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Abstract

In recent years, quantum optics enabled efficient information processing. High performing
components are needed in order to preserve the quantum states of light and achieve
advantage over classical processing methods. Integrated quantum photonics promises
to achieve this with the on-chip integration of all essential components such as single
photon sources, modulators and detectors. Lithium niobate is a promising platform to
achieve integrated quantum optics due the capabilities in single photon generation with
frequency conversion processes and electro-optic modulation. Furthermore, the advent
of superconducting nanowire single photon detectors (SNSPDs) enables single photon
detection with high detection efficiencies, low timing jitter, low dark counts, and the
integration into photonic platforms. However, these superconducting detectors require
cryogenic operation temperatures. In order to realize a fully capable quantum photonic
platform, we want to operate lithium niobate in the cryogenic temperature regime. Fur-
thermore, we need to combine the operation of light sources, modulators, and detectors
for information processing. In this work, we establish cryogenic optical modulation of
the main degrees of freedom in light by realizing cryogenic phase modulators, directional
coupler, and polarization converters. Building on the cryogenic modulation capabilities,
we realize optical operation methods for SNSPDs with opto-electronic components.
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Zusammenfassung

Quantenoptik ermoglicht eine effiziente Informationsverarbeitung. Die optischen Kom-
ponenten miissen hierfiir hohe Anforderungen erfiillen, um die Quantenzusténde des
Lichts und eine Quanteniiberlegenheit gegeniiber klassischen Methoden zu erhalten.
Integrierte Quantenphotonik verheifit diese Uberlegenheit zu ermoglichen, indem es-
senzielle Komponenten wie zum Beispiel Einzelphotonendetektoren, Modulatoren und
Detektoren auf Chips integriert werden. Lithiumniobat ist eine vielversprechende Plattform
um integrierte Quantenphotonik zu realisieren, da Einzelphotonengeneration mit Frequen-
zkonversionsprozessen und elektro-optischer Modulation in diesem System umgesetzt
werden kann. Zusétzlich erméglicht das Aufkommen von supraleitenden Diinnschicht-
Einzelphotondetektoren (SNSPDs) eine hohe Detektionseffizienz, ein geringes Taktzittern,
ein geringes Dunkelrauschen und eine gute Integrierbarkeit in photonische Systeme.
Allerdings benétigen diese supraleitenden Detektoren kryogene Arbeitstemperaturen. Um
vollumféangliche quanten-photonische Systeme zu realisieren, werden wir Lithiumniobat-
Schaltkreise in diesem Temperaturbereich betreiben. Zusétzlich miissen wir den Betrieb
von Lichtquellen, Modulatoren und Detektoren zur Informationsverarbeitung testen. Im
Rahmen dieser Dissertation werden wir zeigen, dass die fundamentalen Eigenschaften des
Lichts mit kryogenen Phasenmodulatoren, direktionalen Kopplern und Polarisationskon-
vertern manipuliert werden kénnen. Zusétzlich werden wir opto-elektronische Betrieb-
stechniken von supraleitenden Detektoren entwickeln, die auf den kryogenen Modula-
tionsfahigkeiten aufbauen.
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Introduction

Light is widely used in communication applications. Optical communication developed
from simple light pulsing with morse code to high data transmission rates with optical
fibers and lasers. Several innovations sparked strong improvements in light technologies
such as the laser, optical fibers, integrated optical circuits, optical modulators and photodi-
odes. These technologies also opened new application fields such as quantum optics. The
continuous exploration in optics enables to use quantum effects to our advantage.

In recent years, several applications showed that a quantum advantage over classical
methods can be achieved in metrology, computation and communication. For example, in
metrology applications, the signal to noise ratio has been improved in interferometers for
gravitational wave detection [1]]. Additionally, quantum communication protocols have
been implemented to build secure networks [2]]. First studies have shown that a quantum
advantage can be achieved in quantum processing to generate random numbers or to
execute gaussian boson sampling [3H5]].

Quantum optics is one out of many quantum systems which can be realized. In this field,
photons are the carriers of quantum states of light. Similar systems have been established for
quantum information processing such as Rydberg atoms [6]] or superconducting circuits
[7]. These systems rely on light or RF-pulses for the signal transmission. Photons as
information carriers have the advantage of a low decoherence such that long distance
communication can be achieved, in comparison to the direct interaction of Rydberg atoms
and superconducting circuits. Furthermore, the main properties of light can be deliberately
manipulated on the single photon level such as the phase, polarization, propagation
direction or wavelength [8]]. In addition, quantum optics can rely on a mature basis of
optical technologies such as lasers, optical fibers and photodiodes.

Low loss transmission is mainly enabled by optical fibers which confine the light and
achieve low scattering losses. Furthermore, light confinement and waveguiding can also
be achieved with waveguides on photonic chips. The waveguide integration can enable a
reduction the footprint of optical devices. In addition, these photonic platform promise to
be noise resilient and reduce propagation losses in comparison to free space components.

The low transmission losses, an increase in the complexity and the deliberate manipulation
of photons is sought after in quantum optics. Integrated optics can therefore enable quan-
tum communication on a larger scale. To achieve this, high quality waveguide platforms
are needed which can enable the generation, manipulation, transmission and detection of
quantum states of light.

Several integrated photonic platform have been proposed for quantum communication
such as Si, SiN and lithium niobate [9,10]]. Low loss waveguiding is achieved in all of these



1 Introduction

materials. In the ideal material system a quantum light source, optical modulators and
single photon detectors are integrated on the waveguides.

To detect quantum states of light, single photon detectors are desired. One of the highest
performing single photon detectors are Superconducting Nanowire Single Photon Detec-
tors (SNSPDs) which can achieve near unity detection efficiencies [[11} [12], low timing
jitter [13], low dark count rates [[14] and can be integrated with waveguides [15]. These
detectors require cryogenic operation temperatures to achieve superconduction in the thin
film structures [16]. To integrate these devices on waveguides, the integrated photonic
structures have to be adapted to cryogenic operation temperatures.

One of the most promising candidates for integrated quantum photonics is lithium niobate
[8]]. This platform can achieve low transmission losses with titanium in-diffused waveguides
(8] or with thin-film ridge waveguides [17]]. Furthermore, the material’s large second order
nonlinearity can be exploited for frequency conversion processes to generate quantum
states of light [8 [18]]. The light can be manipulated due to the electro-optic properties
[19]. Light generation combined with electro-optic modulation has even been shown on
single integrated chip to achieve Hong-Ou-Mandel interference[20-22]]. With the advent
of SNSPDs, single photon detection has been achieved by integrating these detectors on
chip [115].

Exploring the capabilities of lithium niobate as a fully capable quantum photonic system
will require the combined operation of sources, modulators, and detectors. The cryogenic
operation temperature of superconducting detectors dictates a cryogenic temperature
environment for the entire integrated circuit [23]. The low noise nature of cryogenic
temperatures can be seen as beneficial for sensitive processes such as single photon
detection[24]]. The cryogenic temperatures will require further investigations whether the
nonlinear processes are possible and how the system might be optimized at cryogenic
temperatures. Cryogenic frequency conversion processes such as sum frequency generation
[25] and parametric down conversion has been achieved in lithium niobate [26]. Initial
investigations have shown that electro-optic modulation is possible with lithium niobate
at cryogenic temperatures with intensity modulators [27, 28]]. However, we are interested
to establish optical modulation for the main principles of light namely; phase, direction
and phase. To that end, we further investigate active modulation of these properties of
light in lithium niobate at cryogenic temperatures.

Focusing on the combined operation of superconducting detectors and electro-optic mod-
ulators, three main challenges are revealed to enable quantum photonic circuits:

+ Realization of reconfigurable optical components through integrated electro-optic
modulators with integrated single photon detectors.

« Signal readout of single photon detectors using cryogenic electro-optic modulators
to reduce thermal overhead in cryogenic systems.

+ Achievement of feed-forward modulation using superconducting detectors and cryo-
genic electro-optic modulators for fast deterministic quantum photonic processing.
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Figure 1.1: Integrated photonic circuits suggested to realize the operation of electro-optic modula-
tors and integrated single photon detectors. Reconfigurable photonics can be realized
by integrated modulators. The all-optical operation can be realized by integrated photo-
diodes and electro-optic modulators. Pushing the previous schemes further, cryogenic
feed-forward modulation could be realized by integrated components.

This work aims to explore the capabilities of cryogenic electro-optic modulators fabricated
from lithium niobate waveguides for enabling quantum photonic applications with super-
conducting detectors. We intend to overcome these challenges to promote lithium niobate
modulators and SNSPDs as fully capable photonic components in integrated quantum
optics. The mentioned main challenges are experimentally investigated and discussed in
the following chapters. Figure [1.1 highlights how these main schemes for quantum light
processing and communication could be realized in with integrated cryogenic photonics.

Outline

At first electro-optic modulation is investigated at cryogenic temperatures in chapter[2]
Reconfigurable photonic components are needed to fine adjust and set up the degrees
of freedom of light in the cryogenic environment such as the relative phase between
optical paths, the splitting ratio in a beam splitters or polarization of light. Integrated
modulators can manipulate the same properties deliberately. To realize a fully integrated
quantum photonic circuit we must realize these reconfigurable optical components with
SNSPDs at cryogenic temperatures. Initially, we realized a polarization modulator and
characterized it from room temperature down to cryogenic temperatures, in section
To show the full manipulation capabilities of lithium niobate modulators, we establish
that phase modulation, directional coupling and polarization is possible in this material
platform, in section The characterizations revealed that the optical properties can be
perturbed during the cooling process of the material system. To investigate this, we further
characterized the perturbations and show that the optical perturbations can be linked
to the generation of pyroelectric charges in the cooling warming process, in section
Fortunately, modulators operated at cryogenic temperatures experience no further optical
perturbations when this temperature range is reached. Combined with the integration of
SNSPDs on lithium niobate waveguides, this platform could be seen as a reconfigurable
quantum photonic platform.
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Increasing the size and complexity of quantum photonic circuits will require a plurality of
modulators and detectors. Typically, these components are controlled over transmission
lines spanning from the controller to the device. Using these typical interconnects between
room temperature electronics and the cryogenic photonic components will reveal that heat
and electronic noise is conducted. In chapter 3| we investigate methods to overcome the
heat conducting of typical transmission lines for cryogenic circuits and replace them with
opto-electronic power delivery and optical readout techniques. At first, we established a
method for optical-to-electric power conversion to operate an SNSPD with a cryogenic
photodiode, in section[7.3] In this study a similar performance was observed in comparison
to the typical operation of an SNSPD. We show an all-optical method to operate an SNSPD
by combing an optical power delivery with the established electro-optic modulation, in
section[7.4} All interconnects are replaced by single mode fibers such that the cryogenic
photodiode and electro-optic modulators acts as converters between optical and electrical
signals. In the chapter 3] we explore the concepts of the involved single photon detectors,
power delivery, cryogenic signal amplification and optical signal readout as well as the
application of the SNSPD operation.

The characterization of the all-optical operation of an SNSPDs reveals the key strength and
weaknesses in the optical readout. Furthermore, the realization of this operation method
highlights how the combined operation can be optimized. Ideally, we want to achieve a
full optical modulation from a single photon detection event. In quantum photonics this
direct manipulation of single photons is desired for quantum processing. This feed-forward
modulation can enable the operation of controlled NOT gates when applied to entangled
sets of photons. The realization of CNOT gates is desired to achieve universal quantum
computation schemes [29}30]. In the final chapter |4 we will take the all-optical operation
of an SNSPD as a case study and an outlook on how cryogenic feed-forward modulation
can be achieved. The key figures of merit of the all-optical operation are extracted and
extrapolated.

An adaption to a cryogenic temperature is at the moment unavoidable for single photon
processing with integrated photonics. This work will explore key concept of electro-optic
modulation combined with single photon detection to enable quantum photonics. Solving
and understanding these challenges drives photonics further towards fully integrated
quantum processing.
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Declaration:
The ideas and content presented in this chapter are partly taken from the following
publications:

m Thiele et al. "Cryogenic electro-optic polarisation conversion in titanium in-diffused
lithium niobate waveguides,” in Opt. Express, vol. 28, no. 20, p. 28961, Sep. 2020. The
publication is presented in section[7.1]

m Thiele et al. Cryogenic electro-optic modulation in titanium in-diffused lithium
niobate waveguides,” in J. Phys. Photonics, vol. 4, no. 3, p. 034004, Jul. 2022. The
publication is presented in section[7.2]

m Thiele et al. "Pyroelectric Influence on Lithium Niobate During the Thermal Tran-
sition for Cryogenic Integrated Photonics,” in arXiv:2306.12123, Jun. 2023. The
publication is presented in section|[7.6]

Quantum optics relies on linear optical components such as beam splitters and wave-
plates [30, 31]]. Key features are of light can be manipulated with the combination of these
components such as the phase, direction, and polarization. On the path towards large scale
quantum applications, a plurality of optical components are needed [9, [32f]. Integrated
photonics promises to increase the component density of these components while main-
taining high optical performances. In integrated photonics these key features of light can
be manipulated by integrated phase modulators, polarization converters and directional
couplers [8]. Realizing fully integrated quantum photonic processing will require the
additional integration of single photon sources and detectors [33].

One of the highest performing single photon detectors are superconducting nanowire
single photon detectors (SNSPDs) [23}24]]. Their near unity detection efficiency [[11}/12], low
timing jitter [13] and low dark count rates [[14] is most suitable for quantum applications.
Integrating these detectors in photonic networks will require an adaptation of the circuits
for the detector’s cryogenic operation temperature. Integrated SNSPDs have been shown
in a variety of photonic platform such as Si, SiN and lithium niobate waveguides [[15].

An ideal quantum photonic platform must prove that all components from the source
to the detector can be operated together. To that end, we need to choose a platform in
which all three components can be realized at cryogenic temperatures. Partitioning this
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issue reveals that the integrated of integrated quantum light sources and modulators
as well as modulators and single photons detectors need to be shown. For example, for
quantum light sources the integration of parametric down conversion and electro-optic
modulation has been shown to achieve Hong-Ou-Mandel interference on a single chip [20].
Furthermore, the implementation of the parametric down-conversion [26] as well as the
integration of SNSPDs [34}|35]] has been shown in the same material system at cryogenic
temperatures. To further push cryogenic photonics, we need to explore optical modulation
in this environment.

In this chapter, we will explore which type of optical modulation is available in cryogenic
photonics in section Our choice of a quantum photonic platform is dictated by the
capability of integrated single photon sources, optical modulation, and single photon de-
tection. The previous examples highlight that in lithium niobate waveguides are suitable to
do this at cryogenic temperatures. Quantum light generation can be achieved by cryogenic
frequency conversion [25}|26]], optical modulation is achieved by cryogenic electro-optical
modulation [28,36]] and single photon detection can be realized by SNSPDs [34; 35]. To
explore electro-optic modulation capabilities in detail at cryogenic temperatures, we char-
acterized at first a polarization modulator in section|7.1] Furthermore, to highlight the full
capability of the lithium niobate platform, we characterized a phase modulator, directional
coupler and polarization converter in section[7.2]

These investigations in the device performance reveal that the electro-optic modulation
is working in a temperature range from room temperature to cryogenic temperatures.
During the characterization optical and electronic perturbations occurred in the lithium
niobate waveguides. To investigate the origin of the effect, we additionally measured the
changes in the waveguide’s birefringence and the detected pyroelectric charges during
the temperature change from room temperature to cryogenic temperatures. We will show
in section [7.6| the optical and electronic perturbations can be correlated and linked to
pyroelectric charge generation.

In summary, we can show that lithium niobate is a capable platform for quantum photonics
and can be adapted for the use in the cryogenic temperature environment.

2.1 Cryogenic optical modulation

In photonic networks light is used as the transmission medium of information. Optical
modulation is employed to imprint information deliberately in the photonic network by
changing properties of light namely; phase, direction, polarization and wavelength. One of
the most common techniques to change these properties is the modulation of the refractive
index. Various refractive index modulation methods can be used by temperature dependent
effects, electro-optic effects, magneto-optic effects, strain and carrier injection [37]]. In
photonic networks materials with a strong refractive index response and a fast change in
the refractive index are desired. Minimizing transmission losses is of high interest to reduce
the overall loss for quantum applications. In addition, a platform with light confinement is
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desired to generate a large interaction between the refractive index perturbation and the
transmitted light.

In this work, a material system is needed which can realize quantum photonic platforms.
To that end, the modulators must be integrated in low loss waveguides. Furthermore,
generation of quantum light and single photon detection should be achievable by system
integration. As highlighted in section (1] and single photon detection will require
cryogenic operation temperatures. Optical modulation must be therefore established at
cryogenic temperatures, ideally with a low thermal power dissipation. To that end, we
will investigate lithium niobate as a cryogenic optical modulation platform in section

and

Optical modulation at cryogenic temperatures is an active field of research due to the
advent of superconducting single photon detectors. Several modulation platforms have
been established for room temperature applications and are converted for cryogenic
temperatures. Thermo-optic phase shifters are commonly used for telecommunication
applications with integrated Si-circuits at room temperature photonics. However, in Si, SIN
and SiO-waveguides the thermo-optic effect decreases by several orders of magnitude at
cryogenic temperatures [38,39]. Moreover, these devices dissipate heat into the waveguides
such that their low power performance is limited. Alternatively, the refractive index can be
changed by carrier injection in semiconductor waveguides. The challenge in these devices
is to mitigate the risks of carrier freeze out at cryogenic temperatures. The decreased
temperature will reduce the free carrier density generated by thermal carriers. Recently, a
ring-resonator-modulator has been realized below 5K as a cryogenic modulator [[40} [41]]
which has overcome this challenge.

An initial study has recently shown the operation of magneto-optic modulators which
alters the waveguides refractive group index by a magnetically sensitive material. This
technology is promising to be operated with superconducting circuits such as SNSPDs
which are current modulating devices. Diverting the SNSPDs bias current after the detection
could generate changes in the magnetic fields with electro-magnets for an optical signal
readout [42]. However, achieving this application will require additional optimizations in
the operation current.

Electro-optic modulators are widely established and high performing due to their operation
speed and low operation voltages in material systems such as lithium niobate. Initial
investigations adapt the established technology for cryogenic operation temperatures
(27,136} 43]. In electro-optic materials a refractive index change is achieved by inducing a
constant electric field in the material. The electric field for optical modulation is typically
generated by a capacitor structure realized by electrodes placed around the waveguide. The
change in the waveguides refractive index is scaled by electro-optic coefficient r;; (Pockels
coefficient) depending on the incident direction of the applied electric field E; [37, 44] The
placement of the electrodes can be optimized to achieve a large overlap between the electric
field and transmitted light. This will reduce the modulation voltage to induce a refractive
index change. The modulation voltage for the electro-optic modulator can be generated
and signals can be amplified by a mature variety of electronic platforms. Furthermore, the
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electrode structures of the modulator can be optimized for high modulation speeds since
it it mostly limited by the electronic characteristics of the electrodes [45} 46]]. The shunt
resistance of the electrodes is very large in for most electro-optic materials. Furthermore,
the thermal power dissipation of electro-optic modulators is mostly dependent on the RF-
resistance during the capacitive loading and unloading. To minimize the power dissipation
the electrodes impedance should be matched to the impedance of the signal generator
such that electronic reflections are avoided.

2.1.1 Theory: electro-optic modulation

In this work, several electro-optic modulators are realized and the publications|7.1]and
will describe the theoretical background in more detail. In these modulators, the
waveguide’s refractive index 7; is deliberately altered by inducing an electric field E; with
an electrode structure. The change in the reciprocal refractive index A(1/n?) is scaled by
the electro-optic coefficient r;; [37,|44];

1
A (—2) = rijEj3 (21)
n;
n
An,- ~ ?lrijEj (22)

The change in the refractive index An; is dependent on the direction ij of the incident
electric field.

The modulators alter the output state of incoming light. To describe the change of an input
state Aj, to an output state Agyy, the transformation can be described by a linear equation
with a transfer matrix M,

Aout = M X Ajn. (2.3)

In this description, the input input state is represented by the amplitudes a,,; with the
input vector A = (a,, a;)T. The indices can represent either two orthogonal polarization
states or two outputs of spatial channels. The modulators couple light from one channel
to the other. For each modulator a coupling parameter k can be derived for a given input
wavelength A and applied voltage V to the electrodes,

=3
n;ri;Vn

e (2.4)

In this representation, the electrode geometry is summarized as the electrode gap G and
the overlap between the optical modes and the electric field 5. The overlap between the
optical mode of the waveguide E,,; and the induced electric field EPC can be derived from
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a normalized field overlap:
G [, EnEPCEIdA

v \/[A Ej‘nEmdAfAE;‘EldA.

n (2.5)

The full transfer matrices and the exact coupling parameters are given in section[7.2] The
transfer matrix for the phase modulator is given in equation for the phase modulator,
in equation for the directional coupler and in equation for the polarization
converter.

2.1.2 Integrated cryogenic modulators

A large variety of electro-optic materials have been investigated and developed for a room
temperature operation of photonic networks. Figure [2.1| shows a summary of electro-optic
materials which have been established with their respective Pockels coefficients. A large
electro-optic coefficient is beneficial since this minimizes the applied modulation voltage
to achieve a desired optical modulation. Figure 2.1 shows that Pockels coefficients of up to
1000 pm/V can be achieved by material such as BaTiO3. In comparison, lithium niobate,
which is a well-established material system, achieves an electro-optic coefficient of about
30 pm/V.

We seek a photonic platform for quantum optical applications in which quantum states
of light, optical modulation and the detection of quantum states of light can be achieved.
Choosing superconducting detectors for single photon detection dictates a cryogenic
operation temperatures. The choice of photonic platforms for active quantum optics will
be determined by the capability to integrate single photon sources, low waveguide losses,
low interface losses, the capability to integrate SNSPDs and the modulation strengths
of integrated modulators. Table [2.1| summarizes photonic platforms in which cryogenic
optical modulation is established. Key characteristics are highlighted such as the required
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Figure 2.1: Electro-optic coeflicients of different materials at room temperature. This figure is
copied from [47].
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modulation input to generate a change in optical output state. Additionally, the table
highlights the kind of optical property altered such as the amplitude of the output intensity,
relative phase to a reference beam, propagation direction or polarization. Furthermore,
material the platform and operation wavelength is summarized. It becomes apparent in
table [2.1|that Si, SiN and SiO photonic platforms have no optical modulation properties
at cryogenic temperatures. To achieve optical modulation in these plaforms additional
optically active materials are deposited and integrated in these structures. We highlight
these hybrid structures in table and discuss hybrid modulation platform in further detail

in section[2.1.5

10



2 Reconfigurable Cryogenic Photonics

"9INJONIIS JUBUOSAI B UT Y)SUI[ARM UOISSTUISURI] 3} JO SUIUN]IP B AR
03 10 z/x o ndino 2y Je Yrys aseyd e sonput 03 parmbai jndur oTU0I}03[0 Y} Sk PIZLILWUINS ST Y}3USI)S UOTJR[NPOU J1[} ‘DIOULIdYIT,]
Y)3Ua] S9POIJOI[d SN[} 0] PIZI[BULIOU JIB SSINJONIIS 3N} JO Y)FUIIS UOTJR[NPOW JY[], 'SIINJINI]S PLIGAT] SB PAISPISUOI I8 SIINJINLIJS ATJOR
Aqreonido pajeidajur 10 pappe AJ[eUOnIIpPE Y)im sapIndasepy ‘sainjeradus) o1us§0£10 e pajerado sioje[npowr pajerdajul Jo MITAISAQ :1°g d[qeL

| [2] 6661°[9¢] 2661 wu Q€1 WA 8 (1zW) 2pmrdure dTyjrouow N1 NTIL ondo-o1309p2
T/ 09G wu 0661 WA 2°€T (uosayoTy) opniridure | oryroUowr N1 NTLL ondo-o130970
21| 098 wiu 0661 WA 26 UOoT}O2IIp SIy[ouOUr N1 NTIL onpdo-o130979
[z dpuefi /] -vss wu (66T oA 07 uonezirejod onyjouow N1 NTLL ondo-on9d
¢'L]93s ‘(6] 0202 wiu 0661 WA 8¥ aseyd SIy[ouour N1 NTIL onpdo-o130970
(8] 120z wu 56T WA 9°7 (1zZw) apnyrdure dryjrjouowr N1 NTIL ondo-01309p2
[ls] zzoz wu 0SS WA 2°0 (1ZN) spnarjdure PLIqAY 1owAjod 01S o13do-0130970
[los]l 0zoz wu (OGS A/AP 80 (8urx) spmyrpdure pLqAy suayderd NIS ondo-o130970
[ssll 1z02 wu 0GST WA 8%°0 (1ZW) epmydure dngyrjouow - NIS [edrueyawr-oydo
[Bs] zzoz wu 0SS WA 9T°0 (1ZN) @pnarjdure oryjrfououx - NIS [eotueyaw-o0ido
[es] zzoz wu (g WA 69 (1ZW) spmyrpdure dryjrouou (NTV) ozaid NIS [edrueydaw-03do
llzs]l 6102 wiu 08/ Ajudg (1ZW) spnardure omprouowr | (N[v) ozard NIS [edrueydaw-03do
[lzsll 6102 wu )8/, WA $2 (8urr) opnyrpdure dTyjIjououx (N1V) ozatd NIS [eorueydau-o3do
[lrs] o0zoz wu OSST A/WU QT-A/wru | (8urx) spmyrpdure dryjrouowr aporp 1S uor303 ur-I911IeD
| Tos] 120z ‘6] 120z | wu oot A/wd 00z (8ur) spmyrdure dryHIoUow aporp 1S U003 [UI-191LIeD
llzw] zzoz wu 0SST Ajudog (8urx) spmyrpdure pLIqAYy apoIp-Jur 1S uor303[ur-I911I8D
lo¥] L102 wu (661 A/ud 0g (8ur) spmyrydure onyjrjouowt aporp-1§ 1S u0O3(UI-1911Ied
[I8¥] 0zoz wu OSST A/ud 002 (8urx) sapmyrpdure pLIqAYy olLeg 1S ondo-o130970
[87] 0zoz wu 0561 WA § (1zw) spmyrdure Prqiy oLLeqd 1S ondo-ox9p2
%] zzoz wu OGST vuw/wd 00g (8urx) spmyrpdure pLIqAy OIX:RD S onpdo-ojoudew
pEN| Isudposem uorje[npour £113doad “3do parajpe | urrojyerd | yerrajewr sanoe | apingosem adfy

11



2 Reconfigurable Cryogenic Photonics

2.1.3 Cryogenic titanium in-diffused lithium niobate

Lithium niobate is a promising platform for quantum optics [8}[20]. Titanium in-diffused
lithium niobate waveguides are established for the quantum application at cryogenic tem-
peratures. In particular, low-loss waveguiding, single photon generation by spontaneous
parametric down-conversion [26,|60], integrated superconducting single photon detec-
tors [34,[35,61] and electro-optic modulation has been individually shown at cryogenic
temperatures [36} [43, 58] (and this work in section[7.1|and7.2). These initial works show
a great promise for a monolithic realization of photonics such that interface losses can
be avoided in this material. At room temperature, the monolithic integrated chip of more
than one device has been shown. To do so, parametric down-conversion and electro-optic
modulation has been been combined to achieve Hong-Ou-Mamdel interference single chip
in lithium niobate [20]]. We are interested to exploit quantum phenomena like these on
chip and expand the capabilities by integrating superconducting single photon detectors.
In the scope of this work, we investigate the cryogenic performance of lithium niobate
modulators such that they can be directly integrated with the established single photon
detectors and cryogenic frequency converters.

In this platform, light confinement is achieved by raising the refractive index by titanium
in-diffusion at the surface of the substrate. The realized waveguides are well matched
to standard single mode fibers such that high coupling efficiencies of approximately
90% can be achieved [62]. These initial investigations mainly focused on z-cut lithium
niobate in which the crystal axis is pointing in the direction of the top surface plane [[18]].
Initially we investigated waveguide coupling between single mode fibers and lithium
niobate waveguides at cryogenic temperatures with fiber-to-fiber efficiencies of up to 43%,
as discussed in section Building on these results we have shown that electro-optic
modulation is possible in lithium niobate by realizing a polarization converter below 1K,
which we investigate in the following in section[7.1] To highlight the full capabilities of
the lithium niobate platforms we further investigate in section [7.2| that phase modulation,
directional routing and polarization modulation with electro-optic modulators can be
realized at cryogenic temperatures.

In these investigation, we have observe a temperature dependent change in the refractive
index resulting in a shift in the wavelength dependent behavior of the devices. In par-
ticular, the operation wavelength of the polarization converter shifted by about 100 nm
around 1550 nm. In addition, we observe a temperature dependent shift in the electro-optic
coefficient. As a result the required operation voltage to induce the same optical change
almost doubled. During the thermal transition between room temperature and cryogenic
temperatures pyro-electric charges are generated in lithium niobate which influence the
point of operation for these devices. We discuss the influence of pyroelectric charges in
section[7.6| In summary, the optical characterizations show that an pyroelectric influence
vanishes in lithium niobate at cryogenic temperatures [58} |63H65].
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2.1.4 Cryogenic thin-film lithium niobate

An alternate form to realize lithium niobate waveguides are ridge waveguides. In this
platform, a lithium niobate thin film is deposited on a base substrate such as Si, SiO or
SiN [17,|66]]. The ridge waveguide is designed such that light confinement is established
between the lithium niobate and air as well as lithium niobate and base substrate [[17, |66].
The main advantage of this material system is that a stronger confinement in comparison
to titanium in-diffused lithium niobate waveguides is achieved. The stronger confinement
enables tighter bending radii and an increased electric-to-optical field overlap to enhance
the electro-optic modulation capabilities. As a result, low modulation voltages in the sub-
volt range have been realized with integrated modulators [67]]. Furthermore, the dispersion
of the waveguides can be optimized by the ridge waveguides dimension to improve the
mode matching and therefore the dispersion in frequency conversion processes [68} 69].
Furthermore, in thin film lithium niobate the integration optical components has been
shown such as quantum dots as single photon sources [70], electro-optic modulators and
integrated single photon detectors[58} 71]].

Thin film lithium niobate is more compact material platform than titanium indiffused
lithium niobate. More optical devices can be realized on the same footprint and the tighter
bending radii offer more capabilities to scale up this photonic networks. Light coupling
from the waveguide to single mode fibers is mainly achieved by grating couplers which
introduce transmission losses in the coupling to single mode fibers 58|71} |72].

This platform has been established for room temperature and expanded into the cryo-
genic environment. In the thermal transition between these temperatures the influence
of pyroelectric charges has not been investigated yet. Initial reports show that bias drifts
are observed at room temperature, especially if a resistive cladding structure is placed
around the waveguides 22, 58]]. Furthermore, the reports show that bias drifts are strongly
reduced when operated at cryogenic temperature [58]]. This could be explained by the
reduced pyroelectricity at cryogenic temperatures, which we investigate in section

2.1.5 Cryogenic hybrid photonic platforms

Integrated photonic networks are well established in Si and SiN at room temperature. In
particular, the fabrication process is mature enough to enable large scale and high quality
wafer production. However, these platforms cannot achieve a significant optical modulation
at cryogenic temperatures. Introducing optically active structures in the vicinity of the
waveguides can introduce an optical modulation. A large variety of these hybrid structures
have been established even at cryogenic temperatures, as it is highlighted in table

In these platforms, the waveguides are realized in a ridge waveguide geometry. Tight light
confinement promises in this platform scalability for large scale application. The genera-
tion of quantum states of light can be achieved spontaneous four wave mixing in spiral
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waveguides [73]] or by the integration of quantum dots [74]. In addition, superconducting
single photon detectors have been successfully integrated in these platforms.

Unfortunately, two photon absorption can introduce large losses in the Si-waveguides [74].
To that end, SiN is established as silicon platform to mitigate this risk. Furthermore, Si and
SiN have no fast modulation capabilities like the electro-optic effect. Monolithic Si and SiN
offer a thermal-optic effect which is slow, dissipates heat in the photonic chips and vanishes
at cryogenic temperatures. To achieve high speed optical modulation in Si and SiN, hybrid
structures have been developed for optical modulation also at cryogenic temperatures;
namely BaTiO3 [48]], InP[75] and polymers [57] for electro-optic modulation.

BaTiO3 has the benefit of a large electro-optic effect at cryogenic temperatures and the
substrate can be epitaxially grown with conventional semiconductor technologies [48].
Initial results of heterogeneously integrated InP modulators have shown high modulation
speeds at cryogenic temperatures [[75]. One of the highest modulation bandwidths have
been shown on hybrid polymer waveguides at cryogenic temperatures in excess of several
GHz [57]]. One of the lowest modulation voltages for electro-optic modulation has been
shown in integrated diode structures for carrier injection at cryogenic temperatures[40,
51]]. The challenge in diode structures at cryogenic temperatures is the mitigation of the
risk of carrier freeze-out.

In addition to these Si and SiN hybrid structures, initial results of hybrid structures with
lithium niobate as the active material has been shown at room temperature [76,|77]]. These
hybrid lithium niobate structures offer to combine the strength of each platform. However,
the compatibility of the hybrid integrated lithium niobate structures have to be shown
even at cryogenic temperatures.

An ongoing challenge for all of the aforementioned hybrid photonic structures is the
insertion loss towards the photonic structures. The losses are generated either by the
coupling from one waveguide to the other or by scattering on the interface in the multi-
material systems. Furthermore, the Si and SiN waveguides have typically a coupling loss
of about 3 dB with single mode fibers [[78]]. Some techniques to improve the waveguide
coupling have been employed [78]. Reducing losses in these photonic networks will
continue to be a challenge which will need further improvements to elevate quantum
photonic processing
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2.2 Electro-optic characterization methods at cryogenic
temperatures

Quantum photonics requires electro-optic modulators to manipulate light in the cryogenic
environment. Our platform of choice is titanium in-diffused lithium niobate waveguides
due to the highlighted capability to integrate frequency conversion sources and single
photon detectors. Alongside these investigations, we are interested to build a versatile
platform for light manipulation of the phase, direction and polarization. The realization of
lithium niobate phase modulators, directional couplers and polarization converters has
been well established at room temperature and their technology has been even packaged
as commercial devices. However, the conversion of the lithium niobate electro-optic
modulators for the cryogenic operation environment is not trivial. In the following, the
challenges and methods are highlighted to establish cryogenic lithium niobate modulators
for the manipulation of the phase, direction and polarization. The concepts, methods and
results are presented in the publications in section and[7.6

The electro-optic modulators are realized as integrated devices with titanium-indiffused
waveguides. In electro-optic characterizations in section[7.1]and[7.2], light is coupled into
the waveguides while a voltage sweeps are applied to the electro structure. Changes in the
optical properties are then detected in the setup such as the output polarization, relative
phase between light beams or the intensity at a waveguide port. In addition, the operation
wavelength is changed to determine the wavelength dependent characteristics. In these
measurements key figures of merit are extracted such as the voltage required to switch
from one output state to the other and the wavelength of the most efficient operation.

Optical access and light transmission:

The modulators waveguides are optimized for a large optical mode overlap with standard
single mode fibers at room temperature [8,|79]. Coupling efficiencies of approximately
88% can be achieved [62]. As a result, two main techniques can be applied to achieve
an optical access to the waveguides. Either a single mode fiber can be attached to the
endfacet known as pigtailing or butt coupling [62]]. An alternative method is to couple
light into the waveguide with a lens. Both methods have their respective challenges in the
implementation at cryogenic temperatures.

Pigtailing:

In the initial characterization of the polarization converter, we needed to establish if the
lithium niobate waveguide is transmissive at cryogenic temperatures. To test the optical
transmission of the waveguides and the coupling to the single mode fibers, we monitored
the optical transmission of light during the cooling process. These titanium in-diffused
lithium niobate waveguides are transmissive at cryogenic temperatures and fiber-to-
fiber efficiency of approximately 43% is achieved in comparison to a 55% transmission
efficiency at room temperature. This measurement indicates that the optical mode is not
significantly altered and no significant effect is introduced which induces strong changes in

15



2 Reconfigurable Cryogenic Photonics

transmissivity. We mainly attribute the change in the transmission to mechanical changes
in the fiber-to-waveguide coupling.

The main challenge in the pigtailing is to package the lithium niobate sample and single
mode such that the device maintains a high mechanical stability during the temperature
changes between room temperature and cryogenic temperatures. The fibers are attached
to the sample in a pigtailing process. To do so, the sample is placed on a sample holder
and an optical access is realized with lens coupling system. Light is then coupled through
the lithium niobate waveguides and the alignment is optimized by the optimization of
the optical throughput. In the next steps, the lens-incoupling is replaced with a single
mode fiber. The fiber is then moved close to the waveguide with a mechanically actuated
stage. The fibers position is aligned again by the optimization of the transmitted power.
To adhere the fiber to the samples endfacet, a UV-adhesive is placed at the fiber tip. After
a realignment of the fibers position, the adhesive is cured by illuminating it. A UV curable
adhesive is chosen which has a low contraction during the curing process (Norland 81 [80]])
to mitigate coupling shifts in the curing process. Further studies on cryogenic adhesives
suggest to use similar adhesives for cryogenic optical coupling [81].

To enlarge the cross section of the fiber tip and therefore increase the adhesion, a fiber with
a glass ferrule is chosen. The mechanical stability of the pigtailed is further increased by
installing so-called tension release blocks. The lithium niobate sample sits on a metal block
and side blocks are attached such that they extend over the edge of the sample towards the
fibers. The fibers are adhered to the side blocks with the UV-adhesive such that mechanical
stress are taken by side blocks instead of the fiber-to-waveguide interface. The sample
sticks to the sample holder with vacuum grease (Apiezon N [82]]) such the sample can be
slightly move under mechanical stress and conduct heat better to the sample holder.

The pigtailing technique enables an optical access in a temperature range from 0.8 K to
300 K. In addition, multiple waveguides can be coupled by a multicore fiber core ferrule.
Unfortunately, the fibers can become loosen during the cooling process at the interface
between the UV-adhesive and the fiber ferrule. Mechanical stresses in the mechanical
joint can overcome the adhesion. Once a pigtailed sample is in the cryogenic temperature
range and a high transmission is achieved, the high transmission remains in the sample.
Increasing the yield of the sample will need further investigations to improve the adhesion
as well as the packaging of the device.

Free-space coupling:

An alternative method to achieve an optical access to the lithium niobate waveguides at
cryogenic temperatures is with free space optics. In this method, the sample is placed in
a cryostat with windows in the sample chamber to achieve an optical access. The light
is coupled into the waveguide with a lenses placed on the room temperature side of the
cryostat. The main advantage of this system is that versatile optical setups can be achieved
around the sample. Furthermore, the coupling into the waveguides can be readjusted if
the mechanical alignment shifted after a temperature change in the cryostat. The cryostat
must be optimized for low vibrations of the mechanical stages to maintain a high coupling
efficiencies.
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Electric-optical characterizations:

The modulation voltage of the modulators is expected to change with the change of
temperature since the related electro-optic coefficient decreases with the decrease in
temperature [83[]. Sweeping the voltage and simultaneously acquiring the optical output
allows us to extract the modulation voltage. In this work, we extract the modulation
voltage in a temperature range from 300 K to below 10 K. This shows that the electro-optic
modulation is preserved in this range. Furthermore, the modulation voltage increases for
the modulators by a factor of about 2 from room temperature to cryogenic temperatures.

In addition to the modulation voltage, the operation wavelength is swept in the character-
ization. The realized polarization converter and directional coupler show a wavelength
dependent coupling dependence of the output states. This mainly attributes to the disper-
sion of the birefringent lithium niobate. To investigate this, we sweep the input voltage
and wavelength at different operation temperatures. The directional coupler shows that
the wavelength of the bar state shifts by approximately 85 nm over the entire temperature
range (the state in which the intensity remains in the same output side as the input of the
coupler). In addition, the operation wavelength of the polarization converter shifted by
about 107 nm from 300K to 8 K.

The characterization of the polarization converter was challenging during the cooling
process since the wavelength and voltage sweeps needed to be performed around the
phasematched wavelength. The phasematched wavelength shifted constantly during the
cooling process. To balance the acquisition time of the voltage and wavelength sweeps
with the wavelength scanning range, we generated a algorithm which identifies the phase-
matched wavelength from the previous measurements. The subsequent measurements are
adjusted to be centered around the phasematched wavelength. The voltage and wavelength
sweeps revealed that this overall modulation map was continuously distorted during the
cooling process. A possible cause was appointed to pyroelectric charge build up in the
sample which could generated additional electric field in the sample.

Refractive index extrapolation:

The electro-optic characterizations reveal that the waveguides refractive index shifts with
the temperature and operation wavelength. Ideally, we design and fabricate a modulators
for a specified cryogenic operation wavelength. To better inform the design the process in
the future for integrated devices, we simulated and extracted the waveguide’s refractive
index and performed the electro-optic characterizations. In particular, the polarization
converter is strongly dependent on the waveguides dispersion since the conversion process
is most efficient at the phase matched wavelength in the periodically poled structure. To
extract the phase matched wavelength in the temperature range from 300 K to 1K, we made
continuous sweeps wavelength and voltage sweeps around the phase matched wavelength
during the cooling process.

As a comparison, we simulated the waveguides refractive index and dispersion with a finite
difference method [84]. This model takes the refractive index of the birefringent lithium
niobate from the Sellmeier equations and extrapolates them to cryogenic temperatures
[85]]. In addition, the refractive index is raised in the material by a titanium in-diffusion
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model which leads to waveguiding in the material [62]]. The finite difference model solver
computes the resulting optical modes and refractive indices.

The comparison of the experimental and simulated phase matched wavelength reveals a
close matching at room temperature. The change in the wavelength shift increases below
150 K. This indicates either that additional refractive index perturbations occurred in the
sample or that the simulation model should be improved further.

Pyroelectric charge investigations:

The electro-optic characterization of the lithium niobate modulators show that they are
operate at cryogenic temperatures. The voltage and wavelength sweeps also reveal that
this overall modulation map is shifted by a voltage offset, as shown in section [7.1]and
A voltage shifts in the cryogenic modulators was observed by 42 V for the directional
coupler and 2.1V for the polarization converter. The theoretical description does not
introduce a voltage shift with the decrease of temperature. To that end, an additional
source of charges must induce constant electric fields in the vicinity of the waveguide.
Furthermore, changing distortions in the modulation map of the polarization converter
are observed during the cooling process. In the publications, these perturbations and
voltage shifts were attributed to the generation of pyroelectric charges in lithium niobate.
To further investigate the generation of pyroelectric charges and their influence on the
optical characteristics, we performed further measurements during the cooling process
with lithium niobate waveguides. In section[7.6| we can measure charges generated during
the cooling and warming process in the vicinity of the waveguide. Furthermore, we can
correlate the occurrence of the pyroelectric charges with changes in the waveguides
birefringence.

The pyroelectric charge characterization indicates a strong correlation between the charges
and the optical characteristics. To measure the generated charges and changes in the bire-
fringence in a temperature range between 300 K and 20 K, we combined to measurement
techniques. We connected a current meter to electrodes on the waveguide sample which
acquires changes in the charge flow. Furthermore, we mounted the lithium niobate sample
in a free space cryostat and realized a Sénarmont method to acquire changes in the waveg-
uide’s birefringence. The main challenge in the optical acquisition is to maintain light
coupling through the waveguide and compensate for the change in the optical throughput.
Thermal contraction and expansion of the sample holder shift the light coupling during the
cooling and warming process of the cryostat. To overcome this challenge, we realized the
Sénarmont method which measures changes in the birefringence from two polarization
outputs. In the analysis, the optical transmission can be normalized by the relative through-
put in both polarizations. This normalization technique minimized the needed iterations
for a throughput reoptimization during the temperature changes in the cryostat.
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Declaration:
The ideas and content presented in this chapter are partly taken from the following
publications:

m Thiele et al. "Opto-electronic bias of a superconducting nanowire single photon
detector using a cryogenic photodiode,” in APL Photonics, vol. 7, no. 8, p. 081303,
Aug. 2022. The publication is presented in section [7.3

m Thiele et al. "All optical operation of a superconducting photonic interface,” in
arXiv:2302.12123, Feb. 2023. The publication is presented in section|[7.4]

Integrated quantum photonics aims to combine several optical components on a single
chip. The combined operation offers noise resilience, small device footprints and short
transmission delays. To enable quantum operations with a fidelity high, performing devices
are needed for quantum light sources, modulators, and single photon detectors. In recent
years, SNSPDs have been established as one of the highest performing single photon
detectors for quantum applications [[11}(13}14}16]]. We established cryogenic electro-optical
modulation with lithium niobate in the previous chapter, to enable electro-optic modulators
at the operation temperature of SNSPDs. Building on this capability we intend combine
the operation of SNSPDs with opto-electronic components for application studies.

Opto-electronic components such as SNSPDs and modulators require electronic interfaces
between the room temperature and cryogenic environment, as it is shown in Fig. [3.1]a).
Unfortunately, typical transmission lines conduct heat and introduce electronic noise
when operated between these environments. Cryostats provide the cryogenic operation
temperatures for the quantum photonic circuits. Unfortunately, cryostats are limited in their
ability to maintain cryogenic temperatures under a dissipated heat input by the electronic
and optical circuits. The number of electronic interconnects and maximal operation power
of the circuits is therefore limited.

An alternative to typical transmission lines are single mode fibers which can transmit light
between the room temperature and cryogenic environment. Single mode fibers are made
from low thermally conductive glass and are resilient to electronic noise. To provide the
electronic operation power and read out electronic signals for cryogenic electronic circuits,
we require opto-electronic converters at cryogenic temperatures.
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b)

a)
o>

Figure 3.1: Power delivery and signal readout methods for SNSPDs in a cryostat. a) The typical
operation of an SNSPD with a current source, coax line and amplifier. b) Opto-electronic
bias of an SNSPD with a cryogenic photodiode. c) Optical signal readout of an SNSPD
with a cryogenic laser diode. d) SNSPD readout by a cryogenic electro-optical modulator.
e) All-optical operation of an SNSPD.

SNSPDs are essential devices to realize quantum photonics which require the cryogenic
operation temperatures. Figure 3.1 b)-e) highlights main strategies for opto-electronic
signal converters for an SNSPD operation. To provide the operation power optically, a
cryogenic photodiode can establish the power conversion, as highlighted in Fig.[3.1]b)-e).
The detection signal of the SNSPD could be converted to an optical signal by a laser diode
or by an electro-optic modulation in a cryogenic modulator, shown in Fig|3.1|c) and d).
The combined operation of both the optical input and output technique can enable an
all-optical operation of an SNSPD, schematically shown in Fig [3.1|d). In this work, we
realize a photodiode bias of an SNSPD in section [7.3|and realize an all-optical operation of
an SNSPD in the section[7.4]

We will establish and discuss the optical operation techniques of SNSPDs. In preparation
of these investigations, we discuss the state of the art of single photon detectors and
in particular SNSPD in section Furthermore, we make a case study of cryogenic
transmission lines to show that single mode fibers have thermal advantage over classical
transmission lines in section In the application, we will investigate optical biasing
techniques with cryogenic photodiode to operate an SNSPD, shown in Fig. [3.1]b). At first,
we discuss the photodiode bias in section[3.3|and we show the operation of an SNSPD in
the section[7.3] In addition, we show that photodiodes are a versatile tool to enable a pulsed
operation of SNSPD for fast detection efficiency modulation in section [3.3.1] Furthermore,
we provide a computational model to describe a cryogenic photodiode in section[3.3.2]

We want to achieve an all-optical operation of an SNSPD with the established techniques
of a photodiode bias and the electro-optic modulation. In preparation of the all-optical
techniques, we discuss the state of the art of cryogenic readout techniques in section[3.4]
Furthermore, we discussion the methods required for an optical readout with an electro-
optic modulator in section The discussion reveals that large signal amplitudes are
required from the SNSPD. To that end, we establish the state of the art of cryogenic
amplification techniques in section 3.5 Furthermore, we establish an alternative technique
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to increase the SNSPDs signal amplitude without additional amplifiers in section
Several of the discussed techniques must be combined to establish an all-optical operation
of an SNSPD. In the section we realize and discuss the all-optical operation of an
SNSPD.

3.1 Single Photon Detection

Single photon detectors are the key to measure quantum states of light in quantum
optics with a high fidelity. Two main techniques have been established for single photon
detection namely; avalanches in photomultiplier tubes and diode structures as well as
the superconductive to normal resistive transition [24]. Based on these effects, photon
multiplier tubes (PMTs), avalanche photodiodes (APDs), transition edge detectors (TESs) as
well as superconducting nanowire single photon detectors (SNSPDs) have been established.
An ideal single photon detector achieves near unity detection efficiency, photon number
resolution, a high timing resolution and minimal dark counts. Each of these properties can
be almost achieved by some of the device types, but not all properties in a single device 24,
86|]. Single photon detector mechanisms have been summarized and reviewed by Migdall
et al. [[24] as well as in review articles for APDs [|87]], TESs [|88]] and SNSPDs [15} 23} 189,
90].

In quantum photonic applications the on-chip integration is also desired to enable a scalable
system architecture. Furthermore, integrated detectors promise to minimize transmission
losses and time delay in comparison to separated single photon detectors. In this work,
we are interested in electro-optic modulation for quantum optic applications. To that
end, we are interested in the capability of single photon detectors to be integrated into
photonic circuits with electro-optic modulators. In the following, the operation principles
of the APDs, TESs and SNSPDs are summarized and their capabilities to be integrated
into photonic platforms. This will inform our decision to choose superconducting single
photon detectors in our photonic applications.

3.1.1 Single photon avalanche photodiodes

Photons are detected in photodiodes by the inner photo-effect. In this process, electron-
hole pairs are generated by the impinging photon in a semiconductor material by a
band transition. Classical photodiodes are designed such that these generated carriers
are separated by an intrinsic field. The electric field is generated by the doping of the
semiconductor material. The charge flow will generate a photo-current from an incident
photon-flux. Single photon sensitivity can be achieved when a large external field is
generated and applied to the diode structure. The generated electrons are accelerated in
the electric field and scatter in the diodes domain. As a result additional electron-hole pairs
are generated by impact ionization. The multiplied carriers generate a detectable signal
for the readout electronics [24]).
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Avalanche photodiodes are an established platform for single photon detection for quantum
applications implemented for cryptography [91f], metrology [92] and computing [93].
These detectors can achieve detection efficiencies above 70% [94]] and a timing jitter below
32 ps [95]]. Limiting the dark count rates is challenging with these detectors due to thermal
noise at higher operation temperatures and a so-called afterpulsing. Electron-hole pairs
generated by thermal fluctuations or by trapping on defects can trigger the avalanche
process without the presence of impinging photons. Reducing the operation temperature
can reduce these effects as well.

In recent years, the development of single photon avalanche photodiodes has been estab-
lished for quantum applications due to their large active area and near room temperature
operation. The on-chip integration of APDs has shown to be challenging since the diode
material and waveguide material should be compatible [87]]. Recently, single photon sensi-
tive avalanche photodiode have been established in an integrated platform by Zhang et
al. [96] by a hybrid integration in silicon waveguides. The main advantage of this tech-
nology can be the operation near room temperature. However, in quantum applications a
near unity detection efficiency and low dark count rates are desired which has not been
shown by APDs, yet.

3.1.2 Superconducting detectors

Superconducting single photon detectors exploit the transition between the superconduct-
ing and resistive state when a single photon impinges on a thin film superconductor [24].
Two main superconducting detectors have been established namely, the transition edge
sensor (TES) and the superconducting nanowire single photon detector (SNSPD). At first
the key principles of TESs is established and afterwards the SNSPD operation principle is
explained. At the end, the choice for the use of SNSPDs as our key single photon detectors
is established.

Transition Edge Sensors

Transition Edge Sensors (TESs) are micro bolometers achieving single photon sensitivity.
When a single photon is absorbed by the devices structure the temperature is raised in a
detection structure. Most TESs read out the temperature of the detection structure by a
change in a temperature dependent resistance. To achieve a high temperature sensitivity,
superconductors with a strong temperature dependence at the transition edge between
the superconducting and normal state are used. For the operation, the material is cooled
below the critical temperature. A current is then pushed through the material. The photons
heat will increase the materials resistance partially along the superconducting thermal
transition. Multiple impinging photons can also increase the temperature further which
relates to a photon number resolving capability. After the absorption of the photons, the
substrate surrounding the detector will cool the device back to the initial state. These
devices are typically operated below 100 mK to exploit the superconducting transition in
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materials such as tungsten [88]]. Their main advantage is the photon number resolving
capabilities and their near unity detection efficiencies [88]. These detectors can also be
integrated in photonic platforms such as lithium niobate [61]]. Typically, the TESs resistance
change is readout with superconducting quantum interference devices (SQUID) which
act as current amplifiers, operated at 100mK. The operation temperature imposes strong
technical challenges for large scale integrated applications.

Superconducting Nanowire Single Photon Detectors

Superconducting nanowire single photon detectors operate on the principle of the break-
down of superconductivity when a single photon impinges on a superconducting nanowire [[23|
97,198]]. To do so, a nanowire is cooled below the critical temperature of the material. A
current is then pushed through the superconducting nanowire biased below the critical
current of the structure, as shown in Fig.[3.2| Initially, the nanowire structure has practically
no resistance since it is superconducting. When a photon impinges on the nanowire, the
photons energy is absorbed, heats the nanowire and the superconductivity breaks down
locally. A resistive hotspot is then established across the nanowire and voltage is read out
by the resistance change. The resulting hotspot reaches resistances of a few kilo-Ohm. In a
typical operation of the SNSPD, an additional parallel resistor is included in the circuit to
reset the SNSPDs the superconducting state. The parallel resistor has typically a resistance
of about 50 Q [23]]. As a result, the bias current is redirected through the parallel resistor
when a hotspot is formed since redirection of the bias current minimizes the joule heating
of the nanowires hotspot. The cooling of the substrate is then larger than the joule heating
of the hotspot and the nanowire is reset to the initial state. This process summarized in
Fig. [3.2|from step b) to f) can be then triggered again to detect other photons.

The nanowire geometry and material are chosen such that a photon’s dissipated energy is
large enough to generate a hotspot across the entire width of the structure. The hotspot
size is then increased further by joule heating through of the current flowing through the
hotspot, as shown in Fig. [3.2|c) to e). A surplus of the generated thermal power breaks
down the superconductivity in the vicinity of the hotspot. The hotspot grows in length
and therefore resistance until the entire nanowire is resistive. Alternatively, the hotspot
size increases until the provided electrical power is equal to the dissipated thermal energy
into the substrate. The initial generated hotspot is aided in the hotspot generation by the
kinetic inductance of the SNSPD structure. The sudden change in the devices resistance
in the superconducting breakdown is opposed by the inductance of the SNSPD such that
most of the kinetic inductance energy is dissipated through joule heating of the hotspot.

The detection mechanism and the initial generation of a hotspot across an entire nanowire
can be explained by two known models. In the hotspot model, a single photon is absorbed
by an electron in the superconducting nanowire. If the photons energy is larger than the
energy gap of the superconductor, a so-called hot electron is created. The hot electron
creates a localized perturbation by electron-electron and electron-phonon interactions
in the nanowire and rising the local temperature above the critical temperature of the
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Figure 3.2: Single photon detection in SNSPDs. a) Initial state of the superconducting nanowire.
b) A photon impinges creating a local superconducting breakdown. c) Initial hotspot
growth by the inductance of the nanowire. d)-e) Bias current redirection through the
parallel resistor and growth of the hotspot by joule heating. f) The substrate cooling
is larger then the dissipated heat in the nanowire. The nanowire return to the initial
superconducting state.
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superconductor [[97}98]]. This initial hotspot diverts the current in the nanowire such that
the critical current is surpassed across the entire nanowire’s width.

In the vortex-antivortex models, vortices are formed in a superconducting nanowire.
Impinging photons perturb the propagation of these vortices which result in a phase
transition and the local breakdown of the superconductivity in the nanowire [89].

These detection models are not necessarily competing in the description for the initial
formation of the superconducting breakdown across the nanowire. A model might be more
suiting depending on the detectors geometry and choice of material. In the application
of this work, we mainly focus on the breakdown of the superconductor after the hotspot
has been established across the nanowire. After the initial breakdown, the dynamics of
the hotspot is mainly governed by the thermal coupling between the superconductor and
substrate by the joule heating and thermal conduction [99-101].

3.1.3 Application and capabilities of SNSPDs

Superconducting single photon detectors are a field of active research especially for quan-
tum photonics. These structures can achieve near unity detection efficiencies [11}|12], low
timing jitter [13]] and low dark count rates [14]]. High performing devices like these were
mainly established with free space and fiber coupled components. Similar performance
regimes are sought after in integrated photonic platforms to enable scalable photonic
processing. The main advantage is that a small device footprint can be achieved and the
interface losses between waveguide components and the detector can be reduced. The
superconducting nanowires can be deposited on waveguides in various photonic platforms.
The light is then evanescently coupled to detector structure and detected [33].

High detection efficiencies are in high demand for quantum applications in order to
achieve quantum operations with a high fidelity. In integrated photonic systems, detection
efficiencies of above 70% have been reported on [[102, [103]. A low timing jitter is to
be desired in quantum optics since this will determine the width of the coincidence
window to distinguish between simultaneous events. The timing jitter is the variation in
timing delay of the detection signal at the signal acquisition. Reducing the coincidence
window can reduce the error rates of unwanted detection events such as dark counts.
Several mechanisms on the influence of the timing jitter in superconducting nanowires
are known [[104] such as the geometric jitter determined by the devices geometry and the
intrinsic breakdown mechanism of the superconductor [89]. Integrating superconducting
nanowires on photonic waveguides can even reduce the influence of the geometric timing
jitter since overlap between the waveguide and SNSPD can be confined. SNSPDs can
achieve low dark count rates, below one dark count per hour [14]]. The low temperature
environment significantly aids the reduction of dark counts by the lack of thermal photons
and electronic fluctuations [24]. SNSPDs integrated in photonic structures have shown to
achieve low dark count rates as well [[105]. However, when realizing large scale photonic
structures on chip light scattering from various optical channels have to be considered.
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In addition to the integration of SNSPDs in photonic platforms, the detectors are applied
in other fields to achieve a photon number resolution, to operate the SNSPD in a pulsed
mode or to combine SNSPDs directly with modulators. In the following, we explore several
concepts which have been realized in recent years and highlight essential capabilities for
quantum optics.

Combined operation of SNSPDs and electro-optic modulators

In recent years, the development of superconducting single photon detectors has sparked
the exploration of new capabilities for the development of integrated quantum circuits.
A large set of photonic platforms have been established with quantum light sources and
electro-optic modulators. The integration of superconducting single photon detectors is
the cornerstone to realize quantum applications for several photonic circuits.

Integrated photonic platforms for quantum applications require optical modulation in
applications such as configurable photonic circuits, optical readout or feed-forward modu-
lation. To highlight previous implementations of these applications, we summarized them
in the following table In this summary, key figures of merit of integrated supercon-
ducting detectors are compared such as the detection efficiency and timing jitter. More
details on the integrated cryogenic modulators are discussed in section [2.1]

Type OCDE | Jitter FWHM [ps] Modulator Type On Chip References
SiN - 250 MEMS all on-chip [55]]
SiN 88% 12.1 opto-mechanical all on-chip [54]

TFLN || 46% / 24% 32/41 electro-optic all on-chip [58,|71]
SOI (70%) - p-n junction ring resonator | off-chip detection [51]

Ti:LN (85%) 500 electro-optic Michelson off-chip detection | this work (sec.

Table 3.1: Summary of integrated SNSPDs operated in conjunction with cryogenic electro-optic
modulators. The implementations highlight that SNSPDs and electro-optic modulators
can be operated on a single chip. Other applications show that electro-optic modulators
can be used as a optical readout method for the SNSPDs detection signal.

The highlighted studies in table show clearly that superconducting single-photon
detection and optical modulation can be performed on integrated photonic chips. These are
proof-of-principle studies and the performance of the SNSPDs and modulators are likely to
be improved further. Although SNSPDs have not been integrated with titanium in-diffused
lithium niobate electro-optic modulators on a single chip, this is a promising platform for
quantum optics. In this platform, spontaneous parametric down-conversion [26], electro-
optic modulation (this work) and single photon detection [34, [35] can be achieved at
cryogenic temperatures.

Detection efficiency of integrated SNSPDs

SNSPDs achieve a near unity detection efficiency via free space coupled detectors [11}
12]]. These structures have been optimized to achieve a large overlap with the output of a
single mode fiber. The on chip integration of single photon detectors promises to achieve
high system detection efficiencies (SDE) since interface losses between the waveguides
and single mode fibers are avoided. The shown examples in table 3.1| show that SDE of
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above 80% can be achieved. Increasing the SDE requires the optimization of the coupling
from the waveguide to the detector and a strong light absorption in the superconducting
structure.

Pick and Place strategies for SNSPDs

These photonic platforms clearly show that superconducting detectors can be integrated.
In addition to a monolithic integration approach, pick-and-place integration of single
photon detectors are developed [[106,(107]. In this technique, SNSPD are manufactured on
a carrier substrate, characterized and placed on the photonic chip. At the moment, the
high production yield of superconducting detectors is not guaranteed. To increase the
yield of complete photonic circuits pick-and-place techniques are developed [[106}[107]].

Photon number resolution with SNSPDs

The mode of operation in superconducting single photon detectors is mainly a threshold
detection of a photon’s presence. In recent years, two concepts have been established to
achieve photon number resolving capabilities namely detector multiplexing and transition
edge analysis of detection signals. In the transition edge detection, the photon number
resolution is extracted by a change in the electronic characteristic in detection signal
induced by multi-photon events [[108] |109]. To do so, the rise time and the amplitude
of the detection signal are correlated to the incident photon number of light pulses. At
the moment, these techniques require the acquisition of the electronic trace with an
oscilloscope which will be then processed. Improvements in the post-processing could be
achieved by the development of electronic circuits which discriminate the amplitude and
risetime on chip for the readout.

An alternative strategy to extract the photon number is to split the photon input into multi-
ple paths in which the single photons are then detected by the SNSPDs. These multiplexing
strategies are used to achieve a pseudo photon number resolution. Several multiplexing
schemes have been established with beam splitters and delay lines which are summarized
by Schapeler et al. [110]]. The multiplexing schemes will need to accommodate an increasing
number of optical components such as beam splitters and delay lines. Integrated photonics
can aid in the scalability of multiplexing SNSPDs. In additionally, arrays of SNSPDs have
been developed. A multi-pixel readout approach has been expanded from a few-pixel to a
kilo-pixel SNSPD array in recent years [[111,|112].

Multiplexed biasing

In the typical operation of an SNSPD, every single detector is current biased and the signal
is transmitted through a single coaxial cable. Increasing the number of SNSPDs on an
integrated photonic network requires an increased number of interconnections on chip.
A larger number of SNSPDs is demanded by the operation of multiple parallel optical
channels to achieve a photon number resolution. Parallel biasing and readout techniques
have been established to reduce the number of transmission lines [113]]. To do so, an input
line provides a bias current for multiple parallel SNSPDs. When a photon impinges on
an SNSPD, a voltage pulse is generated and readout through a capacitor. Coincidences
of multiple detection events are detected and can be added up for the readout in the
readout line. This technique can be limited by the electronic and thermal cross talks of the
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parallel channels. The parallel operation of SNSPDs is ideally suitable for the resolution of
coincident photons since the voltage pulses are added in amplitude while non-synchronous
detection events can be suppressed by previous events.

High temperature SNSPDs

Quantum photonic applications demand the operation of a multitude of SNSPDs on a
single chip. For example to achieve photon number resolving capabilities or to introduce
multiple optical channels. However, increasing the number of SNSPDs is mainly limited
by ability of the cryostats to accommodate multiple SNSPDs. The main limit is the heat
dissipation by the electronic interconnects. Heat is mainly dissipated in the operation
of an SNSPD in a cryostat by the transmission lines for the signal and bias power. The
heat dissipated by the resistive hotspot is marginal. In section [3.2|the transmitted heat of
typical transmission lines is calculated and concepts to mitigate these risks are discussed.
The overall heat load can also be reduced by increasing the operation temperature of the
cryostat. To that end, high temperature SNSPDs are desired with the same performance to
existing SNSPDs operated below 4 K. Typically, SNSPD have been realized by NbN, WSi
or MoSi superconducting film with a critical temperature of up to 16 K which are then
operated below 4K [[89]. Increasing the operation temperature significantly will therefore
require superconducting films with high temperature superconductors. Initial results on the
realization of nanowire structures such as YBCO are challenging since the YBCO thin-films
are difficult to fabricate [114]. In addition, achieving single photon sensitivity can barely
be achieved by a breakdown of the superconductor in this material class[114]. Recently,
the realization of high temperature SNSPDs with LSCO and BSCCO superconducting films
have been shown which also achieve single photon sensitivity [115,|116]. However, it
remains an open field to achieve a similar performance at higher operation temperature in
comparison to other established high performance SNSPDs.

Pulsed operation of SNSPDs

A majority of quantum optical process are driven in a pulsed operation in order to maintain
a consistent clocking in the information processing. This enables a precise timing control
in the photon manipulation and aids the post-processing in the single photon detection.
SNSPDs are typically operated in a constant current mode. However, dark counts impinging
before an expected detection event blind the detector which is limited by the detectors
reset time. In particular in pump probe experiments, light from an initial pulse can blind a
superconducting detector from consecutive signal pulses. The detection of false detection
events can be minimized by the deliberate modulation of the detection efficiency. To do so,
the bias current can be modulated between a high and low current to switch the detection
on and off.

In the typical operation of an SNSPD the bias current is generated by a constant voltage
source pushing the current through a resistor in range of 1 MQ to achieve a bias current in
the 10 pA range. The large impedance of the biasing resistor limits the current modulation
speed of the SNSPD. An alternative method is to generate the current pulses by a dedicated
circuit at cryogenic temperatures. This technique has been realized by Hummel et al. [[117]]
at cryogenic temperatures. The initial results have shown that the SNSPD can be switched
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to modulate the detection efficiency. The limit in the rise time of the SNSPD’s switching
speed is given by the inductance of the SNSPD.

An alternative method for the bias current modulation can be achieved by the photocurrent
modulation with a cryogenic photodiode. Modulating the input power to a photodiode
will modulate the converted current of the photodiode. In section we will show that a
photodiode can be used as a current bias for an SNSPD without a significant performance
degradation. In section 3.3.1] bias current pulsing of an SNSPD with a cryogenic photodiode
is shown as a direct comparison to Hummel et al. [[117]]. In this investigation, a rise time
of 7ns was achieved again. The modulation speed of the SNSPD was here indicated to be
limited again by the inductance of the SNSPD. The modulation speed of the cryogenic
photodiode was limited, as well. However, photodiodes with a high responsivity and a
higher modulation bandwidth are available at cryogenic temperatures as well [118]].

Pump filtering with integrated SNSPDs

Lithium niobate shows great potential as a platform for cryogenic quantum photonics.
TESs and SNSPDs can be integrated in the platform, as well as electro-optic modulators
and spontaneous parametric down-conversion can realized at cryogenic temperatures.
Ideally, all components are integrated on a single chip to reduce interface losses. One main
challenge when integrating single photon detectors with pumped single photon sources is
the filtering of pump light which will introduce additional dark counts. To mitigate this
risk, pump filtering must be established. Typically, a bright optical pump pulse is send
into the frequency conversion structure and only a few photons are converted. Due to the
ratio between the bright pump pulses and generated signal photons, a pump suppression
over multiple orders of magnitude is needed. State of the art methods aim to achieve pump
suppression ratios of about 100 dB [62]]. In particular, a pump suppression of 95 dB has
been reached with on chip filtering [119]]. The pump suppression on chip is a field of active
research and will need to be established also at cryogenic temperatures.

SNSPDs integrated on lithium niobate

Lithium niobate is a pyroelectric material such that pyro-electric charges are generated
when the temperature of the material is changed [[18,37]. In the thermal transition from
room temperature to the cryogenic operation temperature these charges can accumulate at
material boundaries. When a critical charge density is reached, large electric fields can be
generated and discharge through the material domain. The placement of a nanowire struc-
ture on titanium in-diffused lithium niobate waveguides has shown that these pyroelectric
charges can generate discharges and violently destroy the devices structure [35]. As a
result, techniques to relax the pyroelectric charges must be employed such as buffer layers
or a reduction of the cooling rates(Master Thesis Felix Dreher [120]). The challenge in
these techniques is to couple light from the waveguide even if a buffer layer is incorporated
with the nanowire. The integration of SNSPD on thin film lithium niobate waveguides have
been reported [71,/121]]. However, in this platform a direct influence of the pyroelectric
effect on the superconducting detectors has not been reported.
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3.2 Cryogenic transmission lines

The operation of integrated circuits requires electronic interconnects for signal and power
transmission. Coaxial cables are most commonly used for the signal and power trans-
mission for integrated electronic circuits. With these transmission lines, a high signal
transmission speed and a low signal attenuation can be achieved. In experimental quantum
optics, these coaxial cables are commonly used for the power delivery and signal transmis-
sion for SNSPDs, electro-optic modulators and intermediate amplifiers. These three devices
are indispensable building blocks to realize active integrated devices. However, the inter-
connects are susceptible to noise and conduct heat if these devices are connected between
room temperature and cryogenic temperatures. The combined operation of SNSPDs, ampli-
fying circuits and modulators at cryogenic temperatures is desired to reduce transmission
losses and to reduce the signal delays.

A common noise source in electronic systems is the thermal noise generated by resistive
components [[122}|123]. In addition, the combination of multiple electronic components
will introduce relative potential differences in the electronic network. As a result, leakage
current and low voltage oscillations can be transmitted by the transmission lines. Coax
cables are fabricated from low resistive materials such as metals and alloys like copper,
aluminum, or stainless steel [[122] [124]. The electronic noise is therefore transmitted to
components which are susceptible to the noise, in particular bias current sensitive SNSPDs.
These noise contributions can be partially filtered out in a desired frequency band [[123].
However, the addition of filters will limit the bandwidth of transmitted signals. To that
end, transmission lines with a high transmission bandwidth and low noise-pick up are
desired.

Most transmission lines, fabricated from metals, are also good thermal conductors which
is described by the Wiedemann-Franz-law [[125]]. The thermal load must be therefore
considered when transmitting power and signals between room temperature and cryogenic
temperatures. Cryostats are limited in their capability to maintain their target temperature
under a given dissipated thermal energy [122}|123]). This associated cooling power is limited
by the number of transmission lines and the cryogenic devices which dissipate heat during
their operation.

The thermal load of a transmission line can be calculated based on their material properties
and geometry. Cryostat are typically designed to accommodate multiple stages with a
higher cooling power at higher temperature stages, as it can be see in Fig. a). To
improve the cooling performance, thermal anchoring of transmission lines is established
at intermediate stages. As a result, the conducted heat is dissipated on these stages which
will reduce the thermal load for consecutive colder stages in the cryostat. The operation
temperature of the cold stages are fixed by the cryostat design. For example, one of the
cryostats used in this work has a cooling power of 3 W at the 45K stage and 0.16 W at the
4K stage [126]. In the following, we estimate the dissipated heat by transmission lines onto
the various cold stages of an exemplary cryostat used during this work (Photonspot [126]).
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In cryogenic applications SMA-cables are typically used, made with a copper or stainless-
steel shielding [124]]. The conducted heat Py, ; can be calculated with the cross section A
from the materials, the length of the conductors L, the temperature differences between Ty
and T, as well as the conductivity of the materials A [|122]]:

T
Proas = A/L /T A(T)dT (3.1)

We calculated the power dissipation between room temperature and the 45K stage with a
20 cm cable, as well as from 4 K to 40 K with a 30 cm cable, as highlighted in Fig, [3.1] These
are the cable lengths used in the exemplary cryostat which is also used in this work;

Type 45K-stage | 4K-stage
SMA-cable (copper) 180 mW 41 mW
SMA-cable (stainless) 1.5 mW 30 u4W
SMF (glass) 24 yW 0.9uW

Table [3.2| shows that a considerable thermal power is dissipated onto the cold stages of
the cryostat. It is therefore evident that the number of used coaxial lines is limited in a
cryostat. In this configuration about 16 copper transmission lines can be accommodated.
However, scaling photonic circuits up to a few hundred optical channels with modulators
and detectors will become unachievable. If these photonics circuits with a multiple opto-
electronic and electro-optic components are needed, transmission lines with a lower
thermal conductivity or cryostats with an increased cooling power are desired.

Single mode fibers fabricated from glass have inherently a much lower thermal conductivity
than classical coaxial cables, as it can be seen in table The reduced cross-section and
the low thermal conductivity of glass limits the heat flux in the cryostat. In addition, glass
fibers do not transmit any electrical noise due to their high electrical resistance. Single
mode fibers are therefore the ideal candidate for the transmission of power and signals
between room temperature and cryogenic temperatures. In this configuration, significantly
more single mode fibers can be installed without exceeding the thermal limit of the cryostat.
Single mode fibers are commercially available and have been proven to be operated at
cryogenic temperatures. However, power converters are needed to convert between an
electrical and optical power. Cryogenic photodiodes are and ideal candidate for the optical-
to-electrical power conversion which is highlighted in Fig. [3.1]b) for an SNSPD. In this
work, the optical bias of an SNSPD is established in section [3.3|and Exploring this
optical signal transmission concept further will require an optical readout of the SNSPDs
detection signal. The optical readout of electronic signal can be realized by electro-optic
components such as cryogenic lasers and modulators which will be discussed in section 3.4}
These three methods, highlighted in Fig[3.1]c)-d), convert only the input or the output to
the optical domain. However, an advantage in the thermal or noise performance cannot be
expected if transmission lines are still needed for the bias or signal transmission, as shown

31



3 Auxillary opto-electronics for cryogenic photonics

in Fig[3.1]b)-d). To that end, the optical bias and signal transmission is combined as shown
in Fig.[3.1e) and experimentally shown in section

3.3 Optical power delivery with cryogenic photodiodes

In order to use single mode fibers for a signal transmission with cryogenic electronics, op-
tical input signals must be converted from an optical to an electronic domain. Photodiodes
are an ideal candidate for the energy transformation. Light impinging onto the photodiode
will generate carriers by the inner photo-effect. The generated current can then be used as
a bias current for electronic circuits. Modulating the transmitted power to the photodiode
will modulate the electronic output to switched off the photocurrent deliberately.

The technique of the optical-to-electrical power and signal conversion has been used
before at cryogenic temperatures for the operation superconducting circuits. Morse et
al. [28]], Sobolewski et al. [127]], Karlsen et al. [[128]], and Suzuki [[129] et al. developed
cryogenic photodiode for the current pulsing to operate Josephson junction. Alongside this
application, cryogenic photodiodes have been investigated by Shi et al. [[129]]. Photodiodes
fabricated from InP-InGaAs are most promising since the InP aids the generation of free
carriers to generate the photocurrent [118} 129, 130]. Expanding on the optical biasing
concept, Lecocq et al. [[131] established the operation of photodiode arrays and optical
multiplexing to generate multiple optical signal inputs with only one single mode fiber.

The key for an energy efficient power transformation is to use a photodiode material with
a high responsivity at cryogenic temperatures. In the preparation of opto-electronic bias
with a cryogenic photodiode, we tested several off-the-shelf photodiodes fabricated from
InGaAs and observed no responsivity at cryogenic temperatures. In contrast, off-the-shelf
photodiode based on InP-InGaAs showed a high responsivity. This material achieves a
responsivity of 0.66 A/W with input light at 1530 nm. Photodiodes fabricated from Si or
InGaAs can undergo carrier freeze-out and achieve only a limited responsivity at cryogenic
temperatures. As a result, the density of free carriers needed for the current generation
is strongly reduced. In addition, the bandgap of the photodiodes increases, described by
the empirical Varshni rule [[132]. As a result, the maximal operation wavelength of the
photodiode is decreased.

The high responsivity InP-InGaAs is well suited for cryogenic temperature power con-
version to minimize the power dissipation. In section |7.3|the characterizations are shown
to generate the bias current for an SNSPD. We characterized the wavelength dependent
responsivity and linearity of the responsivity by multiple orders of input power. In our
characterization it is highlighted that the dark current of the photodiode is strongly reduced
to below 10 pA at cryogenic temperatures in comparison to room temperature at 1pA. This
shows that the photodiode can be used to decouple electronic components galvanically in
combination with single mode fibers. A similar study has shown that a cryogenic photodi-
ode can be used as a shot noise limited current source [131]]. The opto-electronic bias of
SNSPD in section [7.3|shows clearly that a photodiode can provide the bias current to an
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SNSPD without a significant performance degradation. In the experiments, additional dark
counts are generated from scattered light to the photodiode. However, with additional
shielding this influence can be strongly reduced.

The opto-electronic bias of an SNSPD in section |7.3| shows mainly the capabilities as a
current source. In this configuration, the photodiodes electrical load is between zero and
50 Q. However, in the all-optical operation of an SNSPD the photodiode must provide an
electrical power with a larger electrical load. In section we additionally characterize
the capabilities of the cryogenic photodiode for power delivery. This investigation shows
that an electrical power of up to 1 W can be generated with an input power of about 6 yW
at 1530 nm, as well as an output voltage of above 500 mV. The high responsivity and power
conversion capabilities of the photodiode shows clearly that optical biasing techniques are
well suited for a low power power transmission for SNSPDs.

3.3.1 Pulsed operation of an SNSPD with a cryogenic photodiode

Superconducting nanowire single photon have proven to be one of the highest performing
detectors for single photons. The majority of applications have shown a constant current
bias for SNSPDs.

The operation of cryogenic photodiodes as current sources is established in section|7.3| In
this operation the high performance properties of SNSPDs are exploited while achieving
a low power method to provide the operation power with a constant bias. As a result,
the detector is always sensitive until a detection event is triggered. The reset time of the
detector limits the sensitivity for a secondary photon impinging on the nanowire. In pump
probe experiments or LIDAR applications bright input pulses are generated which generate
aresponse with a few photons. In the following, we want to explore the pulsing capabilities
of SNSPDs with cryogenic photodiodes.

Ideally, detectors are modulated to be insensitive to the bright input pulse and sensitive
again when signal light is expected. Initial results have shown the detection efficiency
modulation of an SNSPD by modulating the bias current. In these studies a continuous
wave modulation was applied as a bias current [[133H136]. In addition, slow current modu-
lations have been implemented with room temperature bias current modulation [[137-139)].
However, in most applications a fast transition between the on- and off-state is desired to
minimize the minimal delay time between the input and signal pulses. The key to achieve
this is to generate fast bias current modulations of the SNSPDs which modulates the
detection efficiency.

In the typical operations of an SNSPD a current is passed through a large resistor such
that a bias current in the 1-100 pA range is generated [[23[]. This technique cannot enable
fast current modulations since the impedance of the bias resistor, transmission lines and
superconducting nanowire are unmatched. In order to overcome this challenge Hummel
et al. [117] has shown that current pulses can be generated by integrated electronics
at cryogenic temperatures in the cryostat for an SNSPD bias. These initial results have
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shown that the detection efficiency can be modulated with a rise time of 2.4 ns. The main
limit of this operation is the inductance of the SNSPD. The nanowires inductance inhibits
fast changes of the bias current which is needed to generate single photon signals in the
detection mechanism.

The results of the integrated current source have shown that fast detection efficiency
modulations are possible. In the opto-electronic bias of an SNSPD in section[7.3|we have
also shown that a photodiode can be used as an integrated current source at cryogenic
temperatures. The investigations showed that the photocurrent bias performance as well
as a typical bias of an SNSPD. In addition, in section [7.4 we have shown that modulating
of the photocurrent can be used to switch off a latched SNSPD in a pulsed operation.
Building on these results, in the following we will show that pulsing the input power to a
photodiode can be also used for fast modulation of an SNSPD.

The pulsed operation of the SNPSD is achieved by modulating the input power to the
photodiode with a laser. The laser transmits light through a single mode fiber which
then illuminates the photodiode placed at the 1K stage in a cryostat. The generated
photocurrent is then transmitted through a coaxial cable to an SNSPD. On the PCB-board
of the photodiode, a parallel 50 Q is included to reset the SNSPD after a detection event.
The generated detection signals are then transmitted through a coaxial cable to a room
temperature amplifier and then acquired by a time tagger. In this experiment, a low
inductance SNSPD, of about 260 nH, is chosen such that fast modulation of the bias current
is possible. The SNSPD is illuminated by a single mode fiber for flood illumination. This
detector is not designed with an alignment structure for the single mode fiber such that the
single mode fiber be placed in the optimal position to extract a high detection efficiency.

As a comparison, we have chosen the same SNSPD as in the paper from Hummel et al. [[117]]
to compare the modulation speed in the detection efficiency, as shown in Fig. [3.3|a). In
order to extract the time dependent count rates, we generate a rectangular on-off input
pulse with a 45% duty cycle and a 5 MHz repetition rate for the laser. The resulting optical
modulation is shown in Fig. b) which is transmitted to the cryogenic photodiode.
Figure[3.3|c) shows an acquired trace when no single photon signal is generated within a
duty cycle. When the current is changed from the on-to-off state at 10 ns an inductance
pulse is generated. The inductance pulse is inverted when the bias current is switched
from on to off.

A trace of a single photon event is shown in Fig.|3.3|c), as well. The reset time and the
length of the inductance pulse length is approximately 7 ns. In a direct comparison, a larger
amplitude signal is generated by the single photon signal such that the inductance pulses
and single photon peaks can be discriminated by the amplitude.

As a next step, we extracted the rise time of the detection efficiency. In this operation, the
SNSPD is flood illuminated by an 1550 nm input light source and the detection events are
recorded by the time tagger. The recorded events are presented as histograms depending
on the time of arrival in relation to the optical modulation, in Fig.[3.3|d). This measurement
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Figure 3.3: Pulsed bias current operation of an SNSPD by a photodiode. a) Setup for the optical
pulsing of the photodiode and SNSPD. b) Acquired optical pulse by the photodiode.
c) Oscilloscope traces of a repetition cycle. (Blue: without a detection event) (Red:
with a detection event at 30 ns) d) Histogram of detection events synchronized to the
repetition of the bias modulation.
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Figure 3.4: Bandwidth of the InP-InGaAs photodiode. An optical modulation of a laser source is
transmitted onto the photodiode at wavelength of 1530 nm. The normalized amplitude
of the electronic response signal is shown.

discriminated inductance pulses and single photon signals by their amplitude. A total
integration time of 5s was recorded in this measurement.

This measurement show clearly that count rate can be modulated by modulating the bias
power of the photodiode. It is important to highlight that no light is detected when the
bias power is switched off. In this experiment, the input to the photodiode was modulated
with a 1ns risetime. In comparison a 90%-risetime of 7 ns in the count rate was achieved.
The risetime of the photodiode bias is limited by the bandwidth of the photodiode and
the inductance of the SNSPD. As a direct comparison, a 90% risetime of about 2.4 ns was
achieved by Hummel et al. [117]. We can therefore expect that the count-rate risetime is
mainly limited by the bandwidth of the photodiode. To test this, we recorded the bandwidth
of the photodiode at room temperature and cryogenic temperatures. Fig. [3.4|shows that a
bandwidth of about 45 MHz can be achieved at room temperature which decreases to about
20 MHz. In the future, higher rise times can be achieved by using a different InP-InGaAs
photodiode with a higher bandwidth. Bardalen et al. [[118] has shown cryogenic photodiode
with a high modulation bandwidth and responsivity are available which can enable faster
gating.

In summary, we have shown that a fast opto-electronic bias of an SNSPD is possible.
To do so, we generated current pulses with a cryogenic photodiode and modulated the
bias current to an SNSPD. The recorded risetime is around 7 ns which is limited by the
bandwidth of the cryogenic photodiodes. The risetime is comparable with a current bias
with an integrated current source realized by Hummel et al. [[117]]. The main advantage of
the photodiode bias in comparison to the integrated current source is the reduction in the
heat load.
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3.3.2 SPICE model of a cryogenic photodiode

Cryogenic photodiodes are used in this work for the biasing of SNSPDs. Alongside the
application, the cryogenic photodiode was mainly characterized in the constant current
operation in the opto-electronic bias of the SNSPD in section and the all-optical
operation of an SNSPD in section In the future, other electrical components might
be added in the electrical network such as amplifiers or logical gates for further signal
processing. Planning and designing electrical circuits for new applications will require
a simulation model of the cryogenic model. An ideal model of semiconductor could be
adapted if common figures of merit are known such as the diodes shunt resistance, parallel
resistance or threshold voltage. However, the extraction of these parameters are not trivial
and real diodes vary slightly from the ideal diode model. To that end, we will introduce an
adaptation of a non-ideal photodiode for the description of the cryogenic photodiode. To
use this model conveniently with other electrical circuit models, we implement the model
in the simulation framework SPICE [140].

A photodiode can be described by an ideal photodiode model and a current source Iyporon
for the generated photon input. The output current I,,,; of the photodiode is therefore the
sum of the photon current and the scaled saturation current of the diode I,

Tout = Lat (qua/ka - 1) ~ Iphoton (3:2)

Applying a voltage V, to the diode will change the output current scaled by the thermal
energy kT of the diode structure and the generated carriers q.

In the ideal photodiode model, only the dark saturation current I, is a free parameter. In
recent years, various models have been created to describe photodiodes and photovoltaic
cells. To do so, the photodiode is represented in a lumped model, which is presented in
Fig. a). The output current I,,; can then be described with a semiconductor diode
with the non-ideality factor a, a shunt resistance Ry, a series resistance Rgerjes and the
thermal voltage Vr [141} [142]]:

Tout = Iphoton — Lar (3-3)

Va + Iseries) _ 1] _ Va + IoutRseries

exp ( v

Rshunt

This model requires 5 parameters for to fit the IV-characteristics to the an real photodiode.
However, obtaining the shunt resistance or series resistance is not trivial. An alternative
approach is to extract characteristic parameters of the real photodiode and adjust the model
accordingly. To do so, the open circuit voltage V,. and shunted current I, can be easily
obtained under a given illumination power. In addition, a IV-curve can be easily obtained
by changing the photodiodes load resistance under the same illumination power, as it can
be seen in Fig.[3.5|b). In this IV-curve the maximal output power point can be extracted
with a the given current I, and voltage V;,. The non-ideal photodiode models can
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Figure 3.5: a) Lumped element model to describe a real photodiode. b) IV-curve of the measured
cryogenic photodiode and the simulated photodiode under a input power of 9 uyW and
wavelength of 1550 nm. ¢) Output power of the cryogenic photodiode with a changing
electrical load resistance under the same input power and wavelength.

then relate back to the series and shunt resistances ([[143|] equation 12 and 13):

Voe =V,
Rspunt = OCZI mPe (3.4)
mpp
V
Rseries % (3'5)
sc — Itmpp

Furthermore, the output current I,,, and the photon current I,010, can be computed
[142]:

kgT
Ve = % (3.6)
R + Rgeri
Iphoton — Isc shunt series (3'7)
Rshunt
Iout - (Rshunt+Rseries) Isc_Voc (3.8)

v
Rshuntexp (a‘a/; )

This model was implemented as a SPICE subcircuit and can be seen the appendix
Furthermore, the model is applied to simulate the dynamics of the cryogenic photodiode
placed at cryogenic temperatures. To do so, we acquired IV-curves at cryogenic tempera-
tures at a wavelength of 1530 nm, as shown in Fig. 3.5/b). The maximum power point is
highlighted with the dashed lines in Fig.[3.5)b) at 3.64 pA and 375mV at an input power of
9 uW. The derived model closely matches the IV-curve of the measured data, as shown in
Fig.[3.5|b). In addition in Fig.[3.5|c), the output power of the photodiode is derived from
the IV-curve. The main parameters such as shunt resistance and the series resistance are
computed in this method. The ideality-factor a can be adjusted for a curve fit and should
be in the range of 1 to 1.5 [[142].

In the all-optical operation of an SNSPD the photodiode was used to provide the operation
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power for the latching SNSPDs, in section In this mode of operation, the electrical
output of the photodiode was dissipated in the SNSPD such that the resistance increased.
In addition, the output power changed with the change of the resistance. The electronic
dynamics of an SNSPD can also be computed with a SPICE model [100,|101]]. The combina-
tion of the SNSPD and photodiode model can be used to optimize the output voltage and
risetime in the combined operation.
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3.4 Signal readout with opto-electronics

In photonic networks, electronic signals are generated mainly by detectors such as single
photon detectors. To avoid the use of electrical transmission lines, single mode fibers
guiding optical signals can be used. Similar to the established optical power delivery
for superconducting detectors an electronic-to-optical signal conversion is desired. Two
promising methods have been established to convert electronic signals from the electronic
to the optical domain at cryogenic temperatures, namely by cryogenic lasers diodes and
electro-optic modulators. In quantum optics, the readout of single photon detectors such
as SNSPDs are of high interest to achieve low operation power interconnects. However,
the output signal of single photon detectors such as SNSPDs in the few mV-range. The
electrical-to-optical signal converters will need to be sensitive for this change to generate
a strong readout signal.

Laser readout

Lasers operated at cryogenic temperatures can be modulated by an electrical signal, as
it is shown in Fig. [3.1|b). To read out a detection signal of a superconducting detector,
the output signal of the SNSPD will modulate the bias current to the laser. The optical
modulation will then be detected at room temperature. Morse et al. [28], Lu et al. [[144]]
and Fu et al. [[145] have shown that cryogenic lasers can be used as an optical interconnect
between room temperature and cryogenic temperature. In these applications a Josephson’s
junctions was read out. However, additional transmission lines for the laser diode bias
must be established at cryogenic temperatures which are susceptible to electronic noise.
In addition, a large portion of the generated power is needed to generate a signal above
the lasing threshold. A clear improvement of the low temperature power dissipation with
the lasers diodes has not not been shown.

Electro-optic readout

Alternatively, electro-optic modulators placed a cryogenic temperatures can convert an
electrical to an optical signal. To achieve this, light is guided through a cryogenic electro-
optic modulator and an input voltage modulates the transmitted light. The modulated
light then transmitted to room temperature for the signal acquisition, as it is shown in
Fig.|3.1|d). In this technique, the electro-optic modulator operates as an auxiliary signal
converter.

Initial implementations of an electro-optic signal readout has been shown for superconduct-
ing electronic circuits by Morse [28]] et al. and by Sahu et al.[[146|]. Additionally, Youssefi
et al [59] realized a similar electro-optic readout with intermediate amplifiers to achieve
stronger optical signal. Furthermore, the readout of an SNSPD with electro-optic modula-
tors has been established by de Cea et al. [51]] and by Thiele et al. with an intermediate
amplifier [147]. The key for the optical readout is to minimize the dissipated optical power
at cryogenic temperatures. In addition, the modulation bandwidth should be large enough
to convert the electrical signals.
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Figure 3.6: Conceptual overview of the optical readout of an SNSPD. The expected optical response
is calculated from the exemplary figures of merit in section[7.4] a) Setup of the optical
readout of an SNSPD with an electro-optic modulator. b) Modulation response of the
electro-optic modulator with a V, of 6.6 V. The modulation map is normalized to the
input power, assuming a fiber-to-fiber coupling efficiency of approximately 27%. b)
Detection signal of the SNSPD after amplification. ¢) Change in the output intensity
induced by the detection signal. The response is calculated for a offset voltage of 0 V
at the bias tea and an input power to the modulator of 68 uV

3.5 Optical readout amplitude estimation

In the following we investigate several figures of merit which need to be considered for
the task of optical readout at cryogenic temperatures. Our objective is to generate optical
signals with a large signal to noise ratio from a given detection signal of the SNSPD. As an
example, we discuss the readout of an SNSPD with a titanium in-diffused lithium niobate
modulator which is used in the publication of the all-optical readout of an SNSPD in section
The figure [3.6| conceptualizes the main components required for an optical readout.
Furthermore, detection pulse is of the SNSPD is sent onto the electro-optic modulator such
that the optical modulation can be extracted in the figures[3.)b) to d).

Waveguide coupling

A high coupling efficiency between single mode fibers and the waveguides of the electro-
optic modulator is needed. Unmatched optical modes will result mainly in light scattering
and therefore heat dissipation in the cryostat. In addition, single photon sensitive detectors
will experience an increase in the dark count rates. The lithium niobate waveguides, used
in this work, can achieve a mode matching of more than 88% (—0.6 dB) for both transmitted
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polarizations with standard single mode fibers with endfacet coupling techniques [62].
In the optical coupling, reflection losses should also be considered if refractive index of
the modulators waveguide and the single mode fiber are unmatched. A reflection losses
of about 4% (—0.13 dB) is given between the lithium niobate waveguide and single mode
fiber. Additionally, we can expect a fiber-to-fiber transmission efficiency of approximately
80%(—0.2 dB) to a single waveguide device with a length of 20 mm. In this work, we op-
erated our lithium niobate waveguides with fiber coupled optical access and achieve
fiber-to-fiber efficiencies of around 55% (—2.6 dB) at room temperature and 27% (—5.7 dB)
at cryogenic temperatures as shown in section[7.4} Furthermore, the electro-optic modu-
lators are operated at cryogenic temperatures such that additional strain shifts the fiber
coupling towards the waveguide. In section[7.1] we can achieve fiber-to-fiber efficiencies
are cryogenic temperatures of approximately 43% (—3.7 dB).

Linear losses

The linear losses of the electro-optic waveguides must be considered. The electro-optic
modulators are typically fabricated with waveguides for the light confinement. Scattering
at material defects of the waveguide’s sidewalls the main contributor to transmission
losses. The electrodes placed on the top of the waveguide do not introduce significant
losses in the modulators since a SiO,-buffer layer is deposited between the waveguide
and the metal electrode. In titanium-indiffused lithium niobate waveguides of this work
the waveguide losses are in the range of 0.1dB/cm, as shown in section [7.1] [7.2]and [7.4]
The main method to determine the losses of the waveguides used in this work is the so
called Fabry-Pérot method [[148]. In this method, the losses are related to the contrast of
the intensity pattern generated by interference fringes in the waveguide.

Modulation voltage

The modulation strength of the electro-optic modulators is one of the key metrics. Ideal
electro-optic modulators achieve a large optical modulation with a small electronic in-
put signal. In section [2.1]and table [2.1] are the electro-optic modulators summarized for
cryogenic modulation. The electro-optic modulator in this example requires a modulation
voltage of 6.6V for a complete change in the output amplitude, see fig[3.6]b). The key
objective is to use an optical modulation technique which will not use additional amplifiers
to reduce the thermal heat load of the system. In addition, the signal-to-noise ratio should
not be decreased by the conversion from an electrical-to-optical signal. The amplification
techniques at cryogenic temperatures are discussed in section

Offset voltage

The input signal induces the optical modulation in the modulator. The strongest response
is achieved if the modulation is a the highest slope of the optical response, see[3.6|b). To
maximize the optical response, the offset voltage can be shifted by an additional bias tea.
However, the operation of the bias tea could also induce an additional heatload when
operated cryogenically. To avoid this in the all-optical operation of an SNSPD, we changed
the operation wavelength of the modulator to maximize the optical response. Changing
the operation wavelength in the Mach-Zehnder interferometer changes the phase at the
0V point.
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Signal amplitude

In the all optical SNSPD operation, a 31 mV output signal will be generated as a electronic
readout signal of the SNSPD. This signal will be converted to a 136 nW optical modulation
amplitude from an input power of 68 uW, which can be seen in Fig. [3.6|d). In this optical
readout scheme, an optical input power must be chosen such that the readout photodiode
can detect the intensity changes after the modulation. The used readout photodiode is this
configuration an SFP-module which has integrated amplifiers. These photodiodes were
able to detect readout signals with an amplitude of approximately 136 nW. The acquisition
photodiodes high sensitivity enables a low operation power of the cryogenic electro-optic
modulator.

Electronic bandwidth

The detection signal of the SNSPDs have a signal rise time of below 1ns, see section|7.3] In
order to convert these signals, the bandwidth of the modulators should be large enough.
The lithium niobate modulators in this work achieve a band width of approximately
0.5 GHz to 1GHz, given by the electrode structure [45]]. Lithium niobate modulators with
this electrode geometry are mainly limited by capacitive loading time of the electrodes
RC-time. The bandwidth can therefore be increased by the reduction of the capacitance.
When operating the modulators in a travelling wave configuration the bandwidth of the
electro-optic modulation is limited by the mismatch between the electrode’s propagation
speed and the waveguides propagation speed. Dispersion engineering of the electrodes to
the waveguides have shown in thin film lithium niobate significantly higher modulation
bandwidths [46]]. The presented risetime in figure 3.6/c) and d) is in the order of 10 us and
matches risetime of the all-optical operation of an SNSPD in section[7.4] In this scheme
the risetime of the detection signal was reduced to increase the output amplitude.

In summary, titanium in-diffused lithium niobate modulators are an ideal device for the
cryogenic signal readout. A high fiber-to-fiber transmission as well as a low modulation
voltage can be achieved. In this work, we use this platform to realize an all-optical operation
of an SNSPD without additional amplifiers only from the single photon output signal, as
discussed in section|[7.4] In the implementation a 31mV output signal will be generated as
a electronic readout signal. This signal will be converted to a 136 nW optical modulation
converted from an input power of 68 pyW which was detectable by our photodiodes. Other
types of electro-optic modulators can achieve a stronger optical modulation. However, the
used lithium niobate modulators balance out low transmission and coupling losses with a
comparatively high optical modulation voltage.

3.6 Cryogenic Signal Amplification

A main objective of this work is the combined operation of the single photon detector and
electro-optic modulators. The direct comparison of the typical output voltages of an SNSPD
and the modulation voltage of an electro-optic modulator reveals a large discrepancy.
Driving the electro-optic modulator with an SNSPD detection will result in a small optical
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Figure 3.7: Signal amplification methods for detector signals. a) Typical operation of an SNSPD
with an amplifier. b) hTron amplifier with an SNSPD (heat based triggering). ¢) nTron
amplifier with an SNSPD (current based triggering).

modulation which is barely detectable. Typical SNSPDs generate an output voltage of about
1mV and a cryogenic electro-optic modulator a typical modulation voltage of about 6 V.
In order to increase the signal to noise ratio in the optical channel, additional electronic
amplifiers are needed, as shown in Fig. To do so, the detection signal is amplified such
that a larger voltage is generated which is used for the electro-optic modulation.

Ideally the amplifier maintains a fast rise time of the signal to reduce the signal delay.
Additionally, the amplifiers add no additional noise in the output to achieve a large signal-to-
noise ratio. At room temperature, a large variety of electronic amplifiers are available based
on mature semiconductor platforms. However, when using room temperature amplifiers,
the detection signal has to be transmitted between the cryogenic and room temperature
environment. In the signal transition, additional noise and signal delay is added. To that
end, the operation of cryogenic amplifiers is advantageous to reduce signal delay and
to improve the noise performance. A mayor technical challenge is to realize cryogenic
amplifiers with a low heat dissipation, to maintain a low operation temperature.

In recent years, cryogenic amplifiers have been developed with semiconductor integrated
circuits. These type of amplifiers are based on integrated circuit components on a single
semiconductor dye with a high performance at room temperature. When adapting these
circuits for cryogenic applications, the semiconductor devices can undergo carrier freeze
out or other shifts in the material properties. As a result, the device performance can
be drastically reduced. Integrated semiconductor have been optimized for the cryogenic
amplification based on HEMT [149-151]] or BiCMOS [[152-154]). The reported heat load of
these devices are in range of 300 uW to a few mW. In addition, these amplifiers achieved
an amplification in range of 20 to 30 dB. The operation of such a semiconductor amplifier
could amplify the SNSPD signals into the volt range which is adequate for the operation
of electro-optic modulators.

An alternative approach to signal amplification can be achieved with superconducting thin-
film structures. One of the first known superconducting amplifiers are SQUID amplifiers.
These devices can achieve a current amplification in Josephson Junctions [[155]. Initial
operation of these amplifiers in combination with SNSPDs have been shown [[156]. However,
SQUIDs require lower operation temperatures then SNSPDs. As a result, more stringent
technical requirements have to be realized in cryostat which can limit the scalability of
the system.
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Amplification in superconductive structures has also been investigated by the breakdown
in the superconductivity. In these structures, a superconducting thin film is biased below
the critical current and the superconductivity breakdown is deliberately triggered. To
trigger the breakdown, either a micro-heater heats the superconductor or an additional
current is injected into the main structure which surpasses the critical current threshold.
The change in the devices resistance is used to generate a strong voltage pulse. Heater
based systems, known as hTrons and shown in Fig.[3.7|b), have been established with
thin film metal layers deposited on superconducting nanowires [[157-159]. Current based
amplifiers, known as nTrons and shown in Fig. ¢), have been estblished in recent
years [160-162]] and can even realize electronic logical gates [160,[163[]. As a first proof
of principle study the logic operations of nTrons were combined as a counter for SNSPD
detection events [[164]]. The main advantage of the hTrons and nTrons as amplifiers is
that they rely on the same superconducting thin films as SNSPDs and can be operated at
the same temperature. Superconductors are operated at cryogenic temperatures which
are inherently in a low noise environment. Furthermore, their low resistivity nature can
reduce the operation power.

The combined operation of SNSPDs and electro-optic modulators will also require matching
of the electronic impedance of their electronic characteristics. The SNSPDs impedance
is mainly determined by the shunt resistance. Furthermore, the electro-optic modulators
impedance is mainly determined by the electronic layout of the electrode. The intermediate
amplifier should be designed such in- and output impedances are matched towards the
SNSPD and modulator. A good impedance matching will reduce refraction losses and
therefore reduce noise and power dissipation in the system.

3.7 SNSPD amplitude increase by the superconducting
transition

The operation of electro-optic modulator with a typical SNSPD signal cannot generate a
sufficient modulation which can be readout at room temperature. In the previous section|3.6]
several amplifiers types are discussed. However, it becomes apparent that these amplifiers
require additional electrical connections and can dissipate heat at cryogenic temperatures.
Ideally, no amplifiers are required in the interface between the SNSPD and modulator. To
achieve this, the output signal must be increased in the detection mechanism in the SNSPD.
In the following, we discuss how the SNSPDs signal generation method can be altered to
generate an increased output signal. In this technique, the superconductive breakdown
after the detection is explored, inspired by superconducting amplifiers such hTrons. This
technique favors a strong output amplitude and sacrifices a fast signal risetime.

The core principle of the superconducting breakdown is used in the single photon detection
in SNSPDs. If a strong output signal after a single photon detection is desired, a close
look at the breakdown mechanism reveals high potentials. Initially, the SNSPD has no
resistance and no output voltage is created. After the formation of the initial resistive
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hotspot the resistance rises to a few kQ [100, [101]]. Once a hotspot is created, the bias
current is pushed through the nanowire and the hotspot grows in size, because the joule
heating of the nanowire heats the nanowire in the vicinity of the hotspot. Expanding the
hotspot such that the entire nanowire becomes resistive could generate resistances of a few
MQ. These resistances can be generated by omitting the parallel shunt resistor of in the
typical operation of an SNSPD. The initial hotspot is increased by continuously pushing a
bias current through the structure. As a result, an increased output signal in comparison
to the typical SNSPD operation is generated.

The nanowire will remain in the normal resistivity state indefinitely since the bias current
pushed through the nanowire heats the structure. To that end, the structure does not reset
into the superconducting state. The remaining in the high resistivity state is also called
latching. The operation of an SNSPD in the latching operation is a largely unexploited
scheme. The main advantage is that large output voltages can be generated from an initial
single photon triggered breakdown. The generation of larger hotspots will decrease the
risetime of the full signal since the risetime is dependent on the growth speed of the
resistivity breakdown. The resistivity breakdown of these structures can be described by
thermal coupling between the resistive nanowire and the substrate at a lower tempera-
ture [[100,|101]]. The maximal achievable output voltage of SNSPDs breakdown is therefore
dependent on the provided electrical power to the structure.

To reset the nanowire the bias current must be switched off. The key to enable the latching
operation is to use a current source closely integrated with the SNSPD. In the previous
section[7.3] we established that a cryogenic photodiode can be used as a bias current source
for an SNSPD. The cryogenic photodiode is therefore an cryogenically integrated optical-to-
electrical power converter. Building on this principles, we can enable the latching technique
of the SNSPD to achieve a larger output voltage of an SNSPD. The generated output voltage
can be large enough such that the signal is large enough to achieve significant optical
modulation with a electro-optic modulator.

Combining the opto-electronic bias of an SNSPD with an optical readout through an electro-
optic modulator can achieve an all-optical operation. In section [7.4] this technique will be
implemented and characterized. In the implementation, the output voltage is determined
by the power provided by the cryogenic photodiode and the power dissipated by the
SNSPD. The cryogenic photodiode is a non-ideal power source since it is not a perfect
optical-to-power converter. Therefore, the maximal output voltage of the SNSPD is limited
which has been shown in the characterization in section[7.4]
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Towards feed-forward

modulation: An outlook

In recent years, a quantum advantage in the photonic processors has been successfully
shown [3} 5, /165]]. Most prominent examples are the probabilistic process such as gaussian
boson sampling [3} 5, 165]]. However, these applications lack in the implementation uni-
versal logical gates such as controlled not gates 30} 31]. Alternative optical computing
schemes were proposed such as the so-called one-way computing [29]. Following the pro-
posed one-way computing scheme, an early implementation of one-way computing with
active photonic components was shown with controlled CNOT-gate [93,[166]. To do so, a
large set of entangled photons are generated known as cluster states. Based on the outcome
of the measurement, consecutive cluster photons are modulated with an electro-optic
modulator. The controlled modulation is known as feed-forward modulation.

In principle, an ancillary photon is detected and thus absorbed which will trigger an
optical modulation in the network. Up to now, optical nonlinearities capable of inducing
such a strong modulation are not known [30]. All-optical switching techniques require
typically much stronger optical pulses [167,|168]. In order to realize such a strong optical
nonlinearity, the nonlinearity is established with electronically with light detection, signal
amplification, and optical modulation. The optical-to-electrical conversion is used here to
amplify the intermediate signals [93}|169}|170].

The technical implementation of a feed-forward enabled quantum computer is challenging
due to the requirements for modulators and single photon detectors. Ideally, the single
photon signal is amplified to a level such that the full optical modulation is achieved in
the modulator such as a 7 shift in a phase modulator, a polarization rotation of about 7 /2
in a polarization converter or full coupling change from one output across to the other in
a directional coupler.

In room temperature applications, feed-forward modulation was implemented for Shore’s
sorting algorithm [93]. Furthermore, the feed-forward operation is implemented to gener-
ate large entangled sets of photons such as cluster states [169,[170]]. In these and similar
implementations, the intermediate amplification is realized by room temperature amplifiers
[171-174]. Scaling these applications up for more complex quantum computations will re-
quire the direct integration with cryogenic SNSPDs. A cryogenic feed-forward modulation
has not been shown yet.

The field of cryogenic feed-forward modulation will need to employ low power amplifiers,
capable of switching the SNSPDs output signal to the desired input amplitude for the electro-
optic modulator. The technical challenges are similar the optical readout of cryogenic
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electronic with modulators. A large output amplitude is desired and as well as a fast rise
time. Key features can be identified in the all-optical operation of an SNSPD (in section
such that cryogenic feed-forward modulation can be implemented in the future.

One of the main requirements is a full optical modulation in the electro-optic modulator. In
our initial implementation a signal of about 31 mV was achieved. Increasing the amplitude
of the signal can be achieved by an optimization of the latching technique or by the addition
of another amplifier. In the all-optical operation in section the maximal output voltage
was achieved when the input power to the nanowire is equal to the dissipated power. The
nanowires heat dissipation is therefore dependent on the dimension of the nanowire and
the heat coupling to the substrate [100,101]. Other base substrates with a lower thermal
dissipation can be considered to generate larger resistances in the latching operation in
the SNSPD[89].

The cryogenic photodiode is used in this application as the power source. The investigations
in section [7.4 show that the output voltage increases with the electrical load. Furthermore,
the output power increases with the electrical load until it reaches a local maximum and
decreases again. Generating a larger electrical load at lower resistances will generate a
larger surplus of the dissipated heat and thus aid the growth of the resistive area. The
increased input power will generate faster signal rise times and generate larger output
voltages. In the photodiode investigations in section[7.4] it becomes evident that the output
power becomes larger if the optical input power is increased. To that end, SNSPDs with a
large bias current should be used such that the optical input power at the 90% bias point
can be increased. The maximally achievable output voltage of the all-optical bias is limited
to approximately 550 mV limited by the threshold voltage of the cryogenic photodiode.

Reconfiguring the tested electro-optic modulator could approach lower modulation volt-
ages. The Michelson-interferometer required a modulation voltage of 6.6 V at cryogenic
temperatures to switch between the reflected channels. In this configuration, the operation
voltage can be halved to 3.3 V by modulating both waveguides in the opposite phase. To
do so, a third electrode is placed on the second waveguide channel. This will induce a
opposite phase shift in the second waveguide and thus double the phase difference. Further
improvements in this material can only be achieved by increasing the length of the elec-
trodes. To achieve a modulation voltage of about 500 mV for an all-optical feed-forward
modulation will require about 130 mm long electrodes. However, the bandwidth of this
modulator will be reduced by a factor of 6 due to the increase of the electrodes capacity. In
addition, the footprint of the modulator is also strongly increased.

In lithium niobate, the modulation voltage can also be strongly decreased by light con-
finement. Thin film electro-optic modulators can be realized at cryogenic temperatures.
Lomonte et al. [[121] showed a thin film modulator with a voltage length product of about
3 Vem. In a recent study an optimization of the electrode and waveguide structure demon-
strated near 1 Vem modulation strength at room temperature [[175]]. The lithium niobate
platform promises to achieve with the higher confinement a stronger optical switching
with a smaller footprint.
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4 Towards feed-forward modulation: An outlook

A convergence in the detectors output signal and modulators voltage will achieve cryogenic
feed-forward modulation. However, the latching methods trades mainly the rise time with a
large output amplitude. A fast signal rise time is desired in feed-forward applications since
this will determine the length of optical delay lines for consecutive photons. Ideally, delay
lines are realized with low loss waveguides on the integrated chips. On chip delay lines
are can be realized in the order of a few centimeters. Bends in waveguides can make delay
lines more compact. However, in titanium in-diffused waveguides bends cannot integrated
space efficiently. In these applications, light can be delayed in single mode fibers since a
high coupling efficiency can be achieved between fibers and lithium niobate. The total
optical delay time must be equal to the rise time of the detection signal. In the all-optical
SNSPD operation, a single mode fiber length of at least 2400 m should be used to achieve
the 12 ps delay. Furthermore, the optical losses should be considered in the application. On
chip delay lines achieve losses of about 0.1dB/cm (10 dB/m). In comparison, single mode
fibers achieve waveguide losses of 0.3 dB/km (0.0003 dB/m) such that interface losses
between the fiber and waveguide are the largest contributor.

An alternative form of the signal amplification is the use of integrated amplifiers at cryo-
genic temperatures. Converting existing amplifiers from room temperature applications to
the cryogenic applications can achieve fast signal rise times and a sufficient amplification.
However, the power dissipation of these amplifiers will need to be considered. These
amplifiers will need to bridge a signal gap of approximately 40 dB, assuming a 1mV signal
voltage and a modulation voltage of 6.6 V.

The introduced latching technique can aid the design of cryogenic amplifiers. Typically,
the input impedance of the SNSPD and readout amplifier are matched to about 50 Q.
In contrast, the latching methods switches from a low resistive state in a high resistive
state. Matching the input impedance of the signal amplifiers could enable more favorable
amplification ranges. Furthermore, electronic reflections can be avoided which can perturb
the electronic characteristics.

Feed-forward modulation at cryogenic temperatures is limited by the capabilities of the
available photonic devices, in the near-term future. Lithium niobate remains as an impor-
tant material platform for quantum photonic applications. The material benefits from low
transmission losses, low coupling losses to single mode fibers as well as the large second
order nonlinearity. Improving the modulation voltage with amplifiers at cryogenic temper-
atures is a significant aspect for the feed-forward modulation. Furthermore, bridging the
gap between the single photon signal and the required modulation voltages remains an
open challenge. Additionally, the signal risetime will need to be optimized to enable on chip
delay lines for on-chip feed-forward modulation. In addition to the integration of nonlinear
sources and integrated superconducting detectors, low coupling losses to waveguides are
important to achieve low loss optical delays. In summary, the all-optical modulation of the
SNSPD revealed key aspects to be optimized in the future for feed-forward modulation.
Nonetheless, pursuing the path of all-optical feed-forward modulation could enable low
power quantum operations in the future.
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Summary

On the journey of quantum optical information processing, we need to tackle a broad range
of challenges in the implementation. On the endeavor to use quantum optical systems to
solve complex problems, large scale quantum optic systems are needed. Partitioning these
complex problems allows to identify key fields of interest such as reconfigurable quantum
systems, low power circuit operations and feed-forward modulation.

Photonic integration allows us to realize optical components for photon processing in
a small system foot print. In this work, we identified lithium niobate as our material
of choice since it enables us to build integrated quantum light sources, modulators and
integrated single photon detectors. The capability to realize electro-optic modulation
in the same environment as superconducting detectors lets us explore key concept for
quantum photonic processing at cryogenic temperatures. Characterizing the electro-optic
modulation in lithium niobate enabled the base understanding of the cryogenic modulation
capabilities. Driving the platforms capabilities further enabled the low power operation
of superconducting single photon detectors. The key to achieve this lies in the signal
transformation between the optical and electronic domain. To achieve an optical power
delivery for the superconducting detectors, we investigated cryogenic photodiodes as
integrated current and power supplies. The opto-electronic bias of SNSPDs showed no
significant performance degradation in comparison to the typical operation. However,
the combined operation of a opto-electronic bias and electro-optic modulation shows key
features to be optimized in the future such as the signal rise time and added dark counts.
Nonetheless, the all-optical operation of the SNSPD also reveals that improvements in the
optical modulation and detection signal amplitude can enable feed-forward modulation.

In summary, we characterized the operation of key opto-electronic components for quan-
tum photonic applications. The explored lithium niobate platform allows us to manipulate
the phase, direction and polarization of light in an integrated cryogenic platform. Further-
more, we can combine cryogenic photodiodes with electro-optic modulation to operate
superconducting detectors in a low power method.
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Abstract

Many technologies in quantum photonics require cryogenic conditions to operate. However,
the underlying platform behind active components such as switches, modulators and
phase shifters must be compatible with these operating conditions. To address this, we
demonstrate an electro-optic polarisation converter for 1550 nm light at 0.8 K in titanium
in-diffused lithium niobate waveguides. To do so, we exploit the electro-optic properties
of lithium niobate to convert between orthogonal polarisation modes with a fiber-to-
fiber transmission >43%. We achieve a modulation depth of 23.6+3.3 dB and a conversion
voltage-length product of 28.8 Vem. This enables the combination of cryogenic photonics
and active components on a single integration platform.

Introduction

The current state-of-the-art in high-speed single photon detectors are based on super-
conducting nanowires [61,(176]]; such detectors have demonstrated timing jitters below
5ps [177]]. Modulation in quantum photonics typically exploits advances in integrated
optics, although the lowest loss implementations still rely on bulk devices to maximise
efficiency. This makes integration with superconducting detectors extremely challenging
due to the cryogenic operating requirements. Indeed, many modulation techniques in
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integrated platforms also rely on approaches which are incompatible with cryogenic or
low-loss operation, such as thermo-optic[178] or carrier-injection[40].

By contrast, integrated optics based on titanium in-diffused waveguides in lithium nio-
bate (Ti:LN) platform offers several advantages in this regard. As a material with a high
electro-optic coefficient, it is compatible in principle with cryogenic operation. Further-
more, its large mode sizes are well-matched to optical fibre, which reduces overall losses.
Indeed, many quantum photonic components have been integrated on this platform. How-
ever, quantum-compatible operation of these components under cryogenic conditions -
and thereby compatibility with integrated superconducting detectors, remains an open
challenge.

While phaseshifting has been achieved at cryogenic temperatures in lithium niobate [28|
59,(83,1179]] and other platforms [40| |48], low-temperature operation of active polarisation
conversion is yet to be demonstrated. The polarisation degree of freedom is a very natural
basis for encoding qubits on a single photon level, therefore efficient control is an important
tool in many quantum photonic information tasks. Moreover, at room temperature active
polarisation conversion has been established since the 1980s [[180-184] and has also been
developed in thin-film lithium niobate (LNOI) [[185, [186]]. However, until now, active
polarisation conversion at low temperatures has not been demonstrated.

In this paper, we demonstrate that polarisation conversion in z-cut Ti:LN is indeed fully
functional at the temperatures required for superconducting detectors. We show electro-
optic conversion between orthogonal polarisation modes from room temperature down to
0.8 K. This expands the degrees of freedom with which single photons can be manipulated
for quantum photonic tasks [[9] whilst maintaining compatibility with the operating condi-
tions of superconducting detectors, as well as other low-temperature quantum photonic
technologies such as many single photon emitters.

This paper is organised as follows. We first describe the operation of the electro-optic
polarisation converter in terms of a temperature-dependent quasi-phase-matched nonlinear
process. We then present the experimental methods for testing the device in a robust,
plug-and-play configuration. The results are presented in section[7.1before summarising
in section [7.1]

Temperature dependence of polarisation conversion
Phase-matching

Polarisation conversion in lithium niobate is a phase-matched interaction between two
orthogonally polarised optical modes [44] (henceforth referred to as transverse electric
- TE, and transverse magnetic - TM) and a static electric field. The interaction can be
modeled as a coupling between the TE and TM modes, mediated by the DC electric field
Epc, in a configuration shown in Fig.
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Figure 7.1: a), b) The normalised spatial intensity distribution of the supported optical modes,
TE and TM, respectively. ¢) Schematic of the polarisation converter, including poling
period A. The linear polarisation mode TE is converted to TM if the voltage of V,
is applied at the electrodes. d) Schematic of the optical characterisation set up. All
components other than the waveguide operate at room temperature. The sample is
optically accessed via fiber feed-throughs.

An important property of the waveguides in Ti:LN is that they support low-loss propagation
of orthogonal polarisation modes with a high degree of overlap (as shown in Fig.|7.1]a));
however, since lithium niobate is a birefringent material, the propagation constants for
each mode are different. However, a periodic domain inversion in the crystal, with a
chosen period length A, can be used to compensate the phase mismatch between the two
polarisation modes at a specific wavelength A,,. Given temperature- and wavelength-
dependent refractive indices ntg (A4, T), ntm (A, T), the phase mismatch between the modes
ApB is given by

A =2x

ne(LT) — none(A, T)) ~ (Z_ﬂ) ' (7.1)

A A

While the period length A remains broadly temperature insensitive, it is clear that the
phase-matched wavelength A, = A (ne(A, T) — ntm(A, T)), for which A = 0, will vary
with temperature.

To phase-match the conversion process in the optical telecommunication band at room
temperature, a poling period of around 20 pm is required. By extrapolating the Sellmeier
equations for the refractive indices for our waveguide system [187] down to cryogenic
temperatures around 1K, and taking into account the effective refractive index caused by
the titanium diffusion profile of our waveguides, we expect a shift in the phase-matched
wavelength by up to 100 nm. This is indicated in Fig. We thus choose a poling pe-
riod of 19.9 um, which is expected to be phase-matched around 1560.5 nm at cryogenic
temperatures and 1467.4 nm at room temperature. Phase-matching across this range of
wavelengths can be tested using a tunable laser of suitable tuning range, as described in
Section[7.1]
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Figure 7.2: Extrapolated poling period from the Sellmeier equations in combination with the
titanium in-diffusion profile required to phase-match the conversion process at a given
wavelength and temperature.

Coupled mode equations

Given initial amplitudes of the orthogonal modes Atg (0), Atm (0), the solution of the
coupled mode equations describing the conversion process after propagating a distance y

are given by

(ATE (y)) _[cos(sy) + rsin(sy)  ~Esin(sy) | g (ATE (o>) 72)
Atm (y) +5 sin(sy) cos(sy) — % sin(sy) Arm (0)) .

with s = y/k2 + (AB/2)%. The coupling strength «, given by

3
_ mn_gnrv

. (7.3)

depends on the crystal orientation of the lithium niobate and the corresponding electro-

optic coefficient r, as well as the spatial mode overlap 7 of the polarisation modes E1g, Etm

and electric field Epc, which is generated by a voltage V at the electrodes with the gap G.
3/2 3/2

The effective refractive index is here defined as ni’ﬂ = nypny,, and the spatial overlap 7 is

determined by the spatial overlap of the electric fields, namely

G [ Ere(x, 2)Enm (x, 2) Enc (x, 2)dA
V. [ Ete(x,2)Emm(x, 2)dA '

(7.4)

Experimental implementation

To demonstrate the effects of temperature on the electro-optic conversion process, we
fabricated and characterised a robust, fibre-coupled device based on titanium in-diffused
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waveguides in periodically-poled, z-cut lithium niobate [8,|79]. Despite the lower electro-
optic coefficient of z-cut lithium niobate, this cut was chosen in order to be forward
compatible with other nonlinear processes such as frequency conversion.

Device geometry

The device itself consists of a waveguide of a length of 25 mm, which is is poled with a
period of 19.9 uym. The waveguides are formed by in-diffusing a 6 um-wide and 80 nm-thick
stripe of titanium into the lithium niobate sample. Afterwards, the poling structures are
fabricated using liquid electrodes, followed by application of high voltage pulses to invert
the crystal. After the poling procedure, gold electrodes with a buffer-layer of 200 nm SiO,
in between were deposited, with a length of 15 mm, a separation of 15 pm and a width of
400 um. This electrode structure should act as an ideal capacitor, of capacitance of 9.2 pF,
given the electrode geometry [45]. As such, the converter should not dissipate any electric
energy, which would be detrimental to operation inside a low-temperature cryostat. In
practise, however, impedance miss-matches and stray resistances throughout the circuit
may cause some electrical energy dissipation. Wire bonds from the electrodes to electrical
connectors allow an external bias voltage to be applied via a coaxial cable. The linear
losses in these waveguides are measured to be about 0.17 dB/cm in the TE-polarisation
and 0.17 dB/cm in the TM-polarisation at room temperature in the optical C-band [148].

Packaging

To enable operation of the sample in a cryostat, the device was butt-coupled (“pigtailed”)
to single mode polarisation maintaining (PM) fibres using UV-curable adhesive (Norland
81). Together with an anti-reflective coating between the fibre and sample, fiber-to-fiber
efficiency of 55% were achieved at room temperature. For mechanical robustness during
temperature cycling, the sample is mounted on a copper holder and the fibres are attached
to additional side blocks for strain relief. These fibres are then spliced (with approximately
0.01dB additional loss per splice) to PM fiber feed-throughs, providing optical access in and
out of the cryostat. When cooled to cryogenic temperatures, coupling efficiencies of 43%
were achieved. Changes in the coupling efficiency can be attributed to thermal stresses at
the butt-coupled joints.

Characterisation methods

To characterise the device at cryogenic temperatures, the device is mounted on a cold stage
of a closed-cycle cryostat (PhotonSpot Cryospot 4) which can reach a base temperature
of 0.77K, as shown in Fig.|7.1|d). During the device cooling process, light of one polari-
sation was coupled into the device, and the output polarisation was optically monitored.
Effects of both wavelength and applied voltage were monitored during the cooling process.
Using a tunable laser (EXFO T100S-HP/SCL) with a power of approximately 200 uW, the
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Figure 7.3: Conversion maps showing the normalised intensity of the TM polarisation mode
by modulating the bias voltage and wavelength given a TE input polarisation. a)
Experimental data of conversion at room temperature. b) Theoretical conversion map
determined by the transfer matrix in Sec. Conversion maps for ¢) TE and d) TM
output polarisation at 0.8 K given a TE input polarisation. The intensities in these
graphs are normalised for every data point by the sum of the intensities of both
polarisations: ITE,TM (V, T) /[ITE (V, T) + ItMm (V, T)]

wavelength was swept in 0.3 nm steps in a range of 9 nm centred at a wavelength of
1472.5 nm, and the bias voltage swept from -30 to 30 V in 2.5 V steps. The entire sweep lasts
approximately 100 seconds. The resulting intensity modulation at 296 K is represented as a
conversion map in Fig.|7.3|a) and is in a good agreement with the theoretically determined
conversion map in Fig. [7.3|b), determined by the derived transfer matrix in Sec.

This sweep was repeated during temperature cycling, whereby the center wavelength
around which the laser was swept was based on a tracking algorithm which sought the
wavelength which maximised conversion efficiency. Using this technique, 576 wavelength-
voltage conversion maps, such as Fig.[7.3|a) and b), were acquired across a temperature
range from 296-0.8 K, and an overall wavelength range of 1468 nm to 1581 nm. The over-
all cool-down time is around 16 hours, with a maximum cooling rate of approximately
0.3 K/min. This method results in a temperature uncertainty across the switching maps of
less than 1K.

Results

The primary result is that polarisation conversion was observed down to 0.8K, at a
wavelength 0f 1578.2 nm, with a modulation depth of 23.6+3.3 dB, and a modulation voltage
of 19.1+2.1V. The switching map at this temperature, as shown in Fig. c) and d),
shows significant deviations from the expected behavior, and quantitative analysis of this
discrepancy is highly challenging. We suggest that it is the effects of pyro-electric charge
accumulation due to the temperature changes which play a significant role in affecting the
field distribution both inside and outside the poled region of the waveguide, giving rise to
additional polarisation mode coupling conditions. Despite these effects, by considering
solely the phase-matched wavelength, the device retains its functionality across the whole
temperature range.
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In terms of cryogenic compatibility, optical losses are the primary source of thermal heat
load of the device. When testing at base temperature, the 43% fiber-to-fiber efficiency and
testing at an optical power level of ca. 200 yW raised the base temperature by around
200 mK to 1K (over a timescale of ca. 10 minutes). This base temperature is well-within the
operating requirements of superconducting detectors, and furthermore the temperature
increase would not be present if the device was operating on the single-photon regime.
Additional thermal effects arising from the modulation circuitry were not observed, and
would anyway depend on the operating speed of the device.

Using the conversion maps obtained during temperature cycling (see Visualisation 1 [[188]),
we characterise our device at the phase-matched wavelength over the full temperature
range. We define the phase-matched wavelength to be the wavelength at which the
modulation depth is maximised, (whereby the modulation depth is defined at the ratio of
maximum to minimum intensity when the voltage is swept).

Phase-matched wavelength

The dependence of the phase-matched wavelength on temperature is shown in Fig.[7.4]e).
Operation across the whole temperature range was maintained, and as expected, the phase-
matched wavelength increases with decreasing temperature. However, the magnitude of
the shift, namely 107 nm, is larger than the 94 nm predicted by extrapolating the Sellmeier
equations. We also observe a small quantitative offset between the model and the measured
value at room temperature, which we attribute to imperfections of the modelling of the
titanium diffusion profile of the waveguide. Overall, the extrapolation agrees reasonably
well with the phase-matched wavelength down to 150K, but deviates significantly at
lower temperatures. This shows that further corrections to the Sellmeier equations in this
temperature range are required. The experimental data also matches the qualitative features
of the simulation, in that the dependence of the center wavelength with temperature
approaches zero as the temperature approaches 0 K.
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Figure 7.4: a), b): Voltage dependent intensity modulation at 0.8 K for 1578.2 nm and at 296K
for 1472.3 nm, respectively. ¢): Maximum modulation depth determined across the
temperature range. The modulation depth is the ratio of the minimum and maximum
intensity in the voltage sweeps, e.g. a) and b). The yellow band indicates a moving
average over 15K. d): Conversion voltage V., required to convert TE to TM, as a
function of temperature. This can be determined by the period of the sine-fit as seen
in the voltage sweeps in a), b). The green band is the V,/;-average in the temperature
range of 10 K. e) Phase-matched wavelength as a function of temperature. Blue dots
& green region: experimental data and experimental error, respectively. Red line &
yellow region: extrapolated wavelength and simulation uncertainty, respectively. f)
Time-dependent modulation of the polarisation converter at 0.8 K at 25 MHz. The
device is biased by 9V to be operated at the point of inflection of the voltage sweep.
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Modulation depth

In Fig.[7.4]a) and b) we show how the power in each polarisation mode depends on the
applied voltage, carried out at a fixed temperature and wavelength. From these plots, we de-
termine the modulation depth as the ratio of the maximum to minimum intensity. Fig. [7.4c)
shows how the modulation depth changes as a function of temperature. Throughout the en-
tire temperature range, a modulation depth of the device was maintained around 15-25 dB,
even increasing slightly at lower temperatures. At 0.8 K, we measure a modulation depth
of 23.6+3.3 dB, with error bars determined statistically. This demonstrates that polarisation
can be manipulated with the precision required for quantum optical experiments, i.e. that
polarisation states with a fidelity of 99.6% can be reached.

Modulation Voltage

From Figs. a) and b), we determine the modulation voltage at the phase-matched
wavelength by the period of a sinusoidal fit to the voltage sweep. The modulation voltage
required for a full polarisation conversion is in the range of 12.7+0.1V at room temperature
for the 15 mm long electrodes. This increases to 19.2+2.1V at 0.8 K during the cooling
process as shown in Fig. 7.4/ d), which results in a voltage-length switching product of
28.8 Vcm. Further optimisations to electrode geometries would depend on the required
application; high-speed applications typically require low conversion voltages while fine
polarisation control is achieved with high conversion voltage-length products.

It is also apparent from Fig. d) that the switching voltage increases and becomes
much more noisy in the temperature range 10 K-250 K, which we again attribute to the
accumulation of pyro-electric charge, since the rate of temperature change is maximal in
this area. This changes the conversion properties at no externally applied voltage (0 V), but
should be relatively straightforward to compensate by an additional D.C. bias voltage.

Modulation speed

For application in a quantum circuit, the operating speed of active components is an
important parameter. In principle, the electrode design of our polarisation converter
permits fast electro-optic control [45]]. In practice, operating speeds are limited by driving
electronics as much as the active devices themselves. Moreover, operating inside a low-
temperature cryostat adds additional complexity. Nevertheless, in a proof-of-principle
experiment to investigate typical operating speeds, we tested our device at 0.8 K when
connected to a 25 MHz function generator. This created a sine-signal with an amplitude
of 10 mV, which was limited by the high impedance of the electrodes. The voltage signal
was biased by about 9V so that the modulation is incident at the point of inflection of the
voltage sweep. The output signal was tracked with an NIR-photodiodes and an oscilloscope.
Plots showing the response of the diodes to each polarisation are shown in Fig.[7.4/f). A
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modulation depth of around 1.8 dB was achieved, which is strongly limited by the signal-to-
noise ratio of the diodes and maximal applied voltage amplitude on the electrode structure.
Although a complete crossover in the polarisation was not reached, this experiment shows
that MHz modulation is still possible in principle under cryogenic conditions.

Conclusion

In conclusion, we have presented an electro-optic polarisation converter at 0.8 V in tita-
nium in-diffused lithium niobate waveguides. In so doing, we have demonstrated mutual
compatibility between active electro-optic components for quantum photonic circuits and
the operating conditions required for superconducting detectors. Under these conditions,
we have shown a fibre-to-fibre coupling efficiency of 43% and a modulation depth of
23.6+3.3dB.

When observing the dynamics during the cooling process, the change in temperature shifts
the phase-matched wavelength by 107 nm, which is larger than predicted by extrapolating
existing Sellmeier equations in combination with our waveguide modelling. Furthermore,
we observe an increase in the modulation voltage from 12.7+0.1V to 19.2+2.1V, which
suggests temperature dependence of the electro-optic coefficient in lithium niobate. The
polarisation converter is capable of modulation at 25 MHz at a temperature of 0.8 V. Opera-
tion was preserved across the whole temperature range, despite complex dynamics during
the cooling process which we attribute to pyro-electric charge accumulation. However,
the device operates in a stable manner once at cryogenic temperatures. This functionality
shows that polarisation conversion is compatible with other low-temperature technologies
required for integrated quantum photonics.
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Abstract

Lithium niobate is a promising platform for integrated quantum optics. In this platform we
aim to efficiently manipulate and detect quantum states by combining superconducting
single photon detectors and modulators. The cryogenic operation of a superconducting
single photon detector dictates the optimisation of the electro-optic modulators under the
same operating conditions. To that end, we characterise a phase modulator, directional
coupler, and polarisation converter at both ambient and cryogenic temperatures. The
operation voltage V,/, of these modulators increases due to the decrease of the electro-
optic effect by 74% for the phase modulator, 84% for the directional coupler and 35% for the
polarisation converter below 8.5 K. The phase modulator preserves its broadband nature
and modulates light in the characterised wavelength range. The unbiased bar state of the
directional coupler changed by a wavelength shift of 85 nm while cooling the device down
to 5K. The polarisation converter uses periodic poling to phasematch the two orthogonal
polarisations. The phasematched wavelength of the used poling changes by 112 nm when
cooling to 5K.

Introduction

Quantum photonics is a promising field since it enables and improves photonic technologies
such as secure quantum communication [189]], quantum computation [4], and metrology
[190} 191]]. Significant improvements can be made by integrating multiple photonic el-
ements in a single unit. Integration reduces the footprint, increases circuit complexity,
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a) b) c)

\/

Figure 7.5: Electro-optic modulators in z-cut lithium niobate waveguides. a) polarisation converter
b) directional coupler c) polarisation converter

and minimises interface losses and power consumption, thus enhancing scalability [9, 32,
192H195).

Quantum photonics requires the generation, manipulation, and detection of single photons.
Scalable integrated quantum optics requires low system loss, nonlinear effects for photon
generation and modulation, as well as efficient single-photon detection. Superconducting
Nanowire Single Photon Detectors (SNSPDs) are one of the highest performing single
photon detectors [90], since they achieve a detection efficiency of above 98% [11], a low
timing jitter [13], and low dark count rates [|[14]]. These superconducting detectors require
cryogenic operating temperatures and have been integrated in photonic platforms [15].

An optimal photonic platform needs to combine the integrability of modulators and single
photon detectors at cryogenic temperatures 51|58} (193}, |194]. Titanium in-diffused lithium
niobate is an interesting platform to pursue this goal since it offers a large second order
nonlinearity, low propagation loss, butt-coupling with single mode fibres, and integrability
of SNSPDs [[196}[197]. To generate and manipulate quantum states, spontaneous parametric
down-conversion [26] as well as frequency conversion [25] has recently been shown at
cryogenic temperatures in this platform. Furthermore, superconducting single photon
detectors such as transition edge sensors [[61] and SNSPDs have been integrated in lithium
niobate [34} 3558, 71, (121,198} [199]. Finally, lithium niobate offers a large electro-optic
effect for optical modulation, which is also functional at cryogenic temperatures [36} 43,
83] [188} [200].

Nevertheless, cryogenic operation of modulators in lithium niobate is a understudied
research area. Morse et al. and Yoshida et.al. [36| 43], independently demonstrated a direc-
tional coupler in lithium niobate at low temperature for the first time. The low-temperature
electro-optic properties of bulk lithium niobate have been investigated in Ref. [83]. A cryo-
genic phase modulator was used in Refs. [58,200] to read out a superconducting device.
Polarisation conversion under cryogenic conditions was recently demonstrated by our
group [188]]. Building on these initial results, in this paper we investigate the performance
metrics of three classes of electro-optic modulators in lithium niobate under cryogenic
conditions. Specifically, we fabricate and compare a phase modulator, directional coupler,
and polarisation converter below 8.5K.

These devices are shown schematically in Fig. Each device functions by coupling an
externally applied electric field to modify the optical field(s) propagating in the waveguide.
In Sec. we provide a general theory for the operating principle of these electro-optic
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devices, and their modifications under cryogenic operation. In Sec.[7.2] we give details on
the fabrication of our devices, followed by the general characterisations setup in Sec.
The results for each modulator are given in Sec. before begin compared in Sec.
Finally, we conclude in Sec.

Theory

Optical modulation requires a controlled change of the refractive index. Several effects
enable the change of the refractive index for example the electro-optic and acousto-optic
effects [37, 44} 45]. To integrate modulators with SNSPDs, the modulators must not only
function at cryogenic temperatures, but also be compatible with the cooling power of the
cryostat. Acousto-optics [201]], thermo-optics [38,[178]], carrier injection [40]], DC-Kerr [202]]
and the electro-optic effect [36}43}|48} 56, |188] have been shown at cryogenic temperatures.
Out of these effects, the electro-optic effect has great advantages for cryogenic applications
since it only requires the generation of an electric field with electrodes and is preserved at
cryogenic temperatures [36, 43} 83, [188]]. We need to know how the electro-optic effect
changes with a change in the temperature to integrate modulators with other optical
components at cryogenic temperatures.

A change in the refractive index An;; can be induced by an electric bias field Epc through
the electro-optic effect with a given effective refractive index of the waveguide 7; via [|18|
37]

1
A (—2) = i EP° (7.5)

ni
Afli =~ ——lrl-jEDC. (76)

The phase modulator uses this retardation to delay the propagation through the waveguide
such that the output phase is shifted. Furthermore, the change of the refractive index
can be used to couple two optical modes. The interaction of the optical modes is used to
couple spatial modes in the directional coupler and polarisation modes in a polarisation
converter. The resulting coupling between the optical modes is described by the coupled
mode equations [44]]. These equations can be reduced to a linear equation with the output
state Aoyy; for a given input state A;;, using the transfer matrix M

Aout = M X App. (7.7)

The input state is given by the input amplitude a,,; either for the spatial channels ; and
ay or the polarisation states ay and ay;

A= (ama)T. (7.8)

The transfer matrix M summarises the conversion from the input to the output depending
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on the coupling parameter «;
Jffl?riij]
G
The coupling parameter scales the interaction between the induced electric field EP¢ and
the supported optical modes E,,; in the waveguide. The overlap n between the applied
electric field and spatial modes is given by the overlap integral with a given electrode
separation G and applied voltage V;

(7.9)

G /A E: EPCE;dA

n=— .
VL EnEndA [, EEidA

(7.10)

Electro-optic modulation is additionally scaled by the material parameter r;;. We expect a
temperature-dependent change of the coupling since the electro-optic coefficient r;; and
the refractive index 1 are temperature dependent [83}85].

Cryogenic modulation

The coupling parameter « links the applied electric field and the output state of the modu-
lator. For each modulator, the quantity ® = kL can be defined. For the phase modulator, ®
is the phase induced given a bias voltage; V,;/2 is the voltage required to shift the phase
by /2. For the directional coupler, ® describes the “phase” of the power transmission be-
tween the two output ports: a change of ® = /2 is required to modulate the transmission
from one output channel to the other. Similarly for the polarisation converter, ® = /2 is
required to transfer power fully from one polarisation mode to the other.

The required voltage for the 7/2-phase shift in each case is determined as the voltage V,/».
A temperature-dependent decrease of the electro-optic coefficient r;; leads to an increase
in the required modulation voltage V,/».

The electro-optic tensor element r;; acts with a different magnitude in different orientations
of the induced electric field [[18} 37]. Different modulator types use different r;; for the
modulation in our z-cut lithium niobate waveguides. The induced electric field uses for the
modulation for the horizontal polarisation with ry3, for the vertical direction with r33 and for
the coupling from the horizontal to vertical polarisation with rz4 [45,|197]. The polarisation
modulator and the directional coupler use the electro-optic coefficient depending on the
incident polarisation. Additionally, the polarisation converter uses the coefficient ry4 to
convert the incident polarisation to the perpendicular polarisation. The electro-optic effect
is temperature dependent, and decreases with the decrease of temperature [187]. It is to
be determined if the electro-optic coefficient experiences the same change for all three
orientations when cooled down from ambient to cryogenic temperatures.

In addition to the temperature change, the coupling parameter « is inversely proportional to
the wavelength A of operation. To compare a modulator at different operation wavelengths,
the operation voltage V;/, should be scaled to the operation wavelength.
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The thermal contraction is approximately 0.1% in lithium niobate from ambient tempera-
tures to cryogenic temperature [[187], therefore, the added change of the output phase ®
due to thermal contraction is negligible with the decrease of temperature.

Temperature-dependent dispersion

All devices depend on modifying the refractive index with an external electric field. Due to
dispersion, this refractive index is wavelength and temperature dependent. Understanding
this interplay is crucial to build devices that function at a given wavelength under the
same operating conditions.

The refractive index of lithium niobate is described by the Sellmeier Equations [85]]. We
simulated the temperature-dependent dispersion for our waveguide geometry, see Fig.
To do so, the refractive index profile of the in-diffused titanium is simulated in dependence
of the temperature and wavelength with the simulation program RSoft [84]]. The refractive
index for the vertical polarization TM remains almost unchanged by 0.03% while the
refractive index TE changes by 0.3% in a range from 300K to 1K at 1550nm.
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Figure 7.6: Temperature dependent dispersion of the waveguide. The refractive index is extracted
from the Sellmeier equations and the simulated titanium diffusion profile is for our
in-diffused waveguides.

Fabrication

The modulators are fabricated from congruently grown z-cut lithium niobate wafers and
the waveguides are realised by titanium in-diffusion [79]. To do so, a layer of titanium is
deposited on the samples top surface. Afterwards, a photoresist is deposited and selectively
cured with UV mask lithography or UV laser lithography to structure the sample. Then, the
titanium is etched such that a titanium stripe results on the surface along the entire sample
length with the values given in figure To raise the refractive index in the sample the
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titanium stripe is in-diffused. The endfaces of the samples are polished to enable efficient
optical coupling. The resulting waveguides achieve losses below 0.15dB/cm at 1550 nm.

Modulation in the waveguides is induced by an electric field originating from electrodes
on the top surface. To fabricate and align the electrodes, a photoresist is structured with
UV-lithography. The electrode pairs are separated by a gap G over the full length L of the
electrodes with an electrode width w, as given in table The direction of the electric
field in the waveguide can be chosen by the placement of the electrode either in the vertical
direction when placed on the top of the waveguide or in the horizontal direction when
placed adjacent to the waveguide [203]]. The phase modulator has an electrode placed on
the top of the waveguide to generate mainly the electric field vertically in the waveguide
and an adjacent ground electrode. The electrodes are placed on top of the waveguides
of the coupling region for the directional coupler. The polarisation converter requires a
horizontal electric field. Therefore the electrodes are placed symmetrically next to the
waveguide. Afterwards the electrode material is sputtered with a buffer layer of SiO, to
reduce waveguide losses, a Cr layer for adhesion and an Au layer for the electrodes, with
the given values in table[7.1] A lift-off process removes the unwanted electrode material and
the electrodes are contacted with wirebonds on the top. The chosen fabrication parameters
of the modulators are optimised for the operation at ambient temperatures and summarised
in table[7.1} The cryogenic operation of these modulators will need additional optimisations
in the future since the overlap between the waveguide mode and electric field is likely to
change due a temperature dependence in the refractive index and permittivity [83}85].

The polarisation converter requires an additional periodic poling for phasematching, as
described in Sec. The waveguides are poled prior to electrode deposition. To do so, a
photoresist with the required poling period is structured and liquid electrodes are deposited
on the sample surface for biasing. RF voltage pulses invert the material domain under the
electrodes, resulting in the required poling period. For our polarisation modulator this
period is 19.9 pm.

Type waveguide electrode electrode height

Ti width | length | length | gap | width | SiO;, | Cr | Au

unit pm mm mm | pm | pm nm | nm | nm

Phase modulator 5 22 12 9 100 400 | 10 | 300
Directional coupler 7 27 12 6 100 400 | 10 | 100
Polarisation converter 6 22 15 15 400 400 | 10 | 100

Table 7.1: Summary of the fabrication parameters for the realised modulators.

Electro-Optical Characterisation
We want to determine the voltage, wavelength, and temperature dependence of the three

modulators. For the directional coupler and the polarisation modulator we measure the
optical intensity in the two different modes while we sweep the bias voltage. These sweeps
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are done at different wavelengths of the input laser, and the wavelength sweeps are acquired
at ambient and cryogenic temperatures. The phase modulator is characterised with the
Sénarmont method [204], where we sweep the voltage at constant wavelengths. This is
again done at different wavelengths and at ambient and cryogenic temperatures.

To characterise the modulators, they are placed in a cryostat with windows for in- and
outcoupling, as it can be seen in figure [7.7] a), figure [7.8| a), and figure [7.9] a). The light
propagates through the sample and is modulated by applying a voltage across the electrodes.
For the analysis of the output intensity the light is split by their spatial or polarization
modes. The output of the phase modulator and polarisation converter are split with a
polarising beam splitter, as it can be seen in figure [7.7|a) and [7.9| a). The output of the
directional coupler is collimated and then split spatially with a D-shaped mirror, as it can
be seen in figure|7.8|a). The resulting output intensity is then acquired by photodiodes.

The voltage is swept in a range from -60 to 60V. We use a tunable continuous wave laser
with a tuning range from 1440 nm to 1640 nm, a linewidth of 1 pm, and an intensity of 1 mW.
To avoid changes in the setup, the sample is mounted in the cryostat for the characterisation
at both ambient and cryogenic temperatures, as it is summarised in table

Type wavelength [nm] voltage [V] temperature [K]
range steps | range | steps | max min
Phase modulator 1440-1640 2.5 +60 1 296 8.5
Directional coupler 1440-1640 2 +55 0.5 296 5
Polarisation converter 1464-1430 | 0.2 £60 ! 296
1578-1590 | 0.2 +60 1 5

Table 7.2: Parameter range of the wavelength and voltage sweeps. The parameters sweeps are
given for all three modulators at ambient and cryogenic temperatures.

Modulators
Phase Modulator

A phase modulator demonstrates the core principle of electro-optic modulation. The
modulator changes the refractive index in the waveguide and a tunable propagation delay
is induced. This delay can be used to modulate the interference in an integrated Mach-
Zehnder-interferometers or the phase between path-entangled states in quantum optics.
Electro-optic phase modulators are therefore an essential tool for quantum optic networks
[20} [197]]. Additionally, a lithium niobate phase modulator has been used to read out
superconducting devices at cryogenic temperatures [[205].

An electric field induces the change in the refractive index via the electro-optic effect
depending on the incident polarisations, as described in section The accumulated
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phase ® g v after the propagation through a waveguide can be described by the transfer
matrix for the input in both polarisation modes written in vector form A;, = (ag, ay)T:

exp(i®g) 0
M = . 7.11
Phase 0 eXp(i(Dv) ( )
The phase at the output of the waveguide due to the electro-optic modulation is then
®po = k(H,v)L, which is described in section The coupling parameter is given by the
equation[7.9 depending on the polarisation with ri3 and rs3 respectively.

The Sénarmont method can read out the phase difference of two polarisation modes
by interfering them after the transmission through the sample [206]]. Light is coupled
equally in the waveguide and modulated by the electric field with an accumulated phase
difference

AD = KHL - KvL. (712)

The output of both polarisations are then interfered with an quarter waveplate at 45° and
a Polarising Beam Splitter (PBS). The intensity I in one arm after the PBS is then described
by:

11,2 = %(1 + Sll’l(Aq))) (713)

The electric field generated by the electrode on the top of the waveguide mainly modulates
the phase in the vertical direction and partially in the horizontal direction, due to the
horizontal geometry of the electrodes.

A single voltage scan at 1550 nm is shown in figure [7.7]b). We normalised the output of the
modulator by the sum of the intensity in both channels of the PBS: Liorm = I v /(Ig + Iy).
The resulting modulation gives the expected sine-shape. The modulation voltage V;;
is the voltage difference required to modulate the output intensity from a minimum
to a maximum. Propagation and coupling losses reduce the intensity of the beams and
therefore the visibility of the modulation. Nonetheless, the V,/,-voltage is unaffected from
the induced losses.

The modulation voltage V,/, increased from 23.3V at ambient temperatures to 40V at
cryogenic temperatures. In addition, we extracted the V;;/, from the wavelength scan at
different temperatures as it can be seen in figure(7.7|c). A linear increase of the modulation
voltage is observed with the increase of the operation wavelength. A DC-drift in the
modulation characteristics was not observed during the characterisation of the modulator
over the duration of a day.

The phase modulator was operated successfully at ambient temperatures and at cryogenic
temperatures over the full wavelength range from 1440-1640 nm. The modulation voltage
Vy/2 increased with the decrease in temperature and increase of the operation wavelength.
In this case, the operating temperature was 8.5K, due to increased electrical heat load in
relation to the other tested modulators. We used the Sénarmont method to characterize
the phase modulator because this method shows the core principle of the electro-optic
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Figure 7.7: a) The electro-optic phase shifter is integrated in a cryostat for optical testing. A tunable
laser is coupled in the waveguide. The output characterised with a quarter wave plate
and a polarisaing bema splitter (PBS). b) Sweep of the bias bias voltage at 1550 nm. c)
Wavelength dependent V,,/,

modulation. Additionally, the method allows us to use only a single input beam. The
phase modulator can be used on a single polarisation but a stable reference beam must
be used to read out the phase. The resulting modulation voltage will be lower because
the phase difference of only one polarisation is read out. Nonetheless, this method for
the characterisation shows the principle of the electro-optic modulation at cryogenic
temperatures.

Directional coupler

Electro-optic directional couplers are used in integrated photonics to route light between
waveguides. This effect is used for the switching of single photons [20]] or in macroscopic
applications for intensity modulation [207].

Light is guided through a waveguide towards an adjacent waveguide such that the evanes-
cent field of both guided modes overlap. After the interaction, bends divert the waveguides
and guide the coupled light apart, as seen in figure[7.8]a). The output of the coupler depends
on the propagation in the waveguides, which for symmetric waveguides is described by
the propagation constant k.

The electrodes on the top of the waveguides generates a vertical electric field and induces
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a phase difference:
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Due to the electrode configuration the electric field in both waveguides are orientated in
opposing directions. The electro-optic modulation is therefore dependent on the overlap
between the spatial mode of the adjacent waveguides E; ; and the induced electric field
EP€ [203]
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The state of the modulator at a given propagation distance y is described by the transfer
matrix for an input state A;, = (ay, a;)" for both waveguides ||

n=2 (7.15)
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The output state of the directional coupler at y = L is dependent on the switching parameter
k? + (f/2)?. The induced electric field thus changes the propagation in the coupler
by changing the switching parameter s.
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Figure 7.8: a) The coupler is integrated in a cryostat for optical characterisation with a polarized
tunable laser and a bias voltage supply. The resulting 2D plot of the wavelength
dependent electronic modulation is given at b) room temperature and c) at 5K. The
intensity in the 2D plot is normalized by the sum of both intensities; I; / (I; + )

The directional coupler requires a voltage of 18V to couple TM-polarised light from

the input waveguide to the adjacent waveguide at 1550nm and ambient temperatures.
The V,/;-voltage increases to about 35V at 1550nm and cryogenic temperatures. The
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wavelength-dependent output of the modulator at ambient temperatures resembles the
wavelength dependent modulation with a shift of 42V at cryogenic temperatures. This
DC-shift could be induced by localised charges in the sample generated during the cooling
process due to the pyro-electric effect [37,187]]. The DC-shift remained stationary during
the characterisation of the device over the course of more than a day.

Additionally, the comparison of the wavelength-dependent modulation can be determined
by comparing the output when the light remains in the same waveguide, known as the
bar state. This bar state shifted from 1545 nm at ambient temperatures to 1460 nm at cryo-
genic temperatures, a shift of 85 nm. The output of the directional coupler is wavelength-
dependent since dispersion changes the coupling ratio of the waveguide modes.

Polarisation Converter

Controlling the polarisation on a single photon level is of great interest for quantum optics.
Manipulating photonic qubits can be realised by polarisation conversion in combination
with frequency conversion [20]].

The modulator converts incident light from one polarisation to the orthogonal polarisation
using the electro-optic effect. The conversion is inefficient at a given wavelength due to
differences in the propagation speeds of the two polarisation modes, since z-cut lithium
niobate waveguides are birefringent. The mismatch in propagation speed results in an
acquired phase difference Af. A periodic poling of the crystal axis along the propagation
direction can compensate the accumulated phase difference [44, |188]]. Therefore, a poling
length A should be chosen such that

B ng(A, T) —ny(A,T) 2\
g (BADZ D) _(ar)

(7.17)

With a designed periodic poling for a given operation wavelength the polarisations couple
efficiently. The transfer matrix that describes the polarisation conversion from H to V
when operated on a single waveguide with the input A;, = (ag, ay)? is given by

iAS . ko i
Mostcons = (cos(sy)K+. 55 Sin(sy) . 51§1A(;y') ) e Ay . (7.18)
+5 sin(sy) cos(sy) — - sin(sy)

The coupling strength between the polarisation modes is dependent on the switching

parameter s = /2 + (Af/2)%. Coupling is most efficient at the phasematched wavelength
with Af = 0, such that the switching parameter is equal to electro-optic coupling s = «.
The coupling parameter k is given by equation[7.9 with the effective refractive index as
the geometric mean n = (anV)l/ 2 and the electro-optic coefficient ry4.

The change of the operation temperatures affects the refractive index of the waveguides
such that the phasematched wavelength shifts. The results of the characterisation at 296 K
and 5K can be seen in figure [7.9]b) and c).
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Figure 7.9: a) The coupler is integrated in a cryostat for optical characterisation with an tunable
input laser and a bias voltage supply. The resulting 2D-plot of the wavelength dependent
electronic modulation is given at room temperature b) and at 5K c). The intensity is in
the plot is normalized by the sum of both intensities. I v /(I + Iy)

The phasematched wavelength of the converter shifted from 1472 nm to 1584 nm for a
poling period of 19.9 pm from 295K to 5K. The required conversion voltage V,/,, at the
phasematched wavelength, increased from 11.1V to 16.1V. The increase in the required
conversion voltage is linked to the decrease of the electro-optic coefficient ry4. In ad-
dition, a DC-offset is present in the range of 2.1V and remained stationary during the
characterisation over more then one day.

The modulation map at cryogenic temperatures resembles closely the shape of the con-
version map at ambient temperatures. A wavelength shift of 112 nm, an increase of Vy;
of 5V, and a DC-shift of 2.1V is observed with the decrease of temperature. Additionally,
we observed a reduced perturbation of the conversion characteristics in comparison to a
previous cryogenic characterisation of a polarisation converter [188].

Device comparison

In summary, we realised three different devices to characterise the electro-optic modula-
tion at cryogenic temperatures. First, a phase modulator inducing a phase difference was
characterised with the Sénarmont method. Second, a directional coupler was realised to
modulate the routing from one waveguide to the other. Lastly, a polarisation converter was
realised to couple light from an incident polarisation to the orthogonal polarisation. This
modulator toolbox can be used to realise integrated photonic circuits at cryogenic temper-
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atures. We now compare the performance of these modulators at ambient temperatures
and cryogenic temperatures.

The required modulation voltage V,/, and operation wavelength are summarised in the
table All modulators showed an increase of the operation voltage V,/, at cryogenic
temperatures, namely 74% for the phase modulator, 84% for the directional coupler and
35% for the polarisation converter, as shown in table Note that the effect of different
operating wavelengths and electrode lengths are normalised out in each case. The increase
in the modulation voltage can be attributed to the material parameters connected to the
modulation strength k such as the electro-optic coefficient r;; and the mode overlap 7. For
example, previously the electro-optic coefficient r33 has been reported to decrease by ca. 20%
for bulk lithium niobate at cryogenic temperatures [83]]. This decrease would be equivalent
to a voltage increase of 28% for the directional coupler used in this work. The discrepancy
with the 85% increase in the V,,-voltage which we observe could be due to a reduced
overlap between the guided mode and the electric-field at cryogenic temperatures. The
overlap can be further optimised by the electrode placement and dimension at cryogenic
temperatures. The other modulators use different r;; parameters, however changes to
the mode overlap make it difficult to infer changes in this parameters under cryogenic
conditions.

Vij2 [V] A [nm] Vaj2/(AL) [pmvcm]
Type 296K | <85K | 296K ‘ < 85K | 296K < 8.5K
Phase modulator 23.3 40 1440 - 1640 12.4 21.5
Directional coupler 18 35 1460 | 1545 10.2 18.8
Polarisation converter | 11.1 16.1 1472 1584 5 6.73

Table 7.3: Summary of the results from the temperature dependent modulator characterisation.
The given wavelengths are the bar state wavelength for the directional coupler and
phase matched wavelength for the polarisation converter.

The operation of the directional coupler and polarisation converter showed a DC-shift in
the modulation characteristics at cryogenic temperatures. We associate this DC-shift to be
generated by pyro-electric charges during the cooling process [37,|187]. These charges are
localised in the substrate such that a static electric field is generated. During the cooling
process the charges can be discharged and generated, scaled by the charge mobility of the
substrate. The charge mobility in lithium niobate decreases at lower temperatures such
that the charges are less likely to discharge [[187]]. The resulting electric field builds up
and presents as a DC-shift in the modulation at cryogenic temperatures. This DC-shift
remained stable under cryogenic conditions since the charge mobility in the substrate is
greatly reduced and additional DC-drifts could be less likely.

The output of the modulators shows a wavelength dependence. To match multiple optical
devices the interaction length can be further optimised to achieve the desired output state
at cryogenic temperatures. The temperature induced wavelength shift in the unbiased bar
state is 84 nm for the directional coupler and 112 nm for the polarisation converter. The

83



7 Publications

desired operation wavelength can be optimised by either optimising the coupler length
and waveguide separation or by optimising the periodic poling. The phase modulator can
be operated in the entire wavelength range. Additionally, a wavelength-dependent V,,
was determined. The modulation voltage increase is expected to be 14% given the relation:
k ~ 1/A. However an additional increase by 31% is observed at ambient temperatures
and at cryogenic temperatures. The wavelength dependent increase could be linked to a
reduced overlap between the optical mode and induced electric field.

Conclusion

We successfully realised a toolbox for light manipulation for integrated optics at cryogenic
temperatures. The modulators are fabricated with titanium in-diffused z-cut lithium niobate
waveguides. We fabricated and characterised a phase modulator, directional coupler and
polarisation converter and investigated changes in the electro-optic effect at cryogenic
temperatures. The modulation voltage V,/, increases with the decrease of temperature
for all three modulators, and can be optimised further for these devices by optimising the
overlap between the optical modes and induced electric field. Future characterisation can
focus on a reduction of pyro-electricity during the cooling process.

The future goal for the cryogenic modulators is the integration with SNSPDs. Integrated
SNSPDs have been shown before with system detection efficiencies of about 1% for in-
diffused waveguides and thin lithium niobate at 46 % [34}[35,|58} |61, /121]]. The evanescent
coupling from the waveguides to the detectors may need further improvements depending
on the desired application. Additionally, feed-forward applications could be realised by
the combined integration. An impinging on the SNSPD generates an electronic signal
which modulates light in the integrated electro-optic modulator. The amplitude of the
detection signals is in the range of a few millivolts while the modulation voltage V,, is
above 16 V at cryogenic temperatures. Additional amplifiers are then needed to generate
a strong optical modulation based on a single photon click. This characterisation of the
electro-optic modulator is a step forwards towards the combined operation of integrated
detectors and modulators at cryogenic temperatures.
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Abstract

Superconducting Nanowire Single Photon Detectors (SNSPDs) have become an integral
part of quantum optics in recent years because of their high performance in single photon
detection. We present a method to replace the electrical input by supplying the required
bias current via the photocurrent of a photodiode situated on the cold stage of the cryostat.
Light is guided to the bias photodiode through an optical fibre, which enables a lower
thermal conduction and galvanic isolation between room temperature and the cold stage.
We show that an off-the-shelf InGaAs-InP photodiode exhibits a responsivity of at least
0.55A/W at 0.8 K. Using this device to bias an SNSPD, we characterise the count rate
dependent on the optical power incident on the photodiode. This configuration of the
SNSPD and photodiode shows an expected plateau in the single photon count rate with an
optical bias power on the photodiode above 6.8 uyW. Furthermore, we compare the same
detector under both optical and electrical bias, and show there is no significant changes in
performance. This has the advantage of avoiding an electrical input cable, which reduces
the latent heat load by a factor of 100, and in principle allows for low loss RF current
supply at the cold stage.

Exploiting the nonclassical properties of light can enable and improve various tasks in
communication [[189]], computing [4]], and metrology [[190,(191]. These applications require
high detection efficiencies for the carefully generated and manipulated quantum states of
light [32]]. Superconducting Nanowire Single Photon Detectors (SNSPDs) are state-of-the-
art single photon detectors, achieving efficiencies above 98% [11], low timing jitter [177],
and low dark count rates [[14].

As the size and complexity of quantum optics experiments increases, so does the need for
ever more detectors. One of the limits of scaling superconducting detector systems is the
heat load and electrical noise of the in- and output connections from ambient temperatures
to the SNSPDs in a cryostat [90,[209]. This problem is not limited to SNSPDs: many quantum
technologies require electronic control in a cryogenic environment [[123]]. Providing the
electrical bias, control and readout through an optical connection could reduce these
restrictions significantly [[123}|131]. Recently, optical readout of a superconducting detector
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has been shown with an integrated electro-optic modulator [51} 58} 59, /147]]. However, a
complete optical operation, namely bias and readout, of an SNSPD still lacks an optically
driven current source.

tunable laser

pulsed laser
I]] timetagger
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attenuator
:] D attenuator
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< 08K

Figure 7.10: A photodiode is illuminated by the tunable laser and provides the current for a
superconducting nanowire single photon detector (SNSPD). A second laser triggers
the SNSPD with attenuated optical pulses and the signal is transmitted electronically
through the amplifiers to the timetagger.

The state of the art for the bias of an SNSPD is a regulated current source with a coaxial cable
connection. Optical connections with a photodiode can be more heat efficient than a coaxial
cable between ambient temperatures and the cold stage of the cryostat if the required
optical power is lower than the induced heat load from the coaxial cable [59,/123]]. The fibre
connection also enables a galvanic isolation towards the cold stage [123]], independent of
the heat load of the photodiode. The isolation yields the benefit of an intrinsic RF-noise
decoupling, isolation from ground loops within the cryostat and decoupling from thermal
input noise.

Critical to this approach are functional photodiodes at cryogenic temperatures. Previ-
ously, the characterisation of photodiodes has been reported at temperatures around 4 K
(118|129, 130]). In particular, InGaAs-InP photodiodes have been operated in conjunction
with superconducting circuits such as Josephson Junctions [28|(128H130]] and transmon
qubits [[131]).

In this paper we present the optical bias of an SNSPD with the photocurrent of a cryogenic
photodiode. The photodiode acts as an optical to electronic power converter and can be
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regarded as a local current source at the cold stage of the cryostat. The paper is organised
as follows. First, we characterise an off-the-shelf InGaAs-InP photodiode to determine its
performance as a cryogenic current source. The photodiode converts the optical power
of a laser through an optical fibre at the cold stage of the cryostat, as it can be seen in
figure Second, we show how this can be used to bias the SNSPD, and compare the
performance with a standard electrical bias connection. Finally, we give an outlook on
future improvements and applications.

Cryogenic current source

The principle of operation of an SNSPD is based on the photon-induced breakdown of
superconductivity in a thin and narrow wire. The wire is electrically biased close to its
critical current, such that the absorption of at least one photon is sufficient to make
the wire normally conductive and a voltage pulse can be read out. Depending on their
material and geometry, SNSPDs typically require a bias current in the range 1-50 pA [16].
In our implementation, this is provided by the photocurrent of an off-the-shelf photodiode
from Marktech (MTPD1346D-010). To that end, we first characterize the performance of
the photodiode under cryogenic conditions. For a photodiode in shunted operation, the
conversion ratio from an optical input power P to a photocurrent I is described by the
responsivity R(A) = I/P(A). The conversion depends on the active material and operation
wavelength A. We characterise the responsivity of an off-the-shelf InGaAs-InP photodiode
depending on the wavelength and temperature. To do so, the photodiode is mounted
in a cryostat and a single mode fibre illuminates it from above. A tunable contiuous-
wave laser provides a power of 1mW into the fibre and an ampere meter reads out the
photocurrent generated by the photodiode through a coaxial cable, as it can be seen in
figure While cooling down the photodiode from ambient temperatures to 0.8K, the
illumination wavelength is swept in a range from 1440-1640 nm in 2 nm steps and the

generated photocurrent is measured. The acquired responsivity is displayed in figure[7.11]
b).

The photodiode achieves a responsivity of about 0.65 A/W at ambient temperatures at
1540 nm, as it can be seen in figure b). Over the entire temperature range, the respon-
sivity is maintained over a wavelength range of 1440 nm to 1540 nm. A responsivity of
0.55 A/W is measured at 1540 nm at a stable operation temperature of 0.8 K. In contrast,
the responsivity of the photodiode is reduced over a wavelength range of 1540-1640 nm
below a temperature of 150 K. This is explained by the temperature-dependent bandgap of
InGaAs-InP with the Varshni model [[132] and has been reported previously [129]. The
temperature dependence of the band gap cannot be directly extracted from this data set be-
cause the temperature sensors for the cold stage of the cryostat are not precisely calibrated
in the range from 270-20 K.

The bias current for an SNSPD needs to be adjusted to generate photocurrents below the
critical current. Therefore, we need to determine the photocurrent depending on the input
power over a sufficient range to accurately set the desired bias current. To do this we insert
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Figure 7.11: a) A tunable laser illuminates the photodiode in the cryostat and the photocurrent
is read out with an ammeter. b) The responsivity of the photodiode depends on the
wavelength and temperature. c) The photocurrent is read out dependent on the optical
power. Error bars are plotted for both measurements and become smaller than the
marker of the data point at higher powers. At room temperature and low optical
power, the uncertainty is dominated by dark current with an average of 75 nA, which
can take negative values and therefore results in large lower error bars on the log
scale.

avariable attenuator to limit the optical power on the photodiode while the laser is operated
at stable power output at 2 mW with a wavelength of 1540 nm. The illumination power
of the photodiode is varied in 0.25 dB steps, the current is read out with a picoammeter
and the results are shown in figure c). The photodiode shows a linear dependence
in the responsivity in the range from 1mW to 100 nW at room temperature and 1 mW to
10 pW at cryogenic temperatures. The photodiode is not responsive for lower input powers
because the dark current is larger then the generated photocurrent. The photodiode has
a significantly larger dynamic range at cryogenic temperatures since the dark current is
reduced with the decrease in temperature. The upper limit of the characterization is 1 mW
so as not to exceed the heat load limit of the cryostat, given by the manufacturer.

In summary, the responsivity of the photodiode decreases slightly to 0.55 A/W at cryogenic
temperatures, however the linear dependence between the input power and photocurrent
is maintained. The photodiode can provide the bias current for an SNSPD of about 5 pA
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with 8 uW of input power, which does not surpass the heat load limit of the cryostat
of about 1mW at 0.8 K. The photodiode is characterised in shunted operation, since the
superconducting meander of the SNSPD shunts the circuit. We additionally characterised
the load capabilities of the photodiode at 0.8 K in section in which we show that the
generated photocurrent is not suppressed by the typical circuit loads with these optical
input intensities at 0.8 K.

Comparison between photocurrent bias and conventional bias

We realise the current bias of the SNSPD with a photocurrent generated by a photodiode
located at the cold stage of the cryostat to show the proof of principle of the the concept.
We compare the performance with a conventional bias via a current source at ambient
temperatures. Both biasing methods are realised with the same SNSPD, during separate
cooldowns of the cryostat. The fabrication parameters of the SNSPD follow those from
Marsili et al. [[210]]. We specifically, compare the voltage response of the click signal, the
count rate dependent on the bias, the derived System Detection Efficiency (SDE) and the
timing jitter.

The photocurrent bias is realised by connecting the photodiode, SNSPD and a 50 2 resistor
in parallel at the cold stage of the cryostat, as schematically shown in figure The
photodiode is illuminated through an optical fibre with a laser emitting at 1530 nm. An
optical power of 6.7 uW is transmitted onto photodiode, resulting in a bias current of 5 pA.
The cold stage of the cryostat reached a stable temperature at 0.8 K. The SNSPD generates
click signals which are transmitted through coaxial cables and amplified further with two
room temperature amplifiers (Mini-Circuit ZKL-2R5+). The resulting signal is displayed in
figure (blue) with an amplitude of 50 mV, a rise time of 2.5 ns, and a fall time of 100 ns.
The detected click events show the proof-of-principle for optically biasing an SNSPD.

The conventional bias is realised with the same SNSPD using a single commercial biasing
and readout circuit at room temperature (Photonspot) consisting of a constant current
source, integrated amplifier, and a 50 Q shunt resistor. The resulting click signal of the
current bias is depicted in figure (orange) with a bias current of 5pA, an amplitude of
120 mV and a fall time of 100 ns. Both click signals have a similar shape and only deviate
in their amplitude due to the use of different amplifiers. For further performance analysis,
the click signals are acquired with a timetagger with a threshold height at 50% of the
maximum peak height.

The bias-dependent count rate of the SNSPD is investigated to compare the detection
efficiency of both biasing methods. To do so, the timetagger detects the click signals
of the SNSPD and acquires a count rate for both biasing methods. A pulsed laser with
a repetition rate of 400 kHz, wavelength of 1550 nm, and attenuated to a mean photon
number of approximately 2 photons per pulse is used to illuminate the SNSPD. The resulting
bias dependent count rate is given in figure a) for the photocurrent bias and b) the
conventional bias. Both biasing methods show a similar dependence between the count
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Figure 7.12: Oscilloscope traces of the amplified click signals with a photocurrent bias (blue) and
a conventional bias (orange).

rate and the applied bias, following a sigmoidal function. To compare the response of
each device, the click rate of the SNSPD is compared at the point of inflection in the
System Detection Efficiency (SDE) which is common in both bias dependent count rate
distributions and highlighted in figure[7.13] At this point of inflection the photocurrent bias
reached a Photon Count Rate (PCR) of 256 kcps and a Dark Count Rate (DCR) of 12.2 keps.
In comparison, the conventional bias reached a PCR of 251 keps and a DCR of below 1keps.
Both biasing methods reach a similar signal count rate but the DCR increases under the
photocurrent bias.

The increase in the DCR can be attributed to additional photons from the photodiode
illumination being scattered onto the SNSPD. To investigate the scattering, we illuminate
the photodiode with a power equal to the 90% of the critical bias at 6.8 pA, but we bias the
SNSPD with the conventional bias. The dark count rate is investigated here at the 90% of
the maximum bias because this is closer to the point of typical operation. The resulting
DCR with this conventional current bias reaches a count rate of 31kcps. This is higher
than the DCR at the point of inflection of the SDE due to the increased bias.

The bias dependent count rate shows different behaviour for each biasing method beyond
the count rate plateau, as it can be seen in figure Under the conventional bias of the
SNSPD, no counts beyond a bias current of 5.6 pA are measured, which is indicative of
latching. At bias currents beyond this point, absorbed photons generate a hotspot from
which the SNSPD cannot reset, therefore no additional click signals are registered.

However, under photocurrent bias, the count rate increases significantly for an optical
bias power of 7.6 uW, see figure a). Individual traces are generated in the range from
7.6-11.6 uW which are acquired by the time tagger. We attribute this to latching and self-
resetting dynamics [101, 211]: The provided photocurrent in the SNSPD could surpass
the critical current in the meander in this regime and therefore induce a hotspot. The
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Figure 7.13: Bias dependent Photon Count Rate (PCR) and Dark Count Rate (DCR) of the SNSPD
with pulse laser with repetition rate of 400 kHz. a) The bias power on the photodiode
is varied with a variable attenuator. The click signals are distinguishable from self
oscillation up to 7.6 uW. The y-axis is broken to depict the acquired high count
rates from the self oscillation beyond a bias of 7.6 pyW. b) The bias for the SNSPD
is provided with a constant current source. The SNSPD latches beyond 5.6 pA. The
point of inflection of the SDE is highlighted in a) and b) by a red dot.

50 Q shunt resistor placed directly at the SNSPD redirects the current such that hotspot
resets. This process then repeats. In contrast, in the conventional bias method, the added
coaxial connection to the shunt resistor at room temperature delays the current redirection,
meaning the hotspot cannot reset and the meander remains resistive. In other words, the
propagation delay of the coaxial cable alters the resetting behaviour and the SNSPD
latches.

The count rate of the SNSPD reaches a plateau for the optical and electrical biasing method
above a bias with 90% of the maximal bias. We derive the system detection efficiency (SDE)
by comparing the count rate of the SNSPD with a calibrated detector with the same input
of the mean photon number. The mean photon number 7 is calculated by the Photon
Count Rate (PCR) for a given repetition rate RR of the attenuated excitement laser with a
detection efficiency 7 of the click detector [212];

i =—log (1—@)l (7.19)
RR /7
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A calibrated detector with a detection efficiency of 83+5% is used to set a mean photon
number of 2.2 + 0.13 for the photocurrent bias and 2.4 + 0.14 for the conventional bias.
The resulting SDE dependent on the bias is shown in figure The SDE should be
independent of the current source since only a constant current is supplied to the SNSPD.
To compare biasing methods in respect to their SDE, we normalise the bias to the point of
inflection of a sigmoidal function. The point of inflection for the conventional bias is at
4.2 pA, and at 5.8 uW for the photocurrent bias while having a maximum SDE of 79.3+5%
and 82.5+5% respectively.

An additional potential difference between the cold stage of the cryostat and the ambient
temperature is measured without any applied bias. The offset current is in the order of
700+100 nA which must be accounted for when calculating the bias current. This potential
difference could be induced by thermo-electric voltage induced by different temperatures
and connections as well as noise pickup of the coldstage [[122]]. In contrast, the photodiode
bias is immune to the potential difference since the load resistor and SNSPD are on the
same potential. Nonetheless, the normalised system detection efficiency overlap for both
biasing schemes with the offset current compensated as shown in figure

904 Photocurrent bias
Conventional bias

SDE [%]
ul
o

0.6 07 08 09 10 1.1 12 1.3
Normalised Bias

Figure 7.14: System Detection Efficinecy (SDE) dependent on the photocurrent bias (blue) and
conventional bias (orange). The bias is normalised to the point of inflection of the
SDE. The point of inflection is at 4.2 pA and 5.8 pW, respectively. An additional offset-
current is present in the system of about 700+100 nA. The orange and blue band show
the error due to this offset compensation and the error in the detection efficiency. The
SDE is here derived for a given mean photon number with equation

The plateau in the detection efficiency for the photocurrent bias is extended in comparison
to the conventional bias. The increased plateau length could originate from an improved
current stability with the photocurrent bias. The photodiode generates the bias current in
close proximity to the SNSPD and could be more immune to noise pickup of the cables in
the cryostat.
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Figure 7.15: Timing jitter of the of the SNSPD with a 50 ps pulsed laser. The SNSPD is biased with
a photocurrent bias (blue) and a conventional bias (orange).

One of the many benefits of SNSPDs is their low timing jitter of the detection signal. The
jitter should not be influenced by the biasing method as long as a constant current is
supplied to the SNSPD. To verify this, we compare the system timing jitter in both biasing
regimes. To do so, we use an attenuated pulsed laser with a repetition rate of 625kHz
and a pulse width below 1ps at a centre wavelength 1545 nm to excite the SNSPD. In the
characterisation a bias point at 90% of the maximum bias (6.8 pW and 5 pA) is chosen. The
resulting histogram of the photocurrent bias (blue) and conventional current bias (orange)
shows in figure the jitter in the timing delay between a trigger signal of the optical
input pulse and a generated click signal of the SNSPD. The distribution of the timing
delay for the photocurrent bias has a Full Width Half Maximum (FWHM) of 513+3 ps. In
comparison, the conventional current bias has a FWHM of 495+3 ps. The FWHM of the
timing jitter of both methods agree within a few percent relative error. A small difference
can arise from a difference in the bias set point. The SNSPD was biased at 90% of the
maximum bias which deviates from comparison of the point of inflection because of the
difference in the plateau length. Hence, the jitter was acquired at different relative bias
points. This mismatch in the relative bias leads to a change in the bias dependent width in
the jitter distribution which has been previously reported [[177,213-215]]. Additionally, the
conventional bias and the photocurrent bias schemes use different amplifiers to detect the
click signals. A single commercial amplifier is used in the conventional bias scheme and
two chained amplifiers are used in the photocurrent bias scheme. The chained amplifiers
can introduce and amplify additional thermal noise such that additional jitter is added
in the system. Nevertheless, both methods show no significant deviation in the overall
system jitter.
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Conclusion and Outlook

We successfully biased an SNSPD with the photocurrent of a photodiode at cryogenic
temperatures. This method enables us to optically bias an SNSPD and replace the electrical
input connection with a light source, photodiode, and optical fibre. The used photodi-
ode was characterized at cryogenic temperatures and showed a responsivity of at least
0.55 A/W. The optical bias with the photodiode reached a plateau at a bias power of
6.8 uW. In comparison to a constant current bias no significant reduction in the detector
performance was observed in terms of the system detection efficiency and timing jitter.
The dark counts increased slightly, which is wholly attributable to photons leaking from
the optical bias.

Connecting an SNSPD directly from room temperature to a cold stage, the thermal heat
load is in the few miliwatt range [122| 123]. Thermal anchors can reduce the effective
heat load for the coldstage by absorbing the heat at intermediate stages. In comparison, a
single mode fibre can be added from ambient temperatures to the coldstage directly since
minimal heat is conducted through the fibre. This reduces the latent heatload by a factor
of 100 compared with coaxial cable [51}|59].

The optical bias of the SNSPD shows further possibilities of improvements and applications.
The dark count rate of the SNSPD can be decreased by improved shielding of the bias light.
The optical input of the SNSPD can be also combined with an electro-optical modulator[51}
58,159,|147]] to achieve pure optical operation of an SNSPD. This removes the constraint
of using any coaxial cable between room temperature and the cryogenic environment
reducing the heat load further [[59,(123]] and achieve galvanic isolation [123]. Extending
this scheme, an optically pulsed photodiode would enable a simple method for bias current
pulsing. Since the bandwidth would be limited by the photodiode, bandwidths exceeding
10 GHz [118]] under cryogenic conditions are feasible. This method can be investigated
further to gate the detection of an SNSPD.

Supplementary Material

See supplementary material for the load characterisation of the photodiode at 0.8 K.
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Abstract

Quantum photonic processing via electro-optic components typically requires electronic
links across different operation environments, especially when interfacing cryogenic
components such as superconducting single photon detectors with room-temperature
control and readout electronics. However, readout and driving electronics can introduce
detrimental parasitic effects. Here we show an all-optical control and readout of a supercon-
ducting nanowire single photon detector (SNSPD), completely electrically decoupled from
room temperature electronics. We provide the operation power for the superconducting
detector via a cryogenic photodiode, and readout single photon detection signals via a
cryogenic electro-optic modulator in the same cryostat. This method opens the possibility
for control and readout of superconducting circuits, and feedforward for photonic quantum
computing.

Introduction

Integrated quantum photonics offers great benefits for quantum information processing
and communication [9, |10, 216]. With an increasing complexity of quantum photonic
applications, a plurality of electro-optic components must be operated on a single chip [32,
90, [217]. These electro-optic components, such as modulators and single photon detectors,
require additional ancillary electronic components for biasing, amplification, and signal
transmission. Intermediate electric components will degrade the performance of the entire
photonic setup by introducing noise, heatload, or bandwidth limitations [[123]]. To circum-
vent this, it may be highly beneficial to replace the intermediate electronic connections
with optical links, which electrically decouple the photonic processor and the driving
electronics.
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Figure 7.16: Layout of the all-optical operation of a Superconducting Nanowire Single Photon
Detector (SNSPD). The cryogenic photodiode is illuminated and generates a pho-
tocurrent. When a photon impinges on the SNSPD it becomes resistive and voltage
is created. To readout the detection signal, the voltage pulse is transmitted onto the
cryogenic modulator. An intensity modulation is then readout at room temperature
by a photodiode and timetagger.

Superconducting nanowire single photon detectors (SNSPDs) are a key enabling technol-
ogy for quantum optical applications due to their near unity detection efficiencies [11}|12],
low timing jitter [13], and low dark count rates [14]]. Integrating these detectors in ad-
vanced photonic circuits is non-trivial since SNSPDs require operation temperatures below
4K [88]]. The cryogenic environment introduces additional challenges when interfacing the
detectors with other electro-optic components. The output voltage of the SNSPD is around
1mV [_88] in the typical configuration with a 50 Q shunt resistor. Therefore, additional
electrical components are needed to amplify and transmit the SNSPD signal to the readout
electronics. In the typical configuration the readout and bias electronics are outside the
cryostat, requiring electrical interconnects between the cryogenic and room temperature
environments. Replacing these electrical interconnects with electro-optic components and
optical fibers enables electronic decoupling of the cryogenic electro-photonics from the
external environment. An all-optical interconnect for superconducting photonics must
therefore deliver the operation power and transmit signals to and from the decoupled
circuit.

In recent years, cryogenic electro-optic modulation has been investigated for photonic
circuits across a variety of platforms [48}|51,|55, 58} [218},[219]. In particular, the electro-optic
readout of superconducting single photon detectors both with and without intermediate
amplifiers have been investigated [51,/59,|147]. In these applications, the click signal of an
SNSPD detection event is delivered to an electro-optic modulator, modulating an optical
throughput which is subsequently read out at room temperature. The operation voltage for
intensity modulators have been reported to be in a range from 100 mV to 10 V at cryogenic
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temperatures [[48,[51}[58,[219]. Bridging the gap between the low amplitude output of the
superconducting detector to these voltages is non-trivial in a cryogenic environment.

In this paper, we present an alternative method to generate larger detection signals from an
SNSPD, which drives an electro-optic modulator directly, to achieve an all-optical readout.
The SNSPD works on the principle that a bias current is converted to a voltage signal
through a resistive load. This resistive load is created by an impinging photon which
breaks the superconductive state in the nanowire, followed by Joule heating creating a
so-called hotspot. In a typical operation, a shunt resistor is introduced to redirect the
bias current following a detection event. This prevents further Joule heating, allowing
the nanowire to dissipate the heat from the hotspot and return to the superconductive
state. In our configuration, shown in Fig. we omit the shunt resistor allowing the
resistive hotspot to grow to larger resistances due to self-heating. This method can generate
resistances in the order of a few tens of kQ such that a signal voltage of 30 mV is created.
This is a significant increase compared to the 1mVsignal from the conventional method.
Nevertheless, in our configuration, the SNSPD remains “latched” in its normally resistive
state, i.e. the hotspot does not have the ability to reset itself. Indeed, the latching dynamics
and resulting output voltage of a nanowire is a largely unexploited effect [159} |220].

A key aspect of our method is the ability to actively reset the hotspot, ideally with a
cryogenic current source. We achieve this by modulating the bias current optically with
a current generated by a photodiode [221]]. We have previously shown that this method
shows no significant deviation from conventional biasing [131} 221]. Thus the photodiode
power delivery approach combines the key aspects of providing a bias current for the
SNSPD and generating the electrical driving power of the modulator. This versatility
in generating the SNSPD bias, sustaining the hotspot, and supplying the supply for the
electro-optical modulation enables all-optical operation of the SNSPD.

Methods

Once a photon impinges on the nanowire, a hotspot is formed and the electrical power is
converted to heat by the resistive nanowire through Joule heating, as depicted schematically
in Fig. a). This Joule heating results in heating of adjacent superconductive regions,
increasing the hotspot size. The resistive region of the nanowire grows until the electrical
power provided is equal to the power dissipated due to the temperature difference between
the nanowire and the substrate [[99,(101]]. At the power equilibrium the maximum output
voltage is reached, generated by the current flowing trough the resistive nanowire. The
output voltage of the latched SNSPD is therefore dependent on the power dissipation of
the SNSPD and the electrical power provided by the photodiode. The key to achieve the
photodiode bias is to use a diode material which is still responsive at cryogenic temperature
which has been investigated for our off-the-shelf photodiodes by [118}/130,221]. In addition
to these investigation in the conventional optical bias of an SNSPD, we characterise the
power conversion capabilities and the output voltage of the photodiode in combination
with the SNSPD.
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Figure 7.17: a) The optical input power is converted by the photodiode to an electrical power
which is then converted to heat by Joule heating. b) Voltage and power output of the
cryogenic photodiode under different illumination powers and load resistances. The
photodiode is illuminated with a cw-laser at 1530 nmand operated at 1K. c) Voltage
output of the combined operation of the SNSPD and bias photodiode, under different
illumination powers to the bias photodiode at 1530 nm.

Optical power supply

The optical to electrical conversion efficiency of the photodiode depends on the load
resistance, in our case the SNSPD. The Superconducting detector is fabricated from a
tungsten silicide nanowire (WSi) thin-film [222] and has been characterised in the bias
dependent detection efficiency to up to 83% + 5% by Thiele et al. [221]]. The SNSPD
resistance can vary from no resistance when superconducting to a normal resistance of
5.5 MQ when the entire nanowire is normally resistive. To determine the generated voltages
and dissipated powers, we cooled the photodiode down to 1Kand attached different load
resistors at room temperature according to the inset in Fig. b). The photodiode is
illuminated through a single mode fibre. To do so, we aligned the fibre perpendicular
to the active area of the photodiode. The fibres position is optimised by maximising the
converted current while light is transmitted through the fibre. The fibres position is then
permanently fixed in place by a UV-adhesive. The photodiode is then operated at an optical
input power of about 6 pyW. At this input power, a nominal bias current of 4 pA for the
SNSPD is generated in shunted operation, given that the responsivity of the photodiode is
approximately 0.65 A/W [221]].

In our characterisation, we keep the input power stable and vary the load resistor in
a range from 10 Q to 1 MQ, while measuring the current through and voltage over the
resistor. As a result, we generate increasing output voltages by increasing the load resistors,
until the output voltage saturates at approximately 500 mV, as can be seen in Fig. b).
The generated electrical power reaches a maximum power point at a resistance around
100 kQ, before reducing again for higher loads due to a reduction in the generated current.
This maximum power point shifts to lower resistances when the optical power on the
photodiode is increased. This load characterisation shows that the cryogenic photodiode
can provide a bias current in the shunted operation when the nanowire is superconductive
and a voltage beyond 500 mVwhen a resistive hotspot is created.
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The hotspot in the nanowire is not a static resistor and is expected to change in size
depending on the electrical supply power. Therefore, the output voltage will depend on
the optical input power of the photodiode. However, we cannot increase the input power
to the photodiode indefinitely to generate a maximal optical response because the SNSPD
must be operated at a nominal bias current of 4 pA. Therefore, we need to determine the
voltage at this operation point when combining the SNSPD directly with the photodiode.
To characterize the devices before the all-optical demonstration, we combined both devices
on a single stage in the cryostat at 1K and read out the output voltage at different input
powers the photodiode, as shown in the inset of Fig. c). Both devices are connected
with a coax cable to measure the voltages at room temperature. Fig. c¢) shows that
voltages with the photodiode and SNSPD are generated and saturate above approximately
550 mVwhen we sweep the input power from 0.1puW to 700 uW. In the all-optical operation
of the SNSPD, we provide an input power of 6 uWto generate the nominal bias current
for the SNSPD. At this power level a output voltage of 31 mVis reached, generated by a
40 kQ nanowire resistance. This output voltage is a significant increase in relation to a
click signal of below 1mVin the conventional method.

Electro-optic readout

dual core

\ « single mode fibre

50:50 beam splitter
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Figure 7.18: Layout of the Michelson-interferometer realised in a photonic circuit. A dual core
single mode fibre pigtail couples light into the waveguides and returns the reflected
light for the readout. These waveguides are fabricated by titanium indiffusion in
z-cut lithium niobate. An integrated beam splitter splits the input light into two
paths which are then reflected at the endface to interfere again at the beamsplitter.
Electrodes on the surface of one beam arm introduce a phase difference when a voltage
is applied. b) Voltage sweeps of the modulators at 1530 nm. The measured intensities
are normalised to the maximal out power per sweep. The V, voltage voltages are
5.9 Vat 1Kand 6.6 Vat 300 K. The V,; voltage is acquired by fitting a sin-function to
the acquired data.

The readout of the generated click signal is realised by modulating the intensity with
an electro-optic modulator operated at cryogenic temperatures. We choose a titanium
in-diffused lithium niobate electro-optic modulator because of its proven operation at
cryogenic temperatures [218] [219]]. Furthermore, we can achieve fibre-to-fibre optical
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coupling up to 43% with single mode fibres even at 1K [218]]. We implement an integrated
Michelson interferometer consisting of a directional coupler, a reflective endface coating,
and electrodes placed on one channel for the modulation, as it can be seen in Fig. a).

To achieve high-efficiency optical access to our photonic readout circuit, we use a dual-core
fibre ferrule with a core separation of 127 um, to match the waveguide separation at the
endface. To attach the fibre ferrule to the lithium niobate sample, the fibre position is opti-
mised by maximising the reflected power through the fibres and waveguides. Subsequently,
the fibres are permanently fixed by a UV-adhesive (NOAS81) at the fibre-to-sample inter-
face. The sample and attached fibres are then placed on a mounting block for mechanical
stability, whereby the lithium niobate is fixed to the surface with vacuum grease (Apiezon
N) and the dual core single mode fibre is fixed with UV-cured adhesive to the holder.

We achieve a fibre-to-fibre efficiency of about 45% at 1530nm at room temperature, which
reduces to 27% at cryogenic temperatures. The change in the coupling efficiency can be
mainly attributed to mechanical changes in the adhesive bond during the cooling process.
The supported optical mode in our waveguide have a large mode overlap with standard
single mode fibres in the TM polarisation of 85% and with the TE polarisation of 92% [62].
We can expect an overall coupling efficiency between the waveguides and single mode
fibre of 51% given a maximum mode overlap of 85%, a linear loss of 0.1dB/cm, a coating
reflectivity of 96% and a fibre to waveguide reflectivity of 97%. In summary, we achieve
an overall device insertion loss of 3.5 dB at room temperature and 5.6 dB under cryogenic
conditions.

The voltage signal generated by the photodiode and SNSPD is transmitted to the electrodes
of the lithium niobate modulator. The voltage induces an electric field in the waveguide
and changes the refractive index via the electro-optic effect. The electro-optic modulator is
placed in an integrated Michelson interferometer such that the refractive index change will
induce a relative phase change with the second beam splitter arm. Both beams interfere
again after the reflection at the reflection coated endface. As a result, the reflected power
of the Michelson interferometer is modulated dependent on the applied voltage which
is used for the optical readout. The Michelson-interferometer layout is chosen to reduce
the required voltage to introduce a phase shift because the phase shift is accumulated
in both the forward and backward propagation through the modulator. The integrated
Michelson interferometer is realised by titanium indiffused waveguides in z-cut lithium
niobate. The endface reflector is realised by a dielectric reflective coating matched to
the waveguides refractive index with a reflectivity of 96% [223]]. More details on the
fabrication and waveguide characterisation are given in the supplementary material. We
characterised the electro-optic modulator by acquiring the intensity of the output by
sweeping the voltage, as shown in Fig. [7.19]b). The modulation voltage required to switch
the intensity from maximum to minimum is extracted to be 5.9 Vat room temperature at
an operation wavelength of 1530 nm. The V,-voltage increases to 6.6 V at 1K due to the
temperature-dependent electro-optic coefficient which has been investigated previously
(83} [219].
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Figure 7.19: Voltage sweeps of the modulators at 1530 nm. The measured intensities are normalised
to the maximal out power per sweep. The V; voltage voltages are 5.9 Vat 1Kand 6.6 Vat
300 K. The V,, voltage is acquired by fitting a sin-function to the acquired data.
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Figure 7.20: a) Optical modulation of the bias power for the cryogenic photodiode to operate
the SNSPD. The modulation period is 35 ps. b) The optical response of the readout
photodiode after the electro-optic modulator placed at room temperature. A photon
impinges on the SNSPD at 2.9 ps, a voltage is generated and switches the electro-optic
modulator. To reset the SNSPD, the optical power to the cryogenic photodiode is
switched off after 18.9 us. The nanowire becomes superconducting such that the gener-
ated voltage over nanowire resistance is reduced to zero. ¢) Histogram of the acquired
countrate of the all-optical SNSPD operation. This is the difference in the countrate
of the signal photons and measured dark counts. The error bars are determined by
the counting errors of the count rates. The inset shows the total countrate of the
measurement with and without a single photon input to the SNSPD. The mean photon
number per pulse is 1.17+0.06.

We combine the operation of an opto-electronic bias of the SNSPD with an electro-optic
readout. To do so, the photodiode, SNSPD, and lithium niobate modulator are connected
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on a single cold stage of the cryostat and cooled down to a base temperature of 1K. For
the operation of the SNSPD a 6 pW cw-laser is externally on-off pulsed with a duty cycle
of 35 ps, as illustrated in Fig. a). A detection event occurs 2.9 ps after the illumination
of the photodiode. As a result, a hotspot starts to grow, resulting in an increasing voltage
delivered to the modulator. To read out the generated detection signal, light is transmitted
through the modulator and the optical response is measured at room temperature. A typical
measurement trace is shown in Fig. [7.20p). The resulting optical response signal has a
90% rise time of 11pus. Once a photon is detected the superconductor becomes resistive
and no subsequent photons can be detected, because the current through the nanowire is
strongly reduced. The SNSPD is reset by switching off the light to the biasing photodiode
after 18.9 us, which results in an optical response with a fall time of 11 ps. To maximise
the optical response, we tuned the operation wavelength of the modulator to 1530 nm
and optimised the input polarisation with a fibre polarisation controller while a power
of 3.5 mW is transmitted through the modulator. The optical response is read out with
a photodiode at room temperature, resulting in a signal with an amplitude of 6.9 pW,
given that the photodiode has a responsivity of 0.4 mV/uW and the readout amplitude
is 2.76 mV, as shown in Fig. In comparison, we expect an optical response of about
7.0 uW, given a click signal amplitude of 31mV, a V, of the modulator of 6.6V and a
fibre-to-fibre efficiency of the modulator of 27%. This shows the core principle that we can
all-optically bias an SNSPD and read out the detection signal.

As a next step, we characterise the single photon response of the superconducting detector.
To do so, we operated the SNSPD with our all-optical biasing method and acquired the
countrate of the SNSPD with a single photon level input. To do so, we used a pulsed laser
with a pulse width below 1ps at 1545 nm. These pulses transmitted onto a calibrated refer-
ence detector and attenuated. The pulse are then attenuated and a mean photon number of
1.17£0.06 photons per pulse result. This optical input is then pulsed synchronously with
the optical bias operated with a 35 ps on-off period. The timing delay of the generated
click signals are then recorded in relation to the on-off signal.

Based on these results, we seek to reduce the optical throughput of the modulator to
reduce both heatload and scatter. This depends on the minimal acquisition power of the
detectors used to acquire the click signals. Small Formfactor Pluggable modules (SFP) are
ideal candidates to measure small changes in intensity. The nominal minimal input pulse
power of the SFP module is about —25 dBm at 1550 nm, which will generate an electrical
output pulse of above 100 mV (Finisar FWLF-1519-7D-59). In our experiment we reduced
the input power to the modulator to about 68 pyW (~—12 dBm) such that the click signal
has an amplitude of about 125 nW(~—-39 dBm). When acquiring these signals with the SFP-
module, the generated output signal of the module was reduced to about 20 mV. Additional
high frequency noise in the output signal is also introduced at these low input powers,
which we reduced with a 1 MHz low-pass filter. This added noise is negligible at higher
input powers and higher signal count rates.

The click signals with a single photon input are then acquired with a time tagger and
displayed as a histogram in Fig. ¢). During the measurement, signal photons as well
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as scattered light from the electro-optic modulator are detected. To extract the single
photon events we performed a background measurement without a single photon input.
By subtracting this background from the results with a single-photon input, a clear peak
in the countrate at a delay of 11.3 us with a full width half maximum of 1.5 ps can be seen,
as shown in Fig. c). The countrate in this histogram is negative after the main peak
because the previous signal photons decrease the detection probability for subsequent
background photons due to the SNSPD latching. The peak shows clearly that the SNSPD
is sensitive to a single photon input in our all-optical operation method.

Discussion

The proof-of-principle devices presented here show promise for interfacing superconduct-
ing photonics in new performance regimes and application spaces, however there are
still some non-idealities that can be improved in future work. A strong background of
dark counts is present, mainly generated by scattered light introduced by the optical bias
and readout of the SNSPD. Due to the lack of a self-reset, the detector clicks on the first
photon that it measures, and none after that. Therefore, reducing the number of premature
latching clicks from noise is necessary. In the present configuration, the components are
mounted in the cryostat without intermediate shielding, the application of which would
reduce the dark count rates significantly. Furthermore, one could exploit differences in the
spectral sensitivity between the bias photodiode and the SNSPD to further reduce noise.

The SNSPD was operated with a repetition rate around 28 kHz, limited by the rise and fall
time of the click signals. We attribute this to the charging dynamics of the capacitance of
the electro-optic modulator and the growth of the resistive hotspot. Faster rise times can
be achieved by introducing a parallel resistance to reduce the hotspot size. Introducing
a parallel resistance also reduces the output voltage and hence the intensity modulation.
Therefore, there exists a trade-off between the output voltage and the resulting rise time.

This bias and readout method has no effect on the internal detection efficiency of the
SNSPD. We have previously shown that an optical bias and a conventional bias method
achieve the same detection efficiencies [221]. Nevertheless, the lack of a self reset means
that “true” counts may be lost if the detector has previously been triggered by a dark
count, therefore reducing the noise also plays an important role in increasing the system
efficiency. This could be further optimised by careful synchronisation of bias and readout
light sources with respect to the expected arrival time of the single photons.

Independent of optical biasing and readout, exploiting the latched state of an SNSPD is an
important method to step up the click signal. For example, amplitudes of 10 mV could be
used to drive a Schmitt-trigger, which can enable feedforward modulation with electronic
amplifiers. With this technique, the initial click signal is significantly increased, such that
cryogenic low noise amplifiers can be avoided. The key to this method is to integrate a
current source which can reset the latched SNSPD after the detection.

103



7 Publications

By connecting the output of the detector to a modulator, this method is an important
step towards all-optical feedforward modulation [93] at cryogenic temperatures, which is
integral to quantum photonic one-way computing [[29]. This can be achieved by a direct
matching of the generated output voltage of the SNSPD signal and the switching voltage
of the modulator. In this technique, a photon can be detected by the single photon detector
switching the electro-optic modulator from one state to the other. Future work is needed to
match the detector output and modulation voltages at cryogenic temperatures. In addition,
the rise time of the click signal must be improved to minimise optical delays when using
feedforward modulation with low latency processes.

Since optical fibres inherently have a lower thermal conductivity than coaxial cables, this
can significantly reduce the heatload on the cryostat [51,|131]]. The passive heatload of
coaxial cables can be mitigated by thermal anchoring in the cryostat but are a major
contributor to the thermal load on a cryostat [123]]. In our operation of the SNSPD, three
independent optical fibres are directly connected from room temperature to the photodiode
and electro-optical modulator without the need of intermediate thermal anchoring. The
active heatload of these electro-optic devices are 6 uW for the photodiode and 68 pW for
the electro-optic modulator. The active heatload of the modulator can be reduced further
to a few pyW by reducing the modulation voltage V,; and increasing the detection signal
voltage, such that the full throughput intensity is modulated. In addition, wavelength-
division multiplexing can also be used for the bias and readout to operate multiple SNSPDs
in parallel to reduce the passive heatload even further [131].

Conclusion

In summary, we have realised an all-optical interface for quantum photonic applications.
The interface provides the operation power for a superconducting single photon detector
via a cryogenic photodiode. In addition, the detection signals are readout optically via
an electro-optic modulator at cryogenic temperatures. The all-optical operation shows
promising techniques for the combined operation of superconducting electronics and
photonics circuits, which are electrically isolated from their driving circuitry. Increasing
the signal amplitudes and modulation capabilities of the opto-electronic components
enables further applications such as feed-forward. Furthermore, the all-optical operation
of the SNSPD achieves a low power operation of the SNSPD by providing only a total
operation power of 75 pW.
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7.5 All optical operation of a superconducting photonic
interface: supplementary material

In this setup, the cryogenic readout of the detection signals is realised through an electro-
optic modulation. We choose titanium indiffused lithium niobate as a material platform
to realise an integrated intensity modulator. In this platform we can use the electro-optic
effect even at cryogenic temperatures as well as achieve a high coupling efficiency between
a single mode fibre and the waveguide. The electro-optic modulation is realised in a
Michelson-interferometer in which a beamsplitter, phase modulator and endface reflector
are integrated with waveguides, as illustrated in Fig. 3 a). Light is coupled into the chip
and split into two paths by the 50:50 beamsplitter. On one arm of the beamsplitter light is
modulated by the electro-optic phase shifter. Both beams are then reflected at the endface
of the chips with an endface coating. The reflected light is propagating in the reverse
direction and interfere on the beamsplitter again. As a result, an intensity modulation
can be read out when the voltage on the electro-optic modulator is varied because the
relative phase between the beams is changed. The Michelson-interferometer layout is
chosen to reduce the required voltage to introduce the phase shift because the phase shift
is accumulated in both the forward and backward propagation through the modulator.

The waveguides are realised in this lithium niobate platform by a titanium in-diffusion
process. To do so, titanium is deposited on top of the sample and patterned with laser
photo-lithography and wet-etching. A resulting 7 uym wide titanium stripe is then diffused
into the sample in an oven. The in-diffused titanium increases the reflective index such
that wave guiding is achieved. The optical loss in the waveguides are characterised with
the Fabry-Pérot method with a straight waveguides next to the Michelson-interferometer
before the reflective coating is applied [[148]. The resulting losses are about 0.1dB/cm at a
wavelength of 1550 nm in the TE polarisation.

The integrated 50:50 beamsplitter is realised by an evanescent coupler consisting of two
parallel waveguides, as illustrated in Fig. 3 a). The waveguides separation distance is
reduced from 127 pm to 13 pm by S-bends to interfere on 8.3 mm long distance and then
separated again. This coupling length is chosen such that a splitting ratio of 50:50 is reached
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between the optical path in both polarisations TE and TM. The total length of the sample
is 56 mm, including the beam splitter and modulator.

A phase shift in the Michelson-interferometer is realised by an electro-optic modulator.
An electric field in the waveguide is introduced when a voltage is applied to electrodes on
the surface of the sample. This electric field introduces a refractive index change in the
waveguide, which induces a relative phase shift between the beamsplitter arms, as it can
be seen in Fig. 3 a). The modulator’s electrodes are placed behind the beam splitter with
respect to the input facet. The electrode pair is positioned parallel to the waveguide such
that the inner edge of one electrode overlaps the waveguide to induce a vertical electric
field. The second electrode is placed next to the waveguide and is separated distance of
9 um from the first electrode. The electrode pair has a length of 20 mm and overlaps the
waveguide over the full length. The electrode stack consisting of a 400 nm SiO; bottom
layer, 10 nm titanium adhesion-layer and 100 nm gold layer which is selectively deposited
with photo-lithography and lift-off process.

The reflector in the Michelson setup is realised by an endface coating on the endfacet at
opposite side to the fibre input. To do so, the endface is polished using a CMP method.
Afterwards a dielectric coating is deposited by evaporating titanium oxide and silicon oxide
using an oxigen ion assisted electron beam evaporation method [223]]. The dielectric-stack
is designed such that a high reflectivity is reached in a range from 1500 nm to 1600 nm. The
reflectivity is characterised by measuring the transmission through a reference lithium
niobate sample with the same dielectric stack. A reflectivity of 96% is achieved at the
operation wavelength of our experiment, namely 1530 nm.

The integrated Michelson-interferometer achieves the strongest intensity modulation
when a splitting ratio of 50:50 is reached for the beamsplitter. To characterise the intensity
modulation we coupled light into the waveguide and swept the bias voltage at the electrodes.
A relative phase difference of 7 between the modulated and unmodulated path is needed to
switch the intensity from a minimum to a maximum. The bias voltage dependent intensity
follows a sin-function such that we can fit this function to extract the V,-voltage, compare
Fig. Fig. 3 b). This modulation voltage is characterised to be 5.9V at room temperature
and increases to 6.6 V when cooled down to an operation temperature of 1K. The increase
in the V;-voltage is due to the temperature-dependent electro-optic coefficient which has
been investigated previously [83},219]]. In summary, our electro-optic modulator reaches a
modulation strength of 23.6 Vem at an operation wavelength of 1530 nm.
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Abstract

Lithium niobate has emerged as a promising platform for integrated quantum optics,
enabling efficient generation, manipulation, and detection of quantum states of light. How-
ever, integrating single-photon detectors requires cryogenic operating temperatures, since
the best performing detectors are based on narrow superconducting wires. While previ-
ous studies have demonstrated the operation of quantum light sources and electro-optic
modulators in LiNbOs3 at cryogenic temperatures, the thermal transition between room
temperature and cryogenic conditions introduces additional effects that can significantly
influence device performance. In this paper, we investigate the generation of pyroelectric
charges and their impact on the optical properties of lithium niobate waveguides when
changing from room temperature to 25K, and vice versa. We measure the generated py-
roelectric charge flow and correlate this with fast changes in the birefringence acquired
through the Sénarmont-method. Both electrical and optical influence of the pyroelectric
effect occur predominantly at temperatures above 100 K.

Introduction

The aim of integrated quantum photonics is to combine multiple optical devices on a single
chip to profit from their interplay in a stable and scalable experimental setup [/10, [224].
Components for quantum light generation, manipulation, and detection can be combined
to realize a multitude of complex integrated circuits for various applications [32}|194]]. A
careful selection of the integrated components and material platform is required since the
devices must be compatible in their optical characteristics and operation conditions [9]].
While most devices are optimized for room temperature operation, superconducting single-
photon detectors and solid-state quantum emitters require cryogenic temperatures [[193].
When combining cryogenic integrated components, these devices dictate the operation
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temperature for integrated chips. To that end, it is indispensable to develop all-integrated
components for the cryogenic temperature application.

Lithium niobate is a well established nonlinear platform for integrated quantum photonics.
In recent years, this platform has shown great cryogenic compatibility by the realization
of integrated components for generation, manipulation, and detection of quantum states
of light (126, 36} 121} |146| 218, 219]]. Cryogenic single-photon sources in lithium niobate are
realized through the integration of quantum dots [70], and via spontaneous parametric
down-conversion in quasi-phase-matched waveguides 26, 60]. The first cryogenic electro-
optic modulators were demonstrated in the 90s [28, 36} |43} [146| [179]]. Nowadays three
main modulator schemes exist for cryogenic operation, such as phase-shifter, directional
coupler, and polarization converter [218||219]. Integrated superconducting single-photon
detectors are successfully shown for weakly confined waveguide structures 34} |61], and
as well on thin film lithium niobate [[121}[199]]. Electro-optic modulators can be used to
read out superconducting devices [59,225]], and are integrated together with supercon-
ducting detectors [121]]. In addition, nonlinear frequency conversion processes have been
established at cryogenic temperatures, such as second harmonic generation in periodically
poled waveguides [25], and cryogenic transducers for terahertz generation by optical
rectification [|226-228]]

The listed integrated devices in lithium niobate have demonstrated their functionality
when operated at a stable cryogenic temperature. However, in previous work unpredictable
changes in the electrical and optical properties were observed during the thermal transition
between room temperature and cryogenic temperatures [25}, 64} [218]]. These changes range
from sudden jumps to slower shifts in the optical properties on different time scales. The
cryogenic operation of nonlinear interactions and electro-optic modulation induces a shift
of the operation characteristics such as the phasematched wavelength, when compared to
room temperature applications [25} |26, [218]]. The variation can be attributed to thermal
stress and pyroelectric charges which build up inside the ferroelectric lithium niobate
crystal when the temperature changes [229, 230]. The unbound charge carriers induce
localized electric fields, causing microscopic refractive index perturbations, due to the
electro-optic effect [18]]. In addition, the unbound carriers can flow through the sample and
accumulate at the surface. Electrodes placed on top of the sample can collect the charges
such that a macroscopic current can be measured with a sensitive current meter. When
operating the chip under ambient conditions, charges at the surface can be neutralized
by charges in the air. However, when operating lithium niobate in an evacuated cryostat
chamber, they cannot be so easily neutralized. As a consequence, pyroelectric charges can
disturb the device performance during a temperature transition [25}[218], or even damage
integrated structures, such as superconducting detectors [35]].

In this paper, we investigate the origin of perturbations, which appear in the thermal
transition. Characterizing and understanding the temperature dependent changes are
necessary to optimize photonic circuits and to chose the optimal parameters such as the
bias voltage for electro-optical modulators for cryogenic operation. Moreover, refractive
index perturbations can influence the operation wavelength for phase-matched processes
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such as nonlinear frequency conversion [25]. Low temperature investigations of the
pyroelectric behavior of lithium niobate were performed at a stable temperature, as well as
during a thermal transition [25}(64} 65} 83} [218}|231]]. We report to the best of our knowledge
the first simultaneous measurement of electric discharges inside an electro-optic modulator
and variations in the optical throughput, when changing the operation temperature. We
observe the discharges by measuring the current between electrodes on the surface of the
modulator, and use the Sénarmont-method to visualize localised changes in the refractive
index, manifesting as phase shifts in the transmitted light [206[]. The device under test is
cooled down from room temperature to cryogenic temperatures and warmed up again to
obtain data for a whole cool-down and warm-up, covering a temperature range from 25K
to 285K.

Pyroelectric refractive index variations

Lithium niobate is used for integrated photonic circuits due to its large nonlinear properties,
wide transparency range, and electro-optic properties 8, 18]]. In this material the refractive
index can be varied by applying a constant electric field E? €, inducing a refractive index
in a correlated i-direction [[18]. Since this material is birefringent, the amplitude of the
refractive index change An; depends on the direction of the DC-electric field following (18|
37,232,

An; ~ ri;EPC, (7.20)

where r;; is the electro-optic tensor for lithium niobate. An electric field applied in the
vertical orientation modulates the refractive index according to the electro-optic field
tensor rs3, and an applied horizontal field by r3 |18} 233]).

We realize an electro-optic modulator in z-cut lithium niobate by fabricating titanium
in-diffused waveguides with electrodes placed around the waveguide, see Fig. These
electrodes allow us to apply the external electric field Ej? € to change the refractive index.
In this paper we use a phase modulator where one of the electrodes is placed on top of the
waveguide to induce a vertical electric field, as depicted in Fig.

In a thermal transition, lithium niobate generates unbound carriers in the material do-
main [37,(206]], resulting in electric fields in the material due to these pyroelectric charges.
The induced fields changes the refractive index independent of the applied voltage at the
electrodes of the modulator. In z-cut lithium niobate, the unbound charge carriers can flow
along the grain boundaries towards the top surface and recombine at the top surface [234].
The redistribution and discharge of the carriers will follow a capacitive discharge with an
associated resistance R and capacity C [235]]

I(t) = Ipe~t/7®e, (7.21)

where Trc = RC is the time constant related to the discharge. The charges accumulate in a
confined space and therefore the resulting effect is a microscopic effect. In addition, we
expect the pyroelectric charges to be generated at various locations in the lithium niobate.

109



7 Publications

? , 1

rss

c-axis
"1

rs

Figure 7.21: Schematic of the device under test to investigate electrical and optical changes in
the thermal transition in a cryostat. The sample consists of a Ti-in-diffused z-cut
lithium niobate waveguide with electrodes in a phase modulator configuration. The
modulator is mounted on a copper plate, connecting the backplane of the sample to
the case-ground of the cryostat. The electrodes are connected to a break out board
via aluminium wirebonds and coaxial cables which transmit the signal to a room
temperature current meter.

The charge relaxation time, or discharge time constant zgc can thus be derived dependant
on the microscopic geometry of lithium niobate, and not on the macroscopic design of the
electrodes. Electrodes along the waveguide can collect the charge carriers. The electrodes
are than connected to a current meter which average the charge flow. In a macroscopic
perspective this is known as the pyroelectric effect which is described as a current between
two domain surfaces while the temperature changes [37, 206]].

Methods

We investigate the correlation between changes in the refractive index and generated
pyroelectric discharges in lithium niobate while changing the operation temperature from
room temperature to cryogenic temperatures and back to room temperature. To measure
changes in the refractive index, we use the birefringence. Light is coupled into orthogonal
polarization modes (TE and TM) of the waveguide and subsequently interfered, such that
a change in the relative phase between two modes can be extracted. Simultaneously, the
generated pyroelectric charges are measured as a current flowing through the electrodes
on the surface of the sample. The simultaneous measurement of changes in the refractive
index and generated charges may be correlated, since induced electric fields should result
in refractive index changes.

Sénarmont-method with electro-optic waveguides

The Sénarmont-method measures the birefringence between TE and TM polarization
modes of light in a waveguide [206]]. Both transmitted modes will accumulate a change in
their optical path length and thus phase, due to the temperature dependent change in the
refractive index [85, 233]]. The relative phase between these modes is extracted by measuring
the power ratio between the two polarization outputs after they are interfered. Since this is
a relative measure, it is independent of coupling losses. Varying the temperature results in
a change of optical coupling into the waveguide due to thermal contraction and expansion
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of the mounting stages. However, crucially the Sénarmont-method is independent of the
coupling efficiency.

Free-space coupled cryostat

Window Window
Laser 1550 nm N\ '3 - PBS Photodiodes
- : -
HWP Lens Ti:LiINbO3 Lens QVVP
@22.5°

@45° \—D/\/

Figure 7.22: Schematic of the setup to measure the optical changes in the lithium niobate sample
during the thermal transitions. The sample is mounted in a free-space accessible
cryostat whereby light is coupled through the windows. Changes in birefringence in
the waveguide are measured using the Sénarmont-method. The optical input comes
from a 1550 nm wavelength laser with 2.2 mW of optical power. To measure the
generated pyroelectric charges, the gold electrodes on the surface of the sample are
wire bonded and connected to a current meter at room temperature.

We mount our lithium niobate waveguides in a free-space accessible cryostat and couple
light into the waveguides, as it can be seen in Fig. The input light is polarized at
45 ° such that light is coupled equally into the two polarizations. After the transmission
through the waveguide with the length L, a relative phase

(I)H,V = ZﬂnH)vL/A (7.22)

is accumulated for the horizontal and vertical polarization, where nyy is the refractive
index for either polarization, and A is the wavelength.

To acquire the relative phase difference A® = &y — Oy, the two polarizations are inter-
fered with a quarter-wave plate aligned at 45 ° and a polarizing beam splitter (PBS). The
intensities after both output channels of the PBS I , are acquired and depend on A® via

1
11,2 =1 5 (1 + sm(ACD)) . (723)

In the experiment, the relative phase can be directly extracted from the intensity of one
output of the PBS if the total in-coupled power I is known. However, thermal contraction
and expansion of the mounting stages change the coupling efficiency resulting in a time-
dependant I,. To extract changes in the refractive index, the intensity of one output arm
of the PBS is normalized by the sum of both outputs
L, Ly

I~ = — = s
YL T L+

(7.24)

which allows us to extract A® independent of the coupling efficiency.
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We change the sample temperature in the cryostat from 280 K to 25 K and back to 280 K with
a constant rate of 1K/min. The relative phase changes due to the temperature dependence
of the refractive index. As a result, we expect to see an oscillation in the normalized output
intensity with an oscillation time of 3 —10 min/oscillation. In addition, recombination of
the pyroelectric charges can generate sudden changes in the refractive index due to the
aforementioned electro-optic effect causing an abrupt change in the phase A®.

To measure the change in the generated pyroelectric charges we connect a current meter
between the electrodes placed around the waveguide of the lithium niobate sample. The
current meter has a sensitivity of 0.05 pA when acquiring currents in a range up to + 2 nA.
To correlate changes in the optical throughput and generated current, we measure both
simultaneously with a sample rate of 1.7 samples/s.

Our input light comes from a CW-laser at a wavelength of 1550 nm with (2.2 + 0.1) mW of
optical power. Lenses outside the cryostat couple the light into the waveguide. At room
temperature, the transmitted power through the waveguide is (1.2 +0.1) mW. The coupling
efficiency changes during the thermal transition due to thermal contraction and expansion,
dominated by height variations of the mounting stack. For that reason, we reoptimize the
vertical alignment of the sample during the thermal transition to ensure the transmitted
power does not drop below 6 pW. These brief optimizations allow the transmitted power
to exceed at least 300 W after every reoptimization, while the measurement is interrupted
for approximately only one minute for eight optimizations during the cooling process.

Sample fabrication

The device under test is a z-cut lithium niobate sample with a titanium in-diffused
waveguide and electrodes in a phase-modulator configuration [219]. To fabricate the
waveguide, titanium is selectively deposited on the surface with a photo-lithography and
lift-off process, resulting in 5 pm wide titanium stripes. These stripes are in-diffused in
the sample via heating in an oven, resulting in a localized change of the refractive index,
allowing the guiding of light. The linear losses of the waveguide are determined to be
about 0.15dB/cm [219]], with a Fabry-Pérot method [[148]]. A second photo-lithography
and lift-off process are used to fabricate electrodes on the sample. The electrodes consist
of a stack of 400 nm silicon dioxide as a buffer layer, 10 nm chromium for adhesion, and
300 nm gold as our electrode. The electrodes are placed in a phase modulator configuration
to induce a primarily vertical electric field component in the waveguide. To do so, one
electrode is placed on the top of the waveguide such that one inner electrode edge is aligned
to the outer waveguide edge. The second electrode is placed at a distance of 9 um from the
first electrode, as can be seen in Fig. The waveguides length is 22 mm with 12 mm
long electrodes on the top surface. The total thickness of the lithium niobate sample is
500 pm. Initial characterisations of the phase modulator with the Sénarmont-method show
a modulation voltage of 23.3 V at room temperature and 40 V at cryogenic temperatures.
The modulation voltage is the required voltage to switch from a maximum to a minimum
in the intensity output.
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Measurement data of (a) the measured current between the electrodes of the phase
modulator, (b) the normalized intensity I; in a single PBS port, and (c) the temper-
ature of the sample stage on which the sample is mounted. The acquired signals
are represented in the blue lines, and every extracted discontinuity in the electrical
or optical signal is marked with an orange dot. The vertical lines indicate the time
periods where the optical power through the sample is reoptimized with the vertical
alignment.
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Results

The lithium niobate sample is cooled down and warmed up in the cryostat while the
generated current and optical transmission are acquired. These two signals and the tem-
perature are shown in Fig. In addition, the time intervals where the optical coupling
is reoptimized are marked with a vertical dashed line. In Fig. (a) shows the correspond-
ing electrical current measured through the electrodes. The normalized optical power
of channel 1 is shown in Fig. (b), and the expected 3 — 10 min/oscillation due to the
thermal change of the refractive index can be seen.

Discontinuities in the optical and electrical signal can be extracted using a signal processing
algorithm to minimize the human bias. Our extraction method uses the SciPy package
in our algorithm written in Python [236]. Since a discontinuity in the optical signal is
a rapid change of the phase, we can extract this with a derivative. We use an averaged
derivative implemented as a convolution of the dataset with the matrix % [1,1,1,-1,-1,-1].
The slow oscillation is then still present, but this is filtered out with a 4™ order high-pass
Butterworth filter with a cut-off frequency f. = 36 mHz. The discontinuities are then
extracted with the SciPy peakfinding algorithm with a prominence of > 0.006, which
indicates the minimum height of the peak compared to the base of the signal. Fine-tuning
of the analysis parameters was challenging because the height of the peaks varies in
many orders of magnitude. It was impossible to discriminate between optical changes and
noise in the optical signal at constant cryogenic temperatures. For this reason, the optical
discontinuities at constant cryogenic temperatures are selected by hand. The electrical
signal only requires a high-pass filter to remove the DC-drift current. After that, the
discontinuities are extracted by the peakfinder algorithm. We used a 4 order Butterworth
filter with a cut-off frequency f. = 0.27 mHz, and a minimum prominence of 0.2 in the
peak-finder. All extracted discontinuities are shown as orange dots in Fig. (a) and (b).

The displayed data range in Fig. (a) highlights the lower current region to show
the drift in the current. Only discontinuities up to 2 pA are thus shown, however, these
discontinuities can go as high as 2 nA in the measurement. The background current can
be attributed to an averaged pyroelectric charge generation over the sample. Since the
pyroelectric charge generation is proportional to the time derivative of the temperature,
the current should change direction between the cooling process and heating process.
The temperature of the sample is shown in Fig. (c), showing that the temperature is
changed from 280K to 25K and back with a constant rate of temperature change. After
the sample reaches 25K, it remains at this temperature for 43 min.

We analyze the correlation between the electrical and optical discontinuities, which results
in three different types of possibilities:

» Purely optical discontinuity;
« Purely electrical discontinuity;

« Correlated discontinuities.

114



7 Publications

6=06:45

2.0 {@ —Signal
< 15 Optical Discontinuities
2 Coupling reoptimization |
5 I |
& 0.5 [ A 'm)\
;l N i ‘Ll‘mvu 'M“-"]"E,l WWWMMMWMWMWWWM% ) Ll
O 0.0 A

-0.5
—_ (b)
2 0.6+
w0
<]
)
-+
g 0.4-
g
j
o
Z 0.2

0 5 10 15 20 25 30 35 40 45

Time-6 [min]

Figure 7.24: Cutout of the data set in Fig. starting at 127K during the warming process.
(a) The electrical current measured by the current meter. The spikes are electrical
discontinuities and indicate the recombination of charges. (b) Normalized optical
intensity I;. The gray shaded area marks the time interval where the optical power was
reoptimized, and the orange vertical lines mark all optical discontinuities extracted
by the algorithm.

All three possibilities can be found in Fig. showing a cutout of the dataset starting
at 6 = 06:45h and has a length of 45 min, spanning the temperature range from 127K to
172 K. The grey shaded area (at 15 minutes) marks a time interval where the optical power
is reoptimized, and the vertical orange lines mark the times where an optical discontinuity
is extracted. Electrical discontinuities are visible from the signal itself as spikes in the
electrical signal, and multiple datapoints exceed the vertical limit of the figure. This figure
shows clearly that there are individual discontinuities in the electrical signal (e.g. 12 min)
and optical signal (e.g. 22 min), as well as correlated discontinuities (e.g. 33 min). The
electrical discontinuities after 40 minutes show an exponential decay, indicating relaxation
of electrical charges.

Figure[7.23|indicates that there are temperature intervals with higher and lower densities of
discontinuities. For this we investigate the occurrence of discontinuities over the different
temperature intervals, with a binning width of 30 K and bin centres from 30 K to 270 K. This
range is chosen since these binwidths cover the full temperature range with a significant
number of steps. In addition, a significant number of occurrences are maintained in most
bins. Figure shows the occurrences of optical and electrical discontinuities, as well as
the correlated discontinuities. Due to the data acquisition and signal analysis, electrical
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Figure 7.25: Histogram of the number of discontinuities (occurrences) for the electrical and optical
signal, as well as for correlated discontinuities. The binning is chosen with bin centres
from 30K to 270 K with binwidths of 30 K, spanning the full temperature range of our
measurement. (a) shows the number of occurrences during the cooling process, and
(b) during the warming process. They show different temperature ranges where the
number of discontinuities reaches a local maximum. In (b) we truncated the number
of electrical discharges at 270 K reaching 200 occurrences, for an improved visibility.
However, both show that the number of discontinuities almost disappears below
115K.

and optical discontinuities within 6 s of each other are considered correlated. Histograms
are made for both the cooling process (Fig. (a)) and the warming process (Fig. (b)).
During the sample cooling, a clear increase in the number of discontinuities between 195K
and 115 K is present. In this range, the electrical occurrences dominate over the occurrences
of optical discontinuities. Below 115 K discontinuities are less frequent, indicating a reduced
pyroelectric effect resulting in higher stability compared to the temperatures above 115 K.
Warming up the sample shows an increase of the number of discontinuities with the
temperature starting from 115 K. These two histograms imply that the temperature at which
most discontinuities occur, depends on whether the sample is warmed up or cooled down.
However, in both cases they almost disappear below 115 K. The reduction of the pyroelectric
charge recombination can be explained by the reduced pyroelectric coefficient [237]], and
reduced charge mobility [233}|238]], at cryogenic temperatures.

We assume that almost no unbound charge carriers are present in the sample when we
start the experiment at room temperature. During the cooling process, pyroelectric charges
are generated and accumulate within the material domain until the charge density reaches
a threshold and the charges recombine. Lower temperatures should result in a lower
probability generating pyroelectric charges due to the reduced pyroelectric coeflicient.
In addition, the charge mobility is reduced, increasing the threshold for the required
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discharge to warrant a recombination. These two effects cause a reduction of charge
recombinations at cryogenic temperatures, which can be seen from the reduced number
of electrical discontinuities below 115 K. This results in a reduced number of discharges
while the sample is at a stable cryogenic temperature. When the sample is warmed up
again, the charge mobility increases, and more pyroelectric charges are generated again
which results in electrical discharges 233} [237]]. As a result, the probability of charge
relaxation will increase with temperature, resulting in an ever increasing number of
electrical discontinuities at our highest measured temperature.
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Figure 7.26: Decay times of the identified current fluctuations for the measurement (a) with light,
and (b) without light coupled through the waveguide. Current fluctuations with only
a single data point are excluded since no decay rate can be fitted to these.

Our method allows us to extract current fluctuations in the sample. Furthermore, we
analyse these discontinuities upon their decaying dynamics in the charge recombination.
The recombination of the charges depends on the effective resistance and capacitance
from the point of origin to the recombination. As a result, we can connect an RC-time
(7rc) to every discharge by fitting an exponential decay [235]]. Fluctuations with only
a single point decay are excluded since they are too fast to be discriminated with our
set sampling rate. The RC-time of all other decays is shown in Fig. (a), where it
is plotted versus the temperature, and separated by cool down (blue dots) and heat up
(orange dots). The extracted decays show that the decay rates are independent on the
temperature and vary over multiple orders of magnitude. Additionally, the decay rates are
independent of direction in the temperature change, however, the decay density depends
on the temperature as was shown in Fig. This is expected since carriers are generated
at various points in the material domain and redistribute in different directions, resulting

in different RC-times.

Unbound charges can also be generated by the transmitted light, the so called photorefrac-
tive effect [232]. These unbound carriers could be another source to induce electric fields in
the vicinity of the lithium niobate waveguide. To investigate this influence, we additionally
cooled down and heated up the sample without light going through the waveguide and
with the same temperature rates (1K/min), while we measured the current through the
electrodes. In the thermal transition, fluctuations in the current are visible similar to the
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measurements with light through the waveguide. The number of occurrences and the re-
lated RC-times are similar to the optical measurement, as it can be seen in Fig. (b). This
data hints that the measurement without light shows more fast decays at cryogenic tem-
perature, thus less discontinuities when light is coupled through the waveguide. However,
due to the sparsity of the data, no hard conclusion can be drawn.

Conclusion

Lithium niobate has proven to be a valuable material system for integrated quantum
optics, expanding into cryogenic temperature regimes [125} [26l 35, |61} (121} 218} [219]]. In
this photonic platform, cryogenic frequency conversion sources [25,26] and electro-optic
modulators [218, [219] were implemented, revealing optical changes in the operation
characteristics. Furthermore, the integration of superconducting single photon detectors
poses challenges due to the destructive nature of pyroelectric charges during the cooling
process [35].

To address this issue and create a more reliable platform for integrated quantum photonics,
we investigated the optical changes and pyroelectric discharges in lithium niobate. We
utilize the Sénarmont-method to measure changes in waveguide birefringence and correlate
these changes with acquired pyroelectric discharges. The occurrence of electronic and
optical perturbations show a correlation during the entire temperature range.

During the cooling process, the occurrences of pyroelectric discharges and optical changes
increase until a temperature of approximately 150K is reached, afterwards they reduce
significantly and almost vanishes below 100 K. At stable cryogenic temperatures, minimal
optical or current perturbations are observed. During the heating process, the rate of
occurrences is constant until 100 K and increases for higher temperatures.

To further investigate the phenomenon, we conducted control measurements without any
input light. The comparison between the control and Sénarmont measurements shows
no significant variations in the generated pyroelectric charges, excluding the significant
influence of photo-refraction. This confirms that pyroelectric charge generation during a
temperature transition is the predominant effect.

The decay rates of the electrical discharges were found to span several orders of magnitude,
regardless of the temperature. This suggests that there is no specific capacitive geometry
within the sample where all the discharges occur. Future investigations can explore the
impact of different types and designs of electro-optic modulators, as well as the effect of the
temperature rate during thermal transitions. By understanding these effects, introduction
of partial conductive layers on the lithium niobate structures to minimize the influence of
pyroelectric charges can be investigated.

By studying these optical changes and pyroelectric discharges in lithium niobate, we aim
to enable the integration of superconducting single photon detectors with modulators and
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frequency conversion sources. This integration is crucial for achieving a scalable photonic
platform in the field of integrated quantum photonics.
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Appendix

A.1 SPICE model of a cryogenic photodiode

The cryogenic photodiode can be described with a SPICE subcircuit. To closely match the
model to the real photodiode, the maximum power point, the shunt current as well as the
open circuit voltage needs to be determined.

*Cryogenic Photodiode

.subckt Photodiode 1 2 3 ;

xul 1 2 3 PV_cplx voc=0.5 isc=5.0e-6 vmp=0.375 imp=3.64e-6
.ends

*PhotovVoltaic Cell model

*

necessary parameters

*voc - open circuit voltage

*isc - short circuit current

*vmp - maximum power voltage

*imp - maximum power current

.subckt PV_cplx v+ v- illu

D1 N0O0O2 v- pvdiode2

Rsh N002 v- R=rsh

Rs N0O2 v+ R=rs

Bph v- N002 I=ipv*v(illu)/1

R5 illu 0 5E-6

.param rs (voc-vmp)/(2*imp)

.param rsh vmp/(isc-imp)

.model PVDiode2 D(Is=io N=a_n Tnom=temp)
.param io ((rs+rsh)*isc-voc)/(rsh*exp(voc/(a_n*vt)))
.param vt (1.38e-23*(273+temp))/1.6e-19
.param ipv isc* (rsh+rs)/rsh

.param a_n 1.2*voc/0.55

*

.ends
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