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Abstract

In light of the increasing importance of telecommunications and its appli-
cations on platforms such as lithium niobate, optical power loss from ac-
tive components on photonic chips present a growing challenge. This study
investigates compensating these losses through stimulated emission of the
132 —*115/2 transition of the lanthanoid erbium, introduced into the lithium
niobate coating of the waveguide chips via low temperature ion diffusion.
Continuous quality control using scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) identified optimal doping pa-
rameters to be a solution of 27 g potassium-salt and 0.4 g erbium-salt, a
diffusion duration of 4 hours at 465°C, and annealing at 200°C, 300°C, and
400°C for 4, 4, and 23 hours, respectively. The most effective cleaning of
the chip surfaces, achieving 100% potassium and over 80% erbium impu-
rity removal, was accomplished using distilled water, citric acid, and sodium
thiosulfate. Measurement series to characterize both stimulated and spon-
taneous emission were conducted using fiber-coupled and free-space setups.
The developed method, combined with additional surface cleaning and local
masking, e.g., with SiO,, enables precise local doping of photonic structures.

Zusammenfassung

Angesichts der zunehmenden Bedeutung der Telekommunikation und ihrer
Anwendungen auf Plattformen wie Lithiumniobat stellen optische Leistungs-
verluste von aktiven Komponenten auf photonischen Chips eine wachsende
Herausforderung dar. Diese Arbeit untersucht die Kompensation dieser Ver-
luste durch stimulierte Emission des ﬁbergangs 15 /2 —415 /2 des Lanthano-
ids Erbium, das mittels Niedrigtemperatur-Ionendiffusion in die Lithiumnio-
batbeschichtung der verwendeten Wellenleiterchips eingebracht wird. Durch
kontinuierliche Qualitatskontrollen mittels Rasterelektronenmikroskopie
(SEM) und energiedispersiver Rontgenspektroskopie (EDS) ergaben sich als
optimale Doping-Parameter eine Losung aus 27 g Kalium und 0,4 g Erbium,
eine Diffusionsdauer von 4 Stunden bei 465°C sowie ein Tempern bei 200°C,
300°C und 400°C fiir jeweils 4, 4 und 23 Stunden. Die effektivste Reini-
gung der Chipoberflichen, bei der 100% der Kalium- und iiber 80% der
Erbiumverunreinigungen entfernt wurden, erfolgte unter Verwendung von
destilliertem Wasser, Zitronensaure und Natrium Thiosulfat. Messreihen zur
Charakterisierung der stimulierten und spontanen Emission wurden sowohl
mit fasergekoppelten als auch Freistrahl-Versuchsaufbauten durchgefiihrt.
Die entwickelte Methode, kombiniert mit einer zusatzlichen Oberflachenreini-
gung und lokalem Maskieren, z.B. mit SiO,, ermoglicht ein prézises lokales
Doping photonischer Strukturen.
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1 Introduction

Telecommunication has become the backbone of modern society, facilitating
the exchange of vast amounts of information across the globe. Every day,
approximately 5 exabytes of data are transmitted, enabling everything from
simple text messages to complex financial transactions [1]. While it may seem
that the majority of this data is transferred wirelessly, in reality, over 99% of
intercontinental data traffic is carried through undersea and land-based opti-
cal fiber cables [2]. These extensive networks form the critical infrastructure
that supports our digital world.

However, these vast networks of optical fibers face significant challenges due
to optical power losses over long distances. These losses, primarily caused
by scattering, absorption, and other imperfections in the fiber material, can
severely degrade signal quality [3]. To mitigate these losses, Erbium-Doped
Fiber Amplifiers (EDFAs) are employed. EDFAs use the element erbium
to boost signal strength through a process known as stimulated emission of
radiation, allowing the signals to travel longer distances without significant
loss of quality [4]. While this technique is highly effective, it represents just
one aspect of the broader landscape of photonic signal processing.

Because telecommunication does not only rely on large-scale infrastructure
like optical cables but increasingly also on small-scale integrated photon-
ics. A prominent material in this field is lithium niobate (LiNbOs), which
has emerged as a superior platform for integrated photonics. Lithium nio-
bate is renowned for its excellent electro-optical, acousto-optical, and non-
linear optical properties, making it highly suitable for various signal process-
ing applications, including modulators, switches, and frequency converters
[5]. However, despite these advantages, integrating active components like
electro-optic modulators (EOMs), phase shifters, and wavelength converters
on a lithium niobate platform can lead to significant signal losses [6], [7] and
[8]. These losses are detrimental to the overall performance and efficiency of
photonic circuits.

To address these challenges, one promising approach also involves erbium
doping comparable to the EDFA, because erbium-doped lithium niobate can
also serve as an effective medium for optical amplification, compensating for
signal losses within the integrated photonic circuits [9]. While commercially
available erbium-doped lithium niobate wafers [10] are produced using the
Czochralski method [11], [12], these wafers present several challenges. The
primary issue is that doping the entire wafer can degrade the performance
of active components. This degradation necessitates a more localized doping



approach. Localized doping is not only more material- and cost-efficient, but
it also allows for targeted enhancement of specific regions, thereby improving
performance without affecting the entire chip.

The focus of this Bachelor thesis is to develop an optimized recipe for lo-
cal erbium doping of lithium niobate using Low Temperature Ion Diffusion
(LTID). LTID offers several advantages over high-temperature methods, in-
cluding reduced thermal stress and fewer defects in the material [13]. By
concentrating the doping process in specific areas, we can enhance the func-
tionality of photonic devices while maintaining the integrity of undoped re-
gions.

This thesis will explore the theoretical foundations of thin-film lithium nio-
bate and erbium doping, along with the operational principles of erbium-
doped amplifiers. The methodologies section will detail the experimental
setup for erbium doping, the fabrication of waveguides, and the use of scan-
ning electron microscopy (SEM) combined with energy-dispersive X-ray spec-
troscopy (EDS). In the results section, the optimization of the erbium-doping
process will be presented, along with measurements conducted using fiber-
coupled transmission and reflection setups, as well as free-space setup results.
The thesis will conclude with a comprehensive discussion and future outlook,
aiming to contribute valuable insights into the local doping of lithium niobate
for integrated photonic applications.



2 Theoretical Background

The following section will introduce the theoretical fundamentals, with a
particular focus on thin-film lithium niobate, erbium doping, and the opera-
tional principle of erbium-doped amplifiers in the context of this Bachelor’s
thesis.

2.1 Thin-Film Lithium-Niobate

Thin-film nithium niobate (TFLN) is of great significance in the field of in-
tegrated and guided-wave optics. The ferroelectric crystal is not a naturally
occurring substance; it was first produced artificially in 1965 by Ballmann
[14] using the Czochralski technique [15]. The inaugural integrated waveg-
uide was subsequently manufactured in 1974 by Schmidt and Kaminow via
a metal-diffusion process. This resulted in the formation of low-loss TE and
TM mode optical waveguides [14]. The ferroelectric nature of the material
was first identified in 1949 [16].

As illustrated in Figure 1, the crystal structure of lithium niobate, LiNbOj3
(LN) designated to the 3m point group. The value of ”3” indicates the ro-
tation symmetry axis, which is tripled (120°) and situated along the main
Z-axis (also known as C-axis). The "m” indicates that there are three layers
orthogonal to the Z-axis, with each layer including the Z-axis and cutting the
whole lattice in two halves [17]. With regard to LN, this signifies that the
lithium (Li) -ions (Li* and niobium (Nb) ions (Nb°T) are positioned within
octahedral voids created by oxygen (O) -ions (O?7), and moreover, the O-
ions form a distorted hexagonal arrangement. This arrangement gives rise
to the distinctive electrical, optical and acoustic properties of LN [18], which
will be discussed in more detail in the following section.

Figure 1 illustrates the relative positions of Li and Nb, including the O
octahedra. Along the Z-axis, the octahedra are filled in the sequence Li, Nb,
vacancy, Li, Nb, vacancy, and so forth [19].
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Figure 1: (a) left: The positions of the Li and Nb atoms with respect to
the O octahedra in the ferroelectric phase are illustrated in the accompany-
ing diagram. The poling process results in a displacement of the Li and Nb
positions, as indicated by the arrows. In the inversion of the spontaneous
polarization and the domain orientation, the following definitions are em-
ployed: (a) right: the standard definition of the X-, Y-, and Z-axes, with Y
aligning with a mirror plane [20]; (b) left: the primitive rhombohedral cell
of LN crystals; (b) right: the atomic arrangement of the LN structure along
the Z-axis [21].

In the context of radio frequency waveguide technology (RF technology),
principally a range of materials, including bulk silicon (Si), silicon nitride
(Si3N4) or indium phosphide (InP), can be employed in conjunction with
LN. The advantages of LN can be attributed to a number of beneficial char-
acteristics:

Firstly, LN has one of the highest electro-optic coefficients (rz3 = 30 pm/V
[22]), which makes it an ideal material for electro-optic (EO) modulators,
which play a central role in modern telecommunication networks [19]. Sec-
ondly, LN exhibits a large second-order nonlinear coefficient (dszz = -27
pm/V) [19] and a third-order nonlinear coefficient of ny = 1.8 - 107 m?/W
[19], which is comparable to that of other commonly used optical materi-
als, thereby enabling Kerr comb generation [23]. In addition to second- and
third-order nonlinearities, LN exhibits a broad transparency window span-
ning from the ultraviolet to the mid-infrared spectrum (420 nm - 5200 nm)
[19]. In preparation for optical transitions in chapter 2.3, the optical bandgap
values (Egqp) of LN falls within the range of 3.3 — 4.7 eV (depending on the
measurement methods) [24]

Additionally, LN exhibits minimal propagation losses, reaching realistic as
low as 0.2 dB/cm [25].

The production of TFLN wafers out of bulk LN employs a process known



as SMART CUT® fabrication [19]. This process is schematically illustrated
in Figure 2. The initial step involves defining a cleavage plane is defined in
a high-quality LN substrate at the desired film thickness through the use of
high-dose implantation of helium (He)* or hydrogen (H)" -ions (a). The LN
substrate is thus called “donor-wafer* [26]. Subsequently, a Si substrate wa-
ver with an oxide layer, the “acceptor-wafer“, is prepared (b). Moreover, the
LN substrate is bonded to the wafer base, and thermal annealing is applied
to split the substrate along the predefined cleavage plane, resulting in a thin
film (c) and (d). Further annealing procedures serve to diminish the impact
of ion implantation-induced crystal defects, in conjunction with the polishing
of the entire chip surface to enhance its smoothness (e).

The aforementioned process can be observed once more in the following Fig-
ure 2 [19]:

(c) wafer Bonding

a) He* Implantation
(@ P (b) substrate Preparation

O

Wafer Substrate

Wafer Substrate

(d) Annealing and Splitting
(e) Annealing and Polishing

LN Film

Wafer Substrate

Wafer Substrate

Figure 2: Schematic picture of the Smart-Cut process for LN wafer produc-
tion, taken unchanged from [19].

Following an initial period of development in the early 2000s [27], high-quality
TFLN wafers, produced through ion slicing and wafer bonding, have become
commercially available in recent years. The application of novel fabrication
techniques has enabled the realisation of nanophotonic LN waveguides, which
exhibit the combined characteristics of ultra-low loss and simultaneously high
index contrast [28] (as demonstrated in the aforementioned section of part
2.1). In recent years, a set of integrated optical components has been devel-
oped on the TFLN platform, including compact and ultra-high-performance
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modulators [29], broadband frequency comb sources [30], photon-pair sources
[31] and efficient wavelength converters [32]. This platform is therefore suit-
able for hosting a variety of components, including optical and optomechan-
ical cavities [33], tunable filters [34], acusto-optical modulators [35] [36] and
electro-optical modulators [37]. It is accordingly unsurprising that the field
of photonic research has high expectations of TFLN as a multifunctional
and high-performance platform for integrated photonic circuits, applicable
to both classical and quantum applications [19].

2.2 Erbium-Doping

Erbium (Er) is a rare-earth element and lanthanoid with the atomic number
68. The concentration of Er in the Earth’s crust is approximately 2.8 ppm,
while in seawater 0.9 ng/l, equivalent to 910~" ppm [38] (for comparison:
The concentration of Nb in the Earth’s crust is 20 ppm [39]). It should be
noted, however, that in its natural state, Er is never found in a free elemen-
tal form, but only in association with monazite sand ores. The extraction
process is currently conducted with the aid of ion-exchange chromatography
techniques [40].

When artificially isolated, it displays a silvery-white appearance [10]. How-
ever, when present as a salt, such as the erbium(III) nitrate pentahydrate
(Er(NO3)s) used in this thesis, it exhibits some pink fluorescence. Er has a
wide range of applications in everyday life. As a salt, Er finds application
in the colouring of glass, cubic zirconia, and porcelain. The glass coloured
with Er is utilised in a variety of contexts, including the production of imita-
tion jewellery and sunglasses. Er is also utilised in a number of other fields,
including metallurgy, where it is incorporated into vanadium as an alloys
to enhance mechanical resistance. Nevertheless, the most pioneering appli-
cation of Er currently is in silica-glass optical fibres doped with Er, which
are extensively used in optical communications and laser applications. In
this thesis, FEr is employed in this very application in the form of Er-doped
TFLN-waveguides for telecommunication applications [9].

As proposed by Younesi et al. [9], the method employed for doping TFLN is
a low temperature ion exchange process utilising a salt melt of Er. The chips
are immersed in melted salt, where ion exchange is conducted by submerging
x- and z-cut crystal plates at temperatures between 450°C and 600°C. Dur-
ing the doping process, Er®* ions diffuse from the melt into LN, replacing
primarily Li* ions, which outdiffuse into the melted salt. However, it is cru-
cial to acknowledge that the ion exchange cannot be described as a simple
replacement process. As a consequence of the rearrangement of the local



environment resulting from the alteration of the valence state, the structure
of the LN undergoes a transformation. Consequently, following the incor-
poration of Er, some structural rearrangements occur in the LN matrix. A
detailed account of the doping process will be provided in the subsequent
section 3.1.

2.3 Operation Principle of Erbium-Doped Amplifiers

As already mentioned in the introduction, in the context of modern telecom-
munication, there is a pressing need to reduce fibre loss, particularly in the
context of Wavelength Division Multiplexing (WDM). This is a transmission
technology that employs a single optical fibre to convey multiple optical carri-
ers of different wavelengths in an optical fibre communication simultaneously
[41]. Following years of research, the most suitable transmission wavelength
window has been identified as 1260 nm to 1625 nm, which exhibits the lowest
dispersion, the least signal distortion and the lowest loss across a range of
materials. The wavelength spectrum of an optical fibre can be subdivided
into discrete bands, each of which is used as an independent channel with
a predetermined wavelength transmission [42]. In accordance with the stan-
dards set forth by the Comité Consultatif International Télégraphique et
Téléphonique (ITU-T), as outlined in [43], single-mode optical fibres with a
band exceeding 1260 nm are classified into six category. The aforementioned
bands are as follows: original band (O) (1260 - 1360 nm), extended band (E)
(1360 - 1460 nm), and short wavelength band (S) (1460 - 1530 nm). The
remaining bands are the conventional band (C) (1530 - 1565 nm), long wave-
length band (L) (1565 - 1625 nm), and ultralong wavelength band (U) (1625
- 1675 nm).

As stated by HYC Co. in reference [42], the C-band, which ranges from 1530
nm to 1565 nm, is so designated because it represents the most commonly
used conventional telecommunication wavelength. Optical fibres demonstrate
the lowest loss in the C-band, thereby conferring significant benefits in long-
distance transmission systems. Consequently, C-band fibres are extensively
employed in metropolitan areas in conjunction with WDM, long-distance,
ultra-long-distance and submarine optical transmission systems, as well as
Erbium Doped Fiber Amplier (EDFA) technology. As transmission dis-
tances continue to increase and fibre optic amplifiers are employed instead
of optical-to-electronic-to-optical repeaters, the significance of the C-band
is becoming increasingly apparent. The advent of Dense Wavelength Divi-
son Multiplexing (DWDM), which enables the sharing of a single fibre with
multiple signals, has resulted in an expansion in the utilisation of the C-band.



It is evident that despite the minimal losses observed in the C-band and
the exceptional properties of LN, the losses cannot be reduced to zero. The
remaining losses, which are relatively low, accumulate over longer distances.
In order to achieve an amplification, the Er atoms which were doped into
the TFLN, experience a combination of excitation and stimulated emission
as illustrated in the following Figure 3 (a). As outlined by Heilemann in
[44] and Finot in [45], first, the Er within the waveguide are initially stimu-
lated by a pump laser, which emits light at either 980 nm or 1480 nm laser
light. This results the optical transition ‘I;5 — *Ij1/2 for 980 nm and
15/ — “Ly3/2 for 1480 nm by the absorption of the respective photon [46].
The input light at 980 nm with an input power typicially ranging from 10
to 200 mW, triggers an excited state, 411, /2, which then transits via phonon
relaxations to the metastable state *I;3, [47].

In the subsequent phase, either a spontaneous or stimulated emission is pos-
sible. When focussing on the spontaneous emission, an initially perplexing
scenario elucidates, depicted in Figure 3 (b). It can be observed that the
photons beeing emitted from the *I;35 — 15/ transition during spon-
taneous emission do not exhibit a single wavelength but rather a broader
distribution, with a peak at 1530 nm.

The scientific community is therefore producing a variety of output wave-
lengths, including 1530 nm [20], 1531.6 nm [48], 1540 nm [49], and 1550 nm
[50] or 1562.7 nm [51]. Specifies values of 1530 nm [20], 1531.6 nm [48], 1540
nm [49], 1550 nm [50] and 1562.7 nm [51].

Paschotta [46] suggests that the observed variability can be attributed to
the intricate structure of the system. The multi-phonon transition, which is
a consequence of the high phonon energies, occurs relatively rapidly, leading
from *I; /2 to 4113/2. It can therefore be concluded that each transition re-
quires the involvement of phonons. The upper-state lifetime from the *I;3/,
level is in the order of 8 ms to 10 ms, while all higher-lying levels exhibit
lifetimes of a few microseconds due to rapid multi-phonon decays. It is sim-
ilarly conceivable that the energy levels may fluctuate from one location to
another, where the experiment takes place, if the external conditions vary
under which experiment is conducted. In combination with the different
phonon levels inside the atom, insufficient shielding for example against ex-
ternal electric fields (Stark Effect [52]) or magnetic fields (Zeeman-Effect
[53]) result in the splitting of the energy levels into smaller units. It is also
possible that this variety of energy levels may also influence the wavelength
of the light emitted by Er-doped TFLN [54].
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To address this issue of a broad wavelength distribution, a so-called “seed
laser “ is employed to trigger stimulated emission via the transition Iy, —
115/2, as outlined in [44] and [45]. This indicates that the photons emitted
by the Er atoms following the *I;3/2 — I;5/2 transition are identical to the
seed laser and correspond to the coherence criteria due to the same propa-
gation direction, same wavelength and same phases. With this method, the
photons emitted by Er will invariably possess the wavelength of the inputted
light [47].

Energy levels of Erbium () (b)
4 0,80
I9/2 Hm - Telecom. C-Band
[2)
i /N
4 0,98 >
a2 KK [ . g R
Phonon relaxation = 12 / \‘\
a2
& 10
11312 | 1,53 um z ¢ / \\
£ .
e : / \
980 g
at an I WVM’ IWW £, / N
pump absorption g 0
at 1480 nm amplification ‘%’ 1500 1520 1540 1560 1580
I ‘ Wavelength (nm)

4
|15/2

Figure 3: left: schematic sketch of the excitation and emission processes dur-
ing the erbium-doped amplification right: sketch of the width of the photon
emission while spontaneous emission, as the number of possible wavelengths
is greatly increased due to the fine structure. [45]

As a result of the aforementioned process, the application of 980 nm has
yielded in the attainment of gains within a range of 5 dB/cm [20] and 6.20
dB/cm [48] and 20 to 30 dB for 1480 nm (here the source just gives the
internal net gains) [47].

The following section outlines a technique for doping TFLN with Er. This
technique is based on the methodology described in sections 2.2 and 3.1 of
the previous text. The objective of this project, which was initiated with this
thesis, is to achieve comparable magnitudes using the described technique.
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3 Methods and Experimental Setups

This bachelor’s thesis presents a number of experimental setups and measure-
ment methods, which are introduced and described in detail in the following
sections. The section begins with an overview of the Er doping setup, waveg-
uide fabrication and scanning electron microscopy and energy dispersive X-
ray spectroscopy. It then proceeds to present the fibre-coupled, reflection,
transmission and free-space setups.

3.1 Erbium-Doping Process

The sample material employed in this thesis is a TFLN-chip, constructed
in accordance with the methodology outlined in Figure 2. As illustrated
there, 2.2 (right), the chips are contructed with a 525 nm layer of bulk Si,
followed by a 4.7 pm layer of silicon dioxide (SiO3) and a 330 nm layer of
TFLN. An overview of the subsequent doping process is provided in Fig-
ure 4. The initial stage of the process involves the preparation of the salt
mixture, which will subsequently be used to dope the chip. The salt mixture
typically comprises 27 g of potassium nitrate (KNO3) and a variable quantity
of Er(NO3);. Consequently, a high precision scale weight is employed to re-
duce the margin of error to approximately 0.010 g. In the event of clumping
of KNOj3 or Er(NOj3)s, the material must be crushed and mixed in order to
achieve the greatest possible degree of homogeneity. Concurrently, the chips
are labeled on their underside using a diamond pen. This procedure must
be conducted with particular care to avoid damaging or cracking the chip by
applying excessive pressure. Additionaly, all sample chips are cleaned with
aceton, CH3COCH;3 (AC) in an ultrasonic bath to remove the protective
layer applied during the production process. The AC is then removed using
deionized water and isopropyl alcohol, CH;CHOHCH;3 (IPA).

In the next stage (Figure 4 (a)), the chip is positioned within the salt mixture,
ensuring that its surface is entirely covered and that its orientation is such
that the bottom side is facing downwards. The doping process is initiated
by placing the beaker containing the sample on a programmable heat plate.
According to Younesi et al. in [9], the plate is then subjected to tempering,
for instance at a temperature of 465°C with a heating rate of 30°C/min. This
exceeds the melting temperature of both Er(NO3); (130°C [55]) and KNOj
(337°C [56]), as observed by [57], resulting in the complete melting of the
salt mixture. Later, the remaining larger salt clusters also melt under the
applied heat and disperse homogeneously.

As a consequence of Brownian motion [58], the solution is presumed to be
homogeneous (Figure 4 (b)) and the doping process occurs as previously
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described in section 2.2, with the quantity and distribution contingent de-
pendent on the applied temperature and time. Next, the sample is subjected
to a combined process comprising, conducting, annealing, and diffusion, in
accordance with a previously defined temperature sequence (Figure 4 (c)).
Figure 4 (c) illustrates a typical temperature sequence, which comprises an
annealing process conducted in in three stages, with temperatures of 200°C,
300°C and 400°C, for durations of 4 h, 4 h and 23 h, respectively [9]. The
notation 200/300/400°C and 4/4/23 h is employed for the sake of simplic-
ity. The temperature differential between the successive annealing stages is
maintained at 5°C per minute. It is important to note that the annealing
process is a critical phase in the doping procedure. It facilitates the diffusion
of Er3*-ions deeper into the TFLN substrate and simultaneously enables the
reallocation of damaged crystal structures [9]. As with the doping in the pre-
vious step, the parameters shown are sample values that will be optimised
later in section 4.1.

(@) (b) (c)  200/300/400°C
; 2
fe a65°C  3-5 hours @ 4/4/23 hours z 330 nm
£ =
g" f J—\ 5_3: 4.7 ym
: 2 525 m

preparation doping annealing

Figure 4: left: (a) preparation of the salt-mixture with Er(NOj3); and KNO;
and inserted chip in the beaker, (b) increasing temperature of sample and
solution with heat plate, (c¢) subsequent annealing process with bare chip
laying on heat heat plate. right: schematic cross section of the waveguide
chips. Taken changed from [9]

In order to facilitate the diffusion of Er®* ions into the LN substrate, while
simultaneously preventing irreversible damage to the crystal structure, such
as the formation of cracks, a number of parameters associated with the doping
process will be optimised at a later stage in this work. The variables to be
optimised are the quantity of Er(NOj)s, the temperature at which doping
occurs, the duration of the doping process, the temperature and duration of
annealing, and the number of annealing stages. All of the aforementioned
optimisation steps are conducted in parallel with x- and z-cut TFLN chips.
This means that for x-cut, the present crystal plane is the yz-plane of the
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LN and for z-cut, the xy-plane.

3.2 Waveguide Fabrication

The production of waveguides is a process that is divided into two distinct
phases: design and production. The following sections will analyse these two
phases in greater detail.

Waveguide Design

The design of the waveguides was conducted using gdshelpers [59], a flexi-
ble open-source Python framework that enables the generation of masks for
integrated circuitry. Being available open-source confers a significant advan-
tage, as other commonly used commercial software packages for high-end
design are prohibitively expensive. At the software level, the framework in-
cludes adapters that facilitate the conversion of arbitrary Shapely objects
into gdsCAD/gdspy objects, which are then suitable for use in the subse-
quent manufacturing process.

This thesis uses the design of Shapely objects, including tapers for hybrid 3D
integration, curves and straight lines for waveguides, and further polygons.
The Python platform PyCharm CE 2021.3.3 has been selected for use [60].
Figure 5 illustrates the Blender® animations of the chip, while the gds file
that serving as the basis for the subsequent fabrication process is illustrated
in Figure 6 and Figure 7 depicts the outcomes subsequent to dry etching, as
later described in Figure 8.

(a) (b)

Figure 5: (a) Illustration of the designed waveguide using BLENDER® version
4.1.1. without 3D couplers, (b) Close view on a small waveguide featuring
the 3D couplers for the long loop on the left and the short calibration loop
on the right. It should be noted that the conversion to positive and the
systematic indexing have not yet been applied in either illustration.
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Figure 6: Layout of the waveguide chip containing 6 smaller identical chips.
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(a) (b)

Figure 7: (a) Coupling region of undoped TFLN waveguide after fabrication,
(b) Waveguide loop of the same waveguide region.

Waveguide fabrication

In order to fabricate waveguides out of TFLN, a special technique called dry
etching is applied, as described by Bankwitz et al. in reference [61]. The
individual steps are illustrated schematically in Figure 8.
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(a) (b)

ArN 7520
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Figure 8: Schematic steps of the “dry etching process using a positiv resist.

The waveguide structures are patterned onto the TFLN chip using the Electron
Beam Pattering Lithography (EBPL) method. As illustrated in Figure 8
(a), the initial configuration comprises a chip, structured as described in sec-
tion 3.1, onto which a spin-coated positive photoresist (ArP 6520, Allresist
GmbH) is applied in accordance with the desired pattern. In comparison to
a negative resist, a positive one is more time-efficient and prevents material
wastage during the fabrication process. Subsequently, Inductively Coupled
Plasma Etching (ICP-RIE) is employed, utilising an optimised argon (Ar)
milling process to remove the previously marked areas having the positive
resist (Figure 8 (c)), thereby leaving the desired pattern on top of the TFLN
layer (Figure 8 (d)). Moreover, the etched sample is subjected to an addi-
tional RCA-1 etching process to eliminate the potential for potential redepo-
sitions resulting from the employed sputtering technique. As can be observed
in Figure 8 (d), the final waveguide sidewalls are angled. However, this an-
gle, typically between 60 and 63 degrees for both sides [62], has no significant
bearing on the subsequent development of this thesis. Potential avenues for
their removal or optimisation can be found in the existing literature [62] [63].

3.3 Electron Microscopy

One of the primary techniques employed in this thesis was electron mi-
croscopy. The technique is used to gather data regarding surface quality
and to measure waveguide proportions, as well as to determine chemical
composition through the use of Energy Dispersive X-Ray Spectroscopy.
Electron microscopy represents one of the three principal techniques em-
ployed in the field of microscopy. While the magnification of Optical Mi-
croscopy (OM) is based on visible light and that of Atomic Force Microscopy
(AFM) on atomic forces [64], the electron microscope employs electron emis-
sion for imaging its samples.

All Scanning Electron Microscopy (SEM)-measurements were conducted us-
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ing the ZEISS Gemini 560, all Scanning Transmission Electron Microscope
(S/TEM)-measurements with a Thermo Fisher Scientific FEI TITAN Themis
G3 60-300 and the necessary Focused lon Beam (FIB)-preparation for the
S/TEM was conducted with the Zeiss Cross Beam 540. The Energy Disper-
sive X-ray Spectroscopy (EDS) detector is an Oxford instruments AZtec live
powered by Ultim® Max [65].

The following chapters provide an overview of the functions of the individ-
ual devices. For a more comprehensive understanding of the subject matter,
please refer to the referenced literature.

3.3.1 Scanning Electron Microscopy

Electron microscopy can be employed in two distinct operational modes. One
such instrument is the SEM, which is capable of magnifying a structure up
to 3.000.000 times its original size [66].

The following steps, as described by Mohammed et al. in [67], will present
a description of the working principle of an SEM. In the initial stage, an
electron beam with an energy scale between 100 and 30.000 electronvolts is
generated typically through thermal emission. The considerable spot size
of the generated beam presents a significant challenge in achieving a sharp
image. Accordingly, the solution in the SEM is to utilise multiple lenses in
order to focus the electron beam.

With a final size of less than 10 nm, the beam makes contact with the speci-
men surface. By moving the beam with the aid of scan coils over the surface
of the specimen, a rectangular raster is produced. Upon making contact
with the specimen surface, the Primary Electrons (PE) engage in interac-
tions with the Coulomb fields of the specimen material elements. This results
in deflection and Backscattering Electrons (BSE), accompanied by a reduc-
tion in their energy or the generation of Secondary Electrons (SE) through
the release of electrons from a shell. Subsequently, both types of electrons
emanating from the specimen are either detected by an Everhart-Thorlay
detector (ET) [68] or scintillators and semiconducting materials [69]. The
data is then processed with computers in order to display the final image to
the user. To enhance the quality of the image, the user has a number of op-
tions for improving the image quality, including adjusting the brightness and
intensity, increasing the magnification by modifying the working distance! or
increasing the acceleration voltage of the electron beam up to 30 keV [67].

!The working distance describes the distance between the last lens of the lens apparatus
and the specimen surface [67].
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3.3.2 Scanning Transmission Electron Microscopy

The S/TEM represents a second operational mode of electron microscopy,
which will be briefly outlined here as its deployment was confined to a single
measurement during the course of the thesis. Further information can be
found in references [70] and [71].

As the name implies, the S/TEM operates in a manner analogous to the
SEM, with the crucial distinction being that the incident electron is not
reflected by the sample surface, but rather penetrates the specimen and is
detected by a detector situated behind the sample. Accordingly, the applied
acceleration voltage of the electrons is 10 times greater than the maximum
of 30 keV applicable with the SEM, namely 300 keV. However, the specimen
must be of a minimal thickness to guarantee the transparency of the mate-
rial for electrons. The thinness of the specimen is achieved by utilising the
FIB-method, which involves the initial removal of small sections of material
from the sample and subsequent reduction of their thickness [72]. To increase
the energy of the incoming electron beam once more, the beam is focused
so that its diameter is decreased down to a few nanometres. A lens system
then scans the specimen’s surface or cross-section. The detection of the pen-
etrated electrons and the signal procession work similarly to the SEM, with
the difference being that the detector is placed behind the specimen instead
of over it as previously already mentioned [70] [71].

3.3.3 Energy Dispersive X-Ray Spectroscopy

As stated above, EDS is a method for determining the elemental composition
of a substance using electron microscopy [73]. This section is divided into
two parts: the generation and detection of characteristic X-rays.

Generation of Characteristic X-rays

As indicated by its designation, the EDS is designed to operate with char-
acteristic X-rays. The X-rays are produced by the acceleration of electrons
(PE), that collide with the surface of the observed sample. In the surface
atoms, the incoming PE possess sufficient energy to ionise the atom by form-
ing electron wholes in the core-shell region. The subsequent filling of this
vacant space is conducted by an outer shell electron, which assumes the in-
ner position and releases its surplus binding energy. This energy is then
emitted as characteristic X-rays or transferred to Auger electrons, which will
not be discussed further at this point. Additional information can be found
in the following references: [74], [74] and [75].
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X-rays are designated by the shell in which the aperture is formed (from the
interior to the exterior, K, L, M, N, O, and so forth) and from where the
trailing electron is emitted. The shell number is indicated by the Greek letter
alpha (a), beta (), or gamma (), respectively, for the first, second, and sub-
sequent shells. It is essential to recognise that shells with a higher quantum
number, n, divide into more subshells, thereby facilitating the potential for a
greater number of spectral lines. However, due to the resolution limit, only a
few transitions are resolved and are of relevance. For example, K,; and Ko
or L,; and L,s are indistinguishable and occur as one peak). The existence
of spectral lines is contingent upon the atomic number of the material under
observation. For atomic numbers Z=10, the K-lines begin to split into K,
and K2, while for atomic numbers above Z=20, L-lines become visible. In
the range of atomic numbers Z=40 and above, the first M-lines emerge. It
is evident that there are notable differences in the intensity of the observed
spectral lines. For example, in copper, the intensity of the K, : Kz ratio is
approximately 10:1 while the ratio of the strongest L-lines is approximately
10:7:2 [76].
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X-ray, electron KB line
characteristic

(fluorescent) X-ray Characteristic peaks
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Figure 9: (a) Schematic visualisation of production of characteristic X-rays
[77] (b) X-ray spectrum including characteristic X-rays and Bremsstrahlung-
X-rays [78].

However, in an EDS signal, the characteristic X-rays are never observed
in their pure form. Rather, they are always present in combination with
Bremsstrahlung, providing a continuous background spectrum [76], as illus-
trated in Figure 9 (b).
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X-ray Detection with SEM

The fundamental principle of an EDS detector, as elucidated by Bernardi
in [76], is to transform the incoming X-ray energy from the specimen into
a voltage signal. The detector is composed of a thin window that serves to
safeguard the vacuum within the apparatus, a semiconductor detector that
is coated with narrow gold electrodes, an attached Field-Effect-Transistor
(FET) a pulse processor, and finally, a Multichannel Analyzer (MCA)).
The interaction of X-rays with the detector results in the production of
electron-hole pairs. By applying a voltage difference between the front and
back sides of the crystal, these charges are driven in opposing directions.
Upon reaching the electrodes, the charges are converted by the FET into
voltage pulses, which are subsequently processed and assigned as a count in
the MCA. The MCA is typically configured to accommodate up to 4096
channels. However, it can also be reduced manually to increase the process-
ing speed if the signal quality must not be the highest standard.

A longer processing time will always result in an improved spectral resolution
and peaks with minimal Full Width at Half Maximum (FWHM), but will
also lead to a larger dead time?. The dead time is expressed as a percentage,
with a recommended value in the range of 15% to 50%. If the specified range
is exceeded or undershot, the quality of element detection is significantly di-
minished.

In accordance with Moseley’s law, the energy of K, X-rays is proportional
to (Z-1)%. Therefore, for atoms with a greater atomic number, the applied
acceleration voltage for the PE beam must be increased in accordance with
the aforementioned relationship [76]). Figure 10 illustrates the individual
K, and L, values for all elements of the periodic table. By detecting these
spectral lines with the aforementioned techniques, a clear assignment of a
chemical element is possible.

2The term “dead time“ is used to describe the period during which the EDS system is
unable to register incoming X-rays due to the ongoing processing of the preceding pulse.
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Figure 10: Periodic table of elements with characteristiv elements necessary
for EDS evaluation. The red marked elements (potassium (K), Nb, Er, Si,
carbon (C), nitrogen (N) and O) are of special importance for this thesis,
taken modified from [79].

This thesis primarily focuses on the elements K (K,= 3.31 keV); Nb (K,=
16.58 keV), Er (K,= 6.94 keV), Si (K,= 1.73 keV), C (K,= 0.28 keV), N
(Ka=0.39 keV) and O (K,= 0.52 keV). It is recommended that the applied
acceleration voltage for the incident electron beam should be at least equal
to the highest K, energy of all elements that are to be detected. However,
it is advised that the K, value should be doubled in order to ensure a high
resolution and a sufficient number of counts in the detection parts. In order
to increase the number of counts and thus the quality of the EDS signal,
it is necessary to optimise the previously introduced parameters, including
the acceleration voltage and the working distance, in order to achieve the
highest possible energy resolution. This may require a certain investment
of time during the measurement process, but it is of the utmost importance
that the EDS is able to develop its full potential.

It should be noted that EDS can be employed in an electron microscope
utilising both the SEM and S/TEM mode. In a SEM, the chemical com-
position can be determined in two dimensions (2D), which precludes the
generation of information regarding the distribution or depth of individual
elements beneath the sample surface. To obtain this information as well, it is
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necessary to investigate a FIB-prepared part of the sample, which has been
cut out of the specimen, using the S/TEM mode as previously described.

3.4 Setups

In the following section, the aforementioned setups are presented for further
examination.

3.4.1 Fibre-Coupled Setups

The two setups described in the following section 3.4.1 and Figure 13 are de-
signed to facilitate the free external movement of the chip of interest on two
NFL5DP20S Thorlabs linear translation stages in the x- and y-directions.
The incoming laser light is connected via Thorlabs SM 780 HP fibres with a
SQS fibre array made with parts from Thorlabs. The fibre array is mounted
on an aluminium (Al) arm at an angle of 8 degrees, which compensates for
the flattened underside of the SQS fibre arrays. To align the possible chip
structures parallel to the fibre array, a Thorlabs CS165MU/M microscope
with an OSL2 fibre illuminator light source connected to a computer is used.

Reflection Measurements

A central experiment designed to test the excitation of Er in Er-doped TFLN
chips for amplified spontaneous emission by irradiating the surface of a bare
chip without any waveguide structures with light at 980 and 1480 nanometres.
This is expected to result in the excitation of the Iy o —*1130 —*Li5)2
and 413 /2 —45 /2 transitions. In order to serve as laser sources, two dis-
tinct devices were employed: a TOPTICA Continuously Tunable Single-
Frequency Diode Laser CTL, in conjunction with a TOPTICA Digital Laser
Controller DLC pro (for 980 nm) and a SANTEC Tunable Semiconductor
Laser TSL-770 (for 1480 nm). As illustrated in Figure 11, the emitted light
was coupled into fibres leading into a Thorlabs 6015-3-APC S/N-10256041
circulator. Subsequently, the light was directed onto the chip via the fibre
array at a distance of a few millimetres.

The reflected and emitted light from the chip was recorded with the same
fibre and subsequently directed into the circulator. The 980 nm light and
the emitted 1550 nm light are separated from the input light by the circula-
tor and directed into a further fibre. The light is then conveyed via a fibre
optic cable to an ANDO AQ6330 Optical Spectrum Analyzer (OSA). Given
the technical specifications of the OSA, any reflected 980 nm light was not
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detected, as the OSA’s wavelength range stays between 1200 nm and 1700

nm. Figure 12 shows the practical implementation of the proposed structural
design.

input laser

camera

fibre-holder computer

chip

stage
computer

Figure 11: Schematic sketch of the fibre coupled setup.

Figure 12: Picture of the fibre coupled setup.
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Transmission Measurements

The objective of this part of the study was to identify the optimal dop-
ing parameters for TFLN, which would combine the maximisation of stored
Er-ions with the maximum signal amplification via stimulated emission in
TFLN waveguide structures. However, it was not considered that the op-
timal amount of Er during the doping process might be the optimum for
the actual transmission of 980 nm and 1550 nm light, which is the latter
core utilisation of the waveguide. An increased concentration of doped Er
ions inevitably gives rise to an augmented number of scattering centres on
the other. In light of the considerations pertaining to the concentration of
Er and the quality of the surface, the transmission characteristics assume a
pivotal role in the context of the intended late waveguide utilisation. It is
imperative that they are not overlooked under any circumstances.

This configuration shown in Figure 13 is analogous to that delineated in
section 3.4.1. In addition to the mounting on the linear translation stages,
the chip is affixed to the substrate by suction with a vacuum pump, thereby
improving the stability of its position. The laser light is coupled from the
fibre array into the waveguide structure via 3D couplers made of polymer
[80], [81] and [82], which were printed onto the chip with the help of the
nanoscribe Quantum X align [83]. The input lasers employed are TOPTICA
CTL lasers with wavelengths of 910 nm to 980 nm and 880 nm to 940 nm.
By moving the fibre array in a controlled manner below a millimetre over the
coupler, the laser light is coupled inside the waveguide. The exit 3D couplers
are invariably positioned a multiple of 127 pm (in accordance with the in-
ternal group convention) in proximity to the input one. The resulting signal
was then captured by a data acquisition system and subsequently analysed
by a non-commercial Python Graphical User Interface (GUI). Subsequently,
further alignment was conducted manually, with the stage being moved while
the live transmission signal was monitored using the GUI. Furthermore, the
polarization of the input laser signal was optimized using a Thorlabs FPC030
manual fiber polarization controller.
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Figure 13: Sideview of the stage the waveguide is placed below the fibre
array. For distance control, a camera is used on the left hand side.

3.4.2 Free-Space Setup

In contrast to the previously introduced fibre-coupled configuration, the free-
space configuration primarily employs free-space optics, enabling the utilisa-
tion of higher laser input power with the objective of overcoming material
losses, which are postulated to be the primary challenge of the fibre-coupled
configuration. The entire apparatus is situated on a Newport RS 2000 Sealed
Hole Table Top with a Tuned Damped optical table. The input laser was
a Mai Tai HP One Box Ti:Sapphire ultrafast laser, combined with a GWU
UHG-Series Puls Picker, emitting 8 MHz pulses. In Combination with a
Ultrafast Harmonic Generator, the acusto-optical modulator technique was
employed to achieve the desired pulse deflection. This involved the applica-
tion of a brief radio-frequency pulse to the acusto-optical modulator, which
resulted in the targeted pulse being deflected into a slightly modified direc-
tion. The deflected pulses were then able to pass an aperture, whereby the
other undeflected pulses were blocked [84].

The finalised laser light is then directed into a Thorlabs optical cage sys-
tem (Figure 14), where it is steered by a series of Thorlabs dielectric mirrors.
Subsequently, the beam path is directed through beam splitters, ultimately
entering a Thorlabs GVS002 TSH27101-X Small Beam Diameter Scanning
Galvo System, which enables the systematic scanning of the entire chip sur-
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face with the laser. To ensure that the beam hits the chip at the focus point
and on the designated areas, a white-light source in combination with a cam-
era is used. Following that, the laser beam is reflected by the surface of the
sample chips and passes through a Mitutoyo 50x Plan Apo NIR objective
before reentering the cage system. Afterwards, the beam passes through a
second beam splitter, resulting in a deflection of the beam into the second
branch of the cage system. In consideration of the dimensions of the laser
beam, which has a maximum diameter of 1.2 mm, it is postulated that the
possible emissions of 1550 nm light represent a beam with a diameter that is
below the input. It is thus necessary to expand the diameter to that of the
free-space fibre coupler in order to maintain a matching mode field diameter
for the free space and fibre. This is achieved by utilising a bespoke telescope
comprising two lenses, with focal lengths of 75.0 mm (Thorlabs AC254-075-
B-ML) and 200.0 mm (AC254-200-A-ML), respectively. In accordance with
the geometrical optics, the expansion is determined by:

beam diameters,,  focallengthg,

(3.1)

expansion = =
P beam diameter;,itia1  focallength

initial

So the laser light coming collimated from the chip with a maximum beam
diameter of 1.2 mm gets expanded by the factor 2.67. To align the beam
coming from the chip, a technique called “beam-walking* was applied with
the two mirrors shown in Figure 14. In the beam-walking method, the mir-
rors are pre-aligned in small steps in conjunction with pinholes in order to
guide the laser beam in concentric circles around the target and thus move
it step by step to the target point. Next, the laser light is coupled with
an additional second laser from the opposite side, in addition to the beam
already emanating from Mai Tai. This results in the formation of a beam
from both sides, which is then superimposed on both mirrors by means of
the two mirrors. Following the introduction of two additional mirrors for
alignment purposes, the secondary beam is then coupled into a fibre using a
Thorlabs PAF-X-15-C fibre coupler. Subsequently, the fibre is linked to the
ANDO AQ6330 OSA, which was already utilised in the fibre-coupled con-
figuration. In order to increase safety during the time-consuming alignment
process, a pre-alignment process, where a CPS532 diode laser operating at
680 nm, anodised CPA Al alignment targets and a VRC2 laser viewing card
were employed instead of the Mai Tai laser itself. A fine alignment of the
measuring arm with 1550 nm light had to be omitted due to a lack of time
and equipment.
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Figure 14: Schematic sketch of the free-space setup.
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4 Results

In the following results section, the optimised parameters, observations and
challenges during the doping process are first explained. The second part
then deals with quantitative measurement series that were carried out with
the doped chips.

4.1 Optimisation of Erbium-Doping Process

In order to optimise the initial doping process described in reference [9],
a series of variables have been investigated, including the concentration of
KNO3:Er(NO3j)s, the temperature at which doping occurs, the temperature
at which annealing takes place, and the method of cleaning the chip surface.
Subsequently, all modifications were examined via SEM and EDS to ensure
the highest possible concentration of Er in the TFLN layer, while simultane-
ously maintaining the integrity of the chip surface, preventing any cracks or
damage. This delicate equilibrium has consistently represented a significant
challenge, with the ensuing outcomes being subjected to detailed examina-
tion in the forthcoming sections.

In the following section, a notation for the classification of chips with their
respective doping parameters is presented. This notation is illustrated in 15.

motation: \

Crystal orientation — doping temperature — quantity ratio of KNO; and Er(NO,); during doping process

doped at 465°C

z-cut orientation \ l / 27g KNO, : 4g Er(NO,),
k e.g. z-cut - 465 - 27:4 /

Figure 15: Classification of chips according to their individual doping pa-
rameters.

In light of the previous applications of TFLN in diverse contexts, it remains
uncertain, whether the preference aligns with the utilisation of x-cut or z-cut
chips. This ambiguity persists despite the references in [9], [50], [48] and
[20]. Therefore, in all subsequent adjustments of the doping parameters, all
changes were applied to both x-cut and z-cut simultaneously in order to as-
certain whether this had any impact.
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We will begin by discussing the surfaces of the chips. Cracks in TFLN may
occur during fabrication due to various factors. Primarily, Er ions are with
Z=68 much larger than the Li- (Z=3) or Nb-ions (Z=41) they replace in the
crystal lattice. This discrepancy in size can result in strain within the crys-
tal lattice, necessitating adjustments by surrounding atoms to accommodate
the larger dopant ion. Should the strain exceed the material’s capacity to
accommodate it, the doping process may result in the formation of cracks.
Secondly, doping can alter the local thermal expansion properties of the
TFLN. If the regions in which doping has occurred expand or contract at
different rates to the surrounding areas, which may be less strongly doped,
differential stresses can build up in response to temperature changes. This
phenomenon can be observed even when slow heating and expanded cooling
phases are employed after high-temperature doping processes, as discussed in
section 3.1). Such stresses can subsequently result in the formation of cracks.

It could be argued that the introduction of a dopant into a crystal results in
distortions and the creation of defects in the lattice. Such defects can function
as stress concentrators and serve as the initial points of crack propagation.
However, this detrimental effect can be mitigated through the implementa-
tion of a straightforward procedure. The process of annealing. As previously
outlined in section 3.1, annealing represents a widely employed technique for
the restoration of the intact crystal structure.

Erbium Doping Concentrations

Initially, the objective was to optimise the parameters by varying the con-
centration ratios of the employed KNO3 and Er(NOj3)s. The concentration
of KNOj3 remained constant, while the Er(NOj)s-concentration was varied
between 0.2 g, 0.3 g, 0.4 g, 06 ¢g,08¢g, 1.0g,20g,3.0g, 3.1 gand 4.0 g.
The doping temperature was initially set to 450°C, while the annealing tem-
perature was set to 200/300/400°C as described in section 3.1. The quantity
of Er that succesfully diffused into the TFLN behaves according to Figure
16. An extendend overview over all applied parameters and their effects can
be found in the appendix section 7 in Figures 31 and 32.
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Figure 16: Er concentration in TFLN depending on doping-concentration
under different doping temperatures in x-cut.
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Figure 17: Er concentration in TFLN depending on doping-concentration

under different doping temperatures in z-cut.

While for the z-cut the Er concentration remains largely constant at 465°C
(neglecting the fourth measurement point, which appears to be an error mea-
surement), the x-cut chip appears to have a local maximum around 0.6 g
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EI'(NOg)g.

One potential explanation for the discrepancy between the x- and z-cut is the
crystal structure of the lithium niobate from section 2.1. In the z-cut, there
are channels in the z-direction within the lithium niobate, which facilitate
both the diffusion of erbium in and the diffusion of lithium out. In contrast,
the x-cut configuration necessitates that the ions traverse the compact lattice
structure with considerable difficulty.

The SEM measurements revealed the emergence of cracks at concentrations
of 0.2 g Er(NOj3)3 and concentrations above 0.8 g. This might happen, be-
cause too much Er, which has a larger radius than Li subsitutes too many
Li-ions in the TFLN, which irreversibly damages the stability of the crystal
structure. Two illustrative images are presented in Figure 18 for reference.
The overlapping area of high Er concentrations and simultaneously undam-
aged chip surfaces is therefore around 0.6 g Er(NO3)s.

(a)

Figure 18: (a) x-cut-495-27:0.8 chip with cracks along the z-axis of the TFLN,
(b) undamaged surface of a x-cut-465-27:0.6 chip.

Doping Temperature

Furthermore, the impact of the doping temperature on the doping success
was investigated. As illustrated in Figure 16, the doping process was con-
ducted at temperatures of 495°C, 530°C and 600°C in addition to the orig-
inal temperature of 465°C. While the achieved Er concentration for z-cut
remained relatively constant, the formation of the local maximum around
0.6 g Er(NO3)3 was confirmed for x-cut. The use of SEM revealed that all
chips subjected to temperatures exceeding 530°C exhibited the formation of
cracks. These findings suggest that a Er(NOs); concentration of approxi-
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mately 0.6 g and a doping temperature of 465°C may represent the optimal
parameter. As a consequence of the preceding analysis of the distinctions
between x- and z-cut, it can be observed that disparate patterns of fracture
occur in the TFLN between the two cutting types. In the case of x-cut, the
TFLN fractures in a manner that is aligned with the z-axis, resulting in the
formation of cracks that run parallel to one another. In contrast, the z-cut
configuration exhibits a lack of a pre-defined fracture direction within the
x-y plane, resulting in a disordered fracture pattern. Figure 18 (a) already
showed such a parallel pattern for a x-cut chip (x-cut-495-27:0.8), while the
following Figure 19 shows the pattern of a z-cut chip (z-cut-450-27:3).

Figure 19: z-cut-450-27:3 chip with its cracks in the x-y-plane.

Annealing Temperature

In the subsequent measurement series, 0.6 g Er(NOj3); and a doping temper-
ature of 495°C were take as optimal parameters based on the results of the
previous series. Instead of a gradual annealing process at temperatures of
200/300/400°C and durations of 4/4/23 h, annealing was conducted for 23
hours at temperatures of 450°C, 500°C, 550°C and 600°C. As stated in refer-
ence [9], the duration and thermal intensity of the annealing process have no
impact on the amount of Er present in TFLN. This hypothesis was validated
through EDS measurements. The objective was to assess the quality of the
film. In relation to the reparative function of annealing, it was hypothesised
that a higher annealing temperature might facilitate superior repair of the
crystal structure. Consequently, the objective of the measurement series was
to ascertain the maximum annealing temperature, in order to prevent crack-
ing of the chip surface. It was observed that 450°C represents the upper limit
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for annealing, as temperatures above this threshold resulted in the formation
of cracks or, in some cases, extensive damage, which ultimately led to the
complete destruction of the TFLN layer.

Erbium Diffusion

As already mentioned several times in the above chapters, low temperature
ion diffusion is used as a doping method. Now the question naturally arises
as to whether diffusion movements of Er can also be recognised within the
TFLN at room temperature and whether the Er concentrations change in
some places or even on an entire chip. With the help of callibration mea-
surements, the inaccuracy of the EDS was first determined, but this is in the
low single-digit percentage range and therefore has no significant effect.
Firstly, it was generally observed that for chips that were doped at intervals
of 1-2 weeks and subsequently analysed, all of them exhibited comparable
values of Er among each other and to those observed in earlier measure-
ments, where a Er-concentration between 0.2 and 0.8 %4omic Were measured.
In order to investigate whether diffusion movements take place over a longer
period of time after doping, several series of measurements were carried out.

The initial stage of the investigation involved a prolonged observation pe-
riod, spanning over two weeks, during which EDS determinations were em-
ployed at each pivotal stage of the doping and annealing procedure. This
was followed by an additional week of monitoring the Er-concentrations in
the TFLN-layer. As illustrated in Figures 20 and 21, the Er concentration
was subjected to a comprehensive analysis according to various criteria. In
Figure 20, a distinction was first made between the consideration of x-cut
and z-cut chips, in each of which a further distinction is then made between
the doping concentrations of 0.2 g and 0.6 g Er. In Figure 21, after division
into x- or z-cut, a distinction was made not by doping concentration but by
position on the chip. The exact positions are shown in the legend of Figure
21. The percentage number always indicates the percentage of the measure-
ment points carried out under the respective criterion for which an increase,
decrease or stagnation of the Er concentration was observed. The percentage
value was each determined after 4 to 5 measurements at the same position on
the chip within the surveillance period. It is evident that the concentration
of Er exhibits a consistent or increasing trend over time in 70% to 100% of all
measurment positions. The instances in which the quantity of Er diminished,
constituted an average proportion of 12% to 18% (depending on the criteria).

It was assumed that Er might migrate from the centre of the chip to the
far edges, potentially utilising the canals within the crystal structure. This
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structure described in section 2.1 renders the x-cut chips particularly intrigu-
ing, as the TFLN layer remains in the y-z plane of the LN structure due to
the specific cutting process. It can therefore be hypothesised that Er may be
able to move more easily through these canal structures than z-cut TFLN,
which remains in the x-y plane.

Consequently, the locations where the long-term measurements were con-
ducted were selected with particular attention paid to both the central and
peripheral regions of the chip. However, as illustrated in Figure 21, no dis-
cernible pattern emerges. Moreover, EDS line scans were conducted with a
highly precise sampling rate, with each scan taking several minutes. These
scans were carried out in both the central areas of the chip and the edges
and combined in order to detect possible gradients of Er over the chip sur-
face. However, no such gradient was measurable, and thus the results did
not support the hypothesis of further Er diffusion.
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Figure 20: Determined possible Er diffusion chracterised according to doping
concentration and crystal orientation of Er.
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Depth of Erbium Doping

An alternative hypothesis is that the Er is diffusing into the lower layers of
the chip, thereby evading the EDS emloyed with the SEM. By applyig the
Kanaya—Okayama model [85], the penetration depth of the SEM-PE can be
estimated to be approximately 20 - 25 pm.

A second approach involved the use of the S/TEM instead of an SEM. There-
fore a 10x10x1.0 pm section was cut out of the chip and again with FIB
narrowed to a 10x10x0.10 pm piece. Then, a S/TEM was used to determine
the elemental composition of the chip cross-section via EDS. This was con-
ducted on different chips (x-cut-465-27:0.4, z-cut-465-27:0.4 and x-cut-465-
27:1.0) according to crystal-orientation and Er-doping-concentration. The
results, as illustrated in Figure 22, demonstrate that there was no diffusion
of Er into the SiO, or even the Si layer. A deeper penetration of Er into
the chip would have resulted in the formation of clear residues, which should
have decreased in concentration with an increase in the downward gradient.
It must be emphasised that Figure 22 gives the impression that Er is also
present in deeper layers due to green dots. However, this is only background
noise of the EDS colouring and quantitative EDS measurements confirm that
0.0 %atomic of Er is present. Therefore, the hypothesis that Er diffuses deeper
into the chips cannot be corroborated.
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(a) (b)

Figure 22: FIB-S/TEM picture of Er-doped TFLN chip with clearly visible
chip layers (a), EDS live tracking of Er atoms at various chips with visibly
no Er (green) diffused into the SiO,- or Si-layer for the chips x-cut-465-27:0.4
(a)+(b), z-cut-465-27:0.4 (¢) and x-cut-465-27:1.0 (d).

In addition to the theoretical framework concerning the further diffusion of
erbium, the EDS measurements illustrated in Figure 22 offer further con-
firmation that the diffusion of Er into the TFLN has been successful. It
is encouraging to observe that the TFLN was also homogeneously doped,
thereby demonstrating the effectiveness of the previously optimised doping
recipe.

The following Figure 23 shows the live EDS tracking of further components of
this. As Li cannot be detected by EDS, Nb represents LN. The image again
highlights the layered cross-section of the chips used. It should be noted that
these EDS measurements were taken before the chips were cleaned with a
demineralised water bath, so K is still present on an in the TFLN.
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Figure 23: Further elements detected by EDS on the chip from Figure 22.

Cleaning of the chips surfaces

A further crucial aspect of the doping process is the provision of a suitable
chip for subsequent measurement series, which must be maintained alongside
the doping. It is essential that the surface of the chips are sufficiently clean
to permit the printing of the 3D couplers (as described in section 3.4.1) onto
the predefined coupling areas (Figure 6). It is therefore essential to remove
any dirt crystals originating from the doping process which may deposit and
cover the coupling region or lay on top of the waveguide structures (Figure
24). Such crystals can decrease or even prevent transmission due to scat-
tering, and thus must be completely removed from the surface. A summary
of all cleaning attempts is provided in an overview table in Figures 33 and 34.

The initial cleaning procedures were conducted immediately following the
annealing process, with the objective of preventing the further curing of the
dirt crystals with air [86]. The dirt crystals were analysed using EDS mea-
surements, which revealed that they include Er and K, which were assumed
to be present in elementary form. The K crystals can be effectively removed
by immersing the chips in a demineralised static water bath for 15 hours.
However, the Er crystals remain untouched.
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Electron Image 203 Electron Image 197

Figure 24: Example for surface dirt covering the waveguide (a) and the
coupling region (b)) on a x-cut-465-27:0.2 chip.

The intuitive cleaning method, which involved placing the chip in IPA or AC,
sonicating it, and then rinsing it, proved to be ineffective. Consequently, the
initial applied clenaing substances comprised conventional mixtures that are
currently employed in the cleaning of photonic chips and waveguides. The
first step involved the application of aqua regia (HNO3 + 3 HCI) [87], which
was employed to initiate the subsequent chemical reaction 4.1 [88]. It needs
to be pointed out that the aggressiveness of aqua regia occurs not due to
the acids HCL and HNOsj;, but because of reaction products which arise
when mixing the two acids. These products are nascent state Chlorine and
(Clu4se-) and Nitrosyl chloride (NOCI) [89]:

HNO; + 3HCI — NOCI + Cl,,e- + 2 H,0 (4.1)

Especially Cl,,,5.— pushes Er to the third oxidation state making it a water-
soluble chloride.

As impressively illustrated in Figure 25 the aqua regia effectively cleaned
the surface, but it also dissolved all Er out of the TFLN. Probably, the
Cl,,qsc— not only converted the surface Er but also the Er from the TFLN
to Er-cloride compounds. This results in significant visible damage to the
waveguide structure, so it can be concluded that aqua regia is unsuitable for
the cleaning process in the present circumstances.
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Figure 25: z-cut-465-27:0.2 chip after immersing for 1 min in aqua regia.

Next, the dirt was reconstructed to be probably not elementary Er, but an
Er compound. Most probably, the Er oxidised via:

4 EI‘(NO3)3 — 2 EI‘QO3 + 12 N02 + 3 02 (42)

and formed erbium(III)-oxide (Er,O3) produced as residues from the previ-
ous doping phase, which involved the use KNOj3 and Er(NOj);. Most likely,
the K crystals removed with demineralised water were also potassium ox-
ide (K30), which, however, has no detrimental effect on the solubility in
water compared to K.

In the next cleaning attempt, the application of RCA 1 (hydrochloric acid,
hydrogen peroxide and water, HCl + H,O5 + 5 HyO), a remover for organic
residues and films from silicon wafers by sequentially oxidative desorption
and complexing [90] is conducted for one minute. On this occasion, the
TFLN sustained only minimal damage, but regrettably, the dirt crystals on
top were also not removed to the extent that was required. The initiated
following reaction was thus not efficient enough [91] [38].

EI‘203 +6HCl+ 3 H202 — 2 EI‘C]g + 3 HQO +3 OQ (43)
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Moreover, AR 60071, which is a medium for the removal of CSAR and other
photoresists (comprising 1,3-Dioxolane and 1-Methoxy-2-propanol, 7 C3HgOx
+ 3 C4H19O2 [92]), is applied for a period of 25 minutes.

Nevertheless, the desired outcome was not achieved. In comparison to the
RCA-1, the damage to the TFLN was not as extensive, yet nevertheless sig-
nificant, and the dirt crystals on the surface remained undisturbed. It may
be postulated that instead of an attack on the dirt crystals, the AR 60071 en-
genders an Er-Complex of greater stability. This complex is formed with the
participation of solvents, namely 1,3 Dioxolane and 1-Methoxy-2-propanol,
which serve to stabilise the Er-ions.

As the preceding standardised photonic cleaning agents were found to be
ineffective, the subsequent step was to utilise more specialised chemical com-
pounds, designated as complexing agents. However, these and other subse-
quent series of measurements exceed the standard purification procedures of
the working group. Subsequently, the following experiments were conducted
at the Institute of Pharmacy and Molecular Biotechnology at the University
of Heidelberg, in collaboration with the medicinal chemistry research group.
The function of these chemical compounds is to enclose a metal, thereby
forming a complex that is soluble in water, which can then be rinsed off.
The first compound used is Ethylenediaminetetraacetic acid (EDTA,
C10H16N20g), which is known for its ability to complex and dissolve ferrum
(Fe)- and calcium (Ca)-containing substances even at neutral pH values,
where their oxides are insoluble [93], is used. The initiated complex forma-
tion was most probably:

EI‘QOg + 2 NaQHQEDTA — 2 Na[Er(EDTA)] + NaQO + 2 HQO (44)

NaoHoEDTA represents the fully protonated form of EDTA, whereas
Na[Er(EDTA)] denotes the Er-EDTA complex.

Despite the theoretical expectation of success, a 0.1 M? solution of EDTA
with subsequent immersion in water was unable to clean the chip surfaces,
even when the chip was immersed in EDTA for over 66 hours.

A second complex builder was employed in the form of sodium thiosulfate
(NagS303), which functions in a similar manner to EDTA. The use of a 0.1 M
solution resulted in the desired reaction:

EI‘QOg +6 Na28203 +6 HQO — 2 Na3[EI'(S203)3] + 6NaOH + 3 HQO (45)

3The term “1 M is a “l-molar solution®, which means that 1 litre of the solution
contains 1 mol of a substance.
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This approach proved to be effective. The initial formation of large crystals
of dirt was reduced to small beads after 66 hours of immersion. It was ob-
served that the application of hydrochloric acid (HCI) for a brief period was
unable to eliminate the small beads, even when the immersion period was
extended. However, the application of this method does result in a reduction
of EryOs-dirt on the chip surface by about 80%.

In order to create a comprehensive cleaning process, either in conjunction
with or independent of sodium thiosulfate, a series of diverse acids with
varying concentrations, durations and temperatures were employed in the
subsequent measurement series. The specific parameter configuration can be
found in Figures 33 and 34.

Initially, a number of acids were tested, but these were subsequently deemed
unsuitable. On the one hand, there is 85 percent phosphoric acid (H3POy),
a low oxidising acid [56]. Its interaction with the EryO3, most probably went
the following during the two-minute reaction:

EI'QOg + 2 H3PO4 — 2ErPO,4 + 3H50 (46)

Not only all dirt crystals on the surface were removed, but also all Er in the
TFLN. Thus, it might be a tray to use an higher oxidising acid, because
then the oxidising strength, to lift the Oz "’ to OY is much higher. If this ox-
idisation process takes place efficently, simultaneously the Er//! get reduced
to ErY and thus turn into a in water soluble substance.

Conversely, a highly oxidising 96 percent sulfuric acid (H,SO,4) was applied
over a period of up to 25 hours, triggering the reaction:

El“gOg +3 HQSO4 — 2 EI‘Q (804)3 + 3 HQO (47)

Here, all Er,O3 crystals were removed too. However, new crystals comprising
Al K and sodium (Na) emerged on the surface of the chips. But they origin
most probable from the used demineralized water instead of ultra-pure water
or from water residue from cleaning the pipette. In addition, the TFLN was
severely damaged by small plates of TFLN coming loose and piling up at
irregular intervals. .

Other acids demonstrated considerable promise. For instance, hydrochlo-
ric acid (HCI) proved highly effective at removing EryO3 contamination as
the immersion time was extended. At a sufficient level of cleaning, indicated
by a surface purity, with 37 percent HCI and an immersion duration of 21
hours, not only were the Er,Os-crystals dissolved, but also the Er present
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in the TFLN was removed. This outcome was attributed to the following
reaction:

Another promising approach involved the use of either 100 percent acetic acid
(CH3COOH) or 2 M citric acid (HOCH,C(COOH)C(OH)(CH,COOH)COOH)
for up to 64 hours each. In the majority of chips, the TFLN remained in-
tact, the Er was not dissolved out of the TFLN, and the dirt crystals were
almost entirely removed or reduced to a size of a few tens of nanometres.
This value is equivalent to one-fifth of the original median particle size of
the dirt crystals. Despite employing various techniques, including increasing
the acid concentration, utilising a sonicator, and raising the temperature to
extend the reaction time in accordance with the RGT rule [94], a compre-
hensive cleaning of the surface remained elusive. The reactions of the two
acids, which effectively removed the majority of the dirt, were as follows:

Er,0; + 2 HOCH,C(COOH)C(OH)(CH,COOH)COOH

4.10
— 2 Er(HOCH,C(COOH)(COO)(CH,CO0)) + 3 H,0 (4.10)

An alternative methodology for cleaning is to undertake this process prior
to the annealing process, immediately following doping. This approach is
designed to prevent the residues of Er(NOj); from reacting to Er,O3 via 4.2.
The results demonstrated that the crystal structure of the Er-doped TFLN
in this stadium is highly unstable. The application of hydrochloric, acetic
or citric acid for brief periods of time (a few minutes) consistently resulted
in the removal of all Er from the TFLN in all samples. Even the use of
demineralised water proved not being purposeful. Manual swivelling for up
to five minutes had no effect on the dirt or the Er in the TFLN. However, if
one then switches to sonicating the chip, even after 2 seconds of sonication
in demineralised water, all Er is dissolved out of the TFLN. This sensitive
reaction of the TFLN crystal structure was unexpected, but serves to em-
phasise the importance of annealing after doping once again.
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A third attempt at cleaning the surface was conducted by heating it to 100°C,
while immersing it in ultra-pure water. By immersing the chips in ultra-
pure water, the removal of the Er,O3 dirt should be initiated in an inter-
mediate manner, driven by Brownian molecular motion rather than weak
hand-shaking and intense sonication. It is anticipated that the simultaneous
heating will facilitate a smooth annealing of the TFLN structure, thereby
preventing the dissolution of the Er. Furthermore, the dissolution of the
Er,O3 dirt crystals from the original 9 mm? chip now distributes over the
171-times larger area of the beaker when the ultra-pure water vaporises at
100°C. This should also result in a reduction in the number of dirt crystals
on the chip surface.

It is regrettable to report that this method also proved unsuccessful. While
the Er-ions remain within the TFLN structure, the crystal covering is reduced
by only 20% after 6 h.

4.2 Reflection Measurements with Fiber-Coupled Setup

In the initial measurement series, distinct chips were illuminated with 980
nm or 1480 nm laser light with the objective of stimulating the transition
from the “Iy; /2 to the *Ij3/2 and subsequently to the *I;5/2 state, as outlined
in section 2.3. Ultimately, the excitation of the “Iy; /o —*I13/2 —*115/2 (for
980 nm) and “Iy3/2 —*I15/2 (for 1480 nm) transitions result in the emission
of 1550 nm light via amplified spontaneous emission. The transmission of
the employed components was initially validated through the application of
a 1550 nm laser input with a power of (31.492 4+ 0.005) mW, followed by
the measurement of a 1550 nm reflection at the OSA with a power of (-42.70
+ 0.05) dBm (approximately (53.0 = 1.0) nW. The chip utilised was of the
z-cut-465-27:4.

Subsequently, the input laser was set to 1480 nm with an input power of
4.499 mW. An integration time of two minutes (equivalent to the internal
Python setting “HIGH2“) was used to record the Er spectrum at wavelengths
of 1528-1534 nm and 1548-1552 nm. The chips employed were of the z-cut-
465-27:4 and x-cut-465-27:0.4. It is unfortunate to report that no peaks were
observed with the OSA during the course of the measurements. When the
procedure was repeated with the same chips but with an input laser at 980
nm and an input power of (55.0 & 2.0) mW, no detectable peaks were ob-
served at 1550 nm or 1530 nm.

A second attempt was made to determine the OSA spectrum in the regions
1528 — 1534 nm and 1548 — 1552 nm once more, but this time in direct com-
parison with the background signal. This should guarantee the occurrence
of a light emission by the chip, although it may not be perceptible due to
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the presence of a much broader peak than was initially anticipated. The
sample employed was a z-cut-465-27:4 chip. The CTL was employed as the
input laser, with a wavelength of 980 nm and an input power of (50.0 £ 2.0)
mW. The scanning time was set to the maximum sensitivity range from -90
dB to +20 dB, resulting in an integration time of approximately 25 minutes
[95]. The results are presented in the following Figure, reference number 26.
It can be observed that there is no discernible difference between the input
laser being enabled or disabled.

OSA detection depending on wavelength at 1528 nm - 1534 nm OSA detection depending on wavelength at 1548 nm - 1552 nm
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Figure 26: (a) measurement of the ANDO OSA in an area of 1528 - 1534 nm
with no expected peak at 1530.2 nm or difference in amplitude compared to
the backgroudn signal, (b) repeated measurement at 1548 - 1552 nm with
the same result.
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This suggests a number of potential explanations. Firstly, it is possible that
no excitation of the Er transition occurred, although this seems unlikely in
light of the theoretical background. Secondly, it is possible that the transition
was indeed excited, but that the emitted signal was too weak to be detected.
In addition, the 1550 nm signal emitted by the chip may not be particularly
weak, but its power is lost entirely along the path from the chip to the
OSA, despite the use of specialised components designed for 1550 nm signals.
However, the primary reason is likely to be insufficient input power of just
milliwatts, which resulted in a negligible level of excitation that then got lost
within the background. In order to enhance the input laser power, utilising
the pulsed Mai Tai Laser as outlined in section 4.4 may prove an effective
solution to this issue.
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4.3 Measurements with Waveguide Transmission Setup

Subsequent to the alignment procedure delineated in section 3.4.1, a mea-
surement series with waveguide chips to measure their transmission of optical
power was prepared. Initially, the undoped x- and z-cut waveguide were em-
ployed as a reference for the subsequent doped TFLN waveguides. In order
to facilitate a more meaningful comparison with the doped chips that would
be produced subsequently, the undoped ones were also subjected to a heat-
ing process at 465°C for a period of four hours. Following this, they were
annealed using the standard parameters of 200/300/400°C for 4/4/23 h.
For each chip and both CTL lasers, a calibration measurement is conducted
by sweeping over the entire wavelength range.

Due to unforeseen technical issues with the printed 3D couplers, which were
mentioned in section 13, it was unfortunately not possible to proceed with
the planned transmission measurements. Further details on this matter can
be found in the outlook 5.2.

4.4 Measurements with Free-Space Setup

The objective of the second setup was to detect 1550 nm light from the er-
bium atoms, given that the Mai Tai laser is capable of higher laser power,
where the previously utilised CTL lasers were unable to achieve the desired
outcome. Furthermore, it is anticipated that material-related losses in op-
tical performance can be offset by the high power applied. The used Mai
Tai laser emits thereby pulsed light on femtosecond scale, which cannot be
resolved by the bandwidth of the power meter, resulting in the perception of
the pulsed laser light as continuous. In general:

p average [W]

P peak-power |[W| = - -
peatcpover [W] Repetition rate [Hz| - Pulse width s

(4.11)

With an average power output in the single-digit milliwatt range and a repe-
tition rate of 8 MHz and a pulse width of 100 fs, the peak power rises rapidly
to values in the high double-digit kilowatt range, which is 7 orders of mag-
nitude higher than that observed input-power of 50 mW in the fibre-coupled
configuration presented in section 4.2

In the following measurement series, the laser is pulsed with different powers
onto the doped chip in order to gain various amounts of photon emission with
a wavelength of 1550 nm. These photons were then supposed to be detected
by the OSA.
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It was not possible to achieve a 1550 nm emission correlated to the 980 nm
input power measured by the OSA. The crucial issue was that, despite ex-
tensive optimisation and alignment efforts, it was not possible to couple the
emitted 1550 nm light (if it was indeed emitted) from free space into the fibre
as describes in Figure 14. It was imperative that all alignment procedures
were conducted with either a visible 680 nm diode alignment laser or the
MaiTai itself, operating at a wavelength of 980 nm.

Figure 27 illustrates the de-
pendence of a shift in fo-
cal length due to the use
of different wavelengths of
a sample lens. The focal
length of such a lens is de-
pendent upon the refractive
index of the lens material
as a function of the wave-
length and the radii of cur- 400 500 600 700 800 900 1000 1100
Wavelength (nm)
vature of the lens surface.
Lenses are usually manufac- Figure 27: example dependece of focal length
tured with a correction for shift and wavelengh, data taken from [96].
two wavelengths and a wave-
length range with a smaller shift between these two. This ensures that the
focal length in this range reacts less sensitively to the wavelength used with
regard to a shift. If one considers that the final wavelength of 1550 nm is 850
nm away from the optimum at 700 nm and one assumes a linear regression,
the focal length is already shifted by 2.1 mm by the two used telescope lenses.
This was attempted to be rectified by mounting the second lens in the cage
system in order to readjust by moving the lens within the system. However,
if one also considers that the beam splitter, the galvometer and the objec-
tive in the galvometer are also only optimised for 980 nm and not 1550 nm
light, the number of potential sources of error increases significantly. This
is because, in addition to the focal length, the anti-reflective coating of the
components is also ineffective outside the optimised area, so more reflections
occur, reducing the singal-to-noise ratio (SNR) as well as the likleyhood of
detecing upconverted light with a wavelength of 1550 nm.
This is how, for example during the construction of the telescope, three laser
dots become visible on a laser card held into the beam path, indicating the
inaccuracy in the setup. The smallest in diameter is reflective light from the
chip, while the other two reflections originate from other components within

Focal Length Shift vs Wavelength
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the cage system, most probably originating from the beam splitters. More-
over, the dots from the cage system components even exhibit an interference
pattern. As the individual points are not far enough apart, it is unfortunately
not possible to filter out individual points with pinholes.

In order to quantify the losses within the cage system, the power of the
980 nm input laser was measured with a free-space power meter at the po-
sitions 1-7 in Figure 14. Figure 28 illustrates the ideal course resulting from
beam splitter losses, the actual course, and the background. It is evident
that the actual course invariably exhibits greater losses. Nevertheless, the
measurement indicates that these losses are so significant that at the crucial
stage of coupling into the fibre for the OSA (measurement at point 7 ), the
signal is indistinguishable from the background.

Free-space Powermeter Measurements in Confocal Setup at 980 nm
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Figure 28: Free-space-powermeter measurements at different positions within
the free-space with an input wavelength of 980 nm.

In order to anyway try to ascertain the relationship between the power of the
detected 1550 nm signal and the 980 nm input power, a measurement series
was taken with the free-space powermeter at position 5 in Figure 14. Mea-
suring there is the first position in the cage system, where the input beam is
seperated from the beam coming from the chip. Furthermore, the reflected
chip-signal is not on background level so far as at position 6 or 7. The aver-
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age power of the detected 1550 nm signal was found to indeed depend on the
980 nm input power. The subsequent Figure 29 (a) displays the individual
values, the median value for each input power, and a fit function.

Measuremt of chip-signal at position 5

+ alldata +
= 18 1 ® averagedata +
=l :
=2
= . ;
5 161 . e
o * P
+ t -
=} + I - +
o _--7
14 4 + % +
£ t 8
+ -
2
n 12 | 7
— e
he] 7
b ,’,, + .
3 i t
a 10 : M
Q. +
3
2 |3
8 : : , , .
4.0 4.5 5.0 5.5 6.0

980 nm input [mMW]
slope = 2.841448301741732

(a)
Typical Response Graph
1,2E+00 - 1,2E-02
"\ w5 MW Range ||
__ 1,0E+00 ,' A == 500mW Range|; 1 0E-02
E 'l X
< 80E-01 4 X | 8,0E-03
frd ! \ \\\ |
— \ :
= 6,0E-01 v N ! 6,0E-03
= \ |
@ |
\
S 4,0e-01 \| 4,0E-03
n L
o 2
2,0E-01 - { 4,0E-03
0,0E+00 by = ! 0,0E+00
o o o o o o o N o o
S S S S S S < S S S S <
A o I I R I SO S K

wavelength [nm]

(b)

Figure 29: (a) measurement of supposedly 1550 nm light emitted by the
chip, (b) Response graph of used free-space powermeter regarding different

detected wavelengths. Taken changed from [96]
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Nevertheless, the objective of quantifying 1550 nm radiation was promptly
challenged again by the response graph of a free-space powermeter, as illus-
trated in Figure 29 (b). Although a free-space power meter is capable of
measuring a range of wavelengths, it does not detect the individual wave-
lengths itself, as an OSA does. Instead of this, a distinct weighting factor is
ascribed to each wavelength. An analysis of the graph reveals that a mea-
surement of 1550 nm light would result in a slope of approximately 1 for the
fitting curve. However, the observed slope in Figure 29 (a) is approximately
2.8, which corresponds to the reciprocal of the weighting factor in Figure 29
(b). It was thus established that the measured light at position e) was not
1550 nm emission from Er, but rather a reflection of the 980 nm input laser
light.

49



5 Conclusion

In the following, the preceding work about the Er-doping is summarised, and
an outlook on the subsequent stages of the project are presented.

5.1 Summary

The objective of this bachelor thesis is to develop a localized doping method
for LN waveguides with Er to compensate for optical signal losses in photonic
chips. Unlike global doping methods currently available, this approach aims
to enhance specific regions of the chip. Theoretical foundations covered the
material properties of LN and Er, and the optical amplification achievable
through Er’s stimulated emission.

Through continuous monitoring using SEM and EDS, optimal doping param-
eters were established based on low-temperature ion diffusion. The primary
goal was to maximize Er incorporation without causing structural damage
such as cracking or flaking. The process involves heating a chip, cleaned with
AC and TPA; at temperature increase of 30°C/min in a salt mixture of 27 g
KNO3 and 0.6 g Er(NO3)3 to 465°C for 4 hours. For structured chips, the
Er amount is reduced to 0.4g due to a 66% increase in doping surface area.
Post-doping, the chips undergo annealing at 200°C, 300°C, and 400°C with
AT = 20°C/h for 4h, 4h, and 23h respectively.

All measurements were con-
ducted in parallel on x- and
z-cut chips, ensuring that
the optimal parameters are
equally applicable to both
chip types. As illustrated
in Figure 30 on the right-
hand side, the results were
successful. The Er dif-
fused homogenously into the

TFLN layer, without pene- Figure 30: Live-tracking of Er in the TFLN

trating into the deeper layers layer with EDS (zoomed in).
of the chip. Doping results

in EryO3 and Ky;O contami-

nants on the chip surfaces, which require removal. K5O can be dissolved in
distilled water, while various acids, acid mixtures, and complexing agents
were tested for FEroOj removal. Sodium thiosulfate proved most effective,
removing over 80% of Er,O3; without damaging the TFLN or leaching out
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diffused Er. Despite this, even minimal surface contamination can obstruct
waveguide transmission, necessitating complete cleaning.

The parameters just listed for performing the low temperature ion exchange
method provide a solid basis for future doping of LN with Er. But for these,
the durability of the chip and constant Er concentration in the TFLN play
a central role. Given that doping was conducted via low-temperature ion
diffusion, concerns arose that even room temperature could precipitate fur-
ther diffusion of Er within the TFLN. To test this hypothesis, two series of
measurements were conducted.

Despite various experiments and hypotheses that the Er could diffuse along-
side the tunnel structures in the LN-crystal or even down into deeper layers
of the chip, non of these concerns could be confirmed, which is very promis-
ing for future applications.

Although the cleaning of the chip surface has made good progress with 100%
removal of K,O crystals and over 80 % removal of Er,O3 crystals, it is rele-
vant for efficient use in telecommunication, as motivated in the introduction,
that there are as few scattering possibilities as possible for propagating light
in the LN. However, every dirty crystal forms such a scattering centre and
at the same time prevents the printing of the 3D couplers required for trans-
mission measurements. It is also surprising that despite excessive duration
and concentration, no further reduction in the size of the dirt crystals took
place after a certain point. In the further course of the project, even greater
co-operation should be sought with chemists in order to clean the chip sur-
faces as completely as possible.

Furthermore, the material conditions for many measurement series were not
yet optimal during this work. It was almost to be expected that the power of
the TOPTICA laser in section 4.2 would not be sufficient to detect measur-
able spontaneous amplified emission of erbium with the OSA. However, the
subsequent series of measurements using the pulsed free-beam optical Mai
Tai laser was also unable to produce the desired spontaneous light emission
of Er. The losses in the cage system were still too great due to components
such as lenses or beam splitters that were not optimised for the far-infrared
wavelength. However, it is to be expected that the series of measurements
with optimised components would lead to success. It was a great pity that
for logistical reasons it was no longer possible to print 3D couplers as part
of this work. The transmission measurements carried out with them using
undoped waveguides would have provided a basis of comparative values for
later transmission measurements with doped waveguides.

Apart from these few shortcomings, the results of this work provide a good
starting point for the further development process of locally doping LN.
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5.2 Outlook

The next approach to continue the previous project is to further clean the
surfaces of the waveguide chips. Another approach would be to develop a
mechanical-chemical polishing process to smooth the chip surfaces. It would
have to be tested whether this is possible without damaging the structure of
the LN. In parallel, however, transmission measurements using doped waveg-
uides could also be started. This would show whether 100 per cent surface
cleaning is necessary at all or whether, contrary to expectations, smaller
residues are unproblematic.

Furthermore, the transmission measurements will most likely also be used
to adjust the amount of Er during the doping process. This is because it is
important to note that every Er atom in the TFLN represents a potential
scattering centre for signals, particularly due to its size. This means that the
maximum amount of Er that can diffuse into the TFLN, whether or not its
surface is occupied, may not also mean maximum amplification.

By covering those areas on a waveguide with a mask, e.g. made of SiO,,
during the doping process in a further step, any locally limited window can
then be selected from the previous global doping of a waveguide in a final
step. If this masking is also optimised, a successful method will be available
with which LN can be doped locally with Er. This process can then be used
for telecommunications processes that are to be optimised using the unique
material lithium niobate.
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7 Appendix

Crystal KNO3:Er(NOg), Doping Doping time Annealing Annealing
structure weight [g:g] temperature [hours] temperature time Cracked?
[°C] [h] [hours ]
x-cut 27:0.2 465 4 200/300/400 8/8/23 yes
450 23 no
530 4 200/300/400 8/8/23 no
600 4 200/300/400 8/8/23 no, but damaged
x-cut 27:0.3 465 4 200/300/400 8/8/23 no
495 4 200/300/400 8/8/23 no, edges damaged
x-cut 27:0.4 465 4 200/300/400 8/8/23 no
530 4 200/300/400 8/8/23 yes
600 4 200/300/400 8/8/23 no, but damaged
x-cut 27:0.6 465 4 200/300/400 8/8/23 no
465 23 no
4 200/300/400 8/8/23 no
450 23 no
495 4 500 23 yes
550 23 no
600 23 yes
x-cut 27:0.8 465 4 200/300/400 8/8/23 no
495 4 200/300/400 8/8/23 yes
x-cut 27:1.0 465 4 200/300/400 8/8/23 no, but damaged
530 4 200/300/400 8/8/23 yes
600 4 200/300/400 8/8/23 No, but damaged
x-cut 27:2.0 495 4 200/300/400 8/8/23 yes
x-cut 27:3.1 465 4 200/300/400 8/8/23 yes
X-cut 27:4 465 4 200/300/400 8/8/23 no, but damaged
530 4 200/300/400 8/8/23 yes
600 4 200/300/400 8/8/23 yes

Figure 31: Overview of x-cut chips and the applied parameters
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Crystal KNOg:Er(NO3)s Doping Doping time Annealing Annealing
structure weight [g:8] temperature [hours] temperature time Cracked?
[°C] [h] [hours]
z-cut 27:0.2 465 4 200/300/400 8/8/23 yes
450 23 no
530 4 200/300/400 8/8/23 no
600 4 200/300/400 8/8/23 no, but damaged
z-cut 27:0.3 465 4 200/300/400 8/8/23 no
495 4 200/300/400 8/8/23 yes
z-cut 27:0.4 465 4 200/300/400 8/8/23 no, but damaged
530 4 200/300/400 8/8/23 yes
600 4 200/300/400 8/8/23 no, but damaged
z-cut 27:0.6 200/300/400 8/8/23 no, but damaged
465 4 450 23 no
495 200/300/400 8/8/23 no
z-cut, s- 27:0.6 465 4 450 23 no
shape
z-cut 27:0.8 465 4 200/300/400 8/8/23 no
495 4 200/300/400 8/8/23 no
z-cut 27:1.0 465 4 200/300/400 8/8/23 no, but damaged
530 4 200/300/400 8/8/23 yes
600 4 200/300/400 8/8/23 no, but damaged
z-cut 27:2.0 495 4 200/300/400 8/8/23 yes
z-cut 27:3.1 465 4 200/300/400 8/8/23 yes
z-cut 27:4 465 4 200/300/400 8/8/23 no, but damaged
530 4 200/300/400 8/8/23 yes
600 4 200/300/400 8/8/23 no, but damaged

Figure 32: Overview of z-cut chips and the applied parameters

70




Chemical Concentration | Duration Effect: Effect: Other
compound dirt crystals TFLN effects &
comments
DM Water (H20) - 1 min* no no no
5 min* no no no
1 min* >99% no/minor allEr
+ 1minin removed damage removed
sonicator*
1 min* >99% no/minor allEr
+30sin removed damage removed
sonicator*
1 min* >99% no/minor allEr
+10sin removed damage removed
sonicator*
Tmin*+2s >60% no/minor all Er
in removed damage removed
sonicator*
5 minin >99% no/minor allEr
sonicator*® removed damage removed
14 h little no/minor new Na, Ca
gradually removing damage & Mg crystals
heating to
250°C**
10h little minor Na, Ca & Mg
gradually removing damage crystals
heating and removed
6 h cooking again
a100°C **
15h no no K fully
removed
43 h+50°C no no even K not
heat fully
removed
Sodium thiosulfate <0.1M 30s no no no
(NazS204) 0.1M 21h no minor no
damage
66 h only pepples minor no
left damage
66 h +30s pepples still minor no
HCL left damage
Sulfuric acid (H2S04) 95%-97% 2 min no no no
25h fully removed plate-like new Al-, Na-
shifted & K-crystals
Hydrochlorid acid 237% 30s no minor no
(HCL) damage
2 min* +1 medium little no Erin TFLN
min acetid removing damage
before*
5h little minor no
removing damage
21h fully removed minor no Erin TFLN
damage
Phosphoric acid 85% 30s no no no
(H3PO4) 2min fully removed no no Erin TFLN

Figure 33: Overview of all applied cleaning attemps part 1
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Ethylenediaminetetra- 0.1M 21h no minor no
acetic acid (EDTA) damage
66 h no minor no
damage
Acetid acid (C;H403) 100% 1 min* medium little no Erin TFLN
removing damage
4h+50°C no no no (for x- and
heat z-cut,
increased
amount of
acid)
21h medium no no
removing
23 h+50°% little/ no no Erin z-cut
heat medium TFLN (in x-
removing cut: Er
existing)
25h medium completely no
cleaned damaged (increased
amount of
acid)
66h medium no 1/3 of Chips
removing no Erin TFLN
64h no no same dirt
Citric acid (CsHsO7) 1™ 3 min* little little no Erin TFLN
removing damage
21h no medium no
damaged
21 h+50° | medium/good no no Erin TFLN
heat removing
66 h bigger Y2 chips no no
pepples left damage
Yz chips
TFLN
remove
66 h +30s pepples still minor no
HCL left damage
2M 64h almost minor almostall
removed waveguides
dirt-free
Aqua regia (HNO;+ 1:3 1 min almost completely no
3HCL) removed destroyed
RCA1 (HCL+H;0,+5 1:1:6 1 min little minor no
H:0) removing damage
AR 60071 (7 CaHeO, + 1:3 25 min no medium no
3 C4H1002) damage

M=mol/l

* =the cleaning took place immediately after the doping before the annealing

process

** =the dirt crystals are cooked out of the chip by doing the annealing inside a

water bath

Figure 34: Overview of all applied cleaning attemps part 2
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