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Abstract

This thesis describes the establishment of a new fabrication facility for the real-

ization of annealed and reverse proton exchanged waveguides in congruent lithium

niobate at Griffith University–Centre for Quantum Dynamics, and their application

in different contexts of integrated quantum photonics technologies.

We demonstrated the development of an accurate numerical model for the design

of waveguides in X-cut and Z-cut substrates and high quality fabrication of both

quasi-phase matched quadratic nonlinear waveguides and fast electro-optic waveg-

uide modulators.

Within the context of nonlinear optical processes, we demonstrated a newly pro-

posed method which efficiently reconstruct the biphoton state produced through

spontaneous parametric down-conversion by the use of only classical measurements.

The validity of the method is tested by a direct comparison with photon-coincidence

counting measurements in a multi-channel integrated nonlinear device fabricated in

our facility.

We also implemented the first frequency conversion of 369.5 nm light –resonant with

the transition of Yb+ trapped ions– to the 1550 nm telecom wavelength range with

a periodically poled waveguide fabricated by the reverse proton exchange technique.

Within the context of electro-optical processes, we showed the first active demulti-

plexing of single-photons emitted from a quantum dot source with a single integrated

device made of a network of electro-optically tunable directional couplers.

The results of this work constitute a relevant contribution in several fields of quan-

tum information science, including development of efficient techniques for the char-

acterization of quantum states, quantum communication with trapped ions, and the

realization of multi-photon sources for intermediate quantum computing protocols.
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Chapter 1

Introduction

Quantum information science has emerged over the last decades as a rapidly de-

veloping field under intensive investigation by many groups worldwide. The rea-

sons for this broad interest are of both fundamental nature for the verification of

laws of quantum mechanics –such as violation of local realism with Bell-inequality

tests [2, 3, 4]– and of practical importance for the development of a new paradigm

for information technology. For example quantum computing can provide an expo-

nential advantage in solving hard computational problems, including factorization in

prime factors [5] and simulation of quantum systems [6], and a quadratic advantage

in database searching algorithms [7], while quantum cryptography (QKD) already

enables complete secure communication over public channels [8].

Photons are considered ideal quantum information carriers and a natural choice

for the implementation of quantum communication protocols because of their ro-

bustness to decoherence and the possibility of transmitting information over long

distances. Quantum information processing (QIP) with photonic platforms was ini-

tially limited by the unavailability of strong nonlinearities for performing two-qubit

gates (although recent progress has been made with cavity quantum electrodynamics

systems [9, 10]). Scalable optical quantum computing was later shown to be pos-

sible, theoretically and experimentally, with only single-photon sources, detectors

and linear optical networks [11, 12]. After this breakthrough, integrated quantum

photonics has undergone a major evolution and played a central role in experimen-

tal realizations of probabilistic two-qubit gates [13] and small-scale demonstrations

of compiled quantum algorithms [14]. Implementation of linear optical networks in

lithographically patterned waveguides has offered a scalable path for the demonstra-

tion of computational complexity [15, 16] as well an improvement in the fidelity of

quantum operations thanks to an augmented stability and overlap between inter-

acting modes in interferometric processes [17]. Additionally, due to the possibility
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of confining light over large distances, waveguides can enhance the efficiency of

optical nonlinear processes and electro-optic interactions, making them a suitable

platform for efficient generation of photon pairs via spontaneous optical nonlinear

processes [18, 19], frequency conversion of single-photons [20, 21], and active spatial

multiplexing schemes [22, 23].

Silicon waveguides are regarded as one of the most promising approach for large-scale

photonic QIP due to their small footprint and compatibility with CMOS technol-

ogy [19, 24, 25]. Recent progress has been made also with waveguides patterned in

direct band-gap semiconductor materials [26, 27], that, despite lacking CMOS com-

patibility, can offer a similar potential for scalability and more efficient processes

for photon-pair generation thanks to the availability of second-order nonlinearities.

However, due to its intrinsic probabilistic nature, universal linear optical quantum

computing will be possible only at the cost of large-resources overhead, requiring

the integration of efficient single photon-sources, detectors, delay lines, and fast

reconfigurable circuits in large-scale and low loss optical waveguide networks [28].

All of this requirements can be hardly met with current semiconductor photonic

technologies, and the achievement of large-scale optical quantum computing will be

only possible with further research efforts in technological development. An ob-

jective within reach with available integrated optics technologies seems to be the

development of an intermediate (i.e. non-universal) quantum computer –a boson

sampling machine [29, 30, 31, 32, 33]– that, arguably, could show the quantum ad-

vantage over classical systems with as few as seven photons in a 49-mode linear

optical network [34]. In particular, waveguides patterned by direct laser-writing in

borosilicate glass have been recently used for the realization of large and low-loss

linear optical networks, and already found use in boson sampling experiments with

up to 13 spatial modes [35].

Lithium niobate waveguides constitute a mature technology that can find immediate

applications in both quantum communication and the development of multi-photon

sources for intermediate quantum computing protocols, even though at the cost of

a lower scalability when compared with semiconductor materials. More specifically,

lithium niobate is an ideal platform for guided-wave optoelectronics and nonlinear

optics for four fundamental reasons that are, namely,

• a wide transparency range spanning from UV (' 350 nm) to mid-infrared

wavelengths (' 4500 nm),

• availability of well established techniques for the fabrication of low loss waveg-
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uides,

• one of the highest electro-optic (r33 = 33 pm/V) and second-order nonlinear

coefficient (d33 = 27 pm/V) among all the known ferroelectric crystals,

• compatibility with standard electric-field poling techniques for achieving quasi-

phase matching in quadratic nonlinear interactions.

In the next sections of this chapter we will first review some general properties of

lithium niobate waveguides and their application in different fields of integrated

quantum photonics technologies. We will then describe the developed experimental

methods for the fabrication of annealed and reverse proton exchanged waveguides,

which is our technique of choice for the realization of integrated circuits. We will

stress, in particular, the importance of quasi-phase matched quadratic nonlinear

waveguides and electro-optically tunable circuits not only for integrated waveguide

quantum optics but also as a part of hybrid quantum technologies.

1.1 Properties of Lithium Niobate

Lithium niobate (LiNbO3) is a monocrystalline dielectric material which doesn’t

exist in nature and is artificially grown by the use of the Czochralski method [1]. At

temperatures below the Curie point (Tc ' 1140 ◦C) LN exhibits ferroelectricity, i.e.

a spontaneous electric polarization caused by a permanent displacement of lithium

and nobium ions along a fixed axis (see Fig. 1.1), uniaxial negative birefringence,

and pyro- and piezoelectric properties.

Due to the lack of a centre of inversion symmetry LN has also a non-zero second

order susceptibility which determines both its electro-optic and nonlinear optical

properties. When an optical field E propagates inside the crystal the electrons

are displaced in an harmonic and anharmonic potential and produce an electric

polarization

Pi = ε0

3∑

j=1

χ
(1)
ij Ej + ε0

3∑

j,k=1

χ
(2)
ijkEjEk , (1.1)

where χ
(1)
ij is the first order susceptibility, which determines the linear optical prop-

erties of the material, and χ
(2)
ijk is the second order susceptibility tensor. If the three

directions (1, 2, 3) coincide with the three principal axis of the crystal (X, Y, Z) (with
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Oxygen Niobium Lithium

Side view of
oxygen planes

Figure 1.1: Crystalline structure of lithium niobate in the ferroelectric phase. The
permanent displacement of lithium and niobium ions causes a spontaneous electric
polarization along the Z direction. The figure is inspired from Ref. [1].

Z being the direction of the spontaneous electric polarization), the matrix χ
(1)
ij is

diagonal and can be expressed as

χ
(1)
ij =



n2
e 0 0

0 n2
o 0

0 0 n2
o


− 1 , (1.2)

where ne, no are, respectively, the extraordinary and ordinary refractive indexes of

LN. In the same coordinate system, the second order susceptibility tensor can be

reduced to a 3 × 6 matrix, and the equations for the nonlinear part of the electric

polarization P(2) expressed as



P

(2)
x

P
(2)
y

P
(2)
z


 = ε0




0 0 0 0 d31 −d22
−d22 d22 0 d31 0 0

d31 d31 d33 0 0 0







E2
x

E2
y

E2
z

2EyEz

2ExEz

2ExEy




, (1.3)

where dmn = χ
(2)
mn/2 takes the name of nonlinear coefficient tensor.

If, on the other hand, a static or RF electric field E (with f � optical frequencies)

is applied to the crystal, the change in refractive index due to the linear electro-optic
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effect can be calculated via the index ellipsoid formalism as

∆(1/n2)ij =
3∑

k=1

rijkEk . (1.4)

rijk is called the electro-optic coefficient tensor and can be directly related with the

second-order susceptibility through the relation [36]

χ
(2)
ijk = −εiiεjjrijk

2ε0
. (1.5)

The coefficient d33 is the largest element of the second order susceptibility tensor

and the most used in electro-optic and nonlinear optical processes.

Due to the photoelectric effect and its high electro-optic coefficient, LN is also a

photorefractive material. The photorefractive effect is a major concern in para-

metric nonlinear optical process -which will be described in detail in the following

subsection- where pump powers exceeding 100 mW are often needed and can lead

to a permanent damage of the crystal. The issue, in practice, is solved by heating

the sample at temperatures ≥ 100 ◦C, where the electron mobility is much higher

and the photorefractive damage substantially reduced.

1.1.1 Parametric optical nonlinear processes in Lithium Nio-

bate crystals

When three optical fields are mixed in a LN crystal, the induced nonlinear polariza-

tion can give rise to three different parametric processes, that are, namely, sponta-

neous parametric down-conversion (SPDC), difference frequency generation (DFG),

and sum-frequency generation (SFG) (see Fig. 1.2).

SPDC was first introduced in the 80s [37], and since then has been the most widely

used method for the generation of photon-pairs in quantum optics experiments.

SPDC processes in lithium niobate crystals can be divided in three main categories:

type-0 interactions are used to couple pump beam and signal and idler photons, all

sharing same polarization, via the d33 or d22 nonlinear coefficients. In particular,

type-0 interactions coupling extraordinary polarized beams via the d33 coefficient are

the most efficient processes. Type-I interactions couple an extraordinary polarized

pump beam with ordinary polarized signal and idler photons via the d31 coefficient.

Type-II interactions couple an ordinary polarized pump with orthogonally polarized

signal and idler photons via the d31 coefficient, and are commonly used for the
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generation of polarization entangled photon pairs.

Figure 1.2: SPDC: a pump photon with frequency ωp is annihilated and generates
two photons with frequencies ωs, ωi spontaneously created from the vacuum state.
DFG: similarly to SPDC, DFG is a parametric down-conversion process where a
a pump photon with frequency ωp is annihilated and generates two photons with
frequencies ωs, ωDFG. Unlike SPDC, the photon with frequency ωs is created by
stimulated emission. SFG: two photons with frequencies ωs, ωi are annihilated and
generate a photon with frequency ωSFG. Second-harmonic generation (SHG) is a
particular case of SFG where the two input photons have a same energy.

For the case of type 0 or type I SPDC, where the two photons share a same polar-

ization, the SPDC wavefunction can be expressed as

|Ψ〉SPDC = |0〉+ η

∫∫
dωsdωiΨ(ωs, ωi)a

†(ωs)a
†(ωi)|0〉 (1.6)

+
η2

2

[∫∫
dωsdωiΨ(ωs, ωi)a

†(ωs)a
†(ωi)

]2
|0〉+ . . . , (1.7)

where a†(ωs), a
†(ωi) are creation operators for, respectively, one photon with fre-

quency ωs and one photon with frequency ωi. Ψ(ωs, ωi), called the joint spectra

amplitude, determines the spectral correlations of the generated photon-pairs and

depends both on the dispersion relation of the material and on the spectral envelope

of the pump beam. One of the main drawbacks of this process is that the SPDC

output is not exactly a Fock state, but, more precisely, a two-mode squeezed vacuum

state, and the presence of multi-photon terms in the wavefunction limits the emis-

sion probability η of generating a photon pair to values lower than 1 % for highly

pure single-photon sources [38]. As it will be discussed further below, this problem

can be circumvented with active spatial multiplexing schemes, although at the cost

of large resources overhead.
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The SPDC emission spectrum of lithium niobate crystals is extremely broad and

can cover a wavelength range as large as ∼ 80 nm for a single pump wavelength [39].

Additionally, due to the dispersion relation of the material, the joint spectrum is

non-separable, resulting in an entanglement in frequency between the generated

photon-pairs. The non-separability of the joint spectrum can pose an issue for the

implementation of heralded single-photon sources, as it causes a collapse of the

heralded photon in a mixed state of frequencies when the twin photon is detected

on the heralding arm. This problem can be circumvented using a narrow frequency

filter for the heralding photon at the cost of a significant reduction in the overall

efficiency of the generation process. While this can be a major concern for bulk

optics implementations, it is not a big issue for integrated waveguides, where, as

it will be discussed later, pump power requirements are in general much lower. A

broad and non-separable emission spectrum can be, indeed, an important resource

in several fields of quantum information technologies, including, just to name a

few, high capacity channels for quantum communication with entanglement-based

wavelength-division-multiplexing schemes [40, 41, 39] or quantum spectroscopy with

frequency-entangled photon pairs [42].

DFG and SFG are commonly used for the generation of new optical frequencies in

the laser industry, but, as we will discuss later, they are also essential processes for

down- and up-frequency conversion of single-photons in large quantum communica-

tion networks. These two processes share some interesting analogies with SPDC [43]:

DFG can be interpreted as the stimulated counterpart of SPDC, while SFG as its re-

verse process. Such analogies are of practical importance for the characterization of

integrated SPDC sources, and can be employed to efficiently predict the properties

of a biphoton state by replacing the slow collection of photon coincidence statistics

with optical power measurements with classical laser sources and standard photodi-

odes. Previous experimental realizations of this concept, so far, have relied only on

the analogy between SPDC and DFG [44, 45, 46]. In Chapter 3 we will present the

first experimental characterization of an integrated waveguide circuit based on the

analogy between SPDC and a classical SFG process, and discuss the advantage of

this method over DFG.

Phase matching conditions for parametric nonlinear optical processes in lithium nio-

bate crystals can be achieved by the use of two main methods. Birefringent phase

matching compensates for the mismatch in propagation constants of the three in-

teracting optical fields by taking advantage of the different refractive indices expe-
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rienced by the beams for different polarizations and propagation angles inside the

crystal. The main drawback of this method is that it does not allow collinear phase-

matching and hence can be hardly applied to integrated circuits. Additionally bire-

fringent phase-matching can not exploit the largest element (d33) of the second-order

susceptibility tensor and have a limited interaction length due to the cross-over of

the beams. The second method, called quasi-phase matching (QPM) (see Fig.1.3a),

relies on the periodic inversion of the spontaneous electric domains of the crystal,

and consequently the sign of the second-order susceptibility, with a period Λ which

is determined by the relation

∆β =
2π

Λ
(1.8)

where, for SPDC, ∆β = βp − βs − βi is the difference in propagation constants

between pump beam and signal and idler photons. QPM can allow collinear phase-

matching in integrated waveguides for arbitrary long interaction lengths and exploit

the largest component of the nonlinear tensor, and, moreover, can be applied to a

larger combination of possible wavelengths.

Figure 1.3: (a): Inverted domains in a periodically poled lithium niobate crystal.
(b): Schematic of a typical experimental setup for standard electric field poling.

The most widely used technique for inverting the domains of the crystal is electric-

field poling [47]. A typical experimental setup for standard electric field poling

is depicted in Fig. 1.3b. A photoresist layer, acting as an electrical insulator, is

first patterned on the top surface of a wafer of 0.5 or 1 mm thickness by standard

photolithography. The wafer is embedded in an electrolyte solution and the domains

uncovered by the resist are inverted by applying a voltage of around 10 kV between

top and bottom surfaces. The main limitation of this technique is that it can



10 CHAPTER 1. INTRODUCTION

not achieve poling periods smaller than around 5 µm which are required for first-

order phase matching of UV wavelengths or for counter-propagating interactions.

Alternative –although less reliable– solutions for achieving periods beyond this limit

include surface and back-switching poling [48, 49], or laser light assisted domain

engineering [50].

1.2 Lithium Niobate waveguides

Titanium indiffusion and proton exchange (PE) are the most widely used and mature

techniques for the realization of optical waveguides in lithium niobate substrates [51,

52], with reported propagation losses lower than 0.1 dB/cm at 1550 nm for both

methods [53].

Ti-indiffused waveguides are commonly used in the telecom market for the realiza-

tion of electro-optic modulators, and are fabricated by patterning ∼ 100 nm thick

Ti stripes on the surface of the substrate that are diffused inside the crystal at

temperatures of around 1000 ◦C. The indiffusion of Ti induces a positive refractive

index change in both the extraordinary and ordinary refractive indexes of the ma-

terial. Therefore such waveguides can guide both vertically polarized (TM modes)

and horizontally polarized light (TE modes).

PE waveguides are fabricated by the use of two main techniques which will be

described in detail in the next section: annealed proton-exchange diffusion (APE)

and reversed proton exchange diffusion (RPE) [54, 55]. A third technique, called soft

proton exchange (SPE) [56], differs from the first two as PE is performed at higher

temperatures and in a lower acidity bath to minimize damages to the crystal. Unlike

Ti-indiffusion, the exchange of protons with Li ions results in a positive change for

the extraordinary refractive index and a negative change for the ordinary refractive

index; hence PE waveguides can guide only TM modes (for Z-cut substrates) or

TE modes (for X-cut substrates). Compared with Ti-indiffusion, PE can allow an

higher confinement of the mode due to a larger refractive index change (∆ne ' 0.02

for APE and RPE waveguides). Additionally, the RPE technique can be used to

engineer optical modes with an improved symmetry by burying the waveguide under

the surface of the crystal, resulting in a better coupling with optical fibers and an

increased efficiency in parametric nonlinear processes due to an augmented spatial

overlap between interacting modes.

The main drawback of Ti-diffusion and PE methods is that, due to the shallow
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mode confinement, the fabricated optical structures are typically quite large; PE

waveguides, in particular, can allow a minimum bend radius of around 10 mm,

resulting in optical structures, such as directional couplers, occupying a space of

approximately 5 mm. To overcome this problem, methods for the fabrication of

ridge waveguides have been developed [57]. However, etching techniques of lithium

niobate haven’t reached yet the same quality of semiconductor material, and excess

losses caused by sidewall roughness are still a severe issue.

Compared with bulk crystals, integrated waveguides can enhance the efficiency of

optical parametric process and electro-optic interactions by several orders of magni-

tude thanks to an higher confinement of the optical field inside the guiding structure

and the possibility of achieving interaction lengths of several centimeters. The most

clear example of the technological advantage of LN waveguides is probably given by

the performance of integrated electro-optic circuits: bulk optics modulators, such

as Pockels cells, require a voltage of around 1kV to be operated, which limits their

maximum speed to values around 1 MHz. On the other hand, commercially avail-

able lithium niobate waveguide modulators can induce a π phase shift with a voltage

lower than 10 V and reach speeds up to ∼ 40 GHz. RPE lithium niobate waveguides

have also held the record for several years as the most efficient platform for classi-

cal parametric optical nonlinear processes, with a normalized conversion efficiency

for SHG η = 150 % W−1cm−2 [58] only recently been beaten by AlNi microring

resonators [59].

1.2.1 Integrated Quantum Photonics with Lithium Niobate

waveguides: literature review

The first SPDC source implemented in a periodically poled lithium niobate waveg-

uide was demonstrated in 2001 in a collaboration between two groups from the

Universities of Nice and Geneva [18]. Their work reported a photon pair generation

rate as high as 7.5 MHz for a coupled pump power inside the waveguide lower than

1 µW. The corresponding photon-pair conversion efficiency, equal to 2× 10−6, was

around 4 orders of magnitude larger than any bulk SPDC source previously realized.

After this first demonstration, LN waveguide SPDC sources have been widely used

in a broad range of experiments, and found their first applications for the gen-

eration of photon-pairs in entanglement-based QKD protocols. Such experiments

included generation of energy and time-bin entangled photons via type 0 nonlinear

interactions [60, 61, 62], as well polarization entangled photons via type-II inter-
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actions [63, 64], and paved the way for the integration of compact and efficient

SPDC sources with quantum communication optical fibre networks. LN electro-

optic waveguide modulators are also an essential component for the realization of

high performance QKD experiments [65], and are now widely used in commercially

available QKD systems based on decoy states [66, 67].

LN waveguides constitute a suitable platform for the simultaneous implementa-

tion of different optical functions thanks to the possibility of integrating on-chip

SPDC sources and linear and electro-optically reconfigurable circuits. Two clear

examples of such potential were given in Ref. [68, 69]. Ref. [68] reported the re-

alization of a quantum relay chip for quantum communication made of a periodi-

cally poled waveguide and two electro-optically reconfigurable directional couplers.

This device merged, in a compact and stable architecture, all the necessary optical

functions for performing on-chip teleportation between a flying qubit and a second

qubit generated inside the chip. Ref. [69], instead, reported the realization of an

integrated waveguide device for the generation and active manipulation of path-

encoded photon-pairs. The chip was made of two periodically poled waveguides for

photon-pair generation, a 50:50 coupler for their interference, and two additional

couplers for pump wavelength filtering. An electro-optically tunable phase shifter

was used to actively tune the output state from a two-photon bunched state to a

two-photon anti-bunched state. Monolithic integration of SPDC sources with large

linear optical networks constitutes also a viable approach for the engineering of

high dimensional path-encoded quantum states that can find useful application in

quantum computing [70]. Ref. [71], for example, demonstrated the generation of a

multi-dimensional biphoton state via cascaded quantum walks in an optical network

made of 101 evanescently coupled periodically poled waveguides. The characteriza-

tion of an integrated device with a similar architecture will be reported in Chapter 3

of this thesis.

Periodically poled LN waveguides have now emerged as an important technology for

frequency conversion of single-photons via SFG and DFG processes in large-scale

quantum communication networks. Quantum communication, in fact, is currently

limited to a maximum distance of ∼ 200 km due to the absorption of single-photons

in optical fibres. Achievement of long-distance quantum communication beyond this

limit will require the use of quantum repeater protocols based on quantum memories

and entanglement-swapping [72, 73]. Possible platforms for the realization of quan-

tum repeaters include quantum memories based on atomic vapours [74], solid-state
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systems [75], or trapped ions [76]. Yb+ ions, in particular, are considered as one of

the leading platforms thanks to a coherence time exceeding several seconds, a deter-

ministic read-out of the atomic qubit, and the possibility of implementing not only

quantum communication networks but also quantum computing networks [77]. All

of these physical systems, however, work on transitions incompatible with either the

1310 nm or 1550 nm telecom wavelength range where silica optical fibres present a

minimum in absorption. Hence, achievement of long-distance quantum communica-

tion with quantum repeaters and optical fibre networks will require the development

of quantum interfaces for efficient frequency conversion of single-photons.

The first demonstration of a quantum interface implemented with LN waveguides

was reported in 2005 [78]. This work demonstrated up-conversion of single-photons

by SFG from 1310 nm to 710 nm –close to the frequency transition of alkaline atoms–

with an efficiency larger than 5 %. Importantly, the conversion process preserved

the entanglement with a third photon with 1550 nm wavelength that had previously

interacted with the initial 1310 nm single-photon. The reverse quantum interface

process, i.e. down-conversion of single-photons by DFG to telecom wavelengths, was

later shown in several following works [79, 80, 81]. The first quantum interface for

frequency conversion of UV single-photons emitted from Yb+ trapped ions to the

1310 nm wavelength range has been recently shown in Ref. [82] with a KTP period-

ically poled waveguide. In the fourth chapter of this thesis we will present what is,

to our knowledge, the first realization of a periodically poled RPE LN waveguide for

direct frequency down-conversion of UV light resonant with the transition of Yb+

ions to the 1550 nm telecom wavelength range.

Finally, the possibility of integrating on-chip many identical single-photon sources

and the availability of fast electro-optic modulators constitutes a viable approach

for enhancing the emission probability of SPDC sources with low g(2)(0) value by

the use of active spatial multiplexing schemes. The potential of LN waveguides

for this approach was demonstrated in Ref. [23] in an hybrid photonic circuit: an

array of periodically poled waveguides monolithically integrated on a same chip was

used to generate four spatially separated heralded single-photons; the generated

photons were actively routed on a same channel with a network made of three

fibre-coupled electro-optic switches. However, the efficiency of spatial multiplexing

schemes is critically affected by inefficiencies of the heralding process and excess

losses introduced by the optical network; additionally, the realization of bright single-

photon sources with high levels of purity will be only possible at the cost of large
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resources overhead and, although feasible, is still a technological challenge.

Solid-state single-photon sources, and in particular quantum dots (QD), have re-

cently emerged as a viable alternative to SPDC and already demonstrated gen-

eration of nearly-ideal fock states with a brightness around 20 times larger than

any SPDC source with equivalent level of purity [83, 84]. However, achieving

high-indistinguishability between remotes QDs is still a challenge, and, to date,

experimental demonstrations have been limited to a maximum HOM visibility ∼
75 % [85, 86]. Hence, development of efficient schemes for demultiplexing of single-

photons emitted from a single solid-state source has now become a topic of relevant

importance for the realization of multi-photon sources for intermediate quantum

computing protocols [87, 88]. Additionally, QD sources are typically pumped by

pulsed lasers with ∼ 80 MHz frequency, and active demultiplexing at the full repe-

tition rate of the incoming single-photon source will be only possible with the use of

integrated waveguide modulators. In the fifth chapter of this thesis we will show the

first experimental demonstration of active demultiplexing of single photons emitted

from a QD source with a network of electro-optically tunable directional couplers

monolithically integrated in a LN chip.

1.3 Fabrication methods

In this section we summarize the experimental methods for the fabrication of APE

and RPE waveguides that have been developed during this thesis work. Some defini-

tions and general concepts maybe repeated, or described more in detail, in Chapter

2.

1.3.1 Proton Exchange

The first fabrication step for both APE and RPE waveguides is the patterning of an

hard mask on the top surface of the sample which defines the shape of the guiding

structure by providing a physical barrier for proton exchange diffusion. In our case

all the fabrication process are performed on 3-inch wafers with 0.5 nm thickness pur-

chased from Gooch and Housego. The hard mask is created by depositing a 250 nm

thick Ti layer on the dummy wafer by RF-sputtering. The waveguide structures are

later patterned by standard contact lithography with a positive photoresist (AZ6612)

followed by isotropic plasma etching in an SF6 gas.

The following diffusion processes are schematically depicted in Fig. 1.4. Proton
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Proton Exchange Annealing Reverse Proton Exchange

Ti

LiNbO3

Figure 1.4: Schematic of the three diffusion processes used for the fabrication of
APE and RPE LN waveguides.

exchange is performed by dipping the wafer in a 550 g solution of pure benzoic

acid (BA) at temperatures ranging from 150 ◦C to 170 ◦C. Our PE reactor, illus-

trated in Fig. 1.5a, is a custom-made oil-based heating mantle with internal stirring

designed to ensure an optimal temperature uniformity during the exchange process.

Hot benzoic acid is a melt rich in protons where Li ions have an high mobility, while

LN is a solid rich in Li with high mobility for protons. When the two phases are

brought into contact, protons from the BA source are diffused inside the crystal due

to an interphase chemical potential gradient, while Li ions are released in the melt in

order to maintain charge neutrality [1]. The exchange process generates a step-like

refractive index profile proportional to the local concentration of protons, with an

high index contrast (∆ne > 0.1) and a depth proportional to the root of PE time.

However, due to the high concentration of protons, waveguides generated by direct

PE have large propagation losses (> 1 dB/cm) and a second-order nonlinearity

almost totally suppressed. The following diffusion processes (annealing or RPE)

are needed to reduce the local concentration of protons in order to restore the bulk

properties of the crystal, and have as a final target the α phase of PE-LN –defined for

∆ne < 0.025 at λ = 635 nm [89]– where propagation losses reach a minimum and the

nonlinear coefficients are equal to around 90% the bulk crystal values. Note that the

nonlinearity is not restored in the initial proton exchanged area –called dead layer–

where the crystal is permanently damaged, a problem that can be circumvented by

the use of soft PE techniques [56].

After PE, the Ti mask is removed with a Piranha etching in a 4:1 H2SO4 : H202 solu-

tion and annealing is performed in dry atmosphere at a temperature T = 328 ◦C in

an high-temperature oven (Yamato DH411). A large aluminium block (see Fig. 1.5b)

is used as a thermal mass to ensure an optimal temperature stability and uniformity

during the diffusion process.
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(a) (b)

wafer holder

stirring bar

oil canals

Figure 1.5: (a): Schematic of the PE reactor. A metal beaker containing benzoic
acid is heated up with an oil-based heating mantle. The oil is pumped in the canals
surrounding the beaker with a temperature controlled oil bath circulator. The stir-
ring bar is controlled by a magnetic stirrer placed under the reactor (b): Photograph
of the oven used for annealing and RPE processes. Annealing is performed by plac-
ing the wafer on a metal holder (shown in the figure) on top of the aluminium block.
RPE is performed in a stainless steel cylindrical beaker (not shown in the figure)
placed on top of the aluminium block.

At the end of the annealing process, the waveguides have a graded index profile close

to an exponential function along the vertical direction with a maximum refractive

index change at the LN-air boundary. A third process, RPE, can be used to improve

the symmetry of the guided modes via the reverse exchange of protons with Li ions.

RPE is performed in an eutectic melt rich in Li (LiNO3 : KNO3 : NaNO3 with mole

percent ratio of 37.5 : 44.5 : 18.0 [55]) at the same temperature of annealing and

inside the same oven. Due to the low mobility of Li ions inside the crystal only a

small portion of protons close to the top surface are removed from the waveguide,

resulting, as a net effect, in the generation of a buried structure. As a last step,

the wafer is cut with a dicing saw and the facets of the chip are polished with a

Logitech PM5 lapping and polishing system.

Annealing and RPE diffusion kinetics are complex physical processes and exhibit

a diffusion coefficient which depends nonlinearly on the local concentration of ex-

changed protons in the crystal. As a consequence, the refractive index profiles of

APE and RPE waveguides can not be calculated analytically and an accurate design

of such structures require the use of numerical algorithms [54]. In Chapter 2 we will
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present a numerical model for annealing and RPE diffusion kinetics developed for

our specific fabrication conditions, which is used for the design of all the waveguides

described in the following chapters.

1.3.2 Fabrication of quasi-phase matched nonlinear waveg-

uides

The first step for the fabrication of both quasi-phase matched nonlinear waveguides

and electro-optic circuits is the deposition of cross markers on the top surface of

the dummy wafer that are later used to align the different photolithography masks.

We use 200 nm thick chromium markers patterned by a standard lift-off process

with an high contrast positive photoresist (AZ9245). Use of chromium markers is a

convenient choice as they were demonstrated to be resistant to both Piranha and SF6

plasma etching. Note that the chromium is etched away during RPE; hence use of

silicon dioxide markers is needed if other photolithography processes are performed

after RPE.
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Figure 1.6: Second harmonic generation in a quasi-phase matched periodically poled
RPE waveguide. (a): Near-field images of pump and SHG beams acquired at the
output of the waveguide. (b): Measured normalized conversion efficiency as a func-
tion of pump wavelength.

Periodic poling is performed on the +Z face of a Z-cut wafer with an experimental

setup close to the one depicted in Fig. 1.3b. For all the devices described in the

next chapters periodic poling was performed with the aid of Dr. A. Boes at the

Royal Melbourne Institute of Technology; a similar experimental setup has been

recently developed within our group by Dr. S. Kasture, and is now fully working

and operative. After periodic poling, the waveguides are patterned on top of the

wafer with the same procedure described in the previous section. One of the facet of
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the chips is polished at an 8◦ angle to suppress back reflections inside the waveguides

and avoid instabilities due to the internal fabry-perot effect.

Inhomogeneities in the refractive index profile of the waveguides were a major con-

cern in our first fabricated devices as they were thought to reduce the effective

interaction length of the implemented parametric nonlinear processes (see, for ex-

ample, the discussion made in Chapter 4). The issue has been recently solved by

performing a fine tuning of the stirring speed inside the PE reactor in order to find

an optimal condition for temperature uniformity (with a stirring speed equal to 110

r.p.m. resulting as the optimal value). In Fig. 1.6b we report, as an example, the

measured SHG conversion efficiency as a function of pump wavelength for a recently

fabricated RPE waveguide. The experimental points follow a nearly-ideal sinc2 func-

tion with a FWHM ' 0.5 nm, indicating the presence of quasi-phase matching along

the full length (2 cm) of the periodically poled waveguide.

1.3.3 Fabrication of electro-optic circuits

Electro-optic reconfigurable circuits were fabricated on X-cut substrates to mini-

mize dc drift due to buildup of pyroelectric charges, an issue present with Z-cut

substrates when an electric field is applied in the same direction of the spontaneous

electric polarization [90]. After waveguide fabrication, a 200 nm thick silicon dioxide

buffer layer is deposited on the wafer by RF-sputtering to minimize optical losses

introduced by the metal electrodes. We use 200 nm thick aluminium electrodes

deposited by RF-sputtering which are patterned on top of the buffer layer with the

same procedure described for alignment markers.

After dicing and polishing of the chip, the electrodes are tested with an RF probe

and wire bonded to a custom-made printed circuit board with SMA connectors.

Wire bonding is performed at the School of Engineering of Griffith University-Gold

Coast campus with the aid of Dr. H. P. Phang. Fig. 1.7a shows, as an example, a

photograph of the demultiplexer described in Chapter 5 together with a microscope

image of the patterned electrodes. A schematic of the configuration used for the

realization of tunable directional couplers can be found in Fig. 1 of Chapter 5. Our

electrodes have a total length of 4.5 mm and a calculated theoretical bandwidth

' 1 GHz, which is currently limited to ' 500 MHz by our impedance matching

network. In Fig. 1.7 we report, as an example, the power measured at the one

output of a tunable directional coupler for a driving voltage with f = 380 MHz

close to the maximum frequency achievable with our setup, showing a ∼ 95 %



1.4. STRUCTURE OF THE THESIS 19

Time (ns)

Vo
lta

ge
 (V

)
P

ow
er

 (a
.u

.)

(a) (b)

200 µm

Figure 1.7: (a): Photograph of the demultiplexer described in Chapter 5. Inset
in the figure shows a microscope image of the patterned electrodes. (b): Power
measured at the one output of an electro-optically tunable directional coupler (blue
oscilloscope trace) driven with a sinusoidal waveform (red oscilloscope trace).

modulation visibility for a maximum applied voltage equal to 13.5 V.

1.4 Structure of the thesis

In agreement with Griffith University’s policies the next chapters of this thesis are

presented as a collection of published and unpublished research papers, and describe

the application of our fabricated devices to different contexts of integrated quantum

photonic technologies.

Chapter 2

In this chapter we present the development of an accurate semi-empirical numerical

model for the design of APE and RPE waveguides. Compared with previous works,

our model takes into account the anisotropic diffusion along the different axis of

the crystal and can be used for the design of waveguides in both X-cut and Z-

cut substrates. We also asses the quality of RPE waveguides fabricated in Z-cut

substrates and report a ∼ 90 % mode overlap with optical fibres and propagation

losses lower than 0.1 dB/cm at λ = 1550 nm. The model is used for the design of

all the devices described in the following chapters.

This work has been published in 2015 in Ref. [91].

Chapter 3
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Here we present a new method for the characterization of integrated SPDC sources

which efficiently predict the properties of a biphoton state by the use of classical sum-

frequency generation measurements in the reverse direction of SPDC. This approach

overcomes the limitations of previous proposals by establishing a rigorous analogy

between biphoton wavefunction and sum-frequency field which is generally valid

for any arbitrary-unknown second-order nonlinear process. The proposed method is

experimentally demonstrated by predicting the state generated from a multi-channel

integrated nonlinear device fabricated in our facility by the RPE technique.

The final draft of this paper is still in preparation and will be submitted soon for

publication.

Chapter 4

In this chapter we present the realization and classical characterization of a period-

ically poled waveguide fabricated by the RPE technique for frequency conversion of

single-photons emitted from Yb+ trapped ions from UV to telecom wavelength. We

analyze the performance of our device, measure the contribution of spontaneously

scattered Raman photons, and discuss the potential of this technology for the re-

alization of a quantum interface for long-distance quantum communication with

trapped ions.

This work has been published in 2016 in Ref. [92].

Chapter 5

Here we present the realization of an integrated electro-optic device for active demul-

tiplexing of single-photons emitted from a quantum dot source. The waveguides are

patterned by the use of the APE technique and designed for single-mode operation in

the 900 nm wavelength range, which is the emission wavelength of most InAs/GaAs

quantum dot single-photon sources. The performance of our demultiplexer is tested

in conjunction with a quantum dot deterministically coupled to a microcavity. We

analyze the performance of our device and discuss its potential for the realization

of a multi-photon source for intermediate quantum computing protocols.

This work has been recently submitted for publication and is currently under review.

A preprint version is available in Ref. [93].

Chapter 6

In this chapter we present the realization of a custom-made pulse generator based
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on a field-programmable array (FPGA) which is used for driving the demultiplexer

described in Chapter 5.

This work has been published in 2016 in Ref. [94].

Chapter 7

In this concluding chapter we summarize the main results of this thesis and discuss

future directions for our works.
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Abstract: An anisotropic model for the fabrication of annealed and
reverse proton exchange waveguides in lithium niobate is presented. We
characterized the anisotropic diffusion properties of proton exchange,
annealing and reverse proton exchange in Z-cut and X-cut substrates
using planar waveguides. Using this model we fabricated high quality
channel waveguides with propagation losses as low as 0.086 dB/cm and
a coupling efficiency with optical fiber of 90% at 1550 nm. The splitting
ratio of a set of directional couplers is predicted with an accuracy of± 0.06.
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1. Introduction

Lithium niobate (LN) is one of the most widely used materials for the fabrication of inte-
grated optical devices because of its high nonlinearity and large electro-optic coefficient for
fast switching [1]. High speed modulators in LN have been standard components of optical
telecommunication networks for decades [2] and more recently LN integrated optical devices
have been used for the optical simulation of solid state systems [3, 4] and for quantum op-
tics experiments including the generation [5] and manipulation [6] of single photons and the
demonstration of a compact quantum-key-distribution system [7].

LN waveguides are fabricated mainly by two techniques: titanium indiffusion (Ti-
indiffusion) [8] and proton exchange (either annealed (APE) or reverse (RPE) proton exchange)
[9]. Ti-indiffused waveguides are fabricated through the deposition of a few nanometer thick Ti
layer on top of the material followed by annealing at T∼1000 ◦C in a furnace. This is the stan-
dard technique used for commercial modulators and Ti indiffusion has been well characterised
and reliably modeled [10]. For annealed (APE) and reverse (RPE) proton exchange waveguides,
the core is fabricated by replacing lithium ions (Li+) with hydrogen ions (H+) by dipping the
sample in a hot acid bath: this substitution increases the extraordinary refractive index and
decreases the ordinary one [11]. In APE waveguides a subsequent annealing step in air is per-
formed to reduce the H+ concentration and improve the optical properties of the waveguide.
After proton exchange and annealing a third step of RPE is used to bury the waveguide under
the crystal surface and increase the circular symmetry of the optical mode. The main difference
between the two techniques is that Ti-indiffused devices guide both polarizations while APE
and RPE waveguides guide only light polarized along the optical axis of the crystal.

APE and RPE waveguides have excellent optical properties and they have been used for a
broad range of applications in classical and quantum optics including the demonstration of the



highest conversion efficiency for second harmonic generation at 1550 nm reported to date [12]
and the brightest single photon source based on parametric down conversion ever reported [5].
Nonlinear diffusion models have been proposed for APE [13] and RPE [14, 15] processes. The
main limitations of these models are the assumptions that the diffusion of H+ ions in the crystal
is isotropic even if the crystal is not and that the refractive index changes linearly with H+

concentration across all the different crystallographic phases [9].
In this paper we report a model of the anisotropic diffusion processes involved in the fab-

rication of APE and RPE waveguides by studying the H+ diffusion on Z-cut and X-cut sub-
strates. Using this model we derive a relation between proton concentration and refractive index
changes as a function of the wavelength when this change is in the α-phase (∆ne < 0.025 at
633 nm). This is the phase where the propagation losses of the waveguides are minimized and
where the relation of the H+ concentration with the ordinary and extraordinary refractive index
changes, ∆ne,o, is linear. We verify the validity of our model with the design and fabrication
of channel waveguides and directional couplers for which the anisotropy in the diffusion is
particularly critical.

The paper is divided into three more sections: the model of the APE and RPE fabrication
steps are described in section 2 for X-cut and Z-cut substrates, in section 3 we compare the
prediction of model with the experimental results through the design and fabrication of channel
waveguides and directional couplers and section 4 is the conclusion.

2. Modelling of the refractive index profile evolution in APE and RPE planar waveg-
uides on X-cut and Z-cut substrates

Lithium niobate is a uniaxial crystal whose optical axis is commonly referred to as the Z axis. In
order to characterize the diffusion parameters of APE and RPE processes parallel and orthogo-
nal to this direction we fabricated several planar waveguides on X-cut and Z-cut substrates. The
effective refractive indices of the guided modes ne f f were measured using the prism coupling
technique [16] with a precision of±0.0001 set by the±0.005◦ angular resolution of our set-up.
The optimal diffusion parameters were estimated by minimizing the root-mean-square (rms)
error between the measured ne f f and those calculated using the nonlinear diffusion model for
H+ in LN. For the extraordinary and ordinary refractive indices of bulk LN we used dispersion
curves given in [17] at a temperature T =22 ◦C.

Only the the extraordinary refractive index ne increases during proton exchange while the
ordinary index no decreases. For this reason APE and RPE waveguides guide only one polar-
ization which is TM mode for a Z-cut substrate and TE for X-cut. Nevertheless the ordinary
refractive index change ∆no =−∆ne/3 was taken into account for the calculation of the modes
in Z-cut waveguides [11].

2.1. Proton exchange

Proton exchange (PE) was performed by dipping the LN sample in a pure benzoic acid bath
heated to 168.5 ◦C. Temperature uniformity is critical for the homogeneity of the fabrication
of multiple devices on a single substrate. Our PE reactor is a custom made oil-based heating
mantle with internal stirring to improve uniformity.

After PE the samples have a superficial layer at higher refractive index loaded with H+ ions.
The guiding layer is formed by different crystallographic phases, with a portion of the protons
occupying interstitial sites not contributing to an increase in the refractive index [11, 15, 18].
A soft annealing (SA) step in air at T=210 ◦C follows the PE causing the movement of the
interstitial H+ ions to active substitutional sites with a consequent increase in the area of the
refractive index profile. The area A = ∆ne × de is calculated assuming a step-like refractive
index profile of depth de and index change ∆ne. Figure 1 shows the evolution of the areas A and
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Fig. 1. Evolution of the refractive index change ∆ne and area A = ∆ne×de as a function of
the SA time for 3 h proton exchanged samples. Circles are experimental data points for (a)
X-cut and (b) Z-cut samples. Solid line is plotted as guide to the eye.

of the refractive index changes, ∆ne, with SA time for X-cut and Z-cut planar waveguides that
were proton exchanged for 3 h. After each SA step the ne f f of the modes were measured by
prism coupling and the values of de and ∆ne was retrieved using the inverse-WKB method. For
both samples there is a fast increase of A in the first hours of SA until it saturates to a constant
value: this indicates that all interstitial H+ have moved to active substitutional sites. For the
Z-cut sample the index change starts to decrease very slowly when ∆ne reaches the boundary
between the κ2 and β1 phase corresponding to values below 0.105 at λ=635 nm [19]. While
for Z-cut samples soft annealing acts as a self-stopping process [14, 15], for X-cut the diffusion
proceeds much faster and the values of ∆ne shown by the last three data points of Fig. 1(a)
clearly indicates that the crystal is entering in the κ2 phase, where a different relation between
proton concentration and ∆ne has to be employed.

In our fabrication we stop the SA when the refractive index change, ∆ne, reaches the bound-
ary between κ2 and β1 at 0.105. Assuming a linear diffusion model for PE, the SA time tSA and
the PE time tPE are proportional and given by [14, 15]:

tSA,X = 2.6 tPE for X-cut samples, (1)

tSA,Z = 4 tPE for Z-cut samples, (2)

Equations (1) and (2) are valid for a large interval of PE times, ranging from 1 h to around
10 h. For Z-cut samples, when PE time was larger than 10 h the temperature for SA was in-
creased to a maximum of 230 ◦C and the new SA time calculated as:

tSA(T2) = tSA(T1)exp
(

Ea

kbT2
− Ea

kbT1

)
, (3)

where T2 is the new temperature of choice for SA, T1 = 210 ◦C is the temperature used for
deriving relations (1)-(2), kb is the Boltzmann constant, and Ea ' 1 eV is the activation energy
in the β1 phase [15].

Relations (1)-(3) have been used to estimate the evolution of the waveguide depth with PE
time with de ranging from 0.5 µm to 2 µm. Figure 2 shows the measured evolution of de with
PE time for X-cut and Z-cut waveguides fitted with the linear diffusion law de = 2

√
DPE,X/ZtPE

[19]. From our measurement we found that the diffusion coefficients for the two different sub-
strates are:

DPE,X = 0.098 µm2h−1 for X-cut samples, (4)

DPE,Z = 0.056 µm2h−1 for Z-cut samples. (5)
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shown as solid line. The depths are measured after a SA time given by Eqs. (1) and (2).

2.2. Annealing

Proton exchanged waveguides have high propagation losses and a second order susceptibility
almost totally suppressed [19]. Annealing in dry atmosphere at a temperature of 328 ◦C is
performed to decrease the local H+ concentration, C, and improve the optical properties of the
waveguide in terms of propagation losses, second order nonlinearity and coupling with optical
fiber.

The step-like refractive index profile obtained after PE and SA is the initial condition for
modelling the annealing diffusion. The proton concentration is set to C(y)=1 for 0 < y < de and
to 0 for y > de with y indicating the direction orthogonal to the air-LN interface. The kinetics of
H+ ions in X-cut and Z-cut planar waveguides are modelled by the one-dimensional nonlinear
diffusion equation

∂C
∂ t

=
∂
∂y

(
Da,X/Z (C)

∂C
∂y

)
, (6)

where the dependence of the diffusion coefficient Da,X/Z on C is given by [14, 15]:

Da,X/Z(C) = D0,X/Z

(
αX ,Z +

1−αX ,Z

βX ,ZC+ γX ,Z

)
. (7)

For α = 0, the rational form of Da,X/Z(C) is the same that would be obtained by a simple inter-
diffusion model for H+ and Li+ ions after the requirement of an electroneutrality condition
[20]. The additional term α acts as an empirical correcting factor taking into account the dif-
ferent values of the self diffusion coefficients of the two ion species in each phase encountered
during annealing and RPE in a multiphase crystal. When the waveguide is in the α-phase the re-
fractive index change is proportional to C and given by ∆ne(λ ) = δX/Z(λ )C. We independently

Table 1. Parameters of the diffusion coefficients and Sellmeier curves for X-cut and Z-cut
LN substrates.

X-cut Z-cut
D0 (µm2/h) 0.334 A 5.063e-3 D0 (µm2/h) 0.414 A 4.646e-3

α 0.116 B 1.294e-3 α 0.134 B 9.632e-4
β 30.7 C(µm) 0.217 β 34.5 C(µm) 0.272
γ 0.00711 γ 0.0497
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Fig. 3. (a) Sellmeier fitting (solid lines) and experimental data of the wavelength depen-
dence of the refractive index change coefficient δ for (•) X-cut and (�) Z-cut. (b) Simulated
evolution of the refractive index change ∆ne during annealing for an X-cut planar waveg-
uide calculated from Eq. (6). The waveguide had a PE depth de = 0.822 µm and was
annealed for ta = 36 h, 44 h and 59 h. (c) Same as (b) but for Z-cut with de = 0.798 µm and
ta = 25 h, 34 h and 48 h.

characterize the coefficient δX/Z(λ ) for the two substrates because the stresses experienced by
the crystal during the high temperature diffusion processes are different for Z-cut and X-cut
waveguides and this may affect the final value of ∆ne [11]. Equation (6) is integrated using a
semi-implicit finite difference algorithm [21] with 0 < y < ymax and 0 < t < ta. The boundary
conditions are ∂C

∂y = 0 at y = 0, meaning that there is no H+ flux at the LN-air interface, and
for y = ymax we used a transparent boundary condition in order to simulate an infinitely thick
substrate. This is necessary in order to avoid the use of large integration window since for large
ta the refractive index profiles have a long tail that extends for tens of microns.

We fabricated several planar waveguides on the two different substrates with proton exchange
depth de ranging from 0.5 µm to ∼2 µm and monitored their evolution during annealing by
measuring the ne f f of the modes. The values of the parameters D0,X/Z ,αX/Z ,βX/Z ,γX/Z and
δX/Z were determined by minimizing the root-mean-square error between the measured effec-
tive indices, nmeas

e f f , and the ones calculated with a mode solver and the refractive index profile
obtained from Eq. (6), ncalc

e f f . The wavelength dependence of δ was determined by interpolating
the data acquired at the wavelengths 1550 nm, 780 nm, 635 nm and 532 nm with the one pole
Sellmeier equation δ (λ ) =

√
A+ B

λ 2−C2 . Table 1 shows the parameters of the diffusion and the
coefficients of the Sellmeier equations obtained from the minimization of the rms error ∆ne f f .

The Sellmeier curves are shown in Fig. 3(a), while Fig. 3(b) and (c) show the evolution of
the refractive index profile during annealing for an X-cut with a PE depth de = 0.822 µm and
a Z-cut waveguide with de = 0.798 µm. Table 2 shows the values of the rms error ∆ne f f of the
model for these two waveguides characterised by the first four guided modes at λ =635 nm.

Table 2. Root-mean-square error ∆ne f f =

√
∑4

m=1

(
ncalc

e f f ,m−nmeas
e f f ,m

)2
/4 in the calculation

of the ne f f for waveguides shown in Fig. 3(b) and (c). All data refers to the wavelength
λ=635 nm.

X-cut Z-cut
ta (h) ∆ne f f ×10−4 ta (h) ∆ne f f ×10−4

36 0.6 25 1.4
44 1.8 34 1.0
59 1.2 48 1.6
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Fig. 4. (a) Simulated evolution of the refractive index change during RPE for an X-cut
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2.3. Reverse Proton exchange

The asymmetry in the refractive index profile of APE waveguides (see Fig.3(b),(c)) generates
an asymmetry in the intensity profile of the guided modes that reduces the coupling efficiency
with optical fibre and the mode overlap in frequency conversion processes. Furthermore the
modes of APE waveguides overlap with the PE dead layer which has suppressed nonlinearity.
This problem is overcome with RPE which buries the waveguides through the back substitution
of Li+ for H+ at the surface of the crystal.

Reverse Proton Exchange is performed after annealing by dipping the sample in an eutectic
melt of LiNO3 : KNO3 : NaNO3 (mole percent ratio of 37.5 : 44.5 : 18.0) at a temperature
of 328 ◦C [22]. During this process the H+ near the LN surface are removed while the other
protons are annealed deeper into the substrate. The process is modelled using Eq. (6) with
changed boundary condition C = 0 at y= 0. In this way we model the eutectic melt as a perfectly
absorbing layer placed at the LiNbO3 top surface. The parameter γX/Z , that controls the value
of the diffusion coefficient for C→ 0, plays a central role in determining the rate of the RPE
process. In fact this rate is mainly affected by the diffusion properties of the protons at the
top surface of the crystal, that have concentration values approaching zero. For this reason the
values of γX/Z reported in Tab. 1 are obtained through minimization of the RPE data keeping
fixed the value of the other parameters obtained by the APE characterization.

Figure 4 shows the evolution of the refractive index profile during RPE for X-cut and Z-cut
substrates and the rms in the calculation of the ne f f for these profiles is given in Tab. 3. Reverse
exchange moves the peak of the profile below the LN surface causing an improvement in the
symmetry of the mode, a reduction in the surface scattering component of the propagation
losses and a pulling of the mode away from dead-layer on the surface that is created after PE.

Table 3. Root-mean-square error ∆ne f f in the calculation of the ne f f for waveguides shown
in Fig. 4(a) and (b). All data refers to the wavelength λ=635 nm.

X-cut Z-cut
tRPE (h) ∆ne f f ×10−4 tRPE (h) ∆ne f f ×10−4

8 2.8 10.8 2.6
11.5 1.9 15.6 1.7



3. Design and fabrication of channel waveguides

We applied this model for the design and fabrication of straight channel waveguide and direc-
tional couplers on a Z-cut substrate. The design constraints were: good coupling with optical
fiber, waveguide in the α-phase, single mode operation at 1550 nm and low propagation losses.

The fabrication parameters were determined by solving the diffusion equation

∂C
∂ t

=
∂
∂y

(
Da,Z (C)

∂C
∂y

)
+

∂
∂x

(
Da,X (C)

∂C
∂x

)
, (8)

with the diffusion coefficients obtained in section 2 for annealing and RPE and maximizing our
fabrication constraints. The initial condition for the annealing diffusion is the step-like refrac-
tive index profile shown in Fig. 5(a) where the shaded region has a proton concentration C = 1.
The waveguides were fabricated by patterning a titanium mask on a LN wafer by standard
photolithography with a channel width of the waveguides, w=8 µm. The undercut diffusion
of proton during PE is modelled by the empirical formula uunder(y) = umax

√
1− (y/de)2 with

umax = 0.2
√
(DX/DZ)de (see inset in Fig. 5(a)).

After our analysis we fabricated the devices using a proton exchange depth de=1.75 µm,
annealing time ta=26 h and reverse time tRPE=14.5 h. Figure 5(b) shows the intensity profile
of the waveguide output mode at 1550 nm while Fig 5(c) is the mode profile predicted by our
model. The overlap between measured and calculated mode is 96% and overlap between the
measured fiber and waveguide modes is 90% which is in accordance with the 90.5% predic-
tion from our model. The insertion losses for a 2.8 cm long waveguide were 1.39 dB which
account for 0.57±0.02 dB per facet of coupling and Fresnel losses and 0.089±0.006 dB/cm
propagation losses.

A set of 15 directional couplers with coupling lengths ranging from 1.2 mm to 18 mm were
fabricated with the same parameters as the straight waveguide and a separation of 13.5 µm
between the centres of the waveguide in the coupling region. The anisotropy of the diffusion
is critical for the modeling of this devices because the lateral diffusion of H+ plays a crucial
role in the effective coupling between the waveguides. Figure 6 shows the measured splitting
ratios as a function of the coupling length: the data is plotted along with the a sine square fitting
function, which gives a coupling length Lc = 3.973±0.09 mm compared to the estimated value
of Lc,est = 3.976 mm also shown in Fig. 6. The comparison between measured and simulated
splitting ratio has a rms error of 0.06.
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Fig. 5. (a) Step-like refractive index profile used as initial condition for annealing. The inset
shows the undercut diffusion of H+. (b) Measured intensity profile of the guided mode at
1550 nm. (c) Calculated mode from the refractive index profile obtained by solving Eq. (8).
The waveguide had a channel width of w=8 µm, de=1.75 µm, ta=26 h and tRPE =14.5 h.
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4. Conclusions

In conclusion we have derived a simple and reliable model of the anisotropic diffusion for the
fabrication of APE and RPE waveguide in LN. The model was tested with the design and fabri-
cation of straight waveguides and directional couplers with good agreement between measured
and calculated quantities. This model will provide a useful tool for the design and optimization
of complex integrated optical devices in LN.
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Integrated quantum photonics is a leading platform for the demonstration of quantum technologies including
computational complexity [1] and quantum communications [2]. As quantum photonics circuits grow in complex-
ity, the availability of fast and practical methods for their characterization becomes a necessity [3, 4]. Here we
propose and demonstrate a new method for the characterization of nonlinear multimode integrated devices that
reconstruct the biphoton state produced trough spontaneous parametric down-conversion (SPDC) using only clas-
sical measurements. This protocol determines the properties of the generated quantum state from sum-frequency
generation measurements performed in the reverse direction of SPDC, and overcomes the limitations of previ-
ous approaches [5, 6] by establishing a rigorous analogy between sum-frequency field and biphoton wavefunction
which is valid for any arbitrary-unknown second-order nonlinear process. The proposed method is experimentally
demonstrated by predicting the state generated from a multi-channel integrated nonlinear waveguide device. Our
results show a 99.28±0.31% fidelity between classical and quantum characterization, demonstrating a practical and
scalable approach for the characterization of large scale integrated quantum photonic circuits.

Integration of single-photon sources with optical waveguide networks is a key requirement for the development of large-scale
quantum photonics technologies [7, 8]. In particular the engineering of complex optical quantum states on-chip requires the design
and fabrication of networks of linear and nonlinear waveguides where photons can interfere and be manipulated [9–11]. A reliable
and practical technique for the characterization of this class of devices is essential for integrating them as part of more complex
circuits or for improving their performances.

To date, implementation of photon sources in lithographically patterned waveguides has mainly relied on photon-pair generation
via spontaneous nonlinear optical processes, i.e. spontaneous parametric down-conversion (SPDC) or spontaneous four-wave mixing.
Of the two processes SPDC is by far the most efficient, with few microwatts of pump power enabling generation rates exceeding
several MHz in lithium niobate waveguide platforms [12,13]. Monolithic integration of SPDC sources with multi-port optical circuits
has been achieved in several contexts, with applications ranging from quantum communication [14], quantum metrology [9], spatial
multiplexing of heralded single-photon sources [15], quantum state generation in nonlinear waveguide arrays [10], and small-scale
demonstrations of reconfigurable quantum photonics circuits [16]. Generation of photon pairs via SPDC has been recently shown
also in direct band-gap semiconductors materials [17,18], providing a scalable and efficient alternative to silicon quantum photonics.

The characterization of the two-photon state generated by a waveguide network is an hard experimental task [19], which requires a
number of measurements and resources that increase quadratically with system size, making the characterization of states generated
by large waveguide circuits impractical or very time consuming. Additionally, integrated circuits are typically patterned on wafers
and produced in large numbers, and efficient techniques for fast quality checking of device performance are urgently needed. Here
we propose and demonstrate an efficient method for the characterization of two-photon states generated from arbitrary waveguide
devices with quadratic nonlinearity that has both fundamental and practical importance for the development of future integrated
quantum photonics technologies.

Stimulated emission tomography (SET) was proposed in Ref. [5] as an efficient method for predicting the biphoton state produced
from a nonlinear device by the use of only classical detectors and laser sources. This technique takes advantage of the analogy between
a spontaneous nonlinear process and its classical stimulated counterpart, i.e. difference-frequency generation or stimulated four-
wave mixing. Experimental demonstrations include spectral characterization of two-photon states with an accuracy unobtainable
with single-photon detection methods [20–23], and fast reconstruction of the density matrix of entangled-photon sources [24, 25].
However, as discussed in Ref. [26], SET becomes a challenging –possibly impractical– experimental task for large optical networks,
requiring precise injection of the seed beam in the individual supermodes supported from the structure. A possible workaround
is to inject the seed beam in each single channel individually and to perform a transform trough supermode decomposition to
obtain quantum predictions. However, this requires precise information on the linear light dynamics inside the whole structure,
making SET a multi-step procedure prone to errors and not applicable to “black-box” circuits. Additionally, the analogy between
a spontaneous nonlinear process and its stimulated counterpart is strictly valid only in the limit of zero propagation losses [6]. This
assumption poses a fundamental limit for the characterization of integrated waveguide circuits, since the effect of scattering losses
–due to impurities or surface and side-wall roughness- becomes prominent with increasing miniaturization of photonic devices.



Sum-frequency generation (SFG) –the reverse process of SPDC– was identified in Ref. [6] as the ideal approach for characterizing
second-order nonlinear circuits in presence of losses. Nevertheless, the method was formulated only for a single and homogeneous
waveguide, posing a stringent restriction for the characterization of more complex devices. In this work, we overcome the limitations
of the previous proposals by establishing a rigorous equivalence between biphoton wavefunction and the sum-frequency field generated
by classical wave-mixing in the reverse direction of SPDC. Our theory analysis is generalized by the use of the Green-function
method [27] (derivation of the theory will be reported in Supplementary Material), and holds for arbitrarily complex second-order
nonlinear circuits and in presence of arbitrarily large propagation losses. More importantly, the SFG-SPDC analogy can be expressed
in any measurement basis, providing a simple experimental tool for the characterization of any “black-box” χ(2)-nonlinear process.
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Figure 1: Scheme for the characterization of the biphoton state produced by an array of N waveguides with an arbitrary
χ(2)-nonlinear process. a. SPDC: a pump beam is injected into waveguide np at the input of the device. Photon-coincidence counting
measurements between each pair of waveguides ns, ni at the output are used to measure photon-pair generation rates and relative squared
amplitudes of the wavefunction elements. b. SFG: a signal and and an idler beam produced from two classical laser sources are injected into
waveguides ns, ni in the reverse direction of SPDC. Absolute photon-pair generation rates and relative squared amplitudes of the wavefunction
elements can be predicted by direct optical power detection of the sum-frequency field generated at the input of waveguide np.

The proposed characterization method is schematically depicted in Fig. 1 for a waveguide device with N × N spatial modes
with same polarization. A pump beam with frequency ωp is injected into waveguide np at the input of the device and produces, by
SPDC, the biphoton state (see Fig. 1a)

|Ψ〉pair =

∞∫

0

∞∫

0

dωsdωi

∑

ns,ni

Ψ
np
nsni(ωs, ωi)a

†
ns

(ωs)a†ni
(ωi)|0〉 , (1)

where ns, ni are indexes for signal-idler output waveguide numbers, and a†ns
(ωs),a†ni

(ωi) are creation operators for, respectively,
one photon in waveguide ns with frequency ωs and one photon in waveguide ni with frequency ωi. In the SFG process shown
in Fig. 1b, a signal beam with wavelength ωs and an idler beam with wavelength ωi (such that ωs + ωi = ωp) are injected into
waveguides ns and ni in the reverse direction of SPDC. In the limit of no pump depletion, the sum-frequency field E

np
nsni generated

at the input of waveguide np is found to be directly proportional to the wavefunction element Ψ
np
nsni(ωs, ωi). This simple analogy is

used to infer the relative squared amplitudes of the wavefunction elements by direct optical power measurements of the generated
sum-frequency field as well to predict the absolute photon-pair generation rates for SPDC trough the relation:

1

Pp

dNpair

dωsdωidt
=
δ(ωs + ωi = ωp)

2π

ωiωs

ω2
p

ηSFG
nsni

(ωs, ωi), (2)

where Pp is the power of the pump beam during SPDC, and ηSFG
nsni

= PSFG/(P sP i) is the normalized sum-frequency conversion
efficiency per unit of signal-idler pump power. Additionally, the relative phases of the different wavefunction components can be
characterized by interferometric measurements of the generated sum-frequency field (see Fig. 3), and used to retrieve the complete
biphoton wavefunction. Full spectral characterization of the biphoton state is obtained by repeating the procedure for different
wavelengths of signal-idler beam, with an accuracy which is only limited by the spectral resolution of the laser source under use.

The SFG characterization protocol for complex multi-dimensional systems was demonstrated on an array of nonlinear waveguides
based on the recently developed concept of quantum state engineering with specialized poling patterns [26]. The device, schematically
depicted in Fig. 2a, is made of three evanescently coupled waveguides fabricated on a z-cut lithium niobate substrate by the use of
the reverse proton exchange technique [28,29] (see Methods for a description of the fabrication parameters). The three waveguides
have an inhomogeneous and asymmetric poling pattern along the propagation direction with 5 defects at different locations of the
array introduced by translating the poled domains by half a poling period Λ.

SFG and SPDC measurements are used to test the device when a pump beam is injected into waveguide 1 and directly compared
to proof the SPDC-SFG analogy (Fig. 2, Tab. 1). The two characterization procedures are carried out with a similar experimental
scheme to the one depicted in Fig. 1 (see Methods for a detailed description of the experimental setups). The sample is heated at
a temperature T = 84 ◦C to get a phase matching condition centered at λ = 1550 nm. A band-pass filter with λc = 1550 nm and
6 nm FWHM is used to restrict the SPDC emission bandwidth to the same range of wavelengths measured by SFG.
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Figure 2: Comparison between SFG and SPDC measurements. a Schematic of the device under characterization and the defect of
the periodic poling pattern (inset). b Measured normalized sum-frequency conversion efficiencies at the output of waveguide 1 as a function of
signal and idler wavelengths for waveguides 2-3 and waveguides 1-2. Signal and idler wavelengths are scanned at 0.250 nm steps in a 10 nm
bandwidth centered around 1550 nm with a tunable laser diode with 150 kHz linewidth. Measured points are readjusted to a 0.125 nm grid
with a nearest neighbor interpolation. c. Time histogram for the photon coincidences between waveguides 2-3 and waveguides 1-2 for a 28.57
s acquisition time and a pump power Pp = 32 ± 5 µW. Time bin width is 82 ps. d. Comparison between squared relative amplitudes of
the wavefunction elements predicted by SFG and measured by SPDC. Error bars for SFG take into account the uncertainties in optical power
measurements. Error bars for SPDC take into account the poissonian statistics of the detection process and uncertainties in the measured
transmission of the different paths.

Waveguides SPDC SFG

1-3 0.04± 0.03 MHz (2.4± 0.6 %) 0.14± 0.04 MHz (5.9± 0.9 %)

2-3 0.70± 0.11 MHz (41.9± 2.3 %) 0.93± 0.16 MHz (39.4± 0.9 %)

1-2 0.65± 0.13 MHz (38.9± 2.7 %) 0.83± 0.15 MHz (35.1± 1.3 %)

1-1 0.12± 0.09 MHz (7.2± 1.7 %) 0.17± 0.06 MHz (7.2± 1.4 %)

2-2 0.14± 0.07 MHz (8.4± 1.3 %) 0.25± 0.06 MHz (10.6± 0.8 %)

3-3 0.02± 0.01 MHz (1.2± 0.3 %) 0.04± 0.02 MHz (1.7± 0.9 %)

Table 1: Absolute photon pair generation rates. Absolute photon pair generation rates measured by SPDC and calculated from Eq. 2.
Measured and predicted rates are obtained for a pump power Pp = 32± 5 µW. Absolute photon pair generation rates for SPDC are calculated
using the nominal detectors efficiencies given by the manufacturer: η1 = 8 %, η2 = 10 %. Errors in SPDC measurements take into account the
poissonian statistics of the detection process and uncertainties in transmission measurements. Errors in SFG predictions take into account the
uncertainty in SFG-power measurements and in the pump power measured during SPDC. Inside the brackets we report the relative generation
rates calculated as the percentage of total emission. Uncertainties in the SPDC pump power are not considered in the relative values.

Figure 2b shows the sum-frequency conversion efficiencies measured at the output of waveguide 1 as a function of signal-idler
wavelengths for waveguides 2-3 and waveguides 1-2 inputs. In both cases we observe a maximum normalized conversion efficiency
' 15 % W−1 for a sum-frequency wavelength (λ−1

s + λ−1
i )−1 = 775 nm. In Figure 2c we report the time histograms of photon

coincidences for the same waveguide combinations acquired by two avalanche photodiodes and a time tagging module for a pump
wavelength λp = 775 nm. The two peaks show a coincidence-to-accidental-ratio (CAR) ' 13 and, as predicted from SFG, a similar
total number of counts.

A comparison between the relative squared amplitudes of the wavefunction elements obtained with the two different character-
ization methods is reported in Fig. 2d (see Methods for details on calculations). SFG predictions are obtained by measuring the
conversion efficiencies for all of the permutations of signal-idler beams in the three waveguides and integrating the data correspond-
ing to a SPDC pump wavelength λp = 775 nm over a bandwidth of 6 nm. The good agreement between SFG prediction and SPDC
measurements results in a fidelity between the two correlation matrices in Fig. 2d F =

∑
nsni

√
|ΨSFG

nsni
|2|ΨSPDC

nsni
|2 = 99.28±0.31 %

(see Methods for the calculation of the error). In Tab. 1 we also report a comparison between the absolute photon-pair generation
rates measured by SPDC and predicted by SFG trough Eq. 2, showing, for all combinations, a qualitative agreement. The fact that
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Figure 3: Measurement of the relative phases between wavefunction elements by SFG. a. Schematic of the experimental setup for
waveguides 2-3. Signal and idler beams are splitted and recombined with a network of 50:50 fibre couplers and injected into the three waveguides
with a fibre V-groove array. An electro-optic phase modulator is used to generate an interference pattern between the sum-frequency fields
generated from the combinations of signal and idler beams in waveguides 2-3 and waveguides 1-1. SFG and signal-idler beams are collected in
free-space at the output of waveguide 1 with a lens with 0.5 NA (not shown in the figure) and separated with a dichroic mirror. A wavelength-
division multiplexer (not shown in the figure) is used to separate signal and idler wavelengths. Inset in the figure shows the oscilloscope traces
obtained by collecting the beams with three different photodiodes for a modulation frequency f = 500 KHz. The three traces are used to
measure the relative phases between the wavefunction elements Ψ23 and Ψ11. Red line for the SFG oscilloscope trace is the fit made with a
sum of a 500 KHz and a 1 MHz component (see Methods for details). b. Relative phases between wavefunction elements measured for all the
combinations of signal-idler beams in the three waveguides. Waveguide 1 is the fixed reference for all the phase measurements. Measurements
are performed for a signal wavelength λs = 1550.12 nm and an idler wavelength λi = 1556.55 nm. The sample is heated up to a temperature
T = 108 C to get a phase matching condition centered at 2(λ−1

s + λ−1
i )−1 ' 1553.3nm. See Methods for a calculation of the error bars.

predicted photon rates are always greater than the measured ones in probably due to an overestimation of the detectors efficiencies
which introduces a systematic error in the SPDC data.

Interferometric measurements of the generated sum-frequency field were performed to predict the relative phases between differ-
ent wavefunction elements. In our case, precise characterization of the state by quantum state tomography would be experimentally
challenging due to phase fluctuations between the different paths introduced by thermal and mechanical instabilities and the long
acquisition times needed for photon coincidences counting. Hence, the SFG-phase characterization is only presented as a proof-of-
concept of the proposed experimental technique and not directly verified by SPDC measurements. The experimental setup for phase
measurements is shown in Fig. 3a for the case of waveguides 2-3. The depicted procedure allows to infer the relative phases between
wavefunction elements θnsni up to the phases of signal and idler beams −(θsns

+ θini
) measured at the output of waveguide 1. Note

that the unknown phase multiplier exp(−i(θsns
+ θini

)) doesn’t alter the degree of entanglement of the biphoton state. Thus, the
set of measured phases can be directly used to infer relevant properties of the generated state such as the degree of entanglement
trough Schmidt decomposition [30], resulting in a Schmidt number S = 1.59 for the given state (see Methods for details on the
calculation).

In conclusion, we have proposed and demonstrated a practical and accurate method for the characterization of the biphoton
state produced trough SPDC in any arbitrary-unknown second-order nonlinear process. The method has been experimentally tested
by characterizing a complex multi-dimensional system, showing a near-unitary agreement with the results of photon-coincidences
counting measurements. Our approach, thus, provides a practical and viable path for the characterization and development of
monolithically integrated waveguide networks for large-scale quantum photonics technologies.
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[7] O’Brien, J. L., Furusawa, A. & Vučković, J. Photonic quantum technologies. Nature Photonics 3, 687–695 (2009).

[8] Tanzilli, S. et al. On the genesis and evolution of integrated quantum optics. Laser & Photonics Reviews 6, 115–143 (2012).

[9] Vergyris, P. et al. On-chip generation of heralded photon-number states. Scientific reports 6, 35975 (2016).

[10] Solntsev, A. S. et al. Generation of nonclassical biphoton states through cascaded quantum walks on a nonlinear chip. Phys.
Rev. X 4, 031007 (2014).

[11] Silverstone, J. W. et al. On-chip quantum interference between silicon photon-pair sources. Nat Photon 8, 104–108 (2014).

[12] Tanzilli, S. et al. Highly efficient photon-pair source using periodically poled lithium niobate waveguide. Electronics Letters
37, 26–28 (2001).

[13] Zhang, Q. et al. Correlated photon-pair generation in reverse-proton-exchange ppln waveguides with integrated mode demul-
tiplexer at 10 ghz clock. Opt. Express 15, 10288–10293 (2007).

[14] Martin, A., Alibart, O., Micheli, M. P. D., Ostrowsky, D. B. & Tanzilli, S. A quantum relay chip based on telecommunication
integrated optics technology. New Journal of Physics 14, 025002 (2012).

[15] Meany, T. et al. Hybrid photonic circuit for multiplexed heralded single photons. Laser & Photonics Reviews 8, L42–L46
(2014).

[16] Jin, H. et al. On-chip generation and manipulation of entangled photons based on reconfigurable lithium-niobate waveguide
circuits. Phys. Rev. Lett. 113, 103601 (2014).

[17] Orieux, A. et al. Direct bell states generation on a iii-v semiconductor chip at room temperature. Phys. Rev. Lett. 110, 160502
(2013).

[18] Guo, X. et al. Parametric down-conversion photon pair source on a nanophotonic chip. arXiv preprint arXiv:1603.03726
(2016).

[19] James, D. F. V., Kwiat, P. G., Munro, W. J. & White, A. G. Measurement of qubits. Phys. Rev. A 64, 052312 (2001).

[20] Eckstein, A. et al. High-resolution spectral characterization of two photon states via classical measurements. Laser & Photonics
Reviews 8, L76–L80 (2014).

[21] Fang, B., Cohen, O., Liscidini, M., Sipe, J. E. & Lorenz, V. O. Fast and highly resolved capture of the joint spectral density
of photon pairs. Optica 1, 281–284 (2014).

[22] Jizan, I. et al. Bi-photon spectral correlation measurements from a silicon nanowire in the quantum and classical regimes.
Scientific reports 5, 12557 (2015).

[23] Grassani, D. et al. Energy correlations of photon pairs generated by a silicon microring resonator probed by stimulated four
wave mixing. Scientific reports 6, 23564 (2016). Article.

[24] Rozema, L. A. et al. Characterizing an entangled-photon source with classical detectors and measurements. Optica 2, 430–433
(2015).

[25] Fang, B., Liscidini, M., Sipe, J. E. & Lorenz, V. O. Multidimensional characterization of an entangled photon-pair source via
stimulated emission tomography. Opt. Express 24, 10013–10019 (2016).

[26] Titchener, J. G., Solntsev, A. S. & Sukhorukov, A. A. Generation of photons with all-optically-reconfigurable entanglement in
integrated nonlinear waveguides. Phys. Rev. A 92, 033819 (2015).

[27] Poddubny, A. N., Iorsh, I. V. & Sukhorukov, A. A. Generation of photon-plasmon quantum states in nonlinear hyperbolic
metamaterials. Phys. Rev. Lett. 117, 123901 (2016).

[28] Lenzini, F., Kasture, S., Haylock, B. & Lobino, M. Anisotropic model for the fabrication of annealed and reverse proton
exchanged waveguides in congruent lithium niobate. Opt. Express 23, 1748–1756 (2015).

[29] Korkishko, Y. N. et al. Reverse proton exchange for buried waveguides in linbo3. J. Opt. Soc. Am. A 15, 1838–1842 (1998).

[30] Nielsen, M. A. & Chuang, I. L. Quantum Computation and Quantum Information: 10th Anniversary Edition (Cambridge
University Press, New York, NY, USA, 2011), 10th edn.



Methods
Fabrication of the waveguide array. The waveguides were fabricated with a 1.85 µm proton exchange depth and a 8.5 µm

channel width followed by annealing in air for 7 hours at a temperature of 328 ◦C and reverse proton exchange for 8.5 hours at a
same temperature. The coupling region has a total length of 2.96 cm with a distance between waveguide centres 11.62 µm. The
poling area is 2 cm long and centered in the middle of the array. The poling pattern is generated by standard electric-field poling
and has a poling period Λ = 16.07 µm and a 50:50 duty cycle. S-Bends with a sinusoidal shape and a 5.5 mm length are used at
the input and the output of the array to achieve a 127 µm separation between waveguide centres matching the distance between
the adjacent channels of a fibre V-groove array. The input facet of the chip is polished at an 8◦ angle to avoid back-reflections into
the waveguides.

Experimental setup for SFG measurement. Signal and idler beams, generated by a tunable laser diode with 0.1 nm
linewidth, are injected into each pair of waveguides with a fibre V-groove array. All the beams are collected in free-space at the
output of the waveguides with a lens with 0.5 NA. SFG and signal-idler wavelengths are first separated with a dichroic mirror.
SFG power from the output of waveguide 1 and signal-idler powers from the outputs of all the three waveguides are then measured
with two standard power meters. The measured powers are corrected for fresnel losses and used to calculate the normalized
sum-frequency conversion efficiencies at the output of the array. Sum-frequency conversion efficiencies for the single channels are
measured by combining signal and idler beams with a 50:50 fibre coupler. All the measurement process is automatized with a
Labview software.

Experimental setup for SPDC measurements. A pump beam with 775 nm wavelength and 0.1 nm linewidth generated by
second-harmonic generation in a nonlinear crystal is injected into waveguide 1 with a lens with 0.5 numerical aperture. The three
outputs are collected with a fibre V-groove array, and photon coincidences between each pair of waveguides are measured with two
gated InAs avalanche photodiodes and a time-tagging module. A filtering stage in free-space made of a set of 5 long-pass filters
and a band-pass filter is used to attenuate the pump beam by 150 dB and to narrow down to 6 nm the SPDC emission bandwidth.
Photon coincidences from the single channels are measured by splitting signal-idler photons with a 50:50 fibre coupler.

Calculation of absolute photon-pair generation rates and relative squared amplitudes of the wavefunction el-
ements from SFG-power measurements. For each pair of waveguides ns, ni signal wavelength is scanned with a step ∆λ =
0.25 nm in a 6 nm bandwidth centered around 1550 nm. At each step j idler wavelength is set to the value (λi)j = (λ−1

p −(λs)−1
j )−1,

where λp = 775 nm is the pump wavelength for SPDC. Absolute photon-pair generation rates are then calculated by discretization
of Eq. 2 through the relation

1

Pp

dNpair

dt
=
∑

j

ηSFG
j

λ2
p

(λs)j(λi)j

c∆λ

[(λs)j ]2
,

where ηSFG
j is the normalized sum-frequency conversion efficiency measured at each step j. The pump power Pp is measured during

the SPDC characterization from the first output of the fibre array. This value is corrected with the measured coupling efficiency of
the 775 nm beam to a single mode fibre at 1550 nm. Relative squared amplitudes of the wavefunction elements are calculated as

∣∣∣ΨSFG
nsni

∣∣∣
2

=

(∑
j η

SFG
j

)
nsni∑

ns,ni

(∑
j η

SFG
j

)
nsni

.

Calculation of absolute photon-pair generation rates and relative squared amplitudes of the wavefunction el-
ements from SPDC measurements. Absolute photon pair generation rates are calculated for each pair of waveguides ns, ni

as
dNpair

dt
=

Cnsni

∆Tµnsµniη1η2
,

where ∆T is the acquisition time, µns and µni are the total transmissions of the single channels (including paths from waveguides
to detectors), and η1, η2 are the quantum efficiencies of the two detectors. Cnsni is the total number of counts in a time window
equal to 2 FWHM centered around the coincidence peak acquired with the time tagging module. Accidental counts are measured
in an equal time window away from the peak and subtracted from this value. To take into account fluctuations in the pump power
(' 15 %) during the acquisition time, the total number of counts acquired with the two detectors is measured for each combination.
The coincidence values are then corrected by using the average total number of counts measured from waveguide 2 as a common
reference for the average power. Coincidence counts from the single channels are multiplied by a factor 2 to take into account the
effect of the 50:50 fibre coupler. Squared relative amplitudes of the wavefunction elements are calculated as

∣∣∣ΨSPDC
nsni

∣∣∣
2

=
Cnsni/(µnsµni)∑

ns,ni
[Cnsni/(µnsµni)]

.

Calculation of the error in the fidelity between correlation matrices The error in the fidelity between the correlation
matrices predicted by SFG and measured by SPDC is calculated with an iterative numerical algorithm with N = 106 cycles. At
each step we assign to the two correlation matrices a random value calculated from a normal distribution with a sigma given by the
error in the measurements. Average value and error in the fidelity are finally calculated from the simulated distribution.

Second-harmonic generation contributions in SFG measurements. For SFG-power measurements second-harmonic
generation (SHG) contributions are first measured by inputting signal and idler beams in each single channel individually. SHG



powers are then subtracted from SFG-power measurements. The procedure is repeated for each measurement step and automatized
with a Labview software. For SFG-phase measurements SFG and SHG contributions are separated at the output of the array with
the aid of a diffraction grating.

Description of SFG-phase measurements. We describe, as an example, the procedure used for phase measurements for
the case of waveguides 2-3. An equivalent procedure is used for all the other waveguides combinations. Let us call, with reference
to Fig. 3a, ∆φs (∆φi) the phase difference at the input of the array between signal(idler) beam injected into waveguide 2(3) and
signal(idler) beam injected into waveguide 1(1) when no tension is applied to the phase modulator. Thermal and mechanical
fluctuations are negligible in the given acquisition time and the two phase differences are assumed to be constant. Goal of the
characterization is to measure the value θSFG− θs− θi. θSFG is the relative phase between the sum-frequency fields generated from
the combinations of signal-idler beams injected into waveguides 2-3 and signal-idler beams injected into waveguides 1-1 introduced
by the array at the output of waveguide 1. θs (θi) is the phase difference between signal(idler) beam injected into waveguide 2(3)
and signal(idler) beam injected into waveguide 1(1) introduced by the array at the output of the same waveguide. When a phase
modulation with frequency f is applied to the first channel at the input, the three generated interference patterns can be expressed
as

|ESFG
23 + ESFG

11 |2 ∝ cos(θSFG + ∆φs + ∆φi − 4πft) + constant terms ,

|Es
2 + Es

1 |2 ∝ cos(θs + ∆φs − 2πft) + constant terms ,

|Ei
3 + Ei

1|2 ∝ cos(θi + ∆φi − 2πft) + constant terms .

To obtain the desired values, the acquired oscilloscope traces for signal and idler beams are fitted with the two functions
ys = as cos(cs − 2πft) + ds and yi = ai cos(ci − 2πft) + di. A fast fourier transform analysis of the oscilloscope trace for SFG
reveals that the signal is made of a fast component oscillating with frequency 2f and a slow component with frequency f due
to the interference of sum-frequency fields generated from other combinations than waveguides 2-3 and waveguides 1-1 (namely,
waveguides 1-2 and waveguides 1-3). Hence, the SFG trace is fitted with the function ySFG = a1 cos(c1−2πft)+a2 cos(c2−4πft)+d.
The desired phases are finally calculated as θSFG− θs− θi = c2− cs− ci. Uncertainties in the measurements are obtained from the
confidence bounds in the least squares fitting procedure.

Calculation of the Schmidt number from SFG-phase measurements. The degree of entanglement of the predicted
state is calculated in a non-degenerate case for two fixed frequencies ωs, ωi by expressing the biphoton state as

|Ψ〉pair =
∑

ns,ni

Ψnsnia
†
ns

(ωs)a†ni
(ωi)|0〉 .

The amplitudes of the wavefunction elements Ψnsni are calculated from the results of SFG-power measurements, while the relative
phases are calculated from the results of SFG-phase measurements for the two fixed wavelengths used in the characterization. The
Schmidt number S is obtained trough the Schmidt decomposition for a bipartite system

Ψnsni =
∑

j

√
SjUjnsVjni ,

as

S =
1∑
j S

2
j
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Abstract. We study and demonstrate the frequency conversion of UV radiation,
resonant with 369.5 nm transition in Yb+ ions to the C-band wavelength
1580.3 nm and vice-versa using a reverse proton-exchanged waveguide in
periodically poled lithium niobate. Our integrated device can interface trapped
Yb+ ions with telecom infrastructure for the realization of an Yb+ based quantum
repeater protocol and to efficiently distribute entanglement over long distances.
We analyse the single photon frequency conversion efficiency from the 369.525 nm
to the telecom wavelength and its dependence on pump power, device length
and temperature. The single-photon noise generated by spontaneous Raman
scattering of the pump is also measured. From this analysis we estimate a single
photon conversion efficiency of ∼9% is achievable with our technology with almost
complete suppression of the Raman noise.
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Frequency conversion between UV and telecom wavelengths in a lithium niobate waveguide for quantum communication with Yb+ trapped ions2

1. Introduction

Quantum information science aims at harnessing
unique quantum mechanical properties such as quan-
tum superposition and entanglement to deliver ma-
chines capable of performing specific computational
tasks [1, 2] exponentially faster than classical comput-
ers, and to enable secure quantum communications [3].
Different hardware implementations are currently in-
vestigated for the realization of real world quantum
devices [4] with integrated photonics [5,6] and trapped
ions [7,8] being two of the leading approaches. Trapped
ions have the advantages of being a fully scalable ap-
proach, where deterministic multi-qubit gates with a
fidelity >97% have been demonstrated [9]. Photons
are excellent candidates for transferring quantum in-
formation over long distances due to their speed, the
possibility of traveling inside optical fibers and their
weak interaction with the environment.

The first quantum technology that has reached
commercial markets is quantum key distribution
(QKD) [3], which enables the secure sharing of a
common key between two parties for the encryption of
a message. As the no-cloning theorem does not allow
for loss compensation through amplification, intrinsic
optical fiber propagation losses limit the operational
range of current systems to ∼200 km [10]. One way
around these limitations is to use a quantum repeater
protocol [11] where the transmission line is divided
into smaller segments connected by nodes that can
store quantum information. In this protocol entangled
particles are first shared and stored in adjacent nodes,
before the entanglement sharing is extended between
distant nodes through entanglement swapping [12].
Once the particles encoding the entangled state are
shared between the parties, the secure key can be
transmitted via quantum teleportation [13].

While photons are the only viable choice available
for sending quantum information across a long
distance, trapped ions are the perfect candidate
for the implementation of the quantum repeater
nodes [14]. Ions have a long coherence times
(∼50s) which makes them very good quantum
memories, and because of their strong interaction they
can deterministically perform entanglement swapping
operations [15]. In spite of these advantages, ions
fastest cycling transitions usually emit photons in the
ultraviolet (UV) region of the spectrum and hence
are unsuitable for long distance communication using

optical fibers.
Our device is a reverse proton exchanged (RPE)

waveguide [16,17] in periodically poled lithium niobate
(LN) and is an alternative technology to what proposed
in [18] with potassium-titanyl-phosphate (KTP) where
the conversion was from UV to 1311 nm. Our
material combines the high χ(2) (second-order optical
non-linearity) of LN with strong modal confinement
and low propagation loss for efficient sum-frequency-
generation (SFG) and difference-frequency-generation
(DFG). In addition the symmetric index profile of the
RPE waveguide improves the overlap integral of the
interacting modes and it gives a coupling efficiency
of ∼86% at telecom with single mode optical fibers.
This type of waveguides have been used for frequency
conversion of single photons emitted by a quantum
dot [19] and, more recently, a silicon on insulator
waveguide has been used for the frequency conversion
of single photons around the telecom band [20].

In this work we demonstrate the frequency
conversion of 369.525 nm radiation, corresponding
to the 2P1/2→2S1/2 dipole transition of Yb+ to
the telecom wavelength and vice-versa via difference
and sum frequency generation (DFG and SFG)
with a strong pump at 482.3 nm in a nonlinear
optical waveguide. Finally we measured the noise
generated by the pump laser through Raman scattered
single photons in the telecom band and studied the
performance of our device for the frequency conversion
of single photons.

2. Waveguide design and experimental set-up

A 3 cm long and 10 µm wide waveguide was fabricated
on a periodically poled Z-cut wafer of LN using the
annealed reverse proton exchange technique [16, 17].
The waveguide was designed to be single mode at
1580 nm and the fabrication process consisted of four
steps. First a top guiding layer of 1.9 µm depth is
fabricated on the sample by proton exchange in pure
benzoic acid at 170 ◦C. Subsequently the sample is
annealed in air at 328 ◦C for 9 h and reverse exchanged
in an eutectic melt of sodium nitrate, lithium nitrate
and potassium nitrate [21] at the same temperature
for 15 h. Finally we performed another annealing step
for 6 h at the same temperature. Figure 1 shows the
simulated and measured mode intensity profiles at the
three interacting wavelengths. These profiles accounts
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Figure 1. (a)-(c) Simulated mode intensity profiles for 369, 482
and 1580 nm. (d)-(f) Measured intensity profiles for the same
wavelengths.

for an overlap integral between the modes

θ =

∫ ∫ +∞

−∞
Eω1(x, y)Eω2(x, y)Eω3(x, y)dxdy (1)

= 1.46× 105m−1,

where Eωi
(x, y) is the mode field profile normalized

such as
∫ ∫ +∞
−∞

∣∣Eωi(x,y)

∣∣2 dxdy=1.
The substrate was periodically poled with a

period of 7.11 µm corresponding to third order quasi-
phase-matching (QPM) and resulting in an effective
nonlinear coefficient deff=2d33/3π where d33 is the
bulk coefficient. This choice was necessary since at
the 2.37 µm period required for first order QPM it
is difficult to achieve a uniform poling because of
non-uniform nucleation during the domain switching,
spreading of domains below the electrodes, and
domain-merging during the forward domain growth
stage due to domain tip interaction. Propagation losses
for our waveguide were measured to be 0.1 dB/cm at
telecom, 0.7 dB/cm for the pump and 1.6 dB/cm for
the UV.

Figure 2 shows the experimental set-up used for
the frequency conversion measurements. The pump
laser is a single spatial-mode temperature controlled
Nichia diode tuned at a 482.3 nm by a diffraction
grating external cavity which also ensure a sub-
MHz linewidth. The narrow linewidth is essential
a coherent frequency conversion since the transition

linewidth of 171Yb+ is 19 MHz and the hyperfine
splitting between the two qubit level is 12.6 GHz.
The light is sent through a 35 dB optical isolator to
reduce back reflections and improve the stability of
the laser, followed by a half-wave plate and polarizing
beam-splitter to control the pump power. The
wavelength of the laser was continuously monitored
on a wavemeter. For the SFG measurement, the
pump laser is overlapped with the light coming from
a tunable IR laser at a beam combiner and both
beams are coupled into the waveguide by an aspheric
lens with 0.68 NA and 3.1 mm focal length. The
waveguide output is collected with another aspheric
lens (NA=0.55 and focal length=4.5 mm) and sent
through a series of filters to filter out the pump and
the IR beams while the upconverted UV power is
measured with a power meter. A similar scheme is used
to measure the DFG of telecom radiation but the IR
laser is replaced with a UV laser diode at 369.525 nm
wavelength, near the Yb+ transition, and at the output
UV filters are changed to IR filters.

Both the input and the output lenses are mounted
on a 3-axis micrometer stage assembly. The waveguide
chip is mounted inside a PID-controlled oven with a
temperature stability of 0.1 ◦C on a 2-axis micrometer
stage. We used a camera at the output to visualize
the modes to ensure a high modal overlap of the
fundamental mode for the pump and the UV where
the waveguide is highly multimode.

To characterise the nonlinear performance of the
waveguide we measured the generated UV power as
a function of the IR laser wavelength (see Fig. 3).
The expected behaviour is that of a sinc function
and the differences we see in our measurement are
probably caused by temperature non-uniformity in the
fabrication process resulting in inhomogeneity of the
waveguide refractive index profile along its length.
This non-uniformity was measured by reconstructing
the refractive index profile on different parts of the
wafer after proton exchange using the prism coupling
technique. The measurements showed a parabolic
variation of the refractive index across the device with
a maximum change of 1% at 635 nm wavelength.
This variation is consistent with the temperature
profile inside our reactor which is hotter in its centre.
From the curve FWHM of 0.21 nm we estimate an
interaction length of 4.9 mm for the SFG process
which, together with the measured overlap integral
of Eq. 1, is consistent with the estimated conversion
efficiency shown in Fig. 4b. Coupling of the pump
into higher order modes and non-uniformity in the
poling pattern may also reduce the overall conversion
efficiency in this device.
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482.5nm
laser

DG

Isolator DM

Oven

Tunable IR 
laser

PPLN waveguides 
Filters

Power 
meter

Wavemeter

PBSλ/2
L1 L2

Figure 2. Optical setup for sum frequency generation. The first
order diffraction from the grating is used to provide feedback
and tune the pump laser. DG: diffraction grating, λ/2: half
waveplate, PBS: polarizing beam splitter, DM: dichroic mirror,
PPLN: periodically poled lithium niobate, L1 and L2: lenses.
For the DFG, the tunable IR source is replaced by a UV laser
and the power meter is replaced by a spectrum analyser.

3. Frequency conversions

Figure 4 shows the generation of UV from IR (SFG
in (a)) and IR from UV (DFG in (b)) as a function
of the pump power and the respective single photon
conversion efficiencies are defined as

η =
Pout

Pin
× λout

λin
, (2)

where Pout is the converted power while Pin is the
input signal for SFG or DFG. In our experiment we
were limited by the maximum pump power of 24 mW
corresponding to 15.5 mW coupled into the waveguide.

Frequency upconversion is shown in Fig. 4a
for 95◦C and 135◦C. At 95◦C, the UV generation
approaches saturation as we increase the pump
power. This is caused by the photorefractive effect
in lithium niobate, which is suppressed by increasing
the temperature of the sample to 135◦C. At both the
temperatures the pump wavelength was tuned so that
the SFG output is phase matched at 369.525 nm. The
external conversion efficiency is calculated from the
pump power before the waveguide and the SFG power
after the filters, while for the internal efficiency we
accounted for pump coupling, losses from the optics
and the Fresnel reflection chip facets of 17% for the
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Figure 3. Generated UV power as a function of the IR
wavelength. From the FWHM of this curve we infer an
interaction length of 4.9 mm for the SFG process.
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Figure 4. (a) SFG output power and single photon conversion
efficiency as a function of the pump power with (• at 135◦C
with theoretical prediction as solid line and � at 95 ◦C, internal
conversion) and without (• at 135◦C and � at 95◦C, external
conversion) Fresnel losses compensation. Coupled IR power is
1 mW. (b). DFG output power with internal single photon
conversion efficiency (•) and the theoretical fit (solid line) for a
coupled UV power of 30 µW at a working temperature of 135 ◦C.

UV and 15% for the pump. The IR coupled power was
kept constant at 1 mW.

Figure 4b shows the DFG process at 135◦C
obtained by replacing the IR laser with UV diode laser
at 369.525 nm and a spectrum analyzer to detect the
generated IR power, while the coupled UV power was
kept constant at 30 µW.

The standard figure of merit to compare the
quality of a waveguide design is the normalized
efficiency of our device defined as:

ηnorm =
Pout

PinPpumpL2
, (3)

where L is the interaction length of 4.9 mm and with
values of 22.4 %W−1cm−2 for SFG and 1.2 %W−1cm−2

for DFG. While the single photon conversion efficiency
is quite similar for SFG and DFG their values of
ηnorm are quite different. This is caused by the fact
that during upconversion the energy per photon of
the generated beam is increased while the opposite
happens in downcoversion as quantified by the ratio
of the wavelengths in Eq. 2.

4. Discussion on frequency conversion of single
photons

The conversion efficiency of our device was limited by
its interaction length and pump power. However from
the values of ηnorm in Eq. 3 we can estimate a single
photon conversion efficiency for a 3 cm interaction
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length and pump powers of 100 mW and 200 mW
of 4.6% and 9.2% respectively for SFG and 4.5% and
9.1% for DFG. A further increase in efficiency could
be achieved using first order quasi-phase-matching
through innovative poling techniques that can reach
sub-micron poling period [22].

While the strong pump beam can be efficiently
filtered out, it also produces spontaneously scattered
Raman photons [23] that sit in the same wavelength
range and affects the quality of the frequency
conversion at the single photon level. Figure 5 shows
the measured scattered photons as a function of the
pump power for the waveguide after annealing and
RPE and 6h of extra annealing. After RPE the data
are linear with a slope of 29×106 counts/(s·mW),
this value is reduced by the extra annealing to
3.9×106 counts/(s·mW) because of the the mode of
the pump being less confined. The Raman photons
are spread over ∼20 nm around 1560 nm and less
than 105 counts/s were measured from a 12 nm
bandpass filter centered around 1570 nm for a coupled
pump power of 5.9 mW pump. Since the light we
are converting is resonant with a Yb+ transition of
19.6 MHz and a lifetime of 8 ns, using a frequency
filter of ∼100 MHz, readily available in the telecom
regime, and a time gating of 20 ns we can reduce the
probability of a noise photon in the time window below
4.6×10−6.

5. Conclusions

In conclusions we have demonstrated a nonlinear
waveguide device capable of unifying trapped Yb+

ions and standard telecom networks for quantum
communication and quantum networking. We show
UV and IR generation in the waveguide and measure
the spontaneous Raman scattering generated by the
pump laser. This interface is extremely versatile and
can be used for the frequency conversion of time-bin
and frequency encoded qubits. Finally, we assessed
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Figure 5. Measure of the scattered Raman photons rate as a
function of the coupled pump power after annealing and RPE
(•) and after 6h of extra annealing (•) together with a linear fit
(solid line).

the potential performance of our technology for the
conversion of single photons and the impact of the
noise introduced by the waveguide. We estimate that
attainable improvements in waveguide fabrication and
pump power can achieve a conversion efficiency at the
single photon level of 9%. This efficiency could be
further improved with a shorter poling period for first
order quasi-phase-matching. We have also measured
the rate of spontaneous Raman scattering for different
waveguide configurations and its contribution to the
single photon conversion process.
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A scheme for active temporal-to-spatial demultiplexing of single-photons generated by a solid-state source
is introduced. The scheme scales quasi-polynomially with photon number, providing a viable technological
path for routing n photons in the one temporal stream from a single emitter to n different spatial modes.
The active demultiplexing is demonstrated using a state-of-the-art photon source—a quantum-dot determin-
istically coupled to a micropillar cavity—and a custom-built demultiplexer—a network of electro-optically
reconfigurable waveguides monolithically integrated in a lithium niobate chip. The measured demultiplexer
performance can enable a six-photon rate three orders of magnitude higher than the equivalent heralded
SPDC source, providing a platform for intermediate quantum computation protocols.

A key requirement for large-scale quantum photonic
technologies is the availability of reliable sources of mul-
tiple indistinguishable single-photons. To date, spon-
taneous parametric down-conversion (SPDC) sources
have been the most widely-used technology in the gen-
eration of indistinguishable single-photons. However,
the presence of unwanted multiple-photon terms in the
SPDC state limits the brightness of high-purity single-
photon sources to values lower than 1%1. To circum-
vent this limitation different approaches have been in-
troduced, including active spatial2,3, temporal4,5, and
spatio-temporal6,7 multiplexing schemes that combine
the outputs of many SPDC sources to create one bright
source without deteriorating single-photon purities—
although typically at the cost of a large resource over-
head.

In comparison, single emitters have the advantage of
producing nearly-pure single-photon Fock states. Very
recent advances in quantum dot (QD) technologies have
resulted in single-photon sources with simultaneously
near-perfect purity, near-unity indistinguishability, and
high efficiencies8,9—over an order of magnitude brighter
than SPDC sources with equivalent levels of purity and
indistinguishability. Thus, quantum dots have now be-
come an attractive platform to develop multi-fold single-
photon (multi-photon) sources.

Achieving high indistinguishability and brightness
with multiple independent QDs is still a challenge. How-
ever, it has been shown that a single QD coupled to a
micropillar cavity can emit photons with excellent indis-
tinguishability over long emission timescales10,11, mean-
ing that temporal-to-spatial demultiplexing can be used
to obtain multi-photon sources. In this work, we imple-
ment two important advances towards the realisation of a

scalable multi-fold single-photon source. We first demon-
strate the active temporal-to-spatial demultiplexing of a
stream of photons to create multi-photon sources with
small resource overhead. Secondly, we introduce the first
integrated zero buffer active spatial and temporal pho-
tonic demultiplexing device, suitable for use with any
high brightness source.

V GNDGND

Quantum Dot Demultiplexer Delay Lines

4 μm

FIG. 1. Scheme for active spatial-temporal demultiplexing of
single-photons generated by a solid-state source. A stream
of single-photons emitted at successive time intervals from a
single emitter (here a quantum dot couple to a micropillar
cavity) are actively routed into different spatial channels by
an optical demultiplexer. A set of delay lines at the out-
put can be used to match the different arrival times of the
emitted single photons. The optical demultiplexer consists
of a network of reconfigurable directional coupler waveguides
with electro-optically tunable splitting ratio. The inset shows
the configuration of the electrodes in each directional coupler.
The colormap (a.u.) represents the intensity mode profiles at
932 nm in the waveguide structure calculated with the the-
oretical model from Ref. 12 and the black arrows show the
direction of the applied electric field.
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Figure 1 schematically depicts our proposed demulti-
plexing protocol. A temporal stream of single-photons
emitted from a quantum dot-micropillar system is ac-
tively routed into different spatial channels by an opti-
cal demultiplexer. The demultiplexer is an integrated
waveguide device with one input and four output chan-
nels made of a network of electro-optically reconfigurable
directional couplers fabricated on an X-cut lithium nio-
bate substrate by the annealed proton exchange tech-
nique12. Electrodes are patterned on top of the waveg-
uides as shown in the inset of Fig. 1, and can be used
to tune the splitting ratio in the full 0 − 100% range
by changing the phase mismatch ∆β between interact-
ing modes13. Monolithic integration of the directional
coupler network on a single chip is necessary for reduced
insertion losses, and with our technology it allows up to
10 output channels in a 5 cm long device.

The n-photon count rate cDM(n) measured at the out-
put of an n-channel demultiplexer can be expressed as

cDM(n) = R [ηSDηdet]
n
SDM(n), (1)

where ηSD = ηQDT is the product of the source bright-
ness ηQD at the input of the demultiplexer times the to-
tal transmission of the device T , R is the pump rate
of the source and ηdet is the efficiency of the detectors.
SDM(n) is a parameter which accounts for how the effi-
ciency of the demultiplexing scheme scales with increas-
ing number of photons. Note that the term [ηSDηdet]

n

is intrinsically probabilistic, and will unavoidably re-
sult in an exponential decay with photon number. In
a probabilistic scheme14 –made of a network of pas-
sive beam splitters– the demultiplexing parameter scales
as SDM(n)=(1/n)n, super-exponentially decreasing with
n—a non-scalable approach. In contrast, in an active
demultiplexing scheme the scaling is

SDM(n)=
1

n

[
ηnDM + (n− 1)

(
1− ηDM

n− 1

)n]
, (2)

where ηDM is the “switching efficiency”, defined as the
average probability of routing a single photon in the de-
sired channel in each time bin. In the limit of determin-
istic demultiplexing, i.e. ηDM→1, the scaling becomes
polynomial in n—thus constituting a scalable approach.

The waveguides were fabricated with a 6 µm channel
width and a proton exchange depth of 0.47 µm followed
by annealing in air at 328 ◦C for 15 h. These param-
eters are chosen in order to ensure good overlap with
single-mode fiber and single-mode operation at ∼930 nm,
the emission wavelength of our InGaAs QD. Each direc-
tional coupler has a distance between waveguide centres
of 8.8 µm and a 4.5 mm length (equal to three cou-
pling lengths), resulting in complete transmission of light
into the coupled waveguide when no voltage to the cor-
responding switching electrodes is applied.

The performance of the demultiplexer is tested in con-
junction with a single-photon source based on a QD de-
terministically coupled to a micropillar cavity10,15. The

experimental setup is schematically shown in Fig. 2a:
the QD is quasi-resonantly pumped via p-shell excita-
tion with a 905 nm 80 MHz 5 ps pulsed Ti:Sapph laser.
The single-photons have a 932 nm emission wavelength
and are separated from the pump beam via a dichroic
mirror and a 0.85 nm FWHM bandpass filter. Quarter-
and half-wave plates are used at the input for polari-
sation alignment as the waveguides within the demulti-
plexer guide one (horizontal) polarisation. In our case,
this reduces the available photon flux at the input of the
demultiplexer by ∼50% since the source is only weakly
polarised15, an issue absent if operated with sources engi-
neered to exhibit a large degree of polarization. Photons
are injected at the input of the device with a lens of
NA=0.55 and all four outputs are collected with a fibre
V-Groove array. Photon-coincidences between the out-
put channels are measured using avalanche photodiodes
with 30% average quantum efficiency, and a time-tagging
module (TTM). The electrodes of the demultiplexer are
driven with a custom-made pulse generator based on a
field programmable gate array (FPGA)16, which pro-
duces a temporal sequence of rectangular pulses with
varying amplitude voltage synchronized with the pulsing
of the Ti:Sapph laser.

To verify the correct operation of the switches, as well
as their synchronization with the master laser, we first re-
construct the time histograms of two-photon coincidences
counts between the first output of the demultiplexer and
all other channels. The device is cyclically operated such
that the first photon is sent to output one, the second
to output two, and so on, and coincidences are measured
between all four outputs simultaneously. Figure 2b shows
the three time histograms (from a total of six pair wise
combinations) of the coincidences measured by all four
detectors. We observe enhanced peaks in coincidences at
the corresponding delays of our demultiplexer, together
with suppressed counts at different delays—showing the
correct functioning of our device. The non-vanishing co-
incidence counts (smaller peaks) in the histograms arise
from imperfect device operation, due to the performance
of the modulated couplers. From the data in Fig. 2b
we calculated the splitting ratios of the three switches
for both settings (see Tab. I). The absence of counts at
zero time delay (at the same level of accidental counts)
is due to the low g2(0) value of the source, measured as
g2(0)=0.029±0.001 at P=3P0 in10.

Figure. 2c shows the measured power-dependent rate

switch 1 2 3

on 0.87±0.06 0.94±0.05 0.90±0.06

off 0.06±0.02 0.13±0.03 0.13±0.05

TABLE I. Splitting ratios of the directional couplers calculated
from the data in Fig.2b., with uncertainty from the fit confidence.
Non-zero off values are caused by incorrect driving voltages, and
non-unity on values by waveguide imperfections.
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FIG. 2. (a): Setup for the experimental implementation of the demultiplexing scheme (detailed description is given in the
main text). (b): Time histograms for the two-photon coincidences between the first output and all other channels for a pump
power P = 660 µW and a 2 minute acquisition time (waveguide numbering is from top to bottom). (c): Measured two-photon
coincidence rates cp(2) as a function of the pump power P . Red line is the fit made with the saturation function given in
the main text. Error bars are smaller than data points. (d): Measured two-photon and three-photon coincidence rates for a
pump power P = 660 µW. Red line is the fit made with the function in Eq. 1. (e): Comparison between the estimated photon
rates at the output of the demultiplexer of an active (blue points) and probabilistic (green points) demultiplexing schemes for
a state-of-the art QD pumped under resonant excitation8.

of two-photon coincidences cDM(2) at outputs 1 and 2
of our demultiplexer. As expected for a QD pumped
under quasi-resonant excitation it follows a saturation
function cDM(2)=cmax(2) [1−exp(−P/P0)]

2
quadratic in

the P -dependance of the single-photon brightness. A fit
to the data results in cmax(2)=70.9±3.0 Hz, the maxi-
mum detected 2-photon rate, and P0=348±16 µW the
saturation power. The switching efficiency ηDM is finally
estimated by measuring two-fold and three-fold photon
coincidences at the output for a pump power P=660 µW
(Fig. 2d) and by fitting the experimental points with
Eq. 1, where R = 80 MHz, ηdet = 30%, and ηSD = 0.76%
is calculated from the total number of counts measured
with the four detectors. We find an average switching
efficiency ηDM = 0.78±0.06, in good agreement with the
value ηDM = 0.80 ± 0.09 predicted from the measured
splitting ratios. Four-fold coincidences were deteriorated
due to the low value of ηSD in the current version of our
system, not producing sufficient statistics in the given
acquisition time.

To investigate the potential of our technology for the
realisation of a multi-photon source with larger numbers

we calculate the expected photon rates at the output
of the demultiplexer for a state-of-the-art QD with 15%
polarised brightness pumped under resonant-excitation8.
The total transmission of our demultiplexer is tested by
coupling the waveguide with a gaussian mode from an
single-mode optical fibre and is found to be T=30%. This
value is compatible with an overlap with the waveguide
mode ' 85%, as measured from mode imaging at the out-
put of the waveguide, 14% Fresnel losses at the input and
output facet and propagation losses ' 0.65 dB/cm. In
Fig. 2e we report the expected photon rates for increasing
photon numbers calculated for a pump rate R = 80 MHz,
ηDM = 78%, and a transmission T = 0.3/(0.86 × 0.86)
corrected for Fresnel losses, that can be eliminated with
an anti-reflection coating at the input and output facets.
The QD brightness is corrected by an additional loss fac-
tor 65% that takes into account the coupling efficiency
of the QD emission mode to a single-mode fibre10. The
proposed system with these parameters is expected to
outperform a probabilistic demultiplexing scheme—made
of a network of passive beam splitters with zero propa-
gation losses– for a number of photons n>4 and would
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enable a 6-photon rate ' 0.01 Hz, which is three orders of
magnitude larger than what could be obtained with six
heralded SPDC sources with equivalent quality8. The
same calculation for a resonantly-excited QD with 14%
brightness measured at the ouptut of a single-mode fi-
bre9, would enable, instead, a 6-photon rate ' 0.1 Hz.
This technology offers great potential for further im-
provement, in particular by the use of the Reverse Pro-
ton exchange technique12 for an improved coupling with
optical fibres and reduced surface-scattering losses we es-
timate that we can achieve insertion losses lower than 3
dB. Such upgrades will enable the scaling of this platform
to a larger number of photons.

In conclusion, we have proposed and experimentally
implemented the first example of active demultiplexing
with a single integrated device of single-photons from a
solid-state source. The performance of the demultiplexer
has been analysed in conjunction with a QD pumped
under quasi-resonant excitation and we have discussed
the potential of our technology for state-of-the art quan-
tum dots. The proposed demultiplexing device is of gen-
eral interest for any bright temporally distributed single-
photon source and provides a scalable approach for the
realisation of multi-photon sources of larger photon num-
bers. Our platform thus constitutes a very promising ap-
proach for scalable quantum photonics, in particular for
protocols of intermediate—i.e., non universal—quantum
computation, such as Boson Sampling17–21, where, ar-
guably, as few as seven photons from an actively demul-
tiplexed quantum dot-based source could finally demon-
strate the quantum advantage over classical systems22.
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Nine Channel Mid-Power Bipolar Pulse Generator Based on a Field
Programmable Gate Array
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Lobino1, 2
1)Centre for Quantum Dynamics, Griffith University, Brisbane, Australia
2)Queensland Micro and Nanotechnology Centre, Griffith University, Brisbane,
Australia
3)Institute for Glycomics, Griffith University, Gold Coast, Australia

(Dated: 29 June 2016)

Many channel arbitrary pulse sequence generation is required for the electro-optic reconfiguration of optical
waveguide networks in Lithium Niobate. Here we describe a scalable solution to the requirement for mid-
power bipolar parallel outputs, based on pulse patterns generated by an externally clocked field programmable
gate array (FPGA). Positive and negative pulses can be generated at repetition rates from up to 80 MHz with
pulse width adjustable in increments of 1.6 ns across nine independent outputs. Each channel can provide
1.5W of RF power and it can be synchronised with the operation of other components in an optical network
such as light sources and detectors through an external clock with adjustable delay.

High speed pulse pattern generators are crucial elec-
tronics in many experiments including pump-probe
systems1, optical and electronic modulation, and elec-
tronic testing. Electro-optically reconfigurable optical
networks are used for fast light manipulation in opti-
cal communication2 and quantum optics3–5 applications.
In particular, large reconfigurable optical networks over
multiple spatial modes require the use of several high
speed electro-optically reconfigurable devices that need
to be driven by synchronised many channel bipolar pulse
patterns.
Commercially available pulse pattern generators are

generally either inflexible or very expensive per channel,
making the cost of driving more than four independent
electro-optic devices infeasible. Our design, initially in-
tended for driving a waveguide network of electro-optic
switches in Lithium Niobate6, offers a low-cost, flexi-
ble platform capable of delivering nine high speed, 1.5W
pulse patterns. We expect the versatility of the device to
allow adaptation for other experiments.
Our key design parameters were:

1. 10-80 MHz bipolar pulses

2. 3.5-12.5 ns adjustable pulse width with step size of
1.6 ns

3. Nine synchronised channels

4. Variable power output from 10 mW to 1.5 W

5. External clocking with controlled delay

Rectangular pulses are required by our application with
adjustable pulse width to suit the specific pulsed master
laser used for the electro-optic switches. We require in-
dependently variable positive and negative voltages of

a)benjamin.haylock2@griffithuni.edu.au

greater than 10 V to ground across a 50 Ω resistive
load in each channel to maximise the performance of
the electro-optic switches by compensating for fabrica-
tion imperfections. Finally an external clock input with
a delay adjustable over at least one clock cycle enables
us to synchronise the driving pulses with components ex-
ternal to the waveguide network such as the repetition
rate of a master laser. As this electro-optic switch works
with a sub-nanosecond pulsed laser system, the wave-
form of the pulse generator during the off time of the
pulse does not affect the performance during the on time
of the laser. Many commercial and previously published
designs1,7–9 offer several of the required parameters, but
none so far offer all five in a single device. Here we re-
port on a design that satisfies all requirements based on a
field programmable gate array (FPGA), using the repro-
grammable memory and clock control available in such
devices.

I. PULSE PATTERN GENERATION

The pulse pattern generation consists of two parts:
an FPGA generates a synchronized train of 2.5V TTL
pulses that are subsequently amplified and/or inverted.
The components incorporated in the FPGA and used
for our application include static memory cells (SRAM),
reconfigurable logic elements (LE’s), and phase-locked
loops (PLLs) for complete clock control. Figure 1 shows
the scheme we use for arbitrary pulse pattern genera-
tion programmed into a Cyclone III FPGA starter kit
from Altera. The external clock is passed into a PLL
which generates the output frequency required to clock
the memory. The PLL also allows for a variable delay
as required to synchronise output pulses with the exter-
nal system. This clock is passed into a count-up counter
to cycle through addresses of the on-chip memory. An
M9K on-chip memory receives data for initialisation via
USB connection to PC. The resultant outputs from this
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FIG. 1. Components utilised in the Altera Cyclone III FPGA
to create a reprogrammable pattern pulse generator. M9K -
internal memory of the FPGA board, PR - Phase adjustment
relative to external clock, EXT CLK - external clock source,
CTRL - green control bus from counter for addressing mem-
ory. Red lines indicated clock lines, blue are intermediate
channel pulse patterns which are registered at the output of
the memory device. The length of the pulse train is limited
to the memory depth which can reach 28kbits for 18 interme-
diate channels,equivalent to a maximum sequence length of
350 µs at a clock rate of 80 MHz.

FPGA configuration are 2N intermediate channels con-
sisting of arbitrary digital pulse patterns. In our scheme
2N intermediate channels are necessary for N final out-
puts as the positive and negative pulses in each output
are created by one intermediate channel apiece. In our
implementation we create 18 synchronised intermediate
channels to deliver nine outputs. This configuration can
be programmed into a connected flash memory to ini-
tialise on device start-up, or can be reprogrammed from
a connected computer. Clocking the memory at multiples
of the required frequency allows for variable duty cycles,
however due to speed limitations of this device, it is not
feasible to clock the memory above 640MHz, limiting the
step size of the pulse width to 1.6 ns.

After TTL pulses are generated from the FPGA board,
bipolar amplified pulses are generated using the circuit
shown in Figure 2(a). Each intermediate channel con-
nects to a 10-2500MHz manually variable attenuator
composed of LAT-12+(DC-2.5 GHz, 12 dB) and RVA-
2500+ attenuators(both Minicircuits) before being com-
bined using a 180◦ two-way combiner(ZFSCJ-2-1+, Mini-
circuits, 1-500MHz). The RVA-2500+ is a voltage vari-
able attenuator which has a bandwidth of 10-2500MHz,
which limits the maximum pulse width of the device to
50 ns. The control voltage to the attenuator is manually
tuned using a potentiometer in a voltage divider. The
180◦ two-way combiner inverts one of the pulse trains
creating a bipolar pulse train at the output. These

(a) (b)

FIG. 2. Schematic(a) of the electronics required for the am-
plification and/or inversion of each output channel. Two sig-
nals from the FPGA are individually attenuated and com-
bined before being amplified to create a single bipolar output.
VATT- Variable attenuator, 2WC - Two Way Combiner. (b)
measured response of the signal at the input(blue) and out-
put(dotted red) of the amplifier showing the transition time
limitation imposed by the amplifier.

pulses are amplified using a 32dB, 1-500MHz, 1.5W lin-
ear amplifier10, chosen as it is the least expensive op-
tion to meet the key design parameters. We were not
limited by the amplifier noise figure in this application.
Figure 2(b) shows the measured bandwidth limitation of
the amplifier with a full range positive to negative transi-
tion taking 0.4ns longer in comparison to the unamplified
pulse. Nine independent synchronised outputs are imple-
mented in our design. This system could be scaled up to
36 outputs with the current FPGA board. The modular
nature of this design, with all components connected via
SMA cables, enables easy upgrade or replacement of in-
dividual components, allowing versatility in the final key
requirements of the pulse pattern. All software and PCB
designs are available online11.
Using this scheme we created positive and negative

pulses with pulse widths ranging from 3.5 ns to 12.5 ns.
The minimum width is limited by the speed of the FPGA
and the undriven response time of the amplifier. We show
this duty cycle range across seven of the parallel out-
put channels simultaneously. Measurements are shown in
Figure 3 and they are taken using a Tektronix MSO5204
oscilloscope with a 50 Ω termination. With 50 Ω termi-
nation the oscilloscope has a measurement range of ±5 V,
and as such each channel is attenuated by 12 dB to allow
for measurement, with the amplitude of the measured
voltage subsequently rescaled. As our oscilloscope has
only four channels the measurements are taken with a
common trigger, and the timing calibrated between sep-
arate measurements.
We next establish the core working principle of the

device, that of many independent synchronised outputs.
We demonstrate synchronisation by having two positive
pulses common between all nine channels. Independent
waveforms in each channel are demonstrated by having
a single negative pulse, spaced at different intervals for
each channel. Figure 4(a) shows this set of pulse patterns
after the 180◦ combiner but before amplification. This
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FIG. 3. One positive and one negative pulse spaced by 12.5ns,
with pulse widths ranging from 3.5 ns to 12.5 ns, and each
measurement taken on a different channel. Displayed pulse
sequence repeats at t=25 ns given a sustained clock input.

(a)

(b)

FIG. 4. Synchronised pulses across many parallel channels.
Each colour represents a different channel, with timing recon-
structed as described for Figure 3. Displayed pulse sequence
repeats at t=137.5 ns given a sustained clock input. (a) shows
the pulse train of five separate channels before the amplifier,
and (b) shows the amplified pulse trains output by all nine
channels. Measurements before the amplifier are taken with-
out attenuation.

test sequence involves 6.25 ± 0.3 ns pulses with a mini-
mum repetition time of 12.5 ns. Figure 4(b) shows the
amplified output pulses, displaying the distortion of the
pulses due to the bandwidth of the amplifier. These in-
dependent pulse trains are synchronous to within 1.2 ns.
This range in pulse widths is larger than the phase jitter,
which for all outputs is less than 300ps peak to peak. The
remainder of the asynchronicity is caused by different de-
lay times through both the FPGA to attenuator connec-
tions and the amplifier itself, with the pre-amplification
pulses have a temporal spread of up to 0.6 ns. This level
of synchronization is sufficient for our current require-
ments, however if necessary the delays could be compen-
sated by adding a digital delay lines or specific length
of cables between the 180◦ two-way combiner and the
amplifier.

II. IMPROVEMENTS AND CONCLUSION

Several changes or upgrades can be implemented in
the proposed design for specific applications. If design
flexibility is not required, the current system can be inte-
grated onto a PCB using surface mount components by
replacing the present amplifier. Using a system mount
implementation the timing mismatch between channels
could be reduced by matching track lengths. Suitable
amplifier replacement can be made by Gallium Nitride
amplifiers(e.g. NPA1003, Macom, 5W 20-1500MHz) for
achieving a higher speed and a higher power in a cost
effective manner. Pulse amplifiers(e.g. NPT2019, Ma-
com, 25W DC-6GHz) also offer a cost effective alterna-
tive with better pulse shape. Upgrading to a higher speed
FPGA will allow increases in the resolution in adjusting
the pulse width and inter-channel delay, as internal pro-
cesses can be clocked much faster. Furthermore, output
serialisation, available in many higher specification FP-
GAs, can be used to multiplex together many memory
devices can be used to increase the output pulse pat-
tern rate without an increase in the speed of the logic or
memory used1. Currently reconfiguration occurs via re-
programming of the FPGA, which could be improved by
changing the contents of the memory cells via an avail-
able high speed write input.

In summary we have demonstrated a 1.5 W nine chan-
nel synchronised pattern pulse generator capable of a
pulse repetition rate of 80 MHz with an adjustable pulse
width. The mid-range power and external clocking al-
low for its use as a driver for electro-optically controlled
devices for reconfigurable linear optical networks. Impor-
tantly the scalability and modular nature of the design
creates an adaptable platform for other applications re-
quiring high speed synchronised pulse patterns.
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Chapter 7

Conclusion

This thesis has described the establishment of a new fabrication facility for the

realization of APE and RPE waveguides in congruent lithium niobate at Griffith

University-Centre for Quantum Dynamics.

The fabricated devices have found application in a broad range of experiments and

in different fields of quantum information science. Our main results have included

the demonstration of a newly proposed method for the characterization of mul-

timode SPDC sources based on classical sum-frequency generation measurements,

the realization and classical characterization of a quantum interface for long-distance

quantum communication with trapped ions, and the first demonstration of active

demultiplexing of single photons emitted from a quantum dot source with an inte-

grated electro-optic circuit.

As a natural evolution for this newly established fabrication process several upgrades

can be made in our devices, and improvements and future works are expected for

each one of the described projects.

In Chapter 2 we have shown the development of a numerical model for the fabrication

of APE and RPE waveguides. The model has been used for the design of all the

described devices and provided a reliable tool for the fabrication of RPE waveguides

in Z-cut substrates and APE waveguides in X-cut substrates.

In Chapter 3 we have proposed and demonstrated a practical method for the charac-

terization of biphoton states that can be applied to arbitrary second-order nonlinear

circuits. To prove the potential of this technique for the characterization of complex

multi-dimensional systems, the method has been tested on an array of evanescently

coupled nonlinear waveguides with asymmetric and inhomogeneous poling pattern.

The reconstructed correlation matrix shows a near-unitary agreement with the re-

sults of photon coincidence counting measurements, indicating high precision and

reliability for the proposed technique.
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We have also implemented, as a proof-of-concept, a procedure for the reconstruc-

tion of the relative phases between wavefunction elements that can allow to infer

additional properties of the generated state such as the degree of entanglement via

Schmidt decomposition. This technique is particularly interesting because it could

achieve a full reconstruction of both real and imaginary part of the joint spectra

amplitude if repeated for different pairs of wavelength, a measurement that so far

has never been reported. Phase predictions still need to be tested against quantum

measurements, which is one of our planned works.

In Chapter 4 we have presented the realization and classical characterization of

a quantum interface for frequency conversion of single-photons emitted from Yb+

from UV to telecom wavelength. Our analysis has shown that a conversion efficiency

larger than 5% can be achieved with RPE waveguides technologies with an almost

complete suppression of Raman noise, which is an essential feature for preserving

the coherence of the converted single-photons.

Recent improvements in the temperature uniformity of our PE reactor are expected

to enhance the efficiency of new generation devices by increasing the interaction

length of the DFG process. Techniques for achieving first order quasi-phase match-

ing with shorter poling periods are also being considered, and would allow an im-

provement by an additional factor 9 in conversion efficiency.

A mid-term objective for this project will be to demonstrate frequency conversion

at the single photon level in conjunction with an ion trap available in our Centre,

that has recently demonstrated a 4.1 % collection efficiency of UV photons in a

single-mode fibre using a scalable microfabricated architecture based on integrated

diffractive mirrors [95].

Finally, in Chapter 5, we have shown the first experimental demonstration of ac-

tive demultiplexing of single-photons emitted from a quantum dot source with a

single integrated electro-optic device. We have demonstrated, in particular, ac-

tive demultiplexing on four output channels at the full repetition rate (80 MHz) of

the incoming single-photons, a result that can be achieved only with electro-optic

waveguide modulators. Monolithic integration of the directional coupler network

on a same chip is a necessary choice for reduced insertion losses, and, with our

technology, it can allow to fit up to 10 output channels in a 5 cm long device (this

device is currently in preparation) providing a viable path for the implementation

of intermediate quantum computing protocols.

While RPE waveguides at telecom wavelength have been efficiently fabricated for a



broad range of parameters, realization of high performance single-mode waveguides

at shorter wavelengths has resulted a much more challenging task. As a consequence,

our first-generation device was based on a simple APE technique to minimize com-

plications due to extra fabrication steps. A future direction for this work will be

the development of a reliable fabrication procedure for RPE waveguides at 900 nm,

which is expected to lead to a significant improvement in both coupling efficiency

with optical fibres and propagation losses.

Future development of this research will aim at the simultaneous exploitation of the

main properties of LN, that is its large nonlinearity and fast switching operations.

Currently we have separately shown the realization of quasi-phase matched nonlin-

ear waveguides for the generation and frequency conversion of single-photons, and

electro-optically tunable circuits for active demultiplexing. In the future we will

merge all this functionality on a single device and use it to realize monolithically in-

tegrated waveguide circuits for the generation and active manipulation of quantum

states.

In particular, continuous variable (CV) quantum computing based on time-encoded

cluster states [96] has recently emerged as a scalable and attractive alternative to

QIP with single-photons. As a main advantage, CV protocols allow deterministic

generation of entangled states by the use of only second-order nonlinear interactions

and linear optical networks. An ultra-large CV linear cluster state containing more

than 10000 time-encoded entangled modes was recently demonstrated with a small

bulk optics setup made of only two squeezers and two optical beam splitters [97].

Although this cluster state can only perform single qubit operation, this experiment

demonstrated the potential of this protocol for large-scale QIP.

The lithium niobate waveguide platform has all the necessary properties for the

generation and manipulation of this class of quantum states: quasi-phase matched

waveguides for efficient generation of squeezed vacuum states via SPDC, and electro-

optic circuits for fast reconfigurable detection and feed forward [98]. This proper-

ties complement the advantages of the integrated approach in terms of stability

and optimal interference between the interacting modes. Our next goal will be

to demonstrate, as a first proof-of-principle, these different optical functions in a

monolithically integrated waveguide device.
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