1 *imfju ®g
c

Refj 1| ©g= o]

310 (1.34)
1

310 (1.35)

1
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Therefore, any absorption features a material possesses will also manifest as a frequency-
dependent refractive index. This is known as the material dispersion, and can be computed from
the Sellmeier equations of a given material. As shown in Fig. 1.1a, the material dispersion of

SiN is normal at wavelengths up to about 1585 nm, at which point it becomes anomalous [9]. For
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fused silica, the material GVD crosses zero around 1270 nm and is anomalous throughout most of
the telecom band. Since material dispersion is determined by the inherent properties of the mate-
rial, it cannot be directly tuned. However, the normal material dispersion can be compensated by
adjusting a second type of dispersion known as the waveguide dispersion. In particular, by engi-
neering the cross-section of the waveguide so that different amounts of the mode occupy the SiN
core and the Si@cladding, as shown in Fig. 1.1b-c, we can modify the effective index, allowing

us to access regions of anomalous dispersion at much lower wavelengths. For the TM mode of
the 730 1000 nm waveguide, the zero-GVD wavelength can be brought below 900 nm. It is re-
markable that, although the material dispersion of the SiN core and thec&idding are normal

at wavelengths below the telecom band, by distributing the mode between these two materials we

can access anomalous dispersion at these same wavelengths.

1.3 Device Fabrication

All the samples discussed in this thesis are thick- Im (640-730 nm) SiN waveguides fabricated
at Cornell Nanoscale Facility (CNF) using electron-beam lithography. The waveguides consist
of a slightly Si-rich SiN core symmetrically clad by Si@n the top and bottom. The nitride
Im was deposited using low-pressure chemical vapor deposition (LPCVD) in order to enhance
the quality factor. Because LPCVD applies Im stress that can result in the wafer cracking for
thick Ims (j 400 nm), two Ims were deposited on top of each other and annealed together with
an interstitial layer in between [10]. Such a bilayer technique reduces the probability of wafer
cracking. While thin- Im nitride is more readily accessible from commercial foundries, it lacks

the anomalous dispersion at near-IR wavelengths necessary for many nonlinear optical processes.

1.4 Coherence Functions and Photon Statistics

Since they were rstintroducted by Roy Glauber in the 1960s, coherence functions to describe
correlations between elds using quantum eld operators have become a staple of experimental

guantum optics [11]. We can de ne normalized rst and second-order correlation functions:
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Figure 1.1: (a) Second-order material dispersion for SiN and fused silica)(Si@h zero-GVD
wavelengths at 1585 and 1270 nm, respectively. (b) Simulated group-velocity dispersions and (c)
mode pro les for the quasi-TE (top) and quasi-TM (bottom) waveguide modes for two different
waveguide cross-sections. At a wavelength of 1550 nm, 72.2% (78.8%) of the TM (TE) mode is
contained in the core for 73@000 nm waveguide cross-section and 76.3% (87.0%) of the TM
(TE) mode is contained in the core for the 7300 nm cross-section.

1y . — 1y A— i
61 -Cr-©=p _h L Q -rz & = (1.36)
hj iri—@j2ihj r—-@ji

h r—Q - r—L— ri—-Qi (1.37)
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While the order of these elds can be rearranged in a classical description, for quantum elds

normal ordering must be followed, in which all creation operators occur to the left of all annihi-
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lation operators. Normal ordering is necessary for accounting for the quantum mechanical nature
of the photodetection process. For a classical @d;10° 1and6?1g® 62°10°, which is

referred to aphoton bunchingFor a single mode eld

YO0  HY-0V-0U9, YOYOi  hi2 29
oveiz oy 0§ 2 R

67100 =

The variance is de ned a5 =°? = % h #2. In a Poissonian systerh, =% = 4. So for a

coherent state, which exhibits Poissonian photon statistics,

1 =02 nA2 haA P hA2 ha

120 —
67100 = haj 2 haj 2

11 [62100=1 (1.38)

For Bose-Einstein statistics, the variarice®? = i | h 22, So for thermal light,

1 =02 hA2 hA 2m2
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67100 = = =7

627100 = 2 (1.39)

For a Fock state, = = 0 since the distribution is just a Dirac delta function. So,

1 =02 hA2 n#
5 =1

1
1201 — =
6'2°100 — _ 1 (1.40)

Since6'210° j 1 for thermal light, it is a bunched state. Conversely, a Fock state is an example of
an antibunched stated sin6&°0° Y 1. For a single-photon staté,%°10° = 0.

We can also describe the cross-correlation between two elds in nodesl 1 in terms of a

time delayg:
h"olC "11C§ o "1C ¢° OlCi

1.41
h"ot@ btCih"1C, ¢° 11C, ¢ (1.41)

If 6;21010o i 2, this violates the Cauchy-Schwartz inequality, signaling the nonclassicality of
the state. For the generation of highly correlated photon pairs in spontaneous parametric down-
conversion (SPDC) or spontaneous four-wave mixing (SFWM), as discussed in Sec. 3 of Ch. 2,

we therefore expect to see photon bunching in the cross-correlation function.
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1.5 Photon Detection

In our experiments, photon detection is performed using PhotonSpot superconducting nanowire
single-photon detectors (SNSPDs) at telecom wavelengths, and silicon-based single-photon avalanche
diodes (SPADSs) at visible wavelengths.

In our SNSPDs, the detector is housed in a 0.8 K helium cryostat and is evaporatively cooled
to bring it into a superconducting state. A bias current slightly below the critical current required
for superconductivity is applied. When a photon impinges on the detector, the breaking of Cooper
pairs locally heats the detector, lowering the critical current below the bias current and temporarily
breaking the superconducting state. This causes a voltage to get shunted to a readout ampli er
which is detected as a pulse. The count rate recorded on the SNSPD thus depends sensitively on
the setting of the bias voltage. In our experiments, we measured the SNSPDs to have a quantum
ef ciency of 43% at 1280 nm.

In a SPAD, the diode is reverse-biased well above its breakdown voltage. When a photon is ab-
sorbed within the depletion layer, it rapidly accelerates and creates many more electron-hole pairs
through collisions, a process known as impact ionization. When enough electron-hole pairs are
generated this registers as a voltage pulse, signalling the detection of a photon. After an avalanche
occurs, a quenching circuit is needed to reduce the voltage remove excess charge carriers and
recharge the diode to the breakdown voltage. This results in a fairly long deadtime) @&er a
photon has been detected, in contrast with our SNSPDs which have a 40 ns deadtime. We use an
Excelitas Single Photon Counting Module with photon detection ef ciency of >50% at 705 nm.

Because our measurements rely on heralding-based post-selection, they require highly accurate
timing electronics. This is achieved using a Roithner Laserteknik TTM800 time tagging module
with a 12.5 GHz clock speed, enabling a timing resolution of 80 ps. In some later measurements,

a Swabian TTX time-tagger with an RMS jitter of just 2 ps was used.
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Chapter 2: Telecom-Visible Quantum Frequency Conversion in a SiN

Microresonator

In a mature quantum internet, channels that link processor nodes will be required to transport
guantum information from site to site with high delity [12]. Most candidates for memories and
processor nodes in quantum networks have emission wavelengths in the visible and near-infrared
portions of the electromagnetic spectrum. However, commercial single-mode optical ber has
propagation loss of 5 dB/km at wavelengths below 800 nm, rendering these wavelengths un-
suitable for long-distance ber communications. Therefore, a crucial feature in the development
of long-distance quantum networks will be a method of downconverting photons to telecom wave-
lengths, where ber losses &f 0.2 dB/km can be exploited, while simultaneously preserving their
guantum statistics.

Current state-of-the-art integrated devices for telecom-visible quantum frequency conversion
(QFC) use sum- and difference-frequency generation (SFG/DFGYiperiodically-poled lithium
niobate (PPLN) waveguides [13—-22] and bulk crystals [23]. PPLN-based devices have been shown
to convert light between visible and telecom fregencies at the single-photon level from attenu-
ated coherent states [15], spontaneous parametric down-conversion (SPDC) [13, 14, 16], nitrogen
and silicon-vacancy centers in diamond [17-19, 23], rare-earth-doped crystals [21], and semi-
conductor quantum dots [20, 22]. A promising alternative to QFC basefd Bnprocesses is
j '*"-based Bragg-scattering four-wave mixing (BS-FWM), in which conversion between a signal
and idler photon is mediated by two pumps [24—-26]. Depictions of the energy diagrams com-
paring SFG/DFG to BS-FWM are shown in Fig. 2.1. Since th& nonlinearity is present in
all materials, a quantum frequency converter based on BS-FWM can be fabricated directly on a

monolithic CMOS-compatible platform. Amongst CMOS-compatible materials, SiN is ideally
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suited for telecom-visible conversion due to its broad transparency window from 400 nm up to
mid-infrared, and does not suffer from linear and two-photon absorption that affect silicon at these
wavelengths. In addition, the use of two pump elds provides an additional tunable degree of
freedom that enables BS-FWM to be used to readily translate photons separated by MHz to sev-
eral hundreds of THz; SFG and DFG by contrast can typically only accommodate large spectral
separations. Furthermore, BS-FWM allows exibility in the choice of pump wavelengths since
BS-FWM conversion depends only on the pump frequency separation. This existence of multiple
pump wavelength con gurations for a single signal/idler pair allows one to choose from com-
mercially mature laser wavelengths and to position the pumps in a way that optimizes the noise

performance of the device.

Figure 2.1: Energy diagrams for the three widely used QFC processes of (a) sum-frequency gen-
eration, (b) difference-frequency generation, and (c) Bragg-scattering four-wave mixing.

BS-FWM-based QFC has been shown with ef ciencies exceeding 95% in optical bers with
signal and idler wavelengths separated by a few nanometers in the telecom band [27, 28]. It has also
been achieved using atomic transitions in rubidium vapor [29, 30] to connect a rubidium quantum
memory with telecom wavelengths for optical ber transmission. In integrated platforms, BS-
FWM has been shown to translate emission from a quantum dot across 1 nm with 12% ef ciency
[6]. In spite of these demonstrations, wide-spanning on-chip BS-FWM frequency conversion has
yet to be shown in the single-photon regime. The largest signal-idler separation demonstrated with
classical BS-FWM was 115 THz, between 980 and 1550 nm [31]. However, excessive contamina-
tion by noise photons from the nearby pumps made this device challenging for QFC.

In this chapter, we show conversion across 192 THz with single photons in a microresonator
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and perform a characterization of noise sources in silicon nitride. Silicon nitride has been a chal-
lenging platform for quantum photonics experiments spanning visible and telecom bands since it
can exhibit strong uorescence at visible wavelengths, and SFWM noise prevents the placement
of the signal or target elds near either of the pumps, where phase-matching for BS-FWM is most
convenient. We reduce these sources of noise to acceptable levels by placing the pumps in the nor-
mal group-velocity dispersion regime, utilizing a large 40-THz frequency separation between each
of the pumps and its nearest signal/idler eld, and ensuring the near-visible pump is red-detuned
from the idler resonance. We further optimize the noise properties by adjusting the relative powers
of the pumps, demonstrating that silicon nitride can serve as a low-noise platform for QFC across
widely separated wavelength bands. This is, to the best of our knowledge, the widest-spanning
demonstration of four-wave-mixing-based QFC in any solid-state platform, and the rst one link-

ing telecom and visible domains. [32]

2.1 Theory of Cavity-Con ned BS-FWM

We can write the coupled-mode equations for conversion between the intracavity signal eld
and idler eld mediated by two pump elds and in matrix form [33], which we derived

previously in Eq. 1.29.

o3 B 8 28w j2j j 28WI! v 0 8=

3C 28W! YU g 8wy 2] j 0 " .

8=
(2.1)
8_
whereW: o is the nonlinear parameter at the signal (idler) wavelenftls the circumference
of the resonatorC is the roundtrip time of the resonatdy, . . is the total loss coef cient (i.e.

corresponding to the loaded resonance linewidth) at the signal (idler) wavelengths,is the
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resonance detuning of the signal (idler) eld, and. . is the coupling coef cient at the signal
(idler) wavelength. To extract the signal and idler elds coupled out of the ring into the bus waveg-

uide, we can use the following beamsplitter relation:

p
Y= E 2.2)

>D 85

In steady state, we can set the left-hand side of Eq. 2.1 to zero:

= (2.3)
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Combining Eqg. 2.5 with the beamsplitter relation in Eq. 2.2, we can obtain a direct relationship

between the input and output elds in the bus waveguide:

p !

>D 1 B\1z 8o TV 28w T\ 0 o
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26)

When there is no input idler eld (i.e. g== 0), we can write the photon-number ef ciency as:

2=
|

8= 1z g o1z 8 ° AawWWwW!? [ j2

where the factor o¥V+W arises as an approximation to convert from power to photon ux.
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We de ne the quantity equal to the ratio of the nonlinear coupling rate to the linear dissipative
rate of the resonator as the cooperativity paraméteyWhen it equals unity, in the limits where
signal and idler are close together in frequency, there is an exceptional point in which the system
transitions from a regime where the eigenvalues of the transfer matrix relating the input and output
elds in Eq. 2.6 have two degenerate eigenvalues to a regime where both of their eigenvalues are

nondegenerate. The cooperativity is de ned as:

_16WW ! 204%

C
uu

We call the regime wher€ Y 1 the 'underpumped regime', and the regime whérg 1 as

the 'overpumped regime’, in line with analogous theory developed {8 frequency conversion

[34]. In the overpumped regime, strong nonlinear coupling causes the signal and idler modes to
hybridize, resulting in a Rabi-like splitting. This splitting corresponds to the two nondegenerate
eigenvalues in the overpumped regime. This behavior is shown in Fig. 2.2. In general the magni-
tude of this splitting is nontrivial and may not have a closed-form solution. However for intraband
BS-FWM (in the limit wherew = W, U = U ,and\ =\ ), the strength of the splitting-

can be well-approximated by

Y
AW! %% (2.8)
It can be veri ed from equation 2.7 that for xed pump power value$s maximized for detuning
values of:
= 2W 1%y = 2W 1%y (2.9)
in the underpumped regime, and

= 2W 1%y U?pc 1 (2.10)

U

=5t 2W 1%, 2W 1% (2.11)

21



in the overpumped regime.

Inserting equations 2.9-2.11 into equation 2.7 gives us a maximum conversion ef ¢iericy

\ 4C
[ = U U i1 co (2.12)
in the underpumped regime, and
\ N\
=1 2.1
(=50 (2.13)

in the overpumped regime. In summary, the conversion ef ciency can be expressed as:

éusu i1 co? forCY 1,
[ = (2.14)
g\s\i
forCi 1,
- WU l
where
16WW! 2% %

We see that the maximum conversion ef ciency for a given device is achieved in the over-
pumped regime, where it saturates at an upper bound given by the ratio of the resonator-bus cou-
pling coef cients at the signal and idler wavelengths to their roundtrip loss coef cients [34, 35].
For a critically coupled resonator, the ef ciency is limited to -6 dB. The power-dependence is plot-
ted in Fig. 2.3, for three different chosen values of the coupling coef cient. Therefore, in an ideal
situation we want to design our microresonator device such that it is as overcoupled as possible at
the signal and idler wavelengths, and critically coupled at the two pump wavelengths to lower the

pump power requirements.

2.2 Device Design

The desired BS-FWM interaction must be phase-matched to optimize the ef ciency of the QFC

process. Here we set the target idler wavelength to 698 nm, corresponding to the strontium clock
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Figure 2.2: (a) Conversion ef ciency vs. idler detuning for three different pump powers, transition-
ing from underpumped regim€(Y 1) to heavily overpumped regim€(jj 1). The pointC = 1

marks the onset of nonlinear splitting. Asymmetry in peak heights arises from unequal quality
factors and effective nonlinear coef cients between the signal and idler resonances. (b) Imaginary
part of the eigenvalues of the transfer matrix, showing an exceptional point at unit cooperativity, at

which point the degeneracy of the eigenvalues is lifted.

Figure 2.3: Theoretical conversion ef ciency curves for BS-FWM in a resonator, for three different
values of coupling coef cient while keeping the intrinsic Q constant.
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transition, which could serve as a quantum memory due to its millihertz linewidth. We choose
a signal wavelength that lies in the telecom O-band (1260-1360 nm), where loss coef cients of
Y 05 dB/km are standard for single-mode bers. Phase-matching is satis ed by situating the zero
group-velocity dispersion (GVD) point near the center wavelength of the BS-FWM process. This
can be achieved by designing the cross-section of the waveguide to be ZZID nm and using

the quasi-TM mode, which satis es this constraint and also maintains both pumps in a region of

normal GVD where spontaneous pair generation is not phase-matched (see Fig. 2.4).

Figure 2.4: Simulated GVD for microresonator used in experiment.

Further optimization of the QFC process is achieved by operating in the higher overcoupled
regime at both the signal and idler frequencies to maximize the conversion ef ciency (see Eq. 1).
This is challenging at visible wavelengths since at these higher frequencies the mode becomes
tightly con ned, which reduces the evanescent overlap between the mode in the bus waveguide
and the mode in the microring. We address this issue by utilizing a pulley-coupler design in which
the bus waveguide wraps around the ring to increase the interaction length [31, 36]. We then
choose a bus waveguide width that ensures that the eld in the bus waveguide and the eld in the
ring remain in-phase as they propagate at the idler wavelength, so that the coupling coef cient
builds up constructively along the length of the pulley coupler. However, this can result in highly

overcoupled telecom modes, which comes at the expense of a larger required pump power to
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achieve the maximum conversion ef ciency state, worsening the noise properties of the device. To
offset this, we design the bus waveguide width to slightly phase mismatch the coupling interaction
at telecom wavelengths. In our experiment, we nd that the large interaction length required to
highly overcouple the short-wavelength resonances resulted in a reduced intrinsic quality factor
for the telecom-band resonances, due to increased interaction of the hybrid ring-bus mode with
the waveguide sidewalls in the coupling region. As a result, we opted for a device that was less
strongly overcoupled at shorter wavelengths, in order to preserve the intrinsic quality factors at
telecom wavelengths. By choosing a bus waveguide width of 600 nm, a gap of 200 nm, and
wrapping the bus waveguide over an angletf around the resonator, we nd the O-band signal

is critically coupled, while the C-band pump is slightly overcoupled and the 780-nm pump is
slightly undercoupled. For the device used in this experiment, we measure loaded quality factors
of 15 10° at 780 nm4+5 10° at 1283 nm, an@8 10° at 1548 nm, as shown in Fig. 2.7c.

A key aspect for high- delity QFC is ensuring that there are no sources of noise photons that
contribute at the signal and idler frequencies. We identify two primary sources of noise photons
in silicon nitride to be uorescence and spontaneous four-wave mixing (SFWM), both of which
are illustrated in Fig. 2.5c. Fluorescence is primarily an issue when the waveguide is pumped at
wavelengths below 1.1m [37]. The origin of uorescence noise in silicon nitride is not fully
understood. Two possibilities are that it arises from silicon nanoparticle defects pumped above
their bandgap energy [38] or that it is due to bandtail transitions intrinsic to silicon nitride [39]. In
our experiment, we nd that uorescence is concentrated on the red side of the 780-nm pump up to
about 1100 nm, which corresponds to the bandgap of silicon. By placing both pumps on the long
wavelength side of the idler, we can mitigate contamination from uorescence noise. The second
major source of noise photons from spontaneous four-wave mixing (SFWM) is localized around
the pump wavelength and is more pronounced and broader bandwidth in the anomalous-GVD
regime. By placing both pumps in the normal-GVD regime and utilizing a large, 40-THz separation
between the signal or idler and the nearest pump, we suppress contamination from SFWM. SFWM

scales quadratically with pump power since it involves the annihilation of two pump photons, and
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it is co-polarized with the pump. Fluorescence, on the other hand, should at low powers scale
linearly with pump power and be unpolarized [37]. At high powers, uorescence noise exhibits
sublinear power-dependence due to a saturation effect arising from depletion of impurities in their
ground state [40]. The pump-power dependence of uorescence can be modeled by the saturation

curve

%

# uorescence/ m (2.16)

Spontaneous Raman scattering, if present, should also scale linearly with pump power but be
co-polarized with the pump [24]. The difference in polarization between spontaneous Raman scat-
tering and uorescence noise can be understood in terms of the timescales of these two processes:
the former is "instantaneous"” (timescale of fs) and involves the scattering of the same photon across
virtual vibrational transitions. Fluorescence, on the other hand, entails absorption and re-emission
over a much longer relaxation times (timescales of ns) involving real electronic transitions, and so
it loses memory of the polarization of the incident pump. These results are summarized in Table
2.1. The differences in polarization and pump power scaling of these three noise sources offer
an experimental means of distinguishing them at the source and target wavelengths in order to

characterize the noise properties of the device.

Pump Power Scaling
(at low powers)

Fluorescence unpolarized linear

Spontaneous Four-Wave Mixing | Co-polarized with pump  quadratic

Spontaneous Raman Scattering | Co-polarized with pump  linear

Noise Source Polarization

Table 2.1: Means of experimentally distinguishing three common sources of noise photons.
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Figure 2.5: Depiction of noise sources in silicon nitride.

2.3 Photon-Pair Generation Device and Theory

We perform conversion of heralded single photons by weakly pumping a secondary SiN mi-
croresonator below its parametric oscillation threshold to generate temporally correlated signal
(I gy and idler { g photons using SFWM. The photon pair is described by the biphoton wavefunc-
tion

il 31 g31 6 -l POYH POV & jO-Oi (2.17)

where the functio®?l g-1¢ is known as the joint spectral amplitude (JSA) function. Because the
JSA depends on both the signal and idler frequencies, the wavefunction is not factorizable for each
photon, and thus the photons are frequency-entangled. In general, such a device produces a weak

two-mode squeezed vacuum with wavefunction given by

i i= 1jZ%2 Zje3 (2.18)

whereZ is the squeezing parameter that depends linearly on the pump power for FWM. In the
low-pump-power limit, the in uence of multipair events (j 1 terms in the summation) declines
and we can approximate the output as a two-photon Fock state. As we increase the pump power

the coincidence-to-accidentals ratio (CAR) progressively decreases due to excessive generation of
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multipair events which degrades the quality as a heralded single-photon source. We can derive
the full form of the CAR as a function of the squeezing parameter. The derivations in this section
loosely follow those given in various portions of ref. [41], with some modi cations. We start by

applying the squeezing operatirto the vacuum state:

iz i=*"j0i -where" = exptz0f <2+ (2.19)

in which @ and { represent the signal and idler modes. Therefore we can write an "evolution"
equation in the Heisenberg picture

0170 = ¥'010o¥Y (2.20)

AssumingZis real, so”* = exptZ ©, where A=¥{Y of. Then,

"
— = explZ °=exptZ © 2.21
5= ez °=exp (2.21)
ne mo
— = Moo | Fouee YHY = — = Moe  #ouge WY (2.22)
mZ mZ
=Ny ey = MY1gery = {Yipo (2.23)
Applying the same logic td'12°,
my A
— = Y = 7° 2.24
mZ a o ( )
Therefore,
o nfyizo ntf
= 0170— — =fip 2.25
m2 mZ m2 ( )

The solutions that satisfy these equations with proper boundary conditions are:

0120 = ®10°costze Y100 sinhize (2.26)

f170 = f10°0cosHze @10 sinhtze (2.27)
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These are the two-mode Bogoliubov transforms for squeezing. Now, we can write the coinci-

dence rate in terms of the squeezing parameter
2 2
= wzjovViojzi = ofjzi = orzefizojoi (2.28)

Substituting Eqs 2.26 and 2.27 into this expression gives us

= sintf12° | sini?12° cosif1z° (2.29)
Similarly, for the single raté:
( = WZjoY0jZi = HjeY12°012°j0i = sintf1Zo (2.30)
The CAR is de ned as
o= —— = o 1 = coth1z0 (2.31)

At low pumps powers the CAR scales &s72. For photon-pair generation using SFWM, the
squeezing parameter depends linearly on the pump power, so the CAR scales inverse quadratically
with the pump power. We can relate the CAR to the average of the cross-correlation function

1920 . . . .
ngslgO over the coincidence time window :

1 .
= o 39632519° (2.32)

When the coincidence windoyv is much smaller than the coherence time of the elds, then the

elds change very little within) - and we can say
6pt®! ' =6510° 1 (2.33)

In our experiment, we utilize a microresonator with cross-section of 68820 nm, which has
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a zero-GVD point near 1270 nm for the quasi-TM mode. By pumping it in the O-band close to
the zero-GVD point we generate photon pairs, which we then separate using a re ection grating.
We then propagate the signal and idler arms over 6 meters to spectrally Iter a 3-dB bandwidth
of 0.3 nm, with an extinction at the pump wavelength of >100 dB. To obtain maximum CAR,
we also implement another re ection grating-based free-space Iter before the chip to eliminate
noise photons arising from ampli ed spontaneous emission (ASE) of the pump laser. We send
the signal and idler arms to separate superconducting nanowire single-photon detectors (SNSPDs),
and use the arrival of the signal photon to herald the idler photon. We obtain a delay histogram
between detector clicks and measure a CAR of 62 (see Fig. 2.6). Because obtaining a high CAR
necessitates operating in the low-pump-power regime where the single rate is low, accumulating
suf cient coincidence counts for the delay histogram can take time. We divert a small fraction of
the pump power after the chip and send it to a photodiode to implement a PID feedback control
loop (STEMLab Red Pitaya) between the pump laser and the cavity resonance, so that we can
stably collect counts over tens of minutes and avoid large drifts in the resonance detuning that

would affect the count rate.

Figure 2.6: Coincidence counts of photon-pair generation chip, with background counts normal-
ized to 1. Delay histogram obtained using Swabian TTX Time-Tagger.

We extract a coherence time (de ned as the FWHM of6§§190 function) of 1.3 ns from Fig.
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2.6, from which we estimate a photon bandwidth of 700 MHz [42].

In quantum optics, non-classical statistics are shown by demonstrating a violation of the Cauchy-
Schwartz inequality, which states that the cross-correlation between the intensities of two elds
should be smaller than or equal to the geometric average of the intensity autocorrelations of the

two elds for light to be considered classical, i.e.
190 q 1920 1
6 l®  65p0°6,, 10° (2.34)

Tracing out one mode of a two-mode squeezed vacuum yields a state with thermal statistics
[41], so the auto-correlations of the signal and idler eBj!0° = 645 10° = 2. It therefore
follows from Eq. 2.33 that the requirement on the CAR needed to show non-classical statistics for
a photon-pair coincidence measurement is

'L 1=65W0 2 (2.35)

5

We obtain a CAR of 62 which comfortably exceeds that lower bound.

2.4 Results and Noise Characterization

We rst investigate conversion in the classical regime by injecting an O-band coherent state
into the microresonator (Santec TSL-570). Our telecom pump is generated using a tunable C-
band laser (ANDO AQ4321D) and ampli ed with an Agiltron EDFA. We generate the 780-nm
pump with a TOPTICA DL Pro laser and send it through a taper ampli er (TOPTICA TA 100)
to boost its power. After insertion losses, the total on-chip pump power is about 100 mW. The
two continuous-wave (cw) pumps are then iteratively tuned into their respective resonances over
the course of a few minutes, due to cavity hysteresis arising from Kerr and thermal nonlinearities.
A maximum conversion ef ciency of 6% is observed when the signal is at 1283 nm and the idler

is at 704 nm (Fig. 2.7a). By tuning the signal to 1260 nm, conversion to 698 nm is achieved

31



with 5% ef ciency. Typically, chip-integrated BS-FWM demonstrations are plagued by parasitic
nonlinear processes which require specialized suppression mechanisms to avoid major reductions
in conversion ef ciency [43—46]. In our experiment, we keep the wavelength separation between
each eld suf ciently large such that the phase-matching conditions for the desired BS-FWM
process and the parasitic processes are signi cantly different. As a result, we do not observe
coherent generation of light at any frequency other than that of the idler, validating the applicability
of our four-mode model. We also observe Rabi-like splitting in the idler mode induced by strong
nonlinear coupling (see Fig. 2.7b) [47, 48], which is a signature of the overpumped regime in
which the conversion ef ciency upper bound is achievable. By scanning the signal across the
cavity resonance, we infer that it is critically coupled (Fig. 2.7c). While we cannot determine
the coupling at the idler wavelength since a tunable laser at the idler frequency was not available,
it is likely that the idler resonance is undercoupled, which according to Egq. 1 would limit the
theoretically achievable conversion ef ciency in this device to less than 25%.

In the absence of an injected signal, we characterize the pump-induced noise at the idler wave-
length with both on- and off-resonance pumps using a single-photon avalanche detector (SPAD).
We place a 10-nm bandpass lIter centered at 700 nm (Thorlabs FBH700-10) immediately after the
chip and measure resonant noise counts of 55 kHz generated by the 780-nm pump (which we infer
to be 220 kHz on-chip after correcting for linear losses after the chip and the quantum ef ciency
of the SPAD). These counts show a weak pump-polarization dependence and have a pump power
scaling that is linear at low powers and saturates at high powers [Fig. 2.8a-b], which is charac-
teristic of uorescence. Since this noise is broadband, we can effectively suppress it by replacing
the bandpass lIter with an etalon possessing a 3-dB bandwidth of 3.25 GHz (Light Machinery
OP-7423-3371-2-T), which lowers the idler transmission by 30% but reduces the noise counts by
15 dB.

In order to characterize the noise at the signal frequency, we use a series of ber Bragg grat-
ings to isolate a 1-nm window at 1260 nm and observe noise counts in this range using a super-

conducting nanowire single-photon detector (SNSPD). We nd that the 1550-nm pump generates
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Figure 2.7: (a) Trace obtained from the optical spectrum analyzer with strong coherent state input
at the signal wavelength. (b) Rabi-like splitting is induced at the idler resonance during frequency
conversion due to strong nonlinear coupling between the signal and idler. Different traces corre-
spond to different pump detunings. (c) Transmission scans of cavity resonances at the signal and
pump wavelengths.

a negligible number of noise photons, but counterintuitively we do see substantial noise gener-
ated by the 780-nm pump. This noise is co-polarized with the pump and scales linearly with pump
power (Fig. 2.8c-d). Noise photons of this nature could arise from high-frequency-phonon-induced
spontaneous Raman scattering and material-surface-inguéedonlinear processes. Since the
telecom band noise photons are primarily resonant with the cavity, a different noise suppression
approach must be implemented. To this end, we utilize the extra degree of freedom provided by
the dual-pump nature of BS-FWM to suppress the noise. Since the conversion ef ciency depends
only on the product of the pump powers (Eq. 2.12), we operate with a pump power imbalance by

reducing the power of the 780-nm pump and compensating with a higher power at 1550 nm. We

nd that by utilizing an on-chip pump power of 90 mW at 1550 nm but just 4 mW at 780 nm,
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we measure a total noise photon rateYoB kHz at the idler wavelength when both pumps are
resonant, while still retaining a large enough pump-power product to keep us in the overpumped
regime so that we do not sacri ce conversion ef ciency. We note that this noise gure is over four
orders of magnitude smaller than what has previously been reported for interband BS-FWM in SiN

[31].

Figure 2.8: Noise counts at (left) 700 nm, and (right) 1260 nm as functions of pump power (a,c)
and polarization (b,d) with pumps tuned onto resonance in the QFC ring. Losses after the chip,
including the quantum ef ciencies of the detectors, are corrected for.

Finally, we investigate the QFC process with single-photons injected at the signal wavelength.
As shown in Fig. 4.11a, the signal photons are generated by pumping another SiN micoresonator
at 1270 nm to generate photon pairs via SFWM at 1260 and 1280 nm. The generated photon pairs
are separated using a diffraction grating and narrowly ltered by propagating them over 6 meters

in free space, which providgs 100dB rejection at the pump wavelength. The 1260-nm photon is
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then routed to the QFC chip, where it is upconverted to 698 nm. In order to eliminate noise photons
arising from spontaneous Raman scattering in the input bers, both BS-FWM pumps are coupled
out of ber and Itered in free space using a narrowband lter, before they are combined using

a dichroic mirror and sent onto the QFC chip. An uncoated aspheric lens (Thorlabs C230TMD)
with a numerical aperture of 0.55 is used for both focusing the light onto the QFC chip as well as
for collecting the emission after the chip. In order for the generated photons to be resonant with
the QFC ring, integrated platinum heaters were used to thermally tune the position of the idler
resonance of the photon-pair generator to spectrally overlap with the signal resonance of the QFC
microresonator.

We generate photon pairs at a suf ciently high rate to obtain a singles rate of 5 kHz for the
frequency-converted idler photons, which is well above the noise photon rate of 2-3 kHz measured
by the SPAD. We send each photon to a separate detector and obtain a delay histogram of coinci-
dence counts between the heralding and frequency-converted heralded photons (Fig. 4.11b-c). A
clear coincidence peak is observed both before and after conversion, indicating the viability of this
frequency conversion device in a quantum network. The reduction in visibility is due to the limited
conversion ef ciency, which can be improved by more strongly overcoupled signal and idler res-
onances. We note that due to the low conversion ef ciency and high insertion losses between the
photon-pair chip and the QFC ring, this measurement required high photon-pair generation rates
of >1 MHz measured on detector D1. Due to the trade-off between brightness and photon-number
purity in heralded single-photon sources, the resultant CAR is below the Cauchy-Schwartz bound
for nonclassical statistics speci ed in Eq. 2.35. However, we estimate that by reducing insertion

losses by a factor of 3 dB, we can exceed this bound using the same QFC device.
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Figure 2.9: (a) Schematic of experimental setup. Photon pairs are generated in a separate SiN
microresonator. One member of the pair is routed directly to an SNSPD (D1), while the other
is sent to the QFC chip where it is upconverted to 698 nm and detected by a SPAD (D2). The
unconverted signal is sent to another SNSPD (D3). We measure a 3-dB Itering bandwidth of 55
GHz, 3 GHz, and 90 GHz before detectors D1, D2, and D3 provided by the free-space grating
Iter, etalon, and FBGs respectively. DM=dichroic mirror, LPF=low-pass lIter, FBG= ber Bragg
grating, TTM=time-tagging module. (b-c) Delay histogram showing coincidence counts between
(b) detectors D1 and D3 and (c) detectors D1 and D2.
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Chapter 3: Intraband BS-FWM in Single-Pass Waveguides

3.1 Limitations of Ring Resonators for QFC

In the last chapter, we saw the power of ring resonators in enabling ef cient QFC with mod-
est pump powers. Improvements in fabrication techniques have enabled quality factors as high as
220 million in low-con nement SiN [49] and 67 million in high-con nement nitride [50], allow-
ing further reductions in the pump power requirements. However, microring resonators inherently
impose a bandwidth constraint on the converted photons due to their narrow resonance linewidth.
In the underpumped regime, it can be shown from Eq. 2.12 that the FWHM conversion ef ciency
bandwidth for BS-FWM increases with pump power. In the overpumped regime, the conversion ef-
ciency spectrum becomes doubly-peaked due to the nonlinear Rabi splitting, making the FWHM
bandwidth poorly de ned. However, for a broadband source the conversion ef ciency may con-
tinue to increase until a pump power signi cantly larger than the unit cooperativity point which
marks the upper bound for a narrow-linewidth source. This behavior is shown in Fig. 3.1. In the
overpumped regime, the detuning of a narrow linewidth source can always be adjusted such that
the input photon coincides with the maximum of one of the Rabi splitting peaks. However, for the
5 GHz linewidth source it is impossible to optimize the detuning without sacri cing a signi cant
portion of the photon spectrum.

One case where this bandwidth constraint poses an impediment is for spectral translation of
semiconductor quantum dots, which typically have linewidths on the order of several GHz even at
cryogenic temperatures. In a resonator-con ned BS-FWM experiment discussed in Ref. [6], their
conversion ef ciency fell from 31% when using a narrowband laser input as the signal to 12% for a
3-GHz InGaAs quantum dot input due to the limited conversion bandwidth of their microresonator

device. There are other applications in which multipass BS-FWM is not suitable, for instance in
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Figure 3.1: Conversion ef ciency spectrum for a highly overcoupled ring resonator with intrinsic
Q of one million and loaded Q of 100,000 for two different source linewidths (100 kHz and 5

GHz).

Figure 3.2: Maximum conversion ef ciency without any constraint on the pump power for a
critically-coupled resonator, varying the source linewidth.
the development of a time lens where a linear chirp must be applied to the pump eld. Therefore,
despite the strides made in resonator-con ned BS-FWM, there is still demand for the development
of high-ef ciency BS-FWM in single-pass waveguides.

For the remainder of this thesis, we limit our discussion to intraband frequency conversion.

TWM processes are ill-suited for intraband frequency conversion, as they force the signal and idler
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to be separated by the (optical) pump frequency. Therefore, intraband frequency conveirsfon in
materials requires cascaded TWM in which the signal is rst upconverted and then converted back
down in a second waveguide [51]. Because BS-FWM allows intraband conversion to be done in a
single stage, it is much easier to achieve high conversion ef ciencies and low insertion losses.
Intraband frequency conversion can also be achieved using electro-optic shifting [52-54]. In
this technique, an electro-optic modulator (EOM) is driven at an RF frequency, resulting in a modu-
lation to the refractive index that generates equispaced sidebands. While this technique necessarily
generates many sidebands, a sequence of alternating pulse shapers and EOMs can be used to re-
alize arbitrary beamsplitter operations. The signal-idler separation is determined by the frequency
of the RF eld. However, most stable RF sources are limited to tens of GHz. Even if one were not
limited by the bandwidth of the RF source, the modulation bandwidth of most commercial EOMs
is set by the RC time constant of the electrodes, which forms a low-pass lIter that caps the band-
width at about 50 GHz. In our experiments, we focus speci cally on BS-FWM with signal-idler
separations ranging from 200 GHz to 5 THz. BS-FWM is uniquely suited for these wavelength

separations since they are not easily accessible by either TWM or electro-optic techniques.

3.2 Theory of BS-FWM in a Single-Pass Waveguide

We will now investigate the dynamics of BS-FWM in a single-pass structure — this treatment
applies to both straight waveguides and optical bers. For a more complete theoretical treatment,
including derivation of the phase-matching bandwidth and its dependence on third-order disper-
sion, please refer to [55]. In a straight waveguide, the coupled-amplitude equations describing the
interaction between signal eld C and idler eld D mediated by pumps A and B (formally derived

in Chapter 1) are given by:

33—| = 28Wg6 . 28W  exp'8 VI° (3.1)
3
3y =28W86 , 8W  expt 8 VI° (3.2)
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where% = % , % is the sum of the powers of both pumps, and is the linear phase
mismatch. Since we are considering intraband BS-FWM, we have assumed that both signal and
idler elds experience the same nonlinear param®&erhe pumps evolve under the in uence of

self-phase and cross-phase modulation (SPM and XPM) and are given by:

110 = 100exp8WA | 2%°1Ya 110= 109exp8Wh , 2%4°1%  (3.3)

We next move into the rotating frame

Ojo= 1]0exps G2WH, Me201Y, Gjo= 1o0exps G2WYH "e201% (3.4)

where” V, W% %° is the sum of the linear and nonlinear phase mismatch terms. Both

signal and idler elds satisfy the same equation:

n 2 #

32
= , W% % =0 (3.5)

312

N>

Now if we de ne6% =1 202 1 W2 and input the proper initial conditions, we can write the

solution as
8/\
]°= 10° cos6l° 2—65in16lO (3.6)
28W1Q° 1Q° |
1j0 = 1O°T sint6l° (3.7)

The conversion ef ciency is thus given by:

1o ®  avdon%
a7/Q .
[= 5 " @ si?161°

(3.8)

In the presence of propagation loss coef cidhtthe sinusoidal dependence is bound by an

exponential decaying envelope:
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A% % .
[ = exp» uw% SirP1610 (3.9)

The form of this expression differs considerably from the expression for cavity-con ned BS-
FWM given in Eq. 2.12. Since the response is sinusoidal, for a nonlinear phase exce€tling
we observe back-conversion which decreases the conversion ef ciency, whereas in cavity-con ned
BS-FWM under optimal detuning conditions the ef ciency saturates at an upper bound given by
the material and geometrics properties of the device. In both the single-pass and cavity-con ned

case, the ef ciency depends on the product of the pump powers.

3.3 Experimental Setup and Results

To perform the experiment, we use a 40-cm long spiral waveguide that has been subject to
chemical-mechanical planarization (CMP) to reduce surface roughness and minimize propagation
loss. In CMP, a slurry composed of chemicals and abrasive particles is dispensed onto the top
and bottom surfaces of the SiN Im. The slurry removes excess material on the wafer surface to
achieve a more uniform Im thickness across the wafer. This process reduces the propagation loss
to just 4-5 dB/m at 800 nm, allowing us to use much longer waveguides to relax the pump power
requirements while achieving the same nonlinear phase. The waveguide is wrapped into a compact
1 mm 8 mm spiral to reduce its footprint [Fig. 3.4a].

Our waveguide has a cross-section of 73@500 nm, which provides phase-matching for
intraband BS-FWM near 795 nm with pumps in the telecom C-band using the quasi-TE mode [Fig.
3.4b]. This wavelength is important as it is the location of the D1 transition used in rubidium-based
guantum memories. Additionally, the placement of the pumps on the far red-detuned side of the
signal and idler elds reduce noise photon contamination near the wavelengths of interest.

To achieve a nonlinear phase of2 even under perfect phase-matching, we still require a
total on-chip pump power of 4 W. We use two tunable continuous-wave C-band lasers (ANDO

AQ4321D and Agilent 8164A) with an output power of just a couple milliwatts as pumps. We
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send each pump through an electro-optic modulator to carve out 60-ns square pulses with 500 kHz
repetition rate using a pulse pattern generator, which we then amplify separate with two low-power
pulsed EDFAs. We then Iter each pump using a DWDM before sending them each to a second
EDFA. This Itering stage remove ASE from the rst ampli cation stage to prevent gain saturation
of the EDFAs used in the second ampli cation stage. Afterwards we multiplex both pumps using
another DWDM and tap 1% of the power to monitor the pulses on a photodiode. This method of
pump ampli cation allows us to reach peak powers of >10 W while maintaing low average powers.
We estimate the peak power from the average power using the expression:

" #

+pk
%ok 3 ?igd L, 30 =0y (3.10)

where%gegis measured in free-space with a powermeas the duty cycle of the pulse (3% in

our case), anétpk and+pkgg are the peak and background voltages of the pulse measured from the
photodiode output. The pump pulses are then combined with the 795-nm signal using a dichroic
mirror and injected into the waveguide. We send the output of the chip to an OSA and scan the
signal and pumps until we fall within the phase-matching acceptance bandwidth of the device and
observe maximum conversion ef ciency. The pump wavelengths are 1536.6 and 1559.8 nm, re-
sulting in a signal-idler separation of 2.9 THz. Then we gradually increase the pump power until
we reach a nonlinear phase @f2 both for cw pumps [Fig. 3.4c] and pulsed pumps [Fig. 3.4d].

At larger powers the conversion ef ciency begins to decrease, indicating that we reached the max-
imum of the sine curve in Eg. 3.9 and are now in the overpumped regime where backconversion
occurs.

We measure a total chip facet-to-facet loss of 8.1 dB at 795 nm, of which over 6 dB originates
from coupling loss at the chip facet, due to the non-optimal width of the inverse taper for this
wavelength. This translates to a propagation loss bounded between 4 and 5.2 dB/m. In the presence
of such a propagation loss, the OSA trace in Fig. 3.4d shows a conversion ef ciency of between 61

and 69%. In most on-chip intraband BS-FWM experiments, a parasitic idler at frequegnty
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| »is phase-matched in addition to the target idler at frequéngcyl » | 1 [6]. Because energy
is drawn equally to both target and parasitic idlers, this limits the maximum possible conversion
ef ciency to 50%. Cascaded idler formation reduces this ef ciency to below 50%. It is notable that
in both Figs 3.4c and 3.4d, although our signal and idler elds are only separated by 6.1 nm, the
parasitic red idler is suppressed by 20.0 and 16.1 dB respectively, and we are thus able to achieve
fairly unidirectional frequency conversion. This is a consequence of the long interaction length of
our waveguide, which allows the accumulation of suf cient phase to break the phase-matching of
the parasitic BS-FWM process and exceed the 50% conversion ef ciency limit. We con rm this
through simulation of the phase-matching bandwidth for desired and parasitic interactions in our
device (Fig. 3.3). The phase-matching bandwidth of the desired BS-FWM interaction peaks rst at
zero relative pump detuning (this is the degenerate-pump case, which is trivially phase-matched),
and then again at a relative pump detuning of 3.1 THz. At this second peak, which is where we
are operating, the ef ciency of the parasitic BS-FWM process goes to zero. The phase-matching
bandwidth of the desired BS-FWM process is 7.4 THz, and the bandwidth of the parasitic process
is 2.7 THz. For a shorter waveguide length, the phase-matched window of both processes would
correspondingly broaden, causing them to overlap.

We note that our estimated ef ciency of 654% is signi cantly higher than previous demon-

strations of BS-FWM in single-pass SiN waveguides, which have all been <5% [56-59].
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Figure 3.3: Simulated phase-matching bandwidth of waveguide used in experiment, for desired
and parasitic BS-FWM processes. On-chip power of 2 W per pump is assumed, at front facet of

chip.

Figure 3.4: (a) Microscope image of 40-cm CMP spiral waveguide used in experiment, occupying
atotal area of 1 mm 8 mm. (b) Phase-matching color plot for BS-FWM using the quasi-TE mode,
assuming signal wavelength of 795 nm. (c-d) OSA traces of the frequency conversion process with
(c) cw pumps with total power of 300 mW, and (d) pulsed pumps with 4 W peak power
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Chapter 4: BS-FWM in Distributed Bragg Re ector Cavities

In the previous chapter, we showed that intraband frequency conversion with ef ciencies ex-
ceeding 50% are achievable in single-pass SiN waveguides. However, this device relied on ad-
vanced post-fabrication techniques for reducing surface roughness to achieve propagation losses
of 4-5 dB/m. Such low-loss devices may not be readily available from samples manufactured at
commercial foundries. In addition, the long length required for the waveguide results in exorbitant
write-times and increased probability of failure during the fabrication process. Firstly, the eld-
of-view of the electron beam is limited to a 1 mm1 mm area. For devices that require larger
wafer areas, the stage needs to be moved between elds, which may introduce stitching errors at
the boundaries between adjacent elds. Secondly, extremely long devices increase the probability
of impurities getting trapped in the waveguide during the fabrication. These impurities, when ir-
radiated at high optical powers, can trigger burns that damage the waveguide. While the risk for
this damage increases at higher powers, this process is ultimately probabilistic and unpredictable.
For the device in Chapter 3, a defect trapped at a point within the waveguide resulted in such an
untimely demise.

Near-unity ef ciency BS-FWM in shorter mm-scale single-pass waveguides would require
>100 W of input pump power. While the resonant enhancement offered by microring cavities
has enabled high-ef ciency on-chip demonstrations by signi cantly reducing the pump power re-
guirements, the resonance linewidth at the signal and idler wavelengths imposes a limitation on
the conversion bandwidth. This bandwidth limitation can severely lower the conversion ef ciency
of broadband sources such as semiconductor quantum dots [6]. For applications in which bright-
ness is important, it is desirable to have single-photon sources with short lifetimes (and thus broad
linewidths) so they can be driven at high repetition rates, thus motivating alternative platforms for

QFCs that can accept inputs at arbitrary wavelengths.
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We can overcome this bandwidth constraint while maintaining a small device footprint by per-
forming BS-FWM in a SiN distributed Bragg re ector (DBR) cavity. The pump elds are resonant
within the stopband region so they bene t from the cavity enhancement, while the signal and idler
frequencies are placed far away from the stopband to allow for broad conversion bandwidths of
a single-pass waveguide [Fig. 4.1]. The localized nature of the stopband thus allows us to create
a hybrid platform in which the signal effectively sees a single-pass waveguide while the pumps

operate in a cavity con guration.

Figure 4.1: (a) lllustration of DBR cavity with pumps operating in critically-coupled cavity regime
and signal/idler operating in single-pass regime. (b) Simulated transmission scan showing posi-
tions of all FWM elds.

4.1 Theory/ Simulation of DBR Cavities

Let us consider a bragg grating of lengthwith a forward propagating mode!l°® and a

backwards propagating modél°. We can write coupled mode equations
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