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Development of PPLN waveguides for IR upconversion detection and imaging

by Noelia Palomar Davidson

This thesis contains a series of experimental and numerical simulation work carried
out for development of zinc-indiffused PPLN ridge waveguides at a range of wave-
lengths, spanning UV, visible and infrared light. First, the methodology for the charac-
terisation and modelling of PPLN ridge waveguides is presented. The waveguides are
fabricated via indiffusion of zinc into the crystal structure and ductile dicing, thus to
create a good numerical model which will allow us to predict waveguide parameters

for new wavelengths, an investigation of fabrication parameters is carried out.

Results for fabricated frequency doubling PPLN waveguides into the green/UV range
are also presented. Preliminary results of the most efficient waveguides fabricated
yielded a maximum conversion efficiency of 100.1% /W in a 20mm-long device, gener-
ating 532nm light, and in a different 20mm-long device, generating 378.3nm light with
a 3.65% /W conversion efficiency. Experimental phasematching spectra and mode pro-
tile measurements are compared to those generated by the model. Numerical mod-
elling of the effect of width variation along the length of the waveguide is carried out,

as it is known to reduce efficiency.

Initial work towards building the existing model for MIR waveguides is presented.
In optical experiments the fabricated MIR PPLN waveguides showed guidance up
to 3.5um in a 45pm wide ridge, and upconversion detection of pulsed 3.3um light is
achieved, generating 805nm light with a conversion efficiency of 0.11%.

An upconversion imaging system is built to demonstrate an application use for long
wavelength zinc-indiffused PPLN waveguides developed during this thesis. The con-
tiguration uses Galvo mirrors to scan over an illuminated area, the collected light is

coupled into a waveguide and upconverted to visible wavelengths for detection.
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Chapter 1

Introduction

Due to advancements in silicon sensor technology, imaging in the visible and near-
infrared (NIR) region has become mainstream and commercially successful, driven
by its use in mobile phone cameras and low light imaging systems. Exemplified by
complementary metal-oxide semiconductor (CMOS) cameras, which now offer multi-
megapixel resolutions at speeds up to 500fps with low read noise of < 10e™. Beyond
the range covered by mature CMOS technology, multiple sectors work in the eye-safe
mid-infrared (MIR) wavelength range (2-8 nm), where they can benefit from low-loss
atmospheric transmission windows for imaging, and location of fundamental absorp-
tion bands of many gas molecules for spectroscopy [1]. This results in a wide scope
of applications; identification and quantization of gas and chemicals; non-invasive
and non-destructive diagnostics tools [2]; environmental monitoring, such as gas leak
detection; astronomy [3]; thermal imaging; and military defense applications [4]. De-
spite availability of direct detection across the infrared (IR) range, limitations posed
by costly IR sensor technology, and lack of sensitive MIR detectors and imaging de-
vices [5], means that the advantages of systems operating directly in these bands have
not been fully exploited. Table 1.1 displays the approximate pricing of FLIR high-

speed high-definition cameras with detection range between 1.5pm and 5pm.
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TABLE 1.1: Guide pricing for FLIR InSb cameras for the MIR.

Resolution | Speed | Price
60 Hz | £55,000
640512 X I, | 295,000
60 Hz | £85,000
1kHz | £130,000

1280x1024 px

Upconversion is a nonlinear optical process that provides a method to parametrically
convert photons to shorter wavelengths [6], where the photon energies are related as
shown in Figure 1.1. These shorter wavelength photons can be detected directly with
standard sensitive silicon detectors, circumventing drawbacks of MIR detectors. This
approach has been around since the discovery of the first laser by Maiman in 1960 [7],
the first demonstration being second harmonic generation (SHG) by Franken et al. in
1961 [8], although the term upconversion wasn’t coined until the following year [9].
Parametric upconversion imaging was first demonstrated by Midwinter in 1968 [10],
who was followed by several other research groups in producing an up-converted
image from the IR to the vis/NIR range, as well as theoretical studies about the imag-
ing technique [11, 12]. However, due to limiting factors such as available laser source
quality and nonlinear crystals with poor upconversion efficiency, interest in the subject

petered out until recently.

ml
e —
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>
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FIGURE 1.1: Geometry of frequency upconversion, a phenomena whereby a nonlinear
material can convert input light with frequencies w; and w; to a different frequency
w3, defined by w; + wy = ws.

The key development that has led to a resurgence of interest in upconversion detec-
tion was the development of periodically poled materials by using electric field pol-
ing [13], where the increased conversion efficiency of the crystal has opened up the

tield to advancement. The University of Southampton is among the world leaders in
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developing periodically poled materials for commercial applications, with the objec-
tive of further increasing the conversion efficiency by using a waveguide structure.
Other academic research has worked towards improvements in spatial resolution, re-
duction of noise and lowering cost of operation, as well as imaging with undetected

photons[14, 15, 16].

A primary use case for upconversion is to combine the advantages of MIR remote sens-
ing with the availability and maturity of silicon detectors, offering a novel method for
detection of IR signals and viewing of IR images. In particular, upconversion detec-
tion can provide advantages in applications that may require un-cooled detector oper-
ation, lower price, better signal-to-noise ratio, higher speed, or better resolution than
that provided by IR sensors. Thus far it has been shown that detection of 3.2pm light
using a nonlinear periodically poled lithium niobate (PPLN) crystal and un-cooled Si
detector obtained an enhancement factor of 64 in the signal-to-noise ratio with respect

to direct detection with InSb photodiodes [17].

1.1 Upconversion Imaging with Nonlinear Crystals

High quality imaging is a popular focus of upconversion research. In 2010 the first
high-resolution (200 x 1000px) image was upconverted from the IR by Dam et al. [15] of
DTU Fotonik using a PPKTP nonlinear optical crystal in an intracavity design. In their
experiment incoherent 766 nm light was mixed with the intracavity 1342 nm Gaussian
mode, generating 488 nm with an estimated quantum efficiency of 2:10~#, defined as
the product of conversion efficiency, detector quantum efficiency and filter transmis-
sion, which is approximately 3 orders of magnitude larger than earlier results with
non-poled crystals [18], and suitable for detection with a cooled silicon CCD camera.
They also theoretically demonstrated spatial resolution in upconverted images illumi-
nated with incoherent light was better than for coherent [19], as high spatial frequency

components of the images are upconverted more efficiently in the incoherent case.
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The same group improved on this by building a field-deployable system for continu-
ous wave (CW) image upconversion using a PPLN crystal in a low-loss cavity design,
with a 20% conversion efficiency, attached directly to a charge-coupled device (CCD)
camera [20]. The nonlinear crystal can be tuned to spectrally resolve images between
2.85 and 5pm, which are upconverted and captured by the CCD camera at ~800nm,
with a 200x100 resolution, seen in Figure 1.2a. These are multispectral images since
the upconverted wavelength is dependent on the propagation angle inside the crystal.
It can be thought as the image being formed of concentric rings, each upconverting a
different wavelength. This is better seen by their demonstration of a monochromatic
upconverted image, illuminated with a narrowband 3um laser. The crystal is temper-
ature tuned to upconvert 3um at all propagation angles, and then stitched together to
produce a full image, reproduced in Figure 1.2b. These experiments demonstrated the
usefulness of nonlinear crystal for spectral imaging in the MIR, showing spectral de-
composition of an image, as well as the ability to extract monochromatic image infor-
mation, with the prospect of achieving hyper-spectral MIR imaging with high-quality

visible light cameras.

In upconversion imaging, the field of view (FOV) of a system is limited by the length
and aperture of the crystal. While increased interaction length in nonlinear crys-
tals will lead to an increase in nonlinear conversion efficiency, it will also decrease
the angular and spectral acceptance bandwidth [21] and, for imaging, these band-
width dictate the FOV. In 2022, a chirped poled lithium niobate (CPLN) crystal was
used in an upconversion imaging system by Huang et al. to enhance the field of
view tenfold compared to a linear periodically poled crystal, giving a FOV of 28.2°,
the largest to date without the need for post-processing [22], almost 3 times higher
than previous FOV [23]. This approach facilitates high-speed imaging which is in de-
mand for many applications. Broadband illumination sources have also been used
to improve FOV [24], but offer worse conversion efficiency than using CPLN. The
FOV when imaging with CPLN was found to be largely insensitive to temperature,

and therefore robust, covering the MIR range of 2.7 to 5um without the need for
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2.9 ym (H,0 and soot)

4.2 um (CO,)

Sum image

‘

(A) (B)

FIGURE 1.2: Images reproduced from [20], (a) Spectral image of a candle at 800nm, up-

converted from 2.9pm and 4.2um using a PPLN nonlinear crystal, (b) a monochromatic

image reconstructed by adding images at different temperatures, where the cross was
illuminated by 3pm laser

tuning. The following year this wide FOV imaging configuration demonstrated a
high-resolution (1024 x1024 px) 3D MIR imaging system [25], where a 3D scene illu-
minated with 3.07pm pulsed light was upconverted to 771nm using a CPLN crystal,
and recorded with an electron multiplying charge-coupled devices (EMCCD), able to
discern a depth difference of 30 um with a short 50ms exposure time, and achieving a

60pm spatial resolution. Extending the integration time to 2s allowed single-photon

sensitivity, as well as for hyperspectral imaging at speeds of up to 10kHz [26].

In 2020 other implementations of upconversion imaging by Torregrosa et al. [27] intro-
duced spatially modulated upconversion imaging with unpoled KTP in the context of
freespace optical communications. This approach coded information in the 2D struc-
ture of an NIR beam, as shown in Figure1.3. The 2D structure provides increased

security against eavesdropping when compared to 1D modulation and in cases where
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FIGURE 1.3: Images reproduced from [27], (a) QR data pattern used for spatial modu-
lation, and (b) reflecting surface with printed 2D data. Upconverted beam images, (c)
unmodulated, and (d) modulated and read out.

the speed of transmission is limited by the speed of the digital light modulator. Upcon-
version is not only useful for 2D spatial imaging, the fundamental process of the imag-
ing technique involves nonlinear parametric frequency conversion, so the imaging is
sensitive to both the temporal and spectral response of the object. Thus upconversion-

based multi-dimensional imaging, where the other dimension could be wavelength,

depth, phase or time becomes possible [4, 28, 29].

1.2 Single Photon Upconversion Detection

Parametric processes such as nonlinear frequency conversion involve interactions in
which the spatial, temporal and spectral information of a signal can be conserved [4].
This means the process is inherently quantum in nature, and so the generated photons

preserve quantum information such as photon statistics or coherence [30], making it an
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ideal detector for quantum and low-light applications. Developing an upconversion
approach that combines the benefits of parametric processes with high efficiency Si
detectors for single photons will constitute an improvement over commercial MIR de-
tectors, which suffer from relatively low detection efficiency (typically 20%) and high

noise count rate of 10*Hz [31].

The needs of quantum information science have pushed for frequency upconverted
single photon detectors (SPDs) in the telecoms band. Waveguides offer a solution
to scaling down increasingly complex systems and the requisite of integrating de-
vices into fibre systems, this places nonlinear waveguides as a key platform in en-
abling quantum technologies [32]. Reverse-proton-exchanged (RPE) PPLN waveg-
uides have been used as a means to increase the sensitivity of upconversion detec-
tors [33, 34, 35]. One such PPLN-based detection system utilised a fiber taper for op-
timal mode-matching/coupling efficiency and demonstrated a system detection effi-
ciency of 36% and noise count rate of 90 counts per second (cps), outperforming all re-
ported 1550 nm band SPDs, other than superconducting based SPDs. These detectors
can be used in a quantum key distribution (QKD) system to improve its performance,
and extend the distance it can be transmitted over [36]. There is a significant impulse to
move quantum optics to the MIR due to the possibilities opened up for quantum sens-
ing, quantum communication and quantum imaging. In 2012 Dam et al. used PPLN
in a low-loss cavity design to confirm the expected low upconversion noise levels and
make the first non-cryogenic single photon mid-infrared camera, with a conversion ef-
ticiency of 20%, where the camera chip was cooled to -85°C. They show that upconver-
sion is a low noise process, at 3 um the dark noise added by the upconversion process
was 0.2 photons/spatial element/second, which is well bellow cryogenically cooled
InSb cameras, and is therefore comparable to high quality imaging devices for visible
light[20]. Most recently, Huang et al. demonstrated a high-performance MIR pho-
ton counting and resolving frequency upconversion detector, based on a coincidence
pumping configuration, using PPLN as their nonlinear crystal. They resolve photons

at 3 pm with an overall conversion efficiency of 37% and a low noise equivalent power
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(NEP) of 1.8:10~17 W/Hz!/? thus representing the highest sensitivity among reported
MIR detectors [37]. Using PPLN bonded on a silicon substrate in a ridge waveguide
format for high index contrast, Lehmann et al. demonstrate a single-pass frequency
upconversion system in the MIR for single-photon detection around 3.5pm. They ob-
tain a detection efficiency of 0.4% and a NEP of 3.0-10~1> W/ Hz1/2[38]. This is the
tirst instance of using PPLN waveguides for MIR single photon detection, they show a
lower conversion efficiency than the resonant cavity and pulsed pump configurations

above, but a similar NEP to the coincidence pumping configuration.

1.3 Nonlinear Waveguides as a Route to Upconversion of

MIR Radiation

Nonlinear effects are inherently weaker than linear processes, prompting researchers
to explore a variety of techniques for enhancing the efficiency of these interactions,
such as using periodically poled crystals [39]. Researchers have exploited waveguide
configurations in nonlinear crystals to maximize the nonlinear interaction for spec-
troscopic applications [40] and low-noise single-photon level detection [33]. The Uni-
versity of Southampton recently developed Zn-indiffused diced ridge waveguides for
1560nm and 780nm frequency doubling, with Watt-level power handling capabilities
and high coupling and conversion efficiencies demonstrated for 1560nm SHG [41, 42,
43]. This is one of the highest reported in a waveguide of this type to date, with a
crystal conversion efficiency of 74% and overall device efficiency of 58%. Taiwanese
company HCP Photonics followed this with a similar PPLN waveguide format offer-
ing a crystal conversion efficiency of 73% and the overall conversion efficiency of 58%.
Also at Southampton, Gray et al. demonstrated fast data transmission rates of an MIR
wavelength using bulk PPLN and a silicon avalanche photodiode to detect the upcon-
verted signal [44], which can be combined with our recent results with waveguides to

increase conversion efficiency and can be applied to our areas of interest.
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High laser intensities are essential for efficient frequency conversion, thus resistance
to optical damage is an important factor when designing nonlinear waveguides. The
foremost damage mechanism in nonlinear materials is photorefractive damage, where
sufficiently high optical intensities cause charge accumulation in the crystal, distort-
ing its refractive index and consequently the wavefront of the beam propagating in
the material [45], limiting the optical power density it can handle. PPLN waveguides
developed by our group offer low loss, can be optimised to give high coupling efficien-
cies and show improved resistance to photorefractive damage over other manufactur-
ing methods, an effect by which the local refractive index of the crystal is modified by
charge accumulation, distorting the wavefront of the propagating beam. Our links to
Covesion, a University of Southampton spin-out company which makes PPLN waveg-
uides, allow for the creation of PPLN that are spectrally matched to targets of interest,
giving us flexibility to match the PPLN structure to wavelengths needed for given ap-
plications. Upconversion imaging in the MIR is one such application not previously
done in the literature using waveguides. This topic provides an application context
for most of the development in this thesis. In addition to that, swapping from con-
tinuous wave to pulsed sources would allow for time or range gated upconversion
detection, to build up low-light level detection imaging systems. Other non-imaging
applications would be for Raman specroscopy, quantum computing and ion trapping,
are providing a push to develop our PPLN waveguides for their specific light-matter

interactions.

The main focus of this work has been on building and developing a numerical model
which aids in the design of Zn-indiffused PPLN waveguides optimised for different
wavelength ranges. Prior literature describes the use of interference microscopy and
prism coupling techniques in conjunction with inverse Wentzel-Kramers—Brillouin
(IWKB) analysis to characterise refractive index profiles [46, 47]. This thesis lays out a
more extended characterisation process, where the systematic investigation of param-
eters offers increased information about optimisation of waveguide structures. Previ-

ously at the University of Southampton conversion efficiency optimisation was carried
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out by minimising mode field diameters of modes [43, 48], the model offers more in-
sight into the effect of different parameters and allows to optimise for fibre overlaps as
well as nonlinear overlap, and can help identify limitations in the waveguide fabrica-

tion process.

1.4 Summary

The contents of this thesis are laid out as follows; Chapter 2 will present the theory of
nonlinear processes, with an explanation of the phasematching and choice of nonlinear
crystal. Following the initial background theory, Chapter 3 will briefly outline the
reasoning for choosing a waveguide structure, and fabrication process of our devices.
This is followed by the methodology of different techniques used to characterise PPLN

waveguides throughout this thesis.

Chapter 4 discusses numerical modelling of zinc-indiffused PPLN waveguides. The
waveguide model is used to link the refractive index profile to the fabrication process.
It is also utilised to study mode size and shape, to maximise coupling efficiency and
nonlinear conversion efficiency. The results are employed throughout this thesis to

tailor fabrication parameters for new nonlinear conversion waveguides.

Chapter 5 describes developing upconversion waveguides in the visible regime for 15-
order 1064nm SHG and 3"-order 780nm SHG. Modelling results for the effect of the
refractive index profile on the nonlinear overlap integral, single-mode operation and
coupling efficiency to fibre are presented. Experimental results of the phasematching
spectrum are compared to the modelled spectrum, and results for a reduction in ridge
width variation are discussed. The power scaling operation of these waveguides are

tested.



1.4. Summary 11

Chapter 6 introduces numerical modelling for MIR-supporting waveguides, alongside
characterisation of the fabricated waveguides. Guidance up to 3.5 pm is found, upcon-
version results from MIR PPLN waveguides is presented. How to further increase the

guidance of MIR waveguides with good conversion efficiencies is discussed.

Chapter 7 discusses the current state of MIR detectors, and presents a system for up-
conversion imaging using PPLN waveguides. The work contains the design and char-
acterisation of an experimental scheme for upconversion from telecom to visible wave-
lengths in waveguides, as well as 1950nm to visible. A summary of the work presented
and discussed in this thesis, and directions for future work are laid out in Chapter 8.
This thesis provides the initial work undertaken to develop low SWAP (size, weight
and power) MIR upconversion detectors, for applications such as imaging and Raman

spectroscopy. This project is a CASE studentship sponsored by DSTL.
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Chapter 2

Nonlinear Optics

2.1 Introduction to Nonlinear Optics

Nonlinear optics describes the optical properties of a material in the presence of suf-
ficiently intense light. The nonlinear response of the material results in a broad range
of effects, which have found applications in nearly all areas of science, from ultra
fast switches for signal processing using materials with intensity-dependent refrac-
tive index [49], to molecular fingerprinting spectroscopy utilising frequency mixing
processes to extend the range of a broadband coherent source [50]. This Chapter will
focus on frequency conversion processes, these interactions allow for the generation
of new wavelengths not previously available or difficult to achieve with existing laser
media. The aim of this work is to enable high quality, established optical components
for telecommunications to be exploited more widely towards MIR wavelengths and

applications, by means of nonlinear optical materials.
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2.2 Processes of Nonlinear Generation

In this section, the fundamental concepts of nonlinear interactions will be outlined, us-
ing the approach taken by Boyd [6] as a basis. Before defining the interactions between
the input and generated wavelengths from a nonlinear interaction, we must look at
how the spontaneous polarization of a material depends on the applied electric field

strength, as defined in Equation 2.1,
P(t) = eox VE(t) + P E () + AP E () + . (2.1)

where e is the permittivity of free space, x(! is the first-order nonlinear optical sus-
ceptibility, and x(?) and x©®) are the second- and third-order susceptibilities, respec-
tively. It bears mention that this equation assumes polarisation at time ¢ depends only
on the instantaneous value of the electric field strength. This assumption implies that
the medium is lossless and dispersionless. In general, the nonlinear susceptibilities
depend on the frequencies of the applied fields, but for the purpose of outlining the
nonlinear processes, under the present assumption of instantaneous response we can

take them to be constants.

The physical processes that occur as a result of second-order polarization, P(2) =
€0 X(z) E? (t), can only occur in non-centrosymmetric crystals, since the even power term
prevents this relation holding true for crystals with inversion symmetry. Different pro-
cesses arise as a result of third-order polarization, P(®) = ¢;x(®)E3(t), which can occur
both in centrosymmetric and non-centrosymmetric crystals. The work in this project,

and therefore further analysis, is focused on second-order nonlinear processes.

If we consider an optical field made up of two distinct frequencies, w; and wy, repre-
sented by the electric field shown in Equation 2.2 below, incident upon a second-order

nonlinear optical medium, with an induced polarization response P(?) = egx (2 E2(¢),
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the nonlinear polarization will then be given by Equation 2.3.
E(t) = Eje "1t + Efe'1! + Epe™ 2! 4 E3e/2! (2.2)

P(Z) — €OX(2) [E%efizwﬂ’ + Egefiszt +2E1Eze*i(w1+a)2)t +2E1E267i(w17w2)t + C.C.]

+2eox P [ELEX + EoE3)
(2.3)

where the expanded terms represent; second harmonic generation (SHG) for the first
two terms, sum frequency generation (SFG) and difference frequency generation (DFG),
for the third and fourth terms of Equation 2.3 respectively, and optical rectification
(OR) for the last term. Each frequency term in the exponential coefficient corresponds
to the output frequency of the respective nonlinear process, also shown schematically

in the Figure 2.1 energy diagrams.

A OF

4

v 4 \ 4

FIGURE 2.1: Energy conservation diagram of the SFG, SHG, DFG and OPA nonlinear

processes. The upper dashed line represents a virtual energy level, which is not to be

confused with an electronic transition of the photons. The photons are displayed to
show the difference between DFG and an optical parametric amplification process.

In the literature it is common to see references to the nonlinear coefficient, d, when
defining the strength of nonlinear processes. This is a third rank tensor with a re-
(2)

ijk s as shown in Equation 2.4, where the indices

represent Cartesian coordinates of the electric fields.

lationship to susceptibility tensor x

1
dijy = Ex;? (2.4)
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It is possible to simplify this notation further by assuming that d;j is symmetric in its
last two indices, giving d;; in Equation 2.5. This notation is used when the Kleinman
symmetry condition is valid [51], which happens with interactions that involve fre-
quencies much smaller than the lowest resonance frequency of the material, meaning
the nonlinear susceptibility can be taken to be independent of frequency, and the in-
teracting frequencies have permutation symmetry, as long as indices and frequencies

are be permuted simultaneously.

diy dip diz dis dis die
dii = |dy dy doz doy dos dog (2.5)
d31 dzp daz d3s dzs dzg

The magnitude of each d coefficient defines the strength of a nonlinear interaction,
where the value depends on the material properties of the specific crystal used and its
symmetries. The polarisation of the interacting and generated electric fields dictates
which d coefficient can be accessed. This will be discussed in more detail in section

2.3, in regards to the specific crystal used for this project.

Returning to Equation 2.3, there are four different frequency components present,
however, no more than one of these frequency components will usually be generated
with any appreciable intensity by the nonlinear optical interaction. The reason for
this behavior is that energy and momentum must be conserved in the optical field,
meaning the nonlinear polarization can only efficiently produce an output signal if a
certain phasematching condition is satisfied. Phasematching involves arranging the
input and generated wavelengths to stay in phase as they travel through the crystal,
enabling energy transfer. Operationally, one often chooses which frequency compo-
nent will be radiated by selecting the polarization of the input radiation and, generally,
the orientation of the nonlinear crystal [6], ensuring proper phase relationship between

interacting waves.
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The output signal of a nonlinear interaction is most efficiently produced if the phase-
matching condition, the momentum difference between the photons, Ak = 0, is sat-
isfied. Taking SFG (w3 = wj + w») as an example, the momentum difference would
be Equation 2.6, where the photon momentum vector is defined as in Equation 2.7,

and refractive index can be calculated using the corresponding Sellmeier equation and

coefficients.
Ak =k1 +ky — k3 (2.6)
_ 27n,
ki = py (2.7)

If the Ak = 0 condition is met, the generated wave will maintain a fixed phase relation
with respect to the pump signal, the individual atomic dipoles that constitute the ma-
terial system will be in phase so that the field emitted by each dipole adds coherently
in the forward direction. When Ak = 0 is not satisfied, the intensity of the emitted
radiation is smaller than for the case of Ak = 0. The distance in the crystal over which
this condition is met, or more explicitly, the distance for which the nonlinear process
does not begin to transfer energy back into the input beam wavelength, is known as

the coherence length.
T

v (2.8)

Lcoh -

Longer coherence lengths will result in a higher generated intensity, as more energy
has been transferred to the generated frequency. There are two widely known routes
to phasematching the nonlinear process; critical and noncritical phasematching, based
on the anisotropy and birefringence of a material. The differences will be addressed

in the following sections of birefringence phasematching and quasi-phasematching

(QPM).

2.21 Birefringent Phasematching

Birefringent phasematching is a type of critical phasematching, it requires careful an-

gle tuning and beam propagation along multiple crystal axes. Birefringence refers to
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the dependence of the refractive index on the polarisation of the beam, and its direc-
tion of propagation with respect to the principal crystal axis, as shown schematically
in Figure 2.2. Not all crystals exhibit birefringence, this method can only be achieved
by using extraordinary and ordinary polarized light as the input frequencies, which
limits the types of interactions and the d coefficients it can access, affecting the con-
version efficiency of the process and limiting the choices of crystal. Phasematching is
accomplished by choosing a propagation direction at an angle to the principal axis of
the material, such that the refractive indices encountered by the respective propagat-

ing beams mean they remain in phase as they propagate along the crystal.
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FIGURE 2.2: a) Simplified refractive index birefringence ellipse, showing the depen-

dence of the extraordinary index on angle to the principal crystal axis, b) dispersion di-

agram illustrating how a birefringent crystal can be phasematched for SHG, n,=n,(6),
where the 0 is the angle to the principal axis of the crystal.

The resulting intensities from a phasematched and non-phasematched interaction are
compared in Figure2.3. Propagation along multiple axis means that the generated
beam suffers from a phenomenon known as spatial walk-off; where the pump and up-
converted beams propagate at different angles in the crystal, losing their spatial over-
lap. This phenomenon limits the length of crystal that can be used and also results in a

higher M? of the generated beam. So while perfect phasematching for high nonlinear
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intensities can be achieved, there can be drawbacks to using birefringent phasematch-
ing. Comparatively, in non-critical phasematching, input waves propagate along the

principal axis of the nonlinear material, so spatial walk-off is avoided.

—— Phasematched
——Phase mismatch

SHG Intensity

0 1 2 3 4
Coherence Length

(4)

(B)

FIGURE 2.3: a) Comparison of intensities of generated waves in a birefringent crystal,
using the coupled-mode equations from Roussev et al. [33], b) photograph of a BBO
crystal frequency doubling 461 nm blue light into the ultraviolet, reproduced from [52].

2.2.2 Quasi-phasematching

Quasi-phasematching (QPM) is a popular non-critical phasematching method that en-
ables crystals with low birefringence to be tailored for wavelength conversion between
specific wavelengths by periodic reversal of the crystal structure, and is less sensitive
to angle alignment. The work in this thesis focuses on interactions in x(?) materials, a

similar approach can be taken for x(®), etc.

Perfect phasematching does not occur with QPM, this method instead relies on cor-
recting the momentum mismatch, Ak, between the two interacting beams. After the
beams have travelled a certain distance within the crystal, known as the coherence
length, they accumulate a 7 phase shift relative to one another. If there is no crystal
domain reversal, the generated frequency must back-convert to the original input fre-

quency due to energy conservation. The domain inversion period of the material is
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FIGURE 2.4: a) Periodic poling structures of a 15-order and 3™-order QPM grating,
where the arrows represent the direction of the spontaneous polarisation of the crystal,
b) comparison of generated wave intensities in a QPM nonlinear optical interaction,
using the coupled-mode equations from Roussev et al. [33], for different order gratings.

proportional to the coherence length, and can be derived as Equation 2.9.
N =2L.n = 27‘[/(k1 +ky — k3) (2.9)

Due to the noncentrosymmetric nature of x(2) materials, an inversion of the crystal
structure will result in a change of the sign of the nonlinear coefficient, d. This pe-
riodically inversion of the crystal domain corrects the accumulated phase mismatch

between the induced polarization and the propagating generated signal. Figure 2.4
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shows different poling orders that used for QPM, and their corresponding relation-
ship to SHG power generation, compared to perfect phasematching. The 2/ factor

originates from the spatial modulation of the nonlinear coefficient.

Now the expected spectral curve for an SHG interaction in a QPM material will be
calculated, using the same format as Boyd [6]. When solving the wave equation with
the electric fields that describe a specific nonlinear optical interaction we get a set of
coupled amplitude equations (Equation 2.10). Solving these coupled amplitude equa-
tions for low power, and knowing that intensity is directly proportional to amplitude,

2

we get Equation 2.11, which is the characteristic SHG output sinc” curve of intensity

against wavelength, as seen in Figure 2.5.
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FIGURE 2.5: Characteristic sinc? curve in the vicinity of the optimal phasematching
wavelength
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Using QPM as a phasematching method gives a choice from a wider range of nonlin-
ear crystals, as it is not dependent on birefringent properties of the crystal. The pos-
sible interaction polarizations are no longer limited for the input wavelengths, giving
access to previously unavailable nonlinear coefficients, enabling a higher conversion
efficiencies. The types of interactions based on the polarizations are displayed in Ta-
ble 2.1. Furthermore, the phasematching period can be tailored to a chosen frequency
conversion, and a convenient phasematching temperature, and the length is no longer
limited by spatial walk off, as propagation direction is along crystal axis. Longer crys-
tals will result in a larger output power but a narrower bandwidth, making it harder to
phasematch experimentally. A comparison of several commonly used QPM materials

is shown in Table 2.2.

input output

Type O  ee e
Typel ee 0
Typell eo o

TABLE 2.1: Nomenclature for interaction types based on the phasematching polariza-
tions for negative uniaxial crystals, such as PPLN

H Type A range, nm | max d;;, pm/V ‘ Pros & Cons H

5% MgO:PPLN | 350 - 5000 ds3 =25.0 Wide transmission window
and high nonlinear coefficient,
but requires doping to lower PRD

PPKTP 350 - 4500 dsz =14.6 High power handling and
good for large apertures,

but lower nonlinear coefficient

PPLT 280 - 5000 ds3 =13.8 Transparent at lower wavelengths,

but lower nonlinear coefficient

OP-GaAs 900 - 17000 dq14=170.0 Doesn’t overlap with visible, but

very high nonlinear coefficient and

far-infrared transmission

TABLE 2.2: Comparison of popular QPM materials, and their nonlinear coefficients at
1064nm [53, 54].

For a thorough overview of QPM devices and historical progression, Hum and Fejer
published a review paper [55], providing preliminary details on all aspects from other

choice materials and the applications of different grating designs.
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2.3 Periodically Poled Lithium Niobate

There are several factors to take into account when developing parametric devices for
upconversion detection. PPLN is highly transparent from 350nm to 5pm [56], which is
the range of interest for many molecule emission fingerprints, making it highly desir-
able for upconversion detection as it can be phasematched to required wavelengths in
that range. Various teams around the world conduct research on the effect of doping
LN crystals, investigating different methods and dopants that will yield favourable
optical characteristics such as increasing photorefractive damage (PRD) resitance and

an increased transparency region [57].

The transmission window of PPLN at low wavelengths can be lowered from approx-
imately 350nm to 320nm by the introduction of magnesium into the crystal lattice.
Magnesium has been shown to reduce PRD in the crystal by increasing the photocon-
ductivity of the crystal [58], enabling higher power handling at visible wavelengths
and reducing the temperature at which the crystal has to be operated at; undoped
PPLN should be operated at > 90°C to avoid photorefractive damage, which is con-
sidered too high for most commercial applications. All PPLN structures presented
in this thesis are based on 5% magnesium doped lithium niobate (MgO:LN), whose

dispersion profile is shown in Figure 2.6.

It's been shown by Xue et al. [60] that the optical properties of LN are determined by the
Li-O and Nb-O bonds, with the long Li-O bond making up the greater contribution to
the x(?) value. When introducing dopants, such as magnesium , they occupy the Li va-
cancy position in the lattice, changing the effective ionic charge and the lengths of the
corresponding bonds. Second order nonlinear susceptibility decreases with increasing
number of Li vacancies, in congruent lithium niobate as is used here, the concentration
of Li vacancies is approximately constant for Mg doping levels up to 5%, resulting in

an only slightly larger x(?) coefficient in Mg-doped lithium niobate.
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FIGURE 2.6: Calculated dispersion profiles of the extraordinary and ordinary refrac-
tive indices for 5% MgO:LN using Sellmeier coefficients from Gayer et al. [59]. As it is
negative uniaxial crystal, n, <n,.

Taking what’s been discussed in the previous section, the periods of several example

SHG processes have been calculated for bulk crystals, using the Sellmeier equation

and the coefficient values from Gayer [59], in Table 2.3.

ap + byof ag +byf 2
n =mbf+ ~ A
e/o 1b1f A2 — (a3 + bsf) Az—aé ° (2.12)

f = (T —245°C)(T + 570.82)

H Pump Wavelength, nm ‘ A, pm H

3500 32.78
1560 19.67
1122 8.21
1064 6.97
780 244

TABLE 2.3: Calculated poling periods for phasematching Type-0 SHG, at several pump
wavelengths of interest, for 5%MgO:PPLN crystals at room temperature, based on the
Sellmeier coefficients from Gayer et al. [59] and Equation 2.9

For greater conversion efficiency in an interaction, a large nonlinear coefficient is ideal.
In PPLN the largest nonlinear coefficient is d33, which can be accessed when the polar-

isation of all 3 fields involved in the interaction are ‘e’ polarised. This corresponds to
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vertically polarised light propagating along the length of a z-cut LN wafer. The nonlin-
ear susceptibility matrix of lithium niobate is shown in Equation 2.13, where d»=2.59

pV/m, d31=4.4pV/m and d33=25.0pV/m [54].

0 0 0 0 dy —do
dil: —dzz dzz 0 d31 0 0 (2-13)

P(ws) = depdes; E(wr) E(w2) (2.14)

For fixed propagation and polarization directions of the interacting electric fields, the
nonlinear polarization’s given by Equation 2.14, an expansion of the nonlinear suscep-
tibility with respect to Equation 2.1. It can be seen that the value used to calculate the
strength of an interaction is de¢ instead, which for QPM is equal to %dil. The value has
to be experimentally determined for the specific interaction, and has been previously
been presented as degs = 14 pV/m for a 1560-780 nm Type-0 high power interaction in

a PPLN waveguide via previous experiments at Southampton [61].

2.4 Waveguide Modes

An optical waveguide is a structure that confines the propagation direction of light in
one or more dimensions. Light which is confined within the waveguide core is said to
be guided, while there are different methods to achieve this, the most common tech-
nique which is used for the work contained herein, is to fabricate a structure consisting
of a core and surrounding cladding such that n.o;. > n.,;. So long as light enters the
core within a solid angle defined by the numerical aperture of the waveguide, when it
reaches the core-cladding boundary layer its propagation will be restricted to the core

through a process of total internal reflection.
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The propagation of light within a medium is governed by Maxwells equations, the so-
lutions of which relay information about the distribution of the electro-magnetic fields
inside the waveguide structure. A solution to Maxwells equations is known as a mode
and can be split into two groups, transverse-electric (TE) and transverse-magnetic
(TM), corresponding to solutions in which either the electric or magnetic component
of the wave is travelling perpendicular to the direction of wave propagation [62]. In
reality a mode is rarely purely TE or TM, leading to the formulation of quasi-TE and
quasi-TM modes, however typically the prefix is dropped for convenience. In partic-
ular we are interested in the wavevector, k,, which for a wave propagating in the z
direction, describes the propagation of light parallel to the direction of motion. This

vector is most referred to as g whereby,

ﬁ = neffko (2.15)

here k, represents the free space wavevector k = 27t/A and 1,y is the effective index
of a mode. This parameter describes the equivalent index of refraction which would
be required to match the propagation characteristics for a wave travelling purely in the
z direction. Details on solutions of propagating modes in waveguides can be found in
Ghatak [63] only a few specific cases exist where solutions can be found analytically. In
the case of graded index waveguides, the complexity of the structure means numerical
differential equation solvers must be used to find dispersion, group delay, or number

of modes.

B may now substitute the photon momentum vector in the QPM equations when refer-
ring to waveguides. Including this in the mathematical derivation of nonlinear power
generated in a waveguide in the low conversion efficiency regime and assuming neg-

ligible propagation loss, Equation 2.16 is obtained [39]

P(w3) = ——— E(wq)E(w 2.16
(ws) Aacocn, (w1)E(w2) (2.16)
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where A; are the pump wavelengths, € is the permittivity of free space, c is the speed
of light, 1,7 is the effective index of each of the interacting wavelengths, df is the
effective nonlinear coefficient, and oy is the nonlinear overlap integral as given by

Equation 2.17[39],

JJ o Es(x, y) B} (x,y) dx dy

. (2.17)
S5 B (e y) dxdy] [ E3(x,y) dcdy

Cov =

where Eg and E, are the electric field distributions of the SHG and pump waveguide

modes respectively, and is discussed more in depth in Chapter 5.

2.5 Summary

Chapter 2 delves into the physics of nonlinear optics, outlining different processes in-
duced by second-order nonlinear polarization in materials. The chapter explains the
role of phase matching in achieving efficient nonlinear interactions, comparing bire-
fringent phase matching and QPM. While birefringent phase matching involves an-
gle tuning within anisotropic crystals, QPM leverages periodically poled structures
to align phases over extended interaction lengths, enhancing efficiency. PPLN is pre-
sented as our choice of material due to its high d33 coefficient and resistance to photore-
fractive damage. Waveguide modes are briefly discussed. This theoretical framework
forms the basis for understanding the waveguide designs and applications discussed

in later chapters.
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Chapter 3

Periodically-Poled Lithium Niobate

Waveguides

3.1 Why waveguides?

Expanding on Chapter 2, waveguide mode analysis tells us that better modal con-
finement will result in an improved overlap integral between two wavelength modes.
Comparing focused bulk interactions to waveguide interactions, the latter overlap for
a longer length, thus they have increased longitudinal spatial confinement, resulting
in better conversion efficiencies and greater upconverted intensity [39]. In a waveguid-
ing regime, propagating light will have an effective refractive index, or modal index,
which differs from the bulk crystal index such that neore <negf <ngjaq, therefore the pol-
ing period required to meet phasematching conditions in waveguides will differ from
the bulk crystal phasematching condition. The effective index depends primarily on
wavelength, the mode in which the light propagates, waveguide architecture and the
temperature of the crystal. This makes it impractical to solve an effective index analyt-
ically, relying instead on numerical simulations. A primary aim of this work is to pop-
ulate a theoretical model of Zn-indiffused PPLN ridge waveguides and poling periods

optimised for specific interactions from short visible wavelengths up to the MIR, by
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(A) (B) (©) (D)

FIGURE 3.1: An illustration of approximate mode area for different structures typi-

cally found in PPLN, from weakest to strongest modal confinement, (a) bulk PPLN,

~1mm?, (b) metal indiffused PPLN, ~100um?, (c) PPLN ridge waveguide, ~10um?,
and (d) thin film lithium niobate on insulator, <1pm?

methodical investigation of the link between fabrication parameters and refractive in-
dex profiles. This work uses mode profiling in addition to prism coupling techniques,
which are the standard in prior literature, to characterise refractive index profiles. Fur-
thermore, comparison between optical characterisation and modelled phasematching
spectra are used to corroborate these findings, and identify discrepancies which will

enable us to further refine the waveguide model.

There are several types of waveguide structures, shown in Figure 3.1, one of the first
demonstrated PPLN three-dimensional waveguides was titanium indiffusion in the
1970’s [64]. The diffusion of Ti into LN from a deposited metal layer was thoroughly
studied in early days[65, 66, 67]. Titanium replaces vacant Li and Nb sites in the
crystal matrix, which results in increased sensitivity to photorefractive damage for
wavelengths up to 900nm, and damage to the periodic poling, offering low efficiencies

of ~1%W~1[68, 69].

In the 1980’s proton-exchange (PE) was proposed as another method to introduce a
refractive index change for LN waveguides [70]. This involved the substitution of
lithium ions with H, a proton, by bringing the surface of LN into contact with a
molten acid. This resulted in a high index change at the surface of the material in the
extraordinary polarisation, and a small refractive index decrease in the ordinary polar-
isation, and an improved immunity to optical damage when compared with Ti:LiNbO3
waveguides [71]. However, when using highly acidic melts the nonlinear coefficient

decreased and the poling domains degraded. Waveguides can be annealed to diffuse
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the proton layer further into the LN and recover the nonlinear coefficient, but the pol-
ing degradation cannot be reversed by this method [72]. To circumvent this, a so called
‘soft proton exchange” approach was adopted, which involves a low-acidic melt, with
planar waveguides showing an efficiency of 210%W ! for DFG of ~1.6um [73]. Even
greater efficiencies have been shown using reverse-proton exchange (RPE) waveg-
uides, where lithium is re-introduced to the upper surface of the LN, gradually reduc-
ing the refractive index change there. This pushes the guided modes away from the
damaged poling region, as well as improving the overlap between modes because of
the more symmetrical Gaussian-like refractive index profile. Ultraprecision machining
for ridge-type waveguides was first proposed and presented by Kawaguchi [74, 75] to
counteract the limitations on efficiency imposed by RPE waveguides caused by dis-
persion in the crystal. Such RPE ridge waveguides have achieved an efficiency of

510%W ! in 1550nm SHG for pump powers below 100mW [76].

When co-doping, each impurity entering the lattice will contribute to the structural
state of the crystal. The method of doping affects the distortions that occur in the struc-
ture, which can either increase the efficiency of the second-order nonlinear coefficient
or reduce it [77]. Zinc indiffusion creates a positive refractive index change for both ex-
traordinary and ordinary polarised light [78], allowing for Type 0, 1 and 2 interactions
in the crystal presented in Chapter 2, as opposed to using annealed proton-exchanged
(APE) waveguides which only support TM modes and are therefore limited to Type-0
interactions. Zinc is chosen for the waveguide indiffusion process as it increases the
resistance of PPLN to photorefractive damage [78], and indiffuses at a lower tempera-
ture than titanium, reducing degradation of the poling periods. The magnitude of the
refractive index change achieved via zinc indiffusion has been measured to be smaller
in TE than in TM in waveguides [79]. Ridge waveguides typically offer an even better
overlapping of the confined fields for different wavelengths and a better stability at
high pump power compared to Ti-indiffused or reverse proton exchange waveguides,

as well as channel waveguides [38, 80, 43].
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The methods outlined so far form gradient-index waveguides, to achieve higher index
contrast a lithium niobate crystal can be bonded to a lower index substrate, such as
lithium tantale (LN) or silica (5iO,), to form a waveguide which retains the proper-
ties of bulk LN. This method, known as lithium niobate on insulator (LNOI), paired
with ridges offers very high confinement. In the last few years thin-film lithim niobate
(TFLN) has become commercially available, where the thickness of LN is typically un-
der 1pum, offering high conversion efficiencies of 416%W ! in a 4mm long device [81],

useful for on-chip integrated photonics platforms for single-photon detection.

Zinc-indiffused PPLN ridge waveguides are a recently developed technology from
the University of Southampton [43, 41, 82]. We have demonstrated world-leading
watt-level efficiency performance, and licensed PPLN waveguides to the Southamp-
ton spin-out company, Covesion Ltd., to commercialise this work. To date, the main
focus of PPLN waveguide development has been 1560 to 780nm SHG for quantum
applications with Rb atom traps [83]. This is now been a well established market with
reliable devices produced by Covesion in a ruggedized package format. Thus, a major
goal of this PhD was to explore new wavelength ranges and applications for PPLN
waveguides, aiming to cover the transparency range of lithium niobate. PPLN waveg-
uides for SHG of common wavelengths around 1um (1064nm, 1122nm) and 780nm are
currently of interest as a route to addressing atom- and ion-specific interaction wave-
lengths in the visible, and the groundwork of developing waveguides for this applica-
tion will be laid out in this Chapter. The development of MIR supporting waveguides
for use in upconversion imaging systems will build upon the work carried out in this

Chapter, and the feedback from optical characterisation.

Part of the work performed in this project was to test the performance and operating
parameters of prototype PPLN waveguides, such as operating wavelength, tempera-
ture bandwidth, mode profiles and conversion efficiency, and use this as a basis for
designing novel light sources for use in experiments. This Chapter introduces the op-

tical test approaches used throughout this thesis for the analysis of different stages of
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Zn-indiffused PPLN ridge waveguide fabrication and optimisation. It highlights the
advantages of waveguides for enhancing nonlinear interactions and details the fabri-

cation process to create the waveguides used in this work.

3.2 Fabrication of PPLN waveguides

Metal electrodes

| W
1l
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Photoresist

(&)
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FIGURE 3.2: (a) Poling technique developed at Southampton for the patterning and

domain inversion of the PPLN devices used in this work. (b) Crystalline structure of

lithium niobate, displaying the locations of the Li and Nb atoms before (left) and after

(right) an electric field is applied to invert the direction of the spontaneous polarisa-

tion. Image reproduced from [32]. (c) Photograph of a LN wafer, with periods in the
4pm range, after the periodic poling process.

Fabrication of the periodically poled lithium niobate devices used in this work is per-
formed in several steps, as detailed in[84]. In summary, to create a periodic grating
in the crystal a patterned photoresist is applied to the wafer, conductive gel and metal
electrodes are then added to create a circuit, as detailed in Figure 3.2a. A series of high
voltage pulses are then applied to induce nucleation, followed by a steady voltage to
grow the inverted domains, such that they are oriented with respect to the applied

electric field, resulting in the crystal structure seen in Figure 3.2b. After this step, the
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photoresist is removed and the QPM crystal wafer is ready for the waveguide fabrica-

tion process.

The waveguide fabrication process used for devices described in this thesis is based
on zinc indiffusion and ultra-precision dicing of ridge waveguides, as outlined in [43].
The PPLN wafer is cleaned and metallic zinc is deposited with an OPT Plasmalab 400
Sputtering Machine to a desired thickness. The wafers are then transferred to a furnace
and indiffused in an oxygen environment at high temperatures between 900°C and
1000°C for an hour to create a planar guiding layer. Ridge waveguides and end facets
are diced into the crystal with a Disco DAD3430 machine, with ultra-precision ductile
dicing enabling waveguide and facet definition [85]. The steps of the process and an

image of example waveguides are provided in Figure 3.3.

Metallic Zn

Optical quality
diced facet & ridges

20pm EMT = 1082V & Apr 2019
}—1 WO = 27 6 mm C150_156005 & 164057

Non-optical cut
for singulation (B)

(a)

FIGURE 3.3: a) Fabrication process for the diced ridge PPLN waveguides, developed at

the University of Southampton, reproduced from [42] b) SEM image of a ridge waveg-

uide structure and facet, after dicing, in 5%MgO:PPLN. Image courtesy of Dr. Alan
Gray.

3.3 Optical Characterisation

This section presents the methodology of optical measurements for characterisation of

PPLN waveguides in this thesis. Through analysis at different stages of fabrication,
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we enable feedback and optimisation of waveguide outcome. These results will be
used to build a theoretical model predicting the modal propagation and phasematch-
ing characteristics of zinc-indiffused PPLN waveguides under different wavelengths
and modes of operation, introduced in the next Chapter, to corroborate findings with
theory and design future waveguides. With the exception of the bulk phasematch-
ing, the methodologies outlined here will use a standard 1560nm SHG device, already

optimised for upconversion.

3.3.1 Bulk PPLN Phasematching

In order to test the optical characteristics of bulk and waveguide PPLN devices against
the theory presented in the previous Chapter, a basic SHG phasematching characteri-

sation setup was used, as illustrated in Figure 3.4.

For initial experiments, a 1064nm SHG PPLN crystal (MSHG1064-1.0-10) from Cove-
sion was chosen, as it is off-the-shelf and generates green light, making it easy to op-
erate and characterise by new users. The PPLN crystal is held in a fixed oven whose
temperature can be controlled, ranging from 20 to 200°C. An IPG Photonics 1064.5 nm
laser beam was focused into the 6.9 um period grating of the 10 mm long PPLN crystal.
To maximise SHG output, the focusing conditions laid out by Boyd and Kleinman [86]
were followed; the focus should be at the middle of the crystal, and the value of the
focusing parameter, { = [/b = 2.84. The focusing parameter is the ratio of the optical

path length of the crystal and the confocal parameter b, where

nTw?

A

b/ZZZR:

and zp is the Rayleigh length of a beam, the distance from the focus at which the
beam’s waist increases by a factor of /2. Optimal spot radius was calculated to be wy
=16.7 ym, however, a 200 mm focal length lens was chosen due to availability, giving

a spot size of 30pm.
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Thickness(z) 0.5mm+0.05mm
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FIGURE 3.4: Optical characterisation of 1064nm SHG in a bulk PPLN crystal; a) ex-

perimental setup for measuring SHG of 1064nm in a bulk PPLN crystal, b) schematic

and specifications of Covesion standard bulk PPLN crystals phasematched for 1064nm

SHG, and c) photograph of green light generation in a PPLN crystal, image courtesy
of Covesion.

The temperature of the oven containing the PPLN crystal is varied, scanned over a
range set by the previously developed theoretical equations of the phasematching con-
ditions, Equation 2.11. The pump and SHG output are collimated by a secondary lens.
The temperature sweep was carried out for a range of increasing pump powers, and
both the throughput pump power at 1064.5 nm and SHG output power at 532 nm were
recorded. From the results presented in Figure 3.5, the phasematching curve follows
a sinc? shape as expected, with smaller side lobes which are indicative of a focused
interaction, as shown by Boyd and Kleinman [86]. From the recorded data the device

efficiency, 1, was calculated to be 3% W1 and a normalised conversion efficiency of

P shg
2 2
um
the order of magnitude that bulk nonlinear interactions are expected.

3% W~1em =2, where n = and Ppump is measured after the crystal. This is in
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FIGURE 3.5: Bulk PPLN crystal result plots; a) phasematching spectra fitted with a
sinc? function, and b) second harmonic generation, and efficiency of the interaction, as
a function of pump power.

3.3.2 Secondary-Ion Mass Spectrometry

Secondary-ion mass spectrometry (SIMS) is a powerful tool that has been used exten-
sively to study the diffusion behaviour of titanium into LiNbOj3 [67]. Early studies
of zinc diffusion into LiNbO3; were mainly worked on by Lifante et al. [87, 88, 79] us-
ing similar techniques to the ones presented here. SIMS analysis works by focusing
an ion beam onto the surface of the sample in high vacuum, and then collecting and
analysing the composition of ejected secondary ions. The ejected secondary ions un-

dergo mass-to-charge ratio analysis, resulting in a mass spectrum containing detailed



38 Chapter 3. Periodically-Poled Lithium Niobate Waveguides

surface chemical information. Resolution of SIMS analysis decreases for increasingly
larger depths due to the higher beam energies needed to reach depths in the 10pm+
region, resulting in ion mixing, as well as uneveness in the crater depth, both which

will affect decrease the resolution from angstroms to tens on nanometres.
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FIGURE 3.6: Depth profiles for Zn, Li and Nb ions obtained by SIMS from a standard
Zn indiffused 5%MgO:LN wafer for 1560nm SHG, as measured by Fraunhofer IPM.

Figure 3.6 shows the yield of Zn, Li and Nb ions detected by SIMS of a sample pre-
pared using the approach described in Section 3.2 from a 1560nm SHG Zn-indiffused
waveguide, 100nm of zinc indiffused at 950°C. A clear peak in the Zn concentration
can be observed in the top 1lum of the sample, along with smaller peaks in the Li
and Nb concentration. A similar peak was observed by Lifante in Zn-vapour diffused
LN [87], and by Caccavale in Ti diffused LN [89], which indicates a small amount of
outdiffusion from the crystal surface, a common phenomenon when heating the crys-

tal.
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To produce low-loss waveguides it is crucial that the surface quality not be degraded
by the diffusion process. Depending on the fabrication conditions, Li-Zn-O com-
pounds can form on the surface region, if its formation is energetically preferable to
vaporization of ZnO [79]. The peak could also indicate that the initially deposited layer
of Zn might not have been fully depleted. However, the shape of the indiffusion depth
profile is best fit with a Gaussian, which implies a completely exhausted source, rather
than an error function-like shape from an undepleted source [90]. This suggests that
zinc diffusion works under different diffusive regimes. Based on this information, a
Gaussian shape was chosen for the numerical modelling of the refractive index profile

and numerical simulation of waveguide modes presented in the following Chapters.

Studies on the effect of zinc concentration on the refractive index of LN and MgO:LN
have demonstrated that there is an index increase in both polarisations, where the
change is greater for the extraordinary polarisation [78, 88]. The aim of indiffusing zinc
into 5% MgO:PPLN is to produce low-loss optical waveguides that will guide both
polarizations and display high resistance to photorefractive damage. Cation dopants
with valence states <2, such as Mg+2, reduce the photorefractive damage, while cation
dopants with valence states >3, such as Nd 13 and Tit4, increase the photorefractive
damage. Doping LN with both Zn*? and Mg*? showed higher resistance to photore-

fractive damage than PE and Ti-indiffused waveguides [46].

3.3.3 Prism Coupling

Prism coupling is a method employed to calculate refractive indices of bulk materials
and thin films, as well as film thickness, with a high accuracy and resolution over
a large range of wavelengths. Its ability in linking refractive index change to known
dopant concentrations making it a useful tool for constructing refractive index profiles.
Figure 3.7 shows the basis for how light is coupled into the sample. A rotating stage
scans through the well-defined angles at which the laser beam impinges on the prism-

sample boundary. When the total internal reflection criterion is violated, there is a
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resulting intensity drop on the photodetector, indicating that the beam has coupled
into the optical propagation modes of the sample. The effective index of the mode, 8
= n-sin(f), is then retrieved by Snell’s law n;sin(f;)=nysin(6,), as both the index of the
prism and the incident angle are well known, and the § value is preserved when a ray

of light is refracted at the boundary of two media.
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FIGURE 3.7: (a) Prism coupling technique, used by the Metricon Model 2010, to mea-
sure the effective refractive index of a mode, (b) picture of the Metricon system with a
supported mode.

A MgO:PPLN wafer refractive index was measured before indiffusion, and compared
to the theoretical values of Sellmeier equations by Zelmon [91], shown in Figure 3.8.
While the percentage difference in values is seemingly small, it has to be taken into
consideration that the absolute error is in the order of +1 - 10~#, which is the same
order of magnitude as the refractive index difference being investigated. This error is
proportionally larger for TM modes since they have a lower refractive index. Due to
this, and a known variation in the bulk refractive index value of MgO:PPLN wafers
arising via standard growth conditions, in the order of 1073, affecting the effective
index and phasematching wavelength of the starting material, an effort was made to
measure the bulk refractive index of each wafer for comparison with any zinc indiffu-

sion related change.

The Metricon Model 2010 system used for this work has the capability to calculate
the profile for a graded index waveguide [92], but will be avoided in favour of using

FIMMWAVE (Photon Design Ltd.), introduced in the next Chapter, to create a profile
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FIGURE 3.8: a) Dispersion profile based on Sellmeier equation and coefficients from

Zelmon et al. [91], compared the refractive index measured by the Metricon, both for

5%MgO:LN, and b) the percentage difference between the Zelmon model and mea-
sured refractive index values.

which will match the effective index values measured, as it gives more consistent re-

sults by choosing the refractive index profile shape. Prism coupling measurements

are taken using un-diced pieces of Zn indiffused wafers. After the chip singulation

process, the wafer tops are polished to remove any ZnO residue from the surface,

and ensure good contact between the wafer and prism surfaces. To measure the re-

fractive index change arising from the zinc-indiffusion process, the effective indices at

532nm of the three supported planar modes found for each wafer are measured for

several different Zn thicknesses, and plotted in Figure3.9. The purpose of this is to

monitor process reproducibility, analyse how different fabrication parameters of zinc

thickness, deposition power and indiffusion temperature affect the planar modes, and
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consequently how we can change these to achieve a desired refractive index change.
In general, increasing Zn thickness has shown to increase the effective refractive index

of the modes.
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FIGURE 3.9: Effective indices for the three TM modes measured at 532nm with the
Metricon, for a wafer with several different Zn thicknesses, indiffused at 950°C.

3.3.4 Mode Profiling

Optimising the size and shape of propagating modes is an important step in the devel-
opment of PPLN waveguides, both when maximising coupling efficiency to a fibre for
packaging and commercialisation purposes, and for maximising model overlap to in-
crease efficiency of the frequency conversion processes. The mode shape is defined by
the refractive index profile and width of the ridge waveguide, and was investigated by
measuring mode field diameters (MFD) at pump wavelengths. This enables compar-
ison to a numerical model to tailor the desired optical waveguides. The MFD in this
work are measured with an optical characterisation setup developed by Dr. Rex Ban-
nerman [93], presented in Figure 3.10. The system uses fibre butt-couple launch and a

high resolution InGaAs CCD camera (Raptor, Owl 640) to capture the intensity profile
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of a beam for a series of calibrated steps from the waveguide facet. The profiles of the
beam are fitted via second-moment analysis [94] to evaluate the vertical and horizontal
MED at each step. Further analysis of the diverging beam enables the calculation of a

waveguide’s numerical aperture (NA).
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FIGURE 3.10: Schematic diagram and photo of the optical system used for measuring
mode profiles of the zinc-indiffused PPLN waveguides presented in this work.

Figure 3.11 displays mode profiling measurements for the fundamental TM mode in
a typical 1560nm SHG Zn-indiffused waveguide made at Southampton as discussed
in [43], and fitting done by the software to calculate NA and MFD values. The verti-
cal and horizontal MFD values are displayed for several nominal waveguide widths.
Nominal ridge widths are those programmed into the dicing saw, which can deviate
slightly from the resulting actual ridge widths that are cut into the substrate, as implied
by the larger X MFD value for the nominally 12pm wide waveguide when compared to
the 12.5pm wide waveguide. When fabricating waveguides for a particular nonlinear
interaction, several ridges for varying widths are typically prepared in each device to
account for this small (<0.5 pm) dicing saw step deviation. Horizontal MFD increases

with waveguide ridge width and shows little dependence on refractive index change



44 Chapter 3. Periodically-Poled Lithium Niobate Waveguides

or diffusion depth, whereas vertical MFD is mainly determined by the refractive index
profile parameters, increasing slightly as ridges become narrow enough to make the
waveguide single mode. This beam profiling method yields MFD standard deviations

in the order of 10~4.
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FIGURE 3.11: (a) Spot size of the beam measured by the optical characterisation system

at a series of steps from the waveguide facet, and (b) vertical and horizontal mode

profile measurements at 1550nm for waveguides with nominal ridge widths of 11.5 to
13pm, indiffused with 100nm of Zn at 950°C.

3.3.5 PPLN Waveguide Characterisation

In order to test the nonlinear characteristics of the Zn-indiffused PPLN waveguides,
a test setup was built with a similar configuration to that performed in Section 3.3.1,
using a PPLN waveguide designed for 1560-780 nm SHG, supplied by Covesion Ltd.
This will form the basis for optimising waveguide design and tailoring waveguide
properties for different wavelength ranges, requiring experimental validation of sim-

ulations, as well as demonstrating functionality for targeted applications.

A free-space fibre-launch system is used for characterisation, as it allows for careful
optimisation of launch position and spot size adjustment, offering flexibility to max-
imise coupling efficiency into different waveguides. For 1560nm operation an Agilent
tunable seed laser was injected into an erbium-doped fibre amplifier (EDFA) to pump

1550-1560 nm light into the Zn-indiffused ridge waveguide. The laser was coupled into
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a 12pm wide 40 mm long waveguide ridge, with an 18.3 pm period grating, located in
an oven, as shown in Figure 3.12. The input beam was shaped via a fibre zoom colli-
mator and C-coated ashperic lens, to give a 9pum spot size to the waveguide mode and
maximise coupling efficiency. Rather than the middle of the crystal, like in bulk crys-
tal phasematching, the spot is focused to the input facet of the waveguide. The pump
and SHG output are collimated by a secondary lens, where both the pump launch and
collimating lens are mounted on six-axis manual stages for fine control. The temper-

ature and wavelength ranges were chosen based on earlier published work on PPLN

waveguides [41, 42, 43].

Agilent Aspheric PPLN Aspheric S120vC

Tunable 1550nm C560TME-C OVen A375TMD-B
v v D

@ i —.ﬁ'}* S401C

Keopsys ]

2W EDFA Zoom Coll Dichroic

ZC618APC-C DMLP950

FIGURE 3.12: Optical characterisation setup for measuring SHG of 1550nm in a PPLN
waveguide; (a) scheme of the experimental setup, (b) photograph of waveguide char-
acterisation setup

The phasematching spectrum of the waveguide was recorded at different tempera-
tures, Figure 3.13 shows how phasematching wavelength increases with temperature,
following the expected trend. Comparatively, the phasematching temperature of a
bulk crystal corresponding to a period of 18.3 pm, calculated using the Sellmeier equa-
tions in Gayer [59], would be ~ 340°C. Then SHG was recorded at a constant tem-

perature for increasing pump power, shown in Figure3.13, and giving a calculated
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P
device efficiency 7 of 1.5% W~! cm~2, where 7 = % and a normalised conver-

pump
sion efficiency of 24% W1 where Ppump is measured after the crystal. This is an order
of magnitude larger than the calculated normalised conversion efficiency for a bulk

interaction.
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FIGURE 3.13: Characterisation data plots of a Zn-indiffused 12um ridge PPLN waveg-

uide for 1560nm SHG; a) graph showing the effect of temperature on the phasematch-

ing condition, and b) SHG power and efficiency of the interaction, as a function of
pump power.

This result is smaller than the one presented by Berry [42] using a similar regime, likely
due to less well optimised coupling efficiency, and no anti-reflection (AR) coating on

the waveguide facets. The efficiency of SHG in a waveguide is defined as in Equation
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3.1, where (py is the overlap integral between the input and generated modes.
8rtd?, 0>
Py = — 2V p2(; - 0)12 = yPPL2 (3.1)
A2egen’
1505 %erf

Following these results, pump power was increased to 2W, the maximum allowed by

the EDFA, and a wavelength and temperature sweep were carried out in this regime,

as shown in Figure 3.14.
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FIGURE 3.14: Characterisation data plots of Zn-indiffused 12pm ridge PPLN waveg-
uide for 1560nm SHG; a) wavelength tuned phasematching spectra fitted with a sinc?
function, b) temperature tuned phasematching spectra fitted with a sinc? function.
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The noise in the data is attributed to the formation of a Fabry-Pérot cavity inside the
waveguide, due to the lack of an anti-reflective coating and angle-cut facets of the
waveguide with reduce Fresnel reflections. The data has been fitted using bulk re-
fractive indices, alongside a suitable period to centre the data. Comparing the perfor-
mance of bulk crystals against waveguides, the latter have been demonstrated to be
better in terms of conversion efficiency, however they are more difficult to fabricate,
with many addition steps that need to be optimised. The focus of the following work
in this thesis is developing a model and simulations that will enable PPLN waveguides
to be designed and fabricated for a wider range of wavelength interactions, and exper-
imental characterisation of these novel waveguides to verify and iteratively develop
the model through various generations. Discussion of the model design and features

is included in Chapter 4.

3.4 Summary

Chapter 3 focuses on the development of PPLN waveguides, highlighting their ability
to enhance nonlinear conversion efficiency versus standard bulk crystals. The fabrica-
tion process used for the PPLN waveguides designed and investigated in this thesis is
described, snd key characterization techniques, such as secondary-ion mass spectrom-
etry (SIMS), prism coupling, and mode profiling, are introduced to evaluate the refrac-
tive index profiles, effective indices, and mode confinement of the waveguides. These
insights provide a foundation for optimizing waveguide design and performance in

subsequent chapters.
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Chapter 4

Modelling of Zn-indiffused PPLN

Waveguides

As stated previously, for a few simple, specific structures like step-index waveguides
or fibres, application of Maxwell’s equation has produced rigorous solutions to the
wave equation in the waveguide. For waveguides with graded indices the equations
become complicated to solve, so one must resort to solving using numerical tech-
niques. Nowadays, with the widespread availability of powerful computers and ad-
vanced numerical software, direct numerical solution of the wave equation is possible.
Numerical methods such as finite-elements (FEM) or finite-differences (FDM) can be
used to find a robust numeric solution of the wave equation which can accurately map
out dispersion, power confinement, mode shape, and other relevant parameters of a

waveguide.

The work in this thesis focuses on the design, simulation and testing of PPLN ridge
waveguides for applications across the UV to MIR (350-4500nm) range of optical wave-
lengths. In order to improve understanding of how the fabrication processes outlined
in Section 3.2 affects supported modes in waveguides, the waveguide model shown
in Figure4.1 was constructed. Numerical modelling of PPLN waveguides was per-

formed using FIMMWAVE, a commercial finite difference mode-solving package by
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(4) (B) ()

FIGURE 4.1: (a) Microscope image of a Zn-indiffused MgO:PPLN ridge waveguide
facet used as a basis for the ridge waveguide shape in numerical model, (b) geomet-
rical waveguide structure built in FIMMWAVE software to represent Zn-indiffused
MgO:PPLN waveguides, and (c) intensity plot of a fundamental mode solution at
1560nm in a 12 ym wide ridge.
Photon Design Ltd. This model will allow for simulation of experimental results and
the design of waveguides at new wavelengths for novel applications. Earlier work at
Southampton investigated the effect of the Zn thickness to minimise mode field diam-
eter, with the aim of maximising potential modal overlap [43]. Building on this work,
a target of this thesis is to further decode the effect of fabrication parameters, in con-
junction with mode solving software to extract a theoretical refractive index profile,
with the objective of producing a matrix of refractive index profile values which corre-
spond to standardised fabrication parameters. This model will enable us to tailor size
and shape of waveguide modes, calculate an effective refractive index, n.f, for a spe-

cific set of input and generated wavelengths, and calculate the PPLN period required

to support a target conversion interaction.

4.1 Building the Waveguide Model

The parameters that define the model of Zn-indiffused MgO:PPLN waveguides devel-
oped at Southampton can be seen in Figure4.2; the diced ridge width, which is well

defined to £0.5pum by the machining process; and the refractive index profile, defined
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by the refractive index change, dn, and diffusion depth, sometimes labelled as ¢, refer-
ring to the peak amplitude value and standard deviation of a Gaussian respectively,
which is the assumed shape of the profile. Together these parameters dictate which
wavelengths can be supported in the waveguide, and their associated mode shape. As
part of the investigation in this thesis, a bespoke code was prepared (Appendix B) to
interface with FIMMWAVE, iterate over several index profile parameters, and extract
data from the waveguide model, such as the effective index of TM modes, the X and
Y MFD values based on a reduction of 1/¢? of the intensity, and a matrix array of the

intensity and electric field values of the mode solutions.

n=1
Ridge Width

Diffusion

N = Npyg.LN
Depth

FIGURE 4.2: Parameters that define waveguide structure and guidance in the

FIMMWAVE numerical model, where diffusion depth corresponds to the standard

deviation of the Gaussian curve used for the diffusion profile. For planar modes it is
solved in 2D, independently of the ridge width.

As a starting condition for the PPLN ridge waveguide model, a Gaussian diffusion is
assumed for the refractive index profile. This is based on the zinc concentration shape
in the SIMS data provided by Fraunhofer IPM for a standard 1560nm SHG waveguide,
shown in Figure 3.6, and other work on charaterising zinc-indiffused lithium niobate
by Nevado in [79, 87]. Fitting of the SIMS data was done with the Gaussian equation

4.1, where the standard deviation, w, was then converted to the diffusion depth, ¢ =
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V2w, from the Gaussian equation 4.2 used by the IMMWAVE software, obtaining the

value 0 = 7.46 pm.

2
y=1yo+Aexp (—% (x;xc) ) (4.1)

2
Yy = exp <—%) (4.2)

Optimising refractive index parameters to maximise overlap of the waveguide modes
is important to achieve efficient frequency conversion. For SHG the highest overlap
typically occurs between the fundamental pump and fundamental SHG modes, thus
we want to couple the maximum amount of power into the fundamental pump mode.
For this purpose single-mode waveguides at the highest operating wavelength are
preferable, as no launched power will be coupled into modes that will not contribute
to the upconversion efficiency. Matching the waveguide pump mode to the expected
input laser beam size is also an aim of this work, to improve launch efficiency into
the waveguide in a typical use case, without the need of complex launch optics, this
is addressed in Section 4.1.3.1. In Chapter 5 it will become clear that single-mode
operation does not necessarily coincide with the highest overlap integral, so a balance

between the two must be found.

4.1.1 Refractive Index Profile Modelling

In order to extend the operating range of Zn indiffused PPLN waveguides to new
wavelengths, an understanding is needed of how the various fabrication parameters
affect the indiffusion profile. Testing was performed across an array of MgO:LN sam-
ples, by varying the deposited Zn thickness, deposition power, and temperature dur-
ing the indiffusion step. These are parameters that were initially investigated to opti-

mise MFD for fibre to waveguide coupling in [43], but had not been used to analyse the
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indiffusion profile. The effective refractive index of supported planar modes was mea-
sured with the Metricon system, which uses a prism coupling technique (see Section

3.3.3).

The Metricon varies the input angle of a laser beam aimed at a prism to couple into
different modes supported in the sample, and calculates an effective index value, npy,;,
for each of the modes found, shown in in Figure4.3. To retrieve the refractive index
profile, this data is then compared to a matrix of modelled planar effective indices,
nry, from the waveguide structure built in IMMWAVE, where the indiffusion pro-
file parameters, on and ¢, have been iterated. The indiffusion profile is established by
tinding which combination of refractive index change and indiffusion depths param-
eters give effective indices equal to effective indices measured by the Metricon for all

the supported modes in that wafer simultaneously.
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FIGURE 4.3: Reflected intensity of the 532nm TM mode recorded by the Metricon

system for a Zn-indiffused lithium niobate wafer, as a function of steps, which relate

to the incident angle of the laser beam. The dips denote supported modes, where their
corresponding effective indices, nyy:, are listed next to their step position.

To calculate the refractive index parameters for a zinc indiffused LN wafer from prism
coupling n¢s values, a Gaussian refractive index profile is used in the IMMWAVE
waveguide model, using Equation 4.2, with the peak aligned to the top of the waveg-
uide. For planar layers formed by diffusion solving modes is performed independent
of x-axis confinement; the optical propagation mode excited with the Metricon is a

planar mode. An example of what the vertical cross-section of the refractive index
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profile, labelled with refractive index change én and indiffusion depth ¢, and the first

four modelled mode solutions in a planar waveguide can be seen in Figure 4.4.
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FIGURE 4.4: (a) Refractive index profile, and (b) intensity plots of the first four TM

planar mode solutions found for a Zn- indiffused MgO:PPLN waveguide modelled in

FIMMWAVE, with parameters; refractive index change, {n=0.0041; indiffusion depth,
o =7.5pm.

For a wafer fabricated with standard 1560nm SHG waveguide parameters, the same
as the SIMS analysis in Section 3.3.2, using the measured bulk index of the wafer at
532nm as nyg: N in the model, Neff values of the first 12 TM planar mode solutions
are recorded for a range of refractive index difference and indiffusion depths. These
FIMMWAVE model effective indices, nry, are compared to the measured effective
index, nyy,;, for each of the modes found, establishing combinations of én and o where
they match, as displayed in Table 4.1. Solutions are then further narrowed down by
applying the assumption that refractive index parameters, n and ¢, must be the same
for all measured modes. This gives possible refractive index profile parameters of n =
0.0041 and ¢ = 7.40-7.50pm. Comparing this diffusion depth value to the fitting done
to the SIMS profile, where ¢ = 7.46 nm, good agreement has been shown between the

SIMS analysis and the Metricon measurements.
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on o
m=0 m=1 m=2 m=23

0.0035 7.50-7.60
0.0036 7.50-7.60
0.0037 7.50-7.60
0.0038 7.50-7.60
0.0039 7.60 7.55-7.60 7.50-7.60
0.0040 7.40-7.60 7.40-7.60 7.50-7.60
0.0041 | 7.40-7.60 7.40-7.60 7.40-7.60 7.40-7.50
0.0042 | 7.40-7.60 7.40-7.53 7.40-7.60

0.0043 7.40-7.48

TABLE 4.1: Refractive index profile parameters for which the effective indices satisfied

the following relation npw = nyet = 0.0001, where nryy is the planar mode index mod-

elled with FIMMWAVE, and nye; is the value measured with the Metricon at 532nm.
It is worth mentioning that initially, no TE modes were able to be measured with the
Metricon. It was assumed there was a high loss mechanism inherent to the waveguide
design, theorized to be high ZnO concentration at the top surface of the waveguide,
enough to suppress the TE mode. Polishing of the top layer of the wafer eventually
did yield measurable TE modes. The measurement and use of TE modes is not within

the scope of this thesis.

Next, to corroborate the refractive index profile produced by SIMS and Metricon mea-
surements was accurate, the vertical MFD at 1560nm was calculated for a range of én
and diffusion depths in the IMMWAVE model, and the MFD value from published

paper [41], 8.8um, was plotted as the red line in Figure 4.5.

For an indiffusion depth of 7.46pm, the corresponding refractive index change that
will yield an MFD of 8.8um is approximately 0.0041. Comparing FIMMWAVE model
values for refractive index change and diffusion depth retrieved from Metricon data,
to those obtained by SIMS, it is seen they overlap. The modelled MFD for those re-
fractive index profile parameters also overlaps with the measured MFD, giving con-
tidence to the refractive index profile model for the 1560nm SHG waveguides, and
to the methodology that produced the model, which can now be extended to other

wavelengths.
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Indiffusion Depth, xm
Vertical MFD, zm

1 2 3 4 5 6 7 8 9 10
Refractive Index Change, dn %1073

FIGURE 4.5: FIMMWAVE model values for the vertical MFD of the 1560nm mode, at a
ridge width of 12pm, when varying refractive index difference, the red line represents
the vertical MFD = 8.8 pym measured in [41].

4.1.2 Fabrication Parameter Characterisation

To study the effect of fabrication variables on the indiffusion profile parameters for
MgO:LN wafers, several wafers were fabricated with 50-110nm thick zinc deposi-
tions, deposited at powers of 300W and 500W, and indiffused at 925°C and 950°C.
Refractive index change and indiffusion depth are shown in Figure 4.6, defined via the
method outlined above, and effective refractive indices measured via prism coupling
at 532nm. The error bars correspond to the range of én and ¢ values for which the

npw=npt£0.00012 condition is true.

Analysis of this data shows a clear trend of increasing refractive index change with
increasing zinc thickness, with a drop off below 50nm of zinc, where optical testing
showed weak guidance. This reflects the trend seen for a similar zinc indiffusion
process in early work by Young, where increasing the zinc thickness increases the
refractive index [46], although it us unclear if they observed a similar drop for thin
depositions. Decreasing the indiffusion temperature resulted in both increasing the

refractive index change, and decreasing the indiffusion depth, implying there to be a
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FIGURE 4.6: Calculated refractive index profile for different fabrication parameters

of indiffusion temperature, deposition power, and zinc thickness, as measured using

a Metricon prism coupler at 532nm. Profile parameters plotted are; (top) refractive

index change, n, and (bottom) indiffusion depth, o.

similar amount of zinc indiffused but in different distributions. This will affect the
modal shape, which is an important consideration for optical coupling. It can also be
seen that a higher sputter deposition power can slightly increase the refractive index
change, but seems to have no discernible effect on indiffusion depth. These findings
are corroborated by the behaviour of titanium indiffused in LN slab waveguides ob-

served by Caccavale [89], where thickness of the dopant film and the diffusion temper-

ature determined the depth-diffusion shape.

As a starting point for designing a Zn-indiffused MgO:PPLN ridge waveguide for

a 1064-532nm SHG process, the effective indices were also measured at 1064nm, with
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the calculated refractive index change and indiffusion depth shown in Figure 4.7. Since
there are fewer modes at this wavelength, the errors are larger, and the refractive in-
dex change trends are less clear, the 925°C indiffusion appears flat. However, the
indiffusion depth shows good agreement with the 532nm values. The refractive index
difference én achieved is dependent on wavelength and decreases slightly for longer
wavelengths, whereas the indiffusion depth remains the same, as there is a linear de-
pendence between zinc concentration and refractive index change [78], which means
the Gaussian shape isn’t distorted. The above gives a good guide for starting charac-

teristics for waveguide design, to be discussed in Section 4.1.4.
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FIGURE 4.7: Calculated refractive index profile for different fabrication parameters

of indiffusion temperature, deposition power, and zinc thickness, as measured using

a Metricon prism coupler at 1064nm. Profile parameters plotted are; (top) refractive
index change, n, and (bottom) indiffusion depth, c.
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4.1.3 Waveguide Modes

In order to analyse the modal structure of waveguides deposited under different fab-
rication conditions, waveguide ridges were diced into the test wafers characterised
in the previous section, to enable X and Y mode field diameters to be measured at

1560nm, using the MFD technique described in Section 3.3.4.

To measure vertical MFD, the laser spot was coupled into the planar layer of a diced
wafer, at several points along the planar section to test uniformity of guiding layer
along each wafer, shown in Figure 4.8. The vertical MFD is measured at ~9pm for all
the measured wafers, with the exception of the 60nm of Zn indiffused at 950°C, which
according to the refractive index parameter data in Section 4.1.1 has the lowest én and

highest indiffusion depth, resulting in the mode not being as tightly confined.
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FIGURE 4.8: Measured MFD at 1560nm of waveguides in test wafers with 60nm and

100nm of zinc deposited, and indifused at 950°C and 925°C, (left) vertical MFD mea-

sured in a planar layer, and (right) horizontal MFD measured in ridge waveguides,

where the dotted lines indicate where the waveguide becomes multi-mode. Data taken
by Dr. Paolo Mennea.

The horizontal MFD is plotted against the nominal width of the waveguide ridge,
where the dotted lines indicate where the waveguides become multi-mode for each of
the different wafers at a 1560nm wavelength. It can be seen that all of the measured

waveguides become multi-mode at ridge widths between 5 and 6pm, with the wafers
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indiffused at a lower temperatures supporting single modes for higher nominal ridge

widths.

4.1.3.1 Modelling Fibre Overlap

With the free-space coupling setup described in Section 3.3.5, the zoom collimator can
be used to adjust the size of the focus, allowing us to maximise pump throughput and
generated SHG power. However, for commercial optical waveguide packaging, ide-
ally we want to mode-match with standard fibres to maximise input coupling. Mod-
elling allows us to find what refractive index profile parameters would give the best
overlap with these standard optical fibre types, but that could potentially decrease the
overlap integral and conversion efficiency inside the waveguides, so there’s a trade-
off between the two. An example of the electric field mode profile for the fundamental
mode in zinc-indiffused waveguides is shown in Figure 4.9, where the dashed grey
line indicates the 1/e point to calculate the MFD for the mode, and the dashed green
line shows the shape of a Gaussian. Unlike in optical fibres, the distribution of the

refractive index profile means the waveguide mode is not Gaussian.

Vertical Ey field i Horizontal Ey field
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FIGURE 4.9: FIMMWAVE model image of the Ey field profile, and its vertical and

horizontal cross-section, of a 1064nm fundamental mode in a 5pm wide waveguide,

with refractive index profile parameters n=0.0046 and c=6pm. The dashed green line
denotes a Gaussian centred on the peak.
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Initially, we’ve looked at what Gaussian MFD would be optimal for the refractive in-
dex profile parameters measured. Figure4.10 displays the dependence of the over-
lap integral, calculated as in Equation (5.1), on the MFD of a Gaussian mode, for the
3 modes supported in the waveguides. Each time the Gaussian mode is centred on
the peak of the electric field to maximise overlap. This Figure shows that maximum
overlap is achieved with the fundamental, closely followed by the bottom lobe of the

18t-st order vertical mode. Also, larger ridges slightly increase the maximum overlap

achieved.
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FIGURE 4.10: (Top) Images of TM modes supported in a 7um wide waveguide, with

refractive index profile parameters; refractive index change dn=0.0046 and indiffusion

depth ¢=6.0pm, marked by the dashed line. (Bottom) Overlap integral values for a

Gaussian mode with each waveguide mode above, centred on the peak of their electric
tield profile.

The intensity profile of a theoretical, launched Gaussian beam [95] is

I(x,y) = Aexp (#W) (4.3)
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Future projects and commercial prospects rely on efficiently fibre-coupling these waveg-

uides for field deployment and long-term stability in the launch alignment.

414 Towards Other Wavelengths

Early development of Zn indiffused MgO:PPLN ridge waveguides at Southampton
focused on optimising 1560nm SHG waveguides to maximise conversion efficiency
and multi-Watt power handling. The focus of this thesis is on establishing an under-
standing of the fabrication process of these waveguides, based on a novel combination
of characterisation processes, and applying this to numerical modelling which defines
the parameters to achieve an optimise other wavelength interactions, and extending
the range of wavelengths which can be supported. Having developed a model for
the waveguide refractive index profile at 1560nm, an investigation was performed to
adapt waveguides to short visible wavelengths, the simplest step being altering only
the ridge widths. Wavelengths at 1064 and 780nm were chosen for SHG to green and
blue, as there is an interest in them for quantum computing applications, and these
match readily available pump sources. These first examples were chosen to prove the
FIMMWAVE model before advancing to the more complex problem of refractive index
profile required for SFG and DFG interactions with MIR wavelengths, as they involve

very different wavelengths.

A range of ridge widths were modelled to find the ones which would support the
wavelengths of interest at single mode. The suitability of the ridge widths was quanti-
tied with the normalised guide index, b, which is calculated as in Equation 4.4, giving
a range of possible values. The same process was carried out for finding the 780nm
SHG and 1064nm SHG waveguide ridge widths. The design parameters based on a
100nm thick layer of sputtered zinc were; for 780nm SHG, 4-7pm ridge widths and pe-
riods A = 2.35-2.37 ym, and for 1064SHG 5-11um ridge widths and periods A = 6.8-6.9
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pm, as show in Figure 4.11.
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Building an understanding of the behaviour of the mode when varying the model pa-
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FIGURE 4.11: Normalised guided index values plotted against ridge width, with an
overlay of the FIMMWAVE modal solutions at each ridge width, for (a) the 780SHG
process, and (b) the 1064SHG process.

rameters will give us direction when modifying fabrication parameters to make spe-

cific interaction waveguides.
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4.2 Conclusions

Chapter 4 outlines the development and application of a numerical model to study
zinc-indiffused PPLN waveguides. The model is used to infer refractive index pa-
rameters from fabrication parameters, such as zinc thickness, deposition power, and
indiffusion temperature. These predictions are validated against experimental data,
enabling the design of waveguides with optimal mode confinement and nonlinear
conversion efficiency. The chapter explores how waveguide dimensions and refrac-
tive index changes affect coupling efficiency and supported wavelengths. By tailoring
fabrication parameters, the models guide the development of waveguides suited for

specific applications.
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Chapter 5

PPLN Waveguides for SHG to UV and
Visible Wavelengths

Wavelengths at the lower end of the MgO-doped lithium niobate transparency win-
dow have a plethora of use cases. Compact and low-cost laser devices emitting in the
blue and ultra-violet (UV) are of growing importance in quantum technologies such as
atom cooling [96] and quantum computing [97] to create portable systems for timing
and navigation. Of particular interest is achieving 369.5 nm sources for the Doppler
cooling of Yb+ ions [98], where ridge-type PPLN waveguides have already demon-
strated high-efficiency generation of light as low as 340nm before [99]. High power
laser emission in the green region typically relies on nonlinear conversion due to a
lack of materials for direct emission, and green sources can also be used as a pump for
solid state lasers such as Ti:sapphire [100]. At lower powers, molecular iodine has a

transition at 532nm which has been used to build an atomic clock [101].

The work presented in this Chapter applies the nonlinear theory presented in Chap-
ter 2, with PPLN waveguide fabrication techniques and characterisation techniques
of Chapter 3, with the modelling and design elements of Chapter 4 towards the real-
isation of extending the Zn-indiffused MgO:PPLN diced ridge waveguide fabrication

process towards devices that operate in the 370-532nm range of wavelengths. These
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particular wavelengths were chosen due to availability of the laser sources and com-
ponents and relative ease of SHG phasematching experiments when dealing with vis-
ible wavelengths. The results at these wavelengths will be compared to the numerical
modelling presented in Chapter 4 to test numerical model robustness, and inform the

design of future waveguides at MIR wavelengths.

5.1 Visible and Near Infrared Waveguides

Waveguides for operation at visible wavelengths are typically more challenging to
tabricate compared to those designed for telecom wavelengths, due to their smaller
aperture size and shorter poling period, placing tighter tolerances on the fabrication
process. Moving to shorter wavelengths also means dealing with faster changes in
chromatic dispersion and a higher sensitivity to small changes in propagation constant
of pump and SHG modes, which in our case is dependent on ridge width variation and

uniformity of Zn deposition and indiffusion.

A first-order 780nm SHG waveguide has been previously fabricated at Southamp-
ton [48], with a short period length of 2.2-2.4pm. The fabrication challenges associated
with fine-period domain poling can result in reduction of the nonlinear coefficient and
thus conversion efficiency. A maximum CW output power of ImW and a conver-
sion efficiency of 6.9%/W was obtained in a 14mm long crystal. Longer waveguide
devices would increase the conversion efficiency, and the high damage threshold of a
Zn-indiffused ridge waveguide structure [41] could open the door to using third-order

poling at higher pump powers to increase overall conversion efficiency.

Our objective is to make single mode waveguide devices in the visible regime. Indi-
vidual waveguide modes have distinct phasematching conditions, at different temper-
atures or wavelengths, thus we want to avoid coupling pump power into additional
modes that will not contribute to conversion efficiency. Additionally, maximising the

overlap integral of the pump and SHG modes is paramount for an efficient interaction
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as SHG power is directly proportional to the square of this figure, shown by Equation
3.1. For most quantum systems simple, standardised components are preferred, these
would benefit from efficient fibre-to-waveguide coupling, so a numerical investigation
into how mode shape and size affects coupling efficiency to optical fibre was also car-

ried out. Typical MFDs for commerically available fibres are listed in Table 5.1.

Name Wavelength MFD
ThorLabs | PM980-XP | 970 - 1550nm | 6.6 + 0.5 ym @ 980 nm
Newport | F-HB1060-7 | 1015 -1105 nm | 6.0 - 8.0 pm @ 1064 nm

TABLE 5.1: Listed mode field diameters for commercially available 1064nm PM fibre.

5.1.1 Numerical Modelling

The FIMMWAVE numerical model presented in the previous Chapter (Figure 4.2) was
used to analyse the waveguide structure parameters needed to meet the criteria set out
for visible PPLN waveguides. This is done by adjusting refractive index change and
indiffusion depth, and building a matrix of waveguide mode variables that accounts
for changes in controllable fabrication parameters within known tolerances. The range
of variables for the model was chosen to be; 5pm to 7um ridge widths, based on the
tibre MFDs and normalised guide index values found in Section 4.1.4; refractive index
change of 2 to 6x10~2 based on what has been achieved already (Figure 4.6); and in-
diffusion depths of 2 to 7 um, based on the assumption that a shallower indiffusion
depth than that used for 1560nm SHG waveguides will be needed, for the smaller
1064nm and 780nm modes. The base lithium niobate refractive index was given by
the temperature-dependent Sellmeier equation from Gayer [59], set to a temperature
of 11°C to closely match the bulk indices measured by the Metricon at 532nm and

1064nm, given by 2.2207 and 2.1446 respectively.
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Figure 5.1 shows the number of modes supported in 5um and 7um wide ridge waveg-
uides respectively, where the condition at which the mode is guided is set by the ab-
solute value of the imaginary effective index. As no absorption coefficient is set for
lithium niobate in the numerical model, loss is simulated by an absorbing layer placed
on the boundary of the model which measures the radiating field outside the waveg-
uide structure. Firstly, by comparing these tables, we find that single-mode operation
is achievable across a wider range of fabrication conditions in the narrower 5um ridge,
whereas conditions for single-mode guidance in the 7um ridge are stricter, making it
more difficult to reliably fabricate, as the tolerances for the deposited Zn thickness and
indiffusion temperature are much smaller, in addition to not being as well confined.
Secondly, these tables have provided a clearer picture of what refractive index profile

parameters to aim for single-mode operation, and how they change.
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FIGURE 5.1: Graphs displaying the number of 1064nm modes found by the numerical
model supported in; (left) a 5um wide ridge waveguide, (right) a 7pm wide ridge
waveguide, when varying refractive index profile parameters.

As previously alluded to, the use of waveguides introduces another factor: mode over-
lap. The modes in a waveguide have well-defined wavelength-dependent transverse
spatial variations, thus the distribution of energy in the fundamental and second-

harmonic waves may differ, thereby reducing the efficiency of energy transfer between
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them. Therefore the nonlinear overlap integral, oy, between pump and signal waveg-
uide modes must be calculated. This quantifies the linear degree of confinement, with
units of m~!, the efficiency with which a mode with electric field distribution E]% (x,y)
can excite a field E;(x,y), and differs from the overlap integral used for mode matching,
which is dimensionless. A more intuitive way of understanding the nonlinear overlap
integral would be to convert it to effective area of the nonlinear interaction, A,ss, where
Aesr =1/ %, a quantitative measure of the area which a mode effectively covers in
the transverse dimensions, where a smaller effective area means tighter confinement,
resulting in a more efficient interaction.
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FIGURE 5.2: Nonlinear overlap integral values for fundamental 1064nm to fundamen-
tal 532nm mode in a 5pm wide ridge waveguide, for a range of refractive index profile
parameters.

Figure 5.2 shows the electric field amplitude distribution of the fundamental 1064nm
mode and the fundamental 532nm mode it is exciting for a 5pm wide ridge waveguide,

and the effective area between them calculated using Equation 2.17 and FIMMWAVE
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modelled vertical electric fields at 532nm and 1064nm. Doubling the effective area re-
duces the SHG interaction efficiency by 4. The smallest effective area is achieved at the
highest change in refractive index modelled, with shallow indiffusion depths between
4.0 and 4.4pm, resulting in an effective area of 21.3ym?. Moving to a refractive index
change of 5x10~3, with the same indiffusion depths, the nonlinear interaction has an
effective area of 23.5-23.9pm? (10-12% increase) which would decrease the overall con-
version efficiency to ~80% of the one achieved with 6x1073. Moving across further to
a refractive index change of 4x10~3 with the same indiffusion depth, the effective area
increases to 27.2-28.2um? (27.7-32.4% increase), halving the conversion efficiency with
respect to the highest refractive index change modelled.
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FIGURE 5.3: Nonlinear overlap integral values for fundamental 1064nm to fundamen-
tal 532nm mode in a 7pm wide ridge waveguide, for a range of refractive index profile
parameters.

Similarly for a 7um wide ridge waveguide, Figure 5.3, the smallest effective area 28.9pm?

is achieved with a refractive index change of 6x10~3, at indiffusion depths between 4
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and 4.4pm. This means that for a completely "perfect’” waveguide (lossles, constant
n.¢s along the propagation length), with the same amount of light coupled into the
fundamental 1064nm mode, a 7pm wide ridge waveguide will produce half the SHG

power of a 5um with the same refractive index profile parameters.

The fundamental 1064nm mode can phasematch with different 532nm modes, given
the right phasematching condition, and sufficient spatial overlap to allow energy trans-
fer between the pump and signal modes. Figure 5.4 displays the effective area for the
1064nm fundamental mode with the 1%t-order 532nm vertical mode (TM01). The neg-
ative amplitude of the electric field in a 1%*-order vertical mode reduces the nonlinear
overlap integral, but the lack of vertical symmetry means the integral is not negligible,
with an effective area about 3.5 times larger than for the fundamental-to-fundamental
conversion, in both the 5um and 7 pm ridges.
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FIGURE 5.4: Nonlinear overlap integral values for fundamental 1064nm to 1% vertical
SHG mode in a 5um (left) and 7um (right) wide ridge waveguide, for a range of re-
fractive index profile parameters.

As a starting point to studying fibre coupling into waveguides, we define the theoreti-

cal mode matching of two beams/modes, 17, with respective complex electric fields Eq
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and E,, as
JJZG E{E2dx dy

1
S EiErdxdy [ E3Esdxdy|”

Assuming a smooth end-facet for coupling light and the optical phase profile of the

7= (5.1)

beams are matching, this quantifies the spatial overlap between them, and can be used
to calculate the coupling efficiency of a laser beam, E;, to a waveguide mode, E,. The
modal overlap between a Gaussian beam with MFDs of 6pm and 8pm, and a 1064nm
fundamental mode in a 7um wide ridge was calculated for a range of refractive index
changes and indiffusion depths, as shown in Figure 5.5. The position of the Gaussian

mode was adjusted to maximise the calculated overlap integral.

2 0.96 2 0.91
E 0.95 g 0.9
23 004 = =3 089 =
S F b &
S4 093 5 £4 0.88 5
=% S o Q
3 oo i & 0.87 E

2 <
55 0o1£ &% 086 S
3 2 3 3
£ 09 O E 0.85 @
o6 T 6
= e
- 0.89 - 0.84
75 : : : = ) gs 7h : : : 0.83
2 3 4 5 6 2 3 4 5 6
Refractive Index Change, dn 103 Refractive Index Change, én .10

FIGURE 5.5: Theoretical coupling efficiency values to quantify the quality of mode

match between the 1064nm fundamental mode in a 7pm wide ridge waveguide, and

a Gaussian beam with MFDs of; (left) 6 um, and (right) 8 yum, for a range of refractive
index profile parameters.

The coupling efficiency of a Gaussian beam is better in the wider ridge, with coupling
being 6 percentage points higher than for the narrower 5pm wide ridge for a Gaus-
sian with MFD of 6um, and 9 percentage points lower for a Gaussian with MFD of
8um. From this data, it can be seen that a greater overlap happens for larger diffusion
depths, it becomes apparent from Figure 5.6 that as the indiffusion depth increases the
waveguide mode becomes more circular, and more closely matches the Gaussian beam
shape. Figure 5.6 also shows why higher én gives higher nonlinear overlap integrals,

the 1064nm mode shape is more similar to the 532nm mode shape.
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FIGURE 5.6: Model 1064nm mode profiles showing the effect of refractive index profile

parameters; a) én = 3.2x10 730 = 4um b) én = 6.0x10 3¢ = 4um c) én = 3.2x10 3¢ = 7um

d) én = 6.0x10~3¢" = 7um, on waveguide mode shape in a 5um wide ridge waveguide.
Optimal refractive index parameters for nonlinear overlap differ from those for best
coupling efficiency to fibre. Additionally, areas of high coupling efficiency have mul-
timode operation, which would reduce coupled power into fundamental mode. Since
SHG power is proportional to the square of both the coupled pump power and the

nonlinear overlap integral, Figure 5.7 looks at how the combination of these overlaps,

P2¢%,, changes with refractive index profile.

Assuming the launched mode is a Gaussian beam with an MFD of 6pm, which gave
the highest theoretical launch coupling efficiency, the maximum combined efficiency
overlap value for both the 5pm and 7pm waveguide happens at én = 0.006, and ¢ =
4.6pm. From the Figure, the key parameter in maintaining a high overlap integral
value is the refractive index change, as it changes more rapidly than when varying
indiffusion depth. For this range of refractive index profile parameters, where the

launch coupling efficiency does not vary greatly, the nonlinear overlap value holds
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FIGURE 5.7: Quantified efficiency, P3 o gévP%, consisting of nonlinear overlap inte-

gral, {ov, between fundamental 1064nm and 532nm modes, and waveguide coupling

efficiency, P, between a 6pm Gaussian mode and the fundamental 1064nm waveg-

uide mode; (top) 5Spym wide ridge waveguide, (bottom) 7pm wide ridge waveguide.

more weight than the launch coupling efficiency. Even with the lower coupling effi-
ciency of a Gaussian mode into the 5pm wide ridge waveguide mode, the combined
overlap integral is 19% higher than for the 7um wide ridge waveguide. These refrac-
tive index profile parameters for 5-7um waveguides support 2 modes at 1064nm, the

fundamental and 15t-order horizontal mode (TM10), however, since the TM10 mode is

odd, no light from the fundamental will be lost to that mode.
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Utilising the relationship of LN wafer fabrication parameters to the depth-diffusion
shape of the refractive index profile from Chapter 4; increasing the sputtered zinc layer
thickness increases the refractive index change up to a saturation point for a given tem-
perature, and increasing the furnance temperature increases the indiffusion depth of
the zinc layer, while slightly decreasing the refractive index change; applied to waveg-
uide design to achieve the desired profile for a 1064nm SHG waveguide, lower furnace

temperature to reduce indiffusion depth.

5.1.2 Prism Coupling

A series of wafers were fabricated with an indiffusion temperature of 900°C, deposited
with nominal zinc thicknesses ranging from 40 to 100nm, at 300W of power, and char-
acterised with the prism coupling technique and method referred to in 4.1. Results for
the 900°C indiffused wafers’ refractive index profile parameters, on and o, are shown
in Figure 5.8, using effective refractive indices measured at 532nm. They are plotted
alongside prism coupling results from Section 4.1.2 with 300W deposition powers, for
comparison of the different indiffusion temperatures. The error bars correspond to
the range of Jn and ¢ for which the nry=nz¢£0.0001 condition is true. Wafer C121
was used by Dr. Gray to achieve first-order 780nm SHG in a PPLN waveguide at
Southampton [48], and is listed here as a possible target refractive index profile for

780nm SHG waveguides.

As expected, the lower indiffusion temperature used to fabricate this sample decreased
the indiffusion depth, encompassing the 4.6pm indiffusion depth required to max-
imise the combined overlap integrals and therefore strength of the interaction. It also
slightly increased the refractive index change with respect to the other indiffusion tem-

peratures, following the trend identified in Section 4.1.2.
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FIGURE 5.8: Modelling results of refractive index profile parameters based on Metri-

con prism coupling measurements at 532nm, for different fabrication parameters; in-

diffusion temperature and zinc thickness, including the new wafer indiffused at 900°C.
The bar labelled C121 is the wafer used for 780nm SHG in Dr. Gray’s paper [48].

5.2 Fabrication of 1064nm SHG Waveguides

The maximum conversion efficiency g%)VP% of Figure 5.7 had refractive index profile

parameters of én=6x10"2 ¢=4.6pm, which is a multi-mode at both 5pm and 7um. In

the 5um waveguide the second supported mode is a 1%-order horizontal mode (TMO01)
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which has an overlap integral of 6% with the Gaussian launch mode, there is also a
lossy 1%-order vertical mode which has an overlap integral of 12% with the Gaussian
launch mode, calculated with the launch position that maximises overlap with the
fundamental waveguide mode, to emulate real-life coupling. Overlap integral is com-
puted over the whole area of the model area, 25pm by 50um for the lossy modes, as
they extend further down into the waveguide. This means ~20% of the pump light

would be lost to other modes.

To achieve single-mode waveguides with the highest {2,,P?, the refractive index pro-
tile parameters would be dn of 4.0x1073, and o of 4.6um, which also has a 20% re-
duction in its nonlinear overlap integral value when compared to the largest value.
As single-mode operation is valued, the waveguides will be fabricated with the lower
refractive index change. The lowest diffusion depth measured in in Figure 5.8 ranged
from 4.4pm to 5um, and lowest refractive index change ranged from 4.0x103 to 4.5x103
which corresponds to the target parameters to maximise conversion efficiency and fi-
bre mode overlap at single-mode operation. We don’t want to go lower than 40nm as
this results in a sharp drop off in refractive index change. Nominal fabrication param-

eters of 40nm Zn deposited, and an indiffusion temperature of 900°C were used.

A starting design with ridge widths of 5-7um were chosen, based on the normalised
guiding index in Figure 4.11 showing no guidance below 5um, and Figure5.1 high-
lighting the narrow set of refractive index profile values for which achieving single-
mode operation in a 7um ridge is possible. The wafer was poled with 10 periods rang-
ing from 6.0um to 6.9um, calculated from the modelled effective indices, for 15t-order
1064nm SHG phasematching and 3-order 780nm SHG phasematching. After fab-
rication, the measured Zn deposition was 47nm, and prism coupling measurements
at 532nm confirmed a refractive index change range of én=0.0044-0.0048 and o=4.4-

4.8pm.
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5.2.1 Mode Profiling

After indiffusion, the wafer was diced to include 5 ridge waveguides between 5pm
and 7pm, in 0.5 pm steps. Following the process described in Section 3.3.4, mode field
diameter measurements of the diced ridges were taken at the available laser wave-
length of 1041nm, and compared to model MFD values in the X and Y axes, using the

calculated refractive index profile parameters, shown in Figure 5.9.
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FIGURE 5.9: Mode field diameter values measured at 1041nm for wafer W163, diced

with nominal ridge widths of 5-7 um. Also plotted is the X and Y MFD values from

the modelling, assuming refractive index profile parameters in the region dn=0.0044-

0.0048 and ¢=4.4-4.8pm, from prism coupling measurements. Inset shows the waveg-
uide mode output at 1041nm in a 5pm wide ridge waveguide.

It can be seen that measured X MFD values follow the same trend as the model, with a
small offset attributed to the method of measuring the ridge width values. The ridges
are measured by focusing a x100 objective in a Leica DM microscope on the top sur-
face of the waveguide and ridge edge positions are identified manually. The resultant
ridge width value is dependent on focus and where the edge is chosen to be, resulting
in ridge width discrepancies of up to 300nm at the same position. The Y MFD value
trend shows a larger MFD for wider ridges, differing from the model trend where in
narrower ridges the mode starts to extend downwards. The inset of Figure 5.9 shows
this is due to a weak lower lobe in the mode profile of the ridges affecting the evalua-

tion of MFD. An effort was made to preferentially launch into the fundamental mode,
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but the position of the weak 1%'-order vertical mode in the waveguide means it cannot
be completely excluded, the 5.9pm waveguide shows how stronger coupling into that
mode increases Y MFD. All the waveguides were horizontally multi-mode (1st hor
MM) when launched with a 1041nm beam, extrapolating from 1064nm mode number
data in Figure 5.1 at the measured refractive index profile, the observed mode profiles

observed and model mode profiles concur.

5.2.2 Nonlinear Optical Characterisation

An optical test setup similar to that presented in Chapter 3 was built for nonlinear
characterisation of the 1064nm SHG waveguides, as illustrated in Figure5.10. The
pump source is a fibre-coupled 1063 nm diode-pumped Nd:GdVOy laser, assembled
by Dr. Gorowny Tawy. The input beam is shaped by a zoom collimator and aspheric
lens mounted on a Newport 5-axis stage (M-562F-TILT-LH) to enable fine positional
adjustments. The collection optics are mounted on a 3-axis stage (M-562F-XYZ) to
collimate and steer the beam. The pump and SHG modes are separated by a dichroic,
and the where the SHG power measured with a S120VC photodiode, which can be
removed to take images of the SHG modes at different phasematching peaks with a

scanning-slit beam profiler (Thorlabs BP209-VIS/M).

Aspheric PPLN Aspheric | | Dichroic
C220TMD-B Oven C220TMD-A DMLP950
v v
) Q-‘%D« $122C
1063nm e
Laser Zoom Coll BP filter S120VC
ZC618APC-B FGB37 U <

FIGURE 5.10: SHG experimental set-up. Images of the SHG mode are taken by re-
moving the S120C detector, and using a scanning-slit beam profiler placed behind the
detector.

The temperature of the oven was scanned over a range of 30-200°C to find the phase-

matching peak. The experimental spectrum and modes are then compared to the
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model, which uses the temperature dependent refractive index equation for 5% MgO:PPLN

given by Gayer [59].
Height of PM peaks in IMMWAVE model is given by efficiency;

2 2
Mot b pumptef £ shgCEOA pump

7= (52)
where Pg HG:UP%. The modelled phasematching spectrum for a 1064nm SHG 7um
wide ridge waveguide with a poling period of A = 6.7 pm is provided in Figure5.11,
the initial refractive index profile parameters defined in the model were dn = 0.0046
and ¢ = 4.6 ym. The colour of the peaks correspond to the pump mode; blue for
fundamental (TMO00) and green for horizontally multimode (TM10). An image of the
corresponding phasematched 532nm mode is located next to each peak. The height
of the modelled peaks is proportional to the overlap integral squared, as Psyg o« (5,

P2

pump” where Ppump has been normalised for all modes.

The experimental phasematching spectrum for a 1064nm SHG 7um wide waveguide,
with a poling period of A = 6.7 um, is also shown in the inset of Figure5.11, over-
laid with images of the 532nm spatial mode distribution at each of the peaks. From
the model, the highest conversion efficiency is expected for the fundamental 1064nm
mode to fundamental 532nm mode, as it has the highest overlap integral value, how-
ever, in the experimental data it is apparent that the first order vertical mode that has
the highest conversion efficiency instead. This is postulated to be due to ridge width

variation along the length of the waveguide, resulting in effective index variation.

The absolute position of the peaks is expected to differ slightly between experimental
and model data, due to the actual wafer refractive index differing from the Gayer re-
fractive index model. The relative separation of the peaks is not expected to be affected
by this discrepancy, but will be affected by differences in the ridge width between the
model and the real waveguide. While it would be more accurate to use measured

wafer refractive index values as a function of temperature in the model, there is no
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FIGURE 5.11: Temperature phasematching spectrum of a 7um wide ridge waveguide

produced by the IMMWAVE model, peaks labelled with the corresponding phase-

matching; temperature and image of 532nm mode. Refractive index profile parame-

ters for 1064nm mode and 532nm mode are én = 4.6x10~3 and o=4.6pm. Waveguide
ridge width was measured close to 7pm.

temperature control capability in the Metricon prism coupler system, so we accept the
shift in peak position. Additionally, an assumption is made that the absolute value of
refractive index change caused by Zn diffusion into lithium niobate remains constant

for the temperature range.
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In the experimental waveguide phasematching data in Figure5.11, there is a separa-
tion of 75°C between the fundamental (TM00) and 1%t-order vertical (TM01) mode
peaks, and 38°C between the fundamental and 1%%-order horizontal (TM10) mode
peak. Comparing this to the model in a 7um wide waveguide with a poling period
of A = 6.7 ym, the separation between the fundamental and 1%t-order vertical (TM01)
peak is ~ 79°C, which is slightly higher than observed experimentally. Decreasing
the separation between these peaks is achieve by either decreasing the refractive index
change, reducing 1064nm Jn relative to 532nm Jn, or increasing the ridge width, so it
is likely the discrepancy is a combination of these effects derived from manufacturing
tolerances. The model separation between the fundamental and 1%-order horizontal

(TM10) mode peak is 37°C, showing close agreement between them.

The 532nm 1%%-order vertical mode having a higher conversion efficiency than the
532nm fundamental mode does not agree with the theory, we want to aim for fun-
damental to fundamental phasematching as it gives the highest overlap integral and
therefore conversion efficiency. Modelling of the 7um waveguide, assuming refrac-
tive index change and indiffusion depth is the same for both wavelengths, shows the
overlap of the fundamental modes with current refractive index profile parameters
is 33.2um?, which can decrease slightly to 28.9 um? by further increasing én and ¢.

The 1064nm fundamental to 532nm 1%t-order vertical mode is 117 pm?

. The experi-
mental 532nm 1%t-order vertical mode peak is about 4 degrees wide, which is 4 times
higher than the 1°C bandwidth of the bulk sinc? curve. We could also be preferen-
tially launching into the 1064nm 1%-order vertical mode observed in the mode profil-
ing, meaning the 1064nm fundamental mode isn’t carrying as much power, but this is

unlikely as launch was optimised and it has not improved the conversion significantly,

and this would affect both peaks.
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For a preliminary insight into the effect of effective refractive index variation on phase-
matching peak position, when comparing the 5.5 pm and 7 ym wide ridge phase-
matching spectra in Figure5.12, the peak position of the TM00+TMO00 1064nm mode
to TM00 532nm mode phasematching peak shifts by 29°C, whereas the position of the
other TM00+TMO00 1064nm mode to TMO01 532nm mode phasematching peaks only
shift by 23°C, implying the same variation in width results in a larger change in the ef-
fective propagation constant s for the 1064nm TM00+TMO00 to 532nm TMO00 phase-

matching peak, reducing efficiency in that interaction more.
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FIGURE 5.12: Modelled temperature phasematching spectrum, for waveguide ridge

widths; (a) 5.5um, (b) 7um, with the corresponding phasematching temperature and

image of 532nm mode. Refractive index profile parameters for 1064nm mode én =
4x1072 and ¢=4.6pm, and 532nm mode én = 4.6x10~3 and o=4.6pm.

Additionally, variations in effective refractive index along the length of the waveguide
due to variations in ridge width or zinc indiffusion uniformity will affect both the
shape of the sinc? profile, and reduce the efficiency of the SHG conversion as shown in
Figure 5.13. Through optical tests in these early samples, we also found that increasing
the length of waveguides from 20 to 40mm does not achieve the expected quadratic
increase in SHG efficiency, supporting the hypothesis of variations in ridge width af-

fecting the experimental phasematching spectra.
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Figure 5.14 shows the conversion efficiency, calculated as Pspag/Ppump throughputs for @
7pm wide 20mm long waveguide and a 5um wide 40mm long waveguide, fabricated

2 curve has been overlaid with

with the same conditions, where the theoretical sinc
the experimental data to show what the bandwidth should be. It can be seen that the
20mm long waveguide has the highest conversion. Looking at the shape of the spectra,
for the 20mm long waveguide, the shape of the spectrum closely follows the theory,
with only a slight asymmetry in the right-handed peak. Meanwhile spectra for the

2 curve, and has more noise

40mm long waveguide is wider than the theoretical sinc
and asymmetry. This implies that there are variations in the ridge width along the
waveguide. This would also explain why the 7um wide ridge waveguide is the most

efficient, contrary to model predictions, the variation in ridge width is proportionally

larger in the narrow ridges, resulting in a broader spectrum/less efficient conversion.

Width variation along the length of a waveguide means reduced throughput power as
the overlap of the fundamental mode changes as it propagates. Width variation also
affects the propagation constant, which defines the phasematcing condition as seen
in Chapter 2, therefore changes in width will set different phasematching conditions

along the waveguide, reducing overall efficiency. Nonlinear overlap integral will also
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FIGURE 5.14: Temperature phasematching spectrum for; (top) 20mm long, 7pm wide

waveguide, wafer W163 S9 (A = 6.7 ym), and (bottom) 40mm long, 5pym wide waveg-

uide, wafer W155 S2 (A = 6.7 um), both with the theoretical bulk sinc? spectrum over-

laid, where the poling period is adjusted to fit the experimental data. The leftmost

plots correspond to the fundamental to fundamental mode, while the ones on the right
are for the fundamental to 1%'-order vertical mode.

change, affecting the total conversion efficiency but this is not expected to change the

phasematching spectra shape. Width uniformity and waveguide straightness become

more critical to get right for UV and short visible wavelength conversions, as the nar-

rower ridges mean the same variation in width will result in much larger variations in

the propagation constant.
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5.2.3 Waveguide Width Variation

The propagation of a waveguide mode is dependent on the structure it is travelling
in, with losses arising from material absorption, scattering, and coupling into lossy
modes [63]. In ridge waveguides, additional sources of scattering are sidewall rough-
ness and quality of the dicing, i.e., chipping, which has been investigated by D’Souza [102].
It is well known that variations in the propagation constant along the length of a
waveguide will affect efficiency in the waveguide and phasematching spectra shape,
making it an innovative tool for investigating dicing machining stability as a cause of
reduction in efficiency in longer waveguides. Current machines are rated to 1pm cut
straightness variation over 200 mm, before considering blade flutter and flex. It is com-
mon to use blades between 100 pm and 300 pm for dicing, but their role in waveguide
width uniformity has not been fully explored yet. Xing et al. [103] diced ridge waveg-
uides for 1550nm SHG using 15 pm wide blades, which resulted in a phasematching
bandwidth of ~ 9°C, compared to a theoretical bandwidth of 5°C. To investigate this
new devices were poled with 6.7um, fabricated using the same 40nm zinc deposition
thickness and 900°C indiffusion temperature, and diced two ridges per device, tar-
geting a 7um ridge width. Each waveguide was machined using diamond blades of
different widths, 100pm and 300pm in an effort to reduce blade flutter and provide

better width uniformity.

The waveguides were optically characterised with the same process outlined before,
a fibre-coupled free-space IPG Photonics 1064.5nm laser was used as a pump source.
Figure 5.15 shows a top-down image of the diced waveguides, as well as the phase-
matching spectra of the fundamental 1064nm SHG to fundamental 532nm mode, fitted

with a theoretical sinc?

curve. This new comparison of the temperature bandwidths,
and conversion efficiencies, makes it clear that wider dicing saws provide more stabil-

ity, and more uniform ridges in longer waveguides.

The waveguides were then profiled by Matt D’Souza using white-light interferome-

try (WLI) to measure the absolute width of the waveguides. WLI is a characterisation



5.2.  Fabrication of 1064nm SHG Waveguides 87

.
-

03 $6 WG1 1064nm Phasematching, A =6.7um

Paya  ALZsinc?((ky-2k, -2 )L1,) * SHG Efficiency, Exp
A=16.3 —SHG PM Curve Fit
[ | A =68834um
Tpy=7843°C

P, =169.92)W

o
N
a

SHG max

o
N
T

Pump,,, =83.28mW

il
Efficiency, %
o
o

100
=)

0.05

0 L RN

76 77 78 79 80 81 82
Temperature, ‘c
$6 WG2 1064nm Phasematching, A =6.7um

* SHG Efficiency, Exp
—SHG PM Curve Fit

Pang  ALZsinc?((ky-2k, -2 )L1,)
0.6l |A=435

A=68771um

Toy =81.93°C

PG max = 505635 W

Pump, . = 84.31mW

300um

WG2

79 80 81 83 84 85

Temperature, C

FIGURE 5.15: (left) Top view image of the diced waveguides, (right) Comparison of
phasematching spectra between narrow blade dicing (top) and wide blade dicing (bot-
tom), in the pump fundamental to SHG fundamental mode conversion peak.

technique employed to measure surface topography and roughness of samples, it is
non-destructive and has no requirement for a surface coating. It uses a broadband
light source with short coherence length to form an interference pattern between a
reference mirror and the sample surface. The fringe pattern is generated as the path
length between the sample and reference arm is altered. Further details on WLI and
algorithms for analysing the fringe pattern can be found in [104, 105]. The waveguide
widths provided by D’Souza were used to numerically solve the three-photon ODEs.
The raw width data was first fitted with a moving average, to eliminate non-physical
outlier values, and then with the lowest-order polynomial fit which would minimise
residual errors. This is shown in Figure 5.16, along side the numerically solved phase-

matching curve, overlaid on the experimental data.
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FIGURE 5.16: (top) Calculated waveguide widths from the edge detection of WLI

surface profiling, measured by Matt D’Souza, overlaid with a polynomial fit to the

smoothed data. (bottom) Comparison of experimental data to numerical data when

solving the three photon ODEs with the width data, for waveguides diced with (left)
a 100 pm wide blade, and (right) a 300 pm wide blade.
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5.2.4 Power Scaling 1064nm SHG Waveguides

From the fabricated Zn-indiffused PPLN ridge waveguides for 1064nm SHG, the most
efficient waveguide was found to be the 7um wide ridge in a 20mm long waveguide

with poling period A=6.7pm. It was characterised using the setup described in Fig-

ureb.17.
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FIGURE 5.17: Diagram of optical setup used to measure 1064nm SHG efficiency in
PPLN ridge waveguides. Focus of collimator adjusted to maximise SHG efficiency
(typically f=12-16mm)

This waveguide generated 175mW of 532nm light, at a crystal efficiency of 37.5% and
normalised conversion efficiency of 100.1%/W, Figure 5.18. Stress testing the waveg-
uide, the highest amount of 1064nm power available to us was 2.2W, which was fo-
cused into the widest ridge, nominally 7um wide, measured to be 6.7 pm. The through-
put power measured at the output, away from phasematching, was 800mW, with no
signs of facet damage. Comparatively, the 1560nm SHG PPLN waveguide tested at
high powers by this group [41], a 10x8.8um mode in a 12pm wide ridge waveguide

withstood up to 4.5W of power before failing.
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FIGURE 5.18: Graph of measured SHG power and conversion efficiency of most effi-
cient 1064nm SHG waveguide as a function of pump power, measured at the waveg-
uide output..

5.3 780nm SHG Waveguides

Calculations showed that first-order poling for 1064nm SHG corresponded to 780nm
SHG third-order poling in zinc-indiffused PPLN ridge waveguides. A home-built tem-
perature tunable Alexandrite laser was used to characterise the phasematching of at a
range of wavelengths from ~750 to ~780nm, for 10mm and 20mm long waveguides.
More detail on the build of the laser and some of the 780nm phasematching exper-
iments can be found in[106]. Similar to the 1064nm SHG waveguides, the waveg-
uides were temperature-tuned and images of the SHG modes were taken, using setup
showin in Figure 5.19. As the waveguides were not optimised for single-mode 780nm
support, the phasematching spectra showed many SHG modes, making it difficult to

ascertain which pump modes they might've been excited by. The quality of the SHG
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mode images was also not sufficient to conclusively determine which TM mode was

present.
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FIGURE 5.19: Diagram of the optical characterisation setup for 780nm SHG waveguide
testing. Images of the SHG mode are taken by removing the S120VC detector, and
using a scanning-slit beam profiler placed behind the detector.

Contrasting with the 1064dnm SHG waveguides, Figure5.20 shows the 780nm SHG

waveguides did exhibit an increase in conversion efficiency when increasing the length

of the waveguide, albeit not by a factor of L. Due to the shorter length of the waveg-

uides, it is expected that the variation in ridge width along the length is smaller, re-

sulting in less distortion of the sinc? profile consequent efficiency decrease.
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FIGURE 5.20: Phasematching spectrum for conversion comparison between (left)
10mm long, 7um wide waveguide, wafer W163 S9 (A = 6.7 um) at 776nm and (right)
20mm long, 7um wide waveguide, W163 S9 (A = 6.7 pm) at 776nm. Data taken by
Gorowy Tawy.
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5.3.1 Power Scaling 780nm SHG Waveguides

Even though conversion efficiency might be expected to be higher in the 5pm wide
waveguide, due to a tighter confinement and better overlap of the modes, the conver-
sion efficiency was higher in the wider 7um waveguide, likely due to the higher power
handling capabilities of the wider ridges, and the quadratic dependence of efficiency
on pump power. This was in a 20mm long waveguide with a 6.1ym period, where the
experimental and modelled phasematching spectra can be seen in Figure5.21. Once
again it appears the most efficient SHG mode is the 1%t-order vertical mode.
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FIGURE 5.21: Temperature phasematching spectrum produced by the IMMWAVE

model, with the corresponding phasematching; temperature, 757.3nm mode and im-

age of 378.65nm mode. Experimental phasematching data taken by Gorowy Tawy.

(inset) Temperature phasematching spectrum for a 20mm long, 7um wide waveguide

in wafer W163 S6 (A = 6.1 nm), with images of the 378nm mode at their corresponding
peaks.

Figure 5.22 shows the power test for the most efficienct waveguide. A maximum of
0.7% conversion efficiency for third-order 757.3nm SHG was found, obtaining an out-
put power of 1.3mW with a throughput pump power of 185mW, a power level suitable

for many compact ion-trap applications.
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W163 S6 (A = 6.1 pm) at 760nm. (b) Power scaling of third-order 780nm SHG waveg-
uide. Data taken by Gorowy Tawy.

54 Summary

Chapter 5 investigates the design, fabrication, and characterization of PPLN waveg-
uides for visible and NIR applications. Numerical modelling of waveguide param-
eters has been presented, showing conditions for single-mode operation as well as
how to optimise nonlinear conversion efficiency. This is a key step in the develop-
ment of high-efficiency, high-power handling Zn-indiffused PPLN ridge waveguides
for visible and near infrared upconversion. New waveguides were fabricated based
on modelling results, and optically characterised. Experimental results validate the
numerical models presented in Chapter 4, showing strong agreement with numerical
phasematching spectra. Strategies to minimize ridge width variations are explored,
improving waveguide uniformity and increasing efficiency performance by threefold.
Conversion efficiencies of SHG were determined, achieving up to 100.1%/W in a 1%-
order 1064nm SHG waveguide and 3.65% /W in a 3"¢-order 756.6nm SHG waveguides,
both in a nominally 7 um wide ridges. Power operation tests reveal the robustness and
efficiency of these waveguides, making them suitable for applications such as optical

communications and high-resolution imaging.
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Chapter 6

Mid-Infrared Detection with PPLN

Waveguides

The MIR region of the electromagnetic spectrum has extensive applications and use
cases well documented in literature [107, 108]. It contains the absorption and emission
spectral positions of numerous molecules and structures, as well as atmospheric trans-
parency windows, making it useful in the fields of environmental monitoring [109],
molecular spectroscopy [110], biomedical sensing [111], free-space communication [112],
and, in future, quantum communications[113, 114]. PPLN waveguides have been
used in literature for single photon detection of MIR [38], in upconversion spectrom-
eters [14, 40], as photon pair sources for quantum communication [115, 116] and in

quantum key distribution systems [35, 36, 117].

One of the early instances of using frequency conversion as a method to spectrally
shift the photon into a more desirable detector range was by Boyd [118], where weak
signals received by a telescope at 10 pm were upconverted through the SFG process
in a Proustite crystal using a Krypton ion laser, and the signal was detected with rela-
tively low noise photo-multipliers at visible wavelengths. The Manley—-Rowe laws on

photon number conservation tell us that SFG-based frequency conversion takes place
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in the absence of additional coupling with vacuum states [119] and consequently in ab-
sence of spontaneous noise. Such properties are of great interest when upconverting
the frequency modes of IR photons, and upconversion has already been demonstrated
to overcome infrared detector limitations [120, 20]. Upconversion detection offers no-
table advantages over a direct IR detector, namely, high efficiency, low background

noise, fast response time, and room-temperature operation.

Upconversion has been used for spectroscopy in combination with dispersive ele-
ments such as gratings [121], or the wavelength selective behaviour of the nonlinear
process [122], to determine MIR spectra. It presents large potential for fast spectrom-
eters in the wavelength range beyond the current limit set by InGaAs detectors, and
has already been commercialised by NLIR [123], offering up to 2.5cm ™! resolution and
130kHz speeds. In the NeW-VIEUW project Covesion Ltd., Fraunhofer IPM and High-
Finesse GmbH developed a spectrometer demonstrator that utilises a PPLN waveg-

uide crystal, with a speed up to 500 Hz and <10 MHz accuracy.

6.1 Single Photon Detectors

Direct MIR detectors for light levels above a few nW'’s are thermal sensors, which are
relatively cheap, but have a slow response time, and exhibit a low sensitivity and poor
resolution. Semiconductor photon sensors operate in lower light regimes, they offer
higher temporal bandwidths but are more expensive than thermal sensors and need
to be cooled to reduce noise. Table 6.1 lists common materials for these sensors and

their ranges.

Wavelength, ym <04 0.4-1 1-3 3-5 8-14
InGaAs, GeSi, | InSb, PbSe,
PbS HgCdTe | 118CdTe

Detector Materials | Si, GaN | Si

TABLE 6.1: Table listing common detector materials for the wavelength ranges shown.
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In the low-light regime there also are superconducting nanowire detectors (SNSPDs)
for direct MIR sensing, they have have been used in applications such as MIR Li-
DAR [124] thanks to their high sensitivity and fast operation, but require temperatures
in the order of mK to operate, are very expensive, and not very portable. Visible single
photon avalanche diodes (SPADs) and photomultiplier tubes (PMTs) have been used
for detection of upconverted single photons, giving better detection efficiency at low
dark-count rates, and higher count rates with better pulse-pair resolution than direct
detection [125]. As previously mentioned, enhancement factors of 64 in the signal-to
noise ratio have been demonstrated in upconversion detection with uncooled Si detec-
tors with respect to direct InSb detection in the MIR [17], highlighting the advantage

of up-conversion over direct detection.

For quantum information applications, efficient detection of single photons is critical.
Infrared optimised APDs (usually InGaAs-InP, Ge and PbS), solid-state photomulti-
pliers suffer from relatively low quantum efficiencies of <16% at 1.3pm and <7% at
1.55pm, high dark counts of > 10* — 10° counts/s and require cryogenic cooling [33].
Superconducting nanowire single photon detectors can have quantum efficiencies as
high as 93%, with a dark count rate of about 1,000 counts/s around 1.55 um [126], how-
ever for direct MIR detection efficiency drops to about 2%, while the dark count rate
increases to >10,000 counts/s[127]. In contrast, single photon detection in the visible
and NIR can be performed with silicon APDs, with detection efficiencies as high as

70% and dark counts below 25 counts/s, requiring little to no cooling.

Avalanche photodiodes (APDs) can be used as very sensitive detectors, which need
less electronic signal amplification and are thus less susceptible to electronic noise.
A single-photon detector emits a pulse of signal for each detected photon, they have
a higher gain-voltage curve than regular photodiodes, while regular photodetectors
generates a signal proportional to the photon flux. Generally silicon APDs are most
suitable single photon detectors as they have low bulk dark currents. For low-light

detection in the 200 nm to 1pm range, there are three basic detector choices; the silicon
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PIN detector, the silicon avalanche photodiode and the photomultiplier tube (PMT).
Factors to consider when looking at detectors are range, responsivity, efficiency and
noise. APDs offer high speed and high sensitivity over PIN detectors, as well as a

higher quantum efficiency than PMTs at wavelengths larger than 400nm.

6.2 Supporting Mid-Infrared Wavelengths

An introduced difficulty when dealing with nonlinear processes that cover a broad
range of wavelengths, such as MIR to visible in this project, is the vastly different dis-
persion values of the the modes. This necessitates the optimization of guided modes
at different wavelengths. First, the waveguide parameters needed in the model to sup-
port ~3.5um MIR light will be investigated. This wavelength was chosen as methane
has an absorption band in this region [128], and was a wavelength of interest to DSTL,
who sponsored this project. Using the same waveguide shape shown in Figure 4.2, all
model parameters (ridge width, én and diffusion depth) were varied to gauge how
guidance of 3.5um modes is affected, with the previously defined normalized guide

index. The findings are presented in Figure 6.1.
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FIGURE 6.1: Refractive index difference values plotted against the indiffusion depths
required for supporting a 3500nm fundamental mode for a range of waveguide ridge
widths, with a normalized guide index value of b = 0.05 (weakly guiding).
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First we look at increasing ridge width to increase supported wavelength, Figure 6.1
shows the refractive index change and indiffusion depth needed to weakly (b=0.05)
support the fundamental mode in increasingly large ridges. Increasing ridge width
after a certain point, around 50pm, has minimal impact on reducing the necessary
refractive index profile parameters to support a 3.5um fundamental mode. Inputing
the approximate refractive index parameters for a standard 1560nm SHG wafer in the
FIMMWAVE model (dn = 4x1073, ¢=8um at 532nm), it shows that 3.5um modes are
not supported, even by massively increasing ridge width. To increase the guidance
strength up to 3.5pm the refractive index profile parameters have to be modified. The
effect of changing én and ¢ on the normalised guide index for a 3.5um mode in 54pm

wide waveguide is shown in Figure 6.2.
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FIGURE 6.2: Refractive index difference values plotted against the indiffusion depths
required for supporting a 3500nm fundamental mode for a range of normalized guide
index values, with a fixed waveguide ridge width of 54pm.

At this width, both refractive index change and indiffusion depth need to increase
with respect to the values for a standard 1560nm SHG waveguide. To support a weak
3.5pum mode in a 54pum wide waveguide with the same indiffusion depth as a standard
1560nm SHG waveguide, the refractive index change has to be 6-1073 at 3.5um, this in-
dex change has not yet been achieved at 532nm in our process. Increasing indiffusion
depth from 8um to 12um halves the necessary refractive index change. Having sum-

marised the effect of the parameters on guidance of an MIR mode in zinc-indiffused
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waveguides, we will now look at how to change these parameters to support the wave-

lengths we want.
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FIGURE 6.3: Supported wavelengths plotted against refractive index difference, for a
normalized guide index of b = 0.05 and a fixed ¢ = 7.46 nm. Several points are labelled
as to more easily read the trends.

To find the shortest wavelength that will be supported in a waveguide, for a set of
given parameters, the normalised guide index is used as a measure. Fixing the the
indiffusion depth at c=7.46pum, from SIMS data from Section 3.3.2, the resulting val-
ues for range of the ridge widths and Jn in the model were compiled and displayed
graphically in Figure 6.3. These model results match the measured cut-off wavelength
of 1750nm in a 12pm wide ridge in a standard 1560nm SHG waveguide with én =
4x1073. From the graph we see how increasing the ridge width becomes less signifi-
cant after reaching ~ 40pm, an extra 10pm in ridge width only increasing the maxi-
mum guided wavelength by ~100nm. It can also be seen that doubling the refractive
index difference has a larger impact on the supported wavelength than doubling the
ridge width, which will prove useful for increasing supported wavelength while main-
taining a round mode. These trends have been taken into account when designing the
next prototype of MIR wavelengths. Testing these waveguides for MIR guidance has

been done in conjunction with Fraunhofer.
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6.2.1 MIR Waveguides

Owing to the fact the prism coupling system does not have a MIR source, direct mea-
surements of the planar mode effective indices in zinc-diffused LN wafers is not pos-
sible. Prism coupling measurements will be taken at 532nm and the trends examined
to inform new depositions. While increasing refractive index change and indiffusion
depth has a larger impact on highest supported wavelength than ridge width, the
zinc-indiffusion process means there is a constraint on how much the refractive in-
dex profile values can be increased before the wafer quality degrades. Temperatures
above 1000°C start to degrade the poling period, and high Zn thickness depositions
deteriorate the surface quality of the wafer, increasing waveguide losses. High zinc

concentrations could also decrease the second-order nonlinear coefficient

In order to support longer wavelengths in Zn-indiffused PPLN waveguides, the re-
fractive index change, indiffusion depth and ridge widths have to increase relative to
the 1560nm SHG standard recipe. Based on the trend observed in Chapter 5, where
shallower modes at the longer wavelength had a better nonlinear overlap integral, the
greatest refractive index change that can be achieved is desirable, so zinc thickness was
increased by 100nm steps to test the limitations of the process. Several wafers for MIR
support were prepared with zinc depositions of 200nm, 300nm, and 400nm at 300W
sputterer power and indiffused at 950°C. Results for the refractive index indiffusion
profile, measured with the Metricon at 532nm, are shown in Figure 6.4, plotted along-
side previous results of 300W depositions for comparison. The 300nm zinc wafer was
too cloudy to take data and is missing in the graphs. From the results, it appears that
refractive index change saturates above 300nm of zinc for indiffusions temperatures

of 950°C.

From the wafers indiffused at 950°C, the 200nm zinc deposition thickness wafers were
diced with ridge widths of 20-60pum and sent to Fraunhofer IPM for testing of sup-
ported wavelengths, as we do not have a MIR camera. The waveguides supported

wavelengths of up to 2.65 pm in the widest ridge, implying a dn~3.6-1073 at this
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FIGURE 6.4: Modelling results of the refractive index profile based on Metricon mea-

surements at 532nm, including thicker zinc depositions. Profile parameters plotted are

refractive index difference (left), and indiffusion depth (right), against zinc thickness.

For temperatures of 950°C and below nry=np¢+ 0.0001. For temperatures of 975°C
and above nry=n;=£ 0.00015.

wavelength, extrapolated from Figure 6.3. The 300nm and 400nm zinc waveguides
were were diced with wider ridges of 40pm-100pm, it was found that the 300nm of
zinc waveguides supported modes better than the 400nm of zinc wavguides, so they
were used for testing. The waveguides showed guidance up to 3150nm in the 60pm
wide waveguide, a 500nm increase from 200nm of zinc waveguides, and up to 3300nm

in the 100pm wide ridge. This follows from Figure 6.3 on the diminishing returns of

increasing waveguide ridge width, where the small increase in refractive index change
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from thicker zinc layer had a stronger effect than nearly doubling ridge width. Since
guidance was weak further steps were taken based on model trends to increase the
supported wavelength, as well as attempting to reduce the ridge width to reduce the
number of horizontal modes at lower wavelengths for upconversion interactions. We
are aiming to further increase the indiffusion depth, while also maintaining or increas-

ing the refractive index change.

To investigate this, a new iteration of unpoled 5% MgO-doped lithium niobate samples
were deposited with zinc thicknesses of 200nm, 300nm and 400nm at 300W sputterer
power, and indiffused at higher temperatures of 975°C and 1000°C. The resulting re-
fractive index indiffusion profile parameters are also shown in Figure 6.4, calculated
from Metricon effective indices measured at 532nm. While the diffusion depth for
samples indiffused at 975°C was larger than that of samples indiffused at 950°C, their
refractive index change did not increase significantly when compared to samples with
the same Zn deposition thickness. The samples indiffused at 1000°C show an increase
in both refractive index change and indiffusion depth. The indiffusion depth is ex-
pected, increase in refractive index change could be due to the source of zinc being

undepleted at the surface.

New wafers were poled and prepared with 100nm and 200nm thick zinc depositions,
indiffused at 1000°C, to be tested by Fraunhofer UK. The measured highest supported

wavelength and coupling efficiency in each ridge width is displayed in Table 6.2.

TABLE 6.2: Coupling efficiency of longest wavelength supported in Zn-indiffused 5%
MgO-doped lithium niobate waveguide ridges, fabricated with wafers deposited with
different zinc thicknesses and indiffused at 1000°C, measured by Fraunhofer CAP.

Zn Thickness | Ridge Width | Supported Wavelength
25 pm 3300nm at 10%
100 nm 30 pm 3400nm at 15%
35 pm 3600nm at 15%
20 pm 3300nm at 10%
200 nm 25 ym 3400nm at 35%
30 pm 3600nm at 20%
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As we get a saturation point with increasing Zn thickness depositions, increasing re-
fractive index change beyond a certain point (7-10~> at 532nm) becomes more complex

with the present indiffusion method.

6.3 MIR Waveguide Characterisation

Building on the waveguide model, structures have been designed for a prototype
MIR upconversion waveguide, towards detecting single photons in the 3.5um spec-
tral region, by SFG of 3-3.5um with 1064nm. A set of 40mm long Zn-indiffused PPLN
waveguides were prepared with a deposited Zn thickness of 100nm and an indiffusion
temperature of 1000°C, these parameters were chosen to increase aperture area while
maintaining a relatively narrow ridge. The ridge widths ranged from 30-50pm in 5pm

steps. They were poled with 21.7-21.9 ym periods.

These results were obtained in conjunction with Imogen Morland, at the Fraunhofer
Centre for Applied Photonics (CAP) in Glasgow. An optical setup built by Fraunhofer
CAP was used to characterise the waveguides for MIR SFG. The schematic and photo

for this setup is shown in Figure 6.5.

The optical signal source was a Firely IR laser, a pulsed OPO tunable between 2.4 to
3.8 um, emitting a 10ns pulse with a 150kHz repetition rate. The laser output is fibre
coupled and delivered to the setup, with a maximum average power of 210mW at the
output, the fibre beam is collimated and its width controlled via the telescope, to al-
low independent adjustment of spot size at the waveguide facet. The pump source
was a Mephisto CW 1064nm laser, also fibre coupled, able to deliver up to 500mW of
power. The fibre output beam is attached to a zoom collimator, enabling adjustment
of the beam width. The two beams are overlapped using a dichroic mirror, and fo-
cused using an E-coated aspheric lens. The waveguide chip is placed in a regulated

temperature-stable oven capable of heating up to 200°C, held at a stable temperature
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FIGURE 6.5: Diagram and photo of the setup used to characterise the MIR waveguides,
built in Fraunhofer CAP by Dr. Imogen Morland.

of 40°C, which is mounted on a 3-axis stage for fine position adjustments enabling

launch into a waveguide.

Through initial power measurements, it was found the 45 ym nominal ridge width
waveguide offered the highest coupling efficiency of MIR light. The results presented
are obtained from this waveguide. The MIR signal mode was collimated at the waveg-
uide output with an E-coated lens and imaged with a WinCamD-IR-BB beam profil-
ing camera. The mode field diameter can then be calculated using the lens equation
1/f = 1/v+1/u. A vertical MFD of 30um was measured for wavelengths between
3.3-3.45um in the waveguide, the 3.5pm mode had a smaller MFD of 24pm. Horizontal
MFD increased linearly from 30pm at a wavelength of 3.3pum, to 32pm at a wavelength
of 3.5um. The highest coupled pump power was 7.75mW, a 4% coupling efficiency.
The reason for this low coupling power becomes apparent when looking at the beam

profile at 1064nm of the coupled mode, displayed in Figure 6.6.

The OPO wavelength is tuned, and the upconverted waveguide output is collimated

with a C-coated lens, filtered, and imaged using a LBP2-HR-VIS2 laser beam profiler.
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FIGURE 6.6: Beam profile of the launched 1064nm mode in a 3.5pm SFG waveguide,
with nominal ridge width 45pm.

Different upconverted modes were excited as the wavelength changed, seen in Fig-

ure6.7.

The highest conversion efficiency was at 3.3um, the average coupled signal power was
2.4mW, a 15% coupling efficiency. The MFD in this waveguide ridge is equal in both
axis, which would imply a better overlap with the fundamental fibre mode, low cou-
pling efficiency is likely to be due to propagation loss. An average upconverted power
of 0.0018mW was measured, corresponding to a 1.2mW peak power. The upconver-

sion efficiency was calculated such that

giving an upconversion efficiency #7=0.11%. This waveguide efficiency was sufficient

to have been used in a lab setup imaging MIR photons ~2m away.
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Mode Profiles
A, =3.3um

Upconversion mode, )\s =3311nm

Upconversion mode, )\s =3393nm

Upconversion mode, As = 3496nm

FIGURE 6.7: Mode profiles of MIR mode and the corresponding upconverted mode
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6.4 Summary

Chapter 6 focuses on extending PPLN waveguide technology to the MIR wavelength
range, accentuating the challenges of achieving efficient guidance and conversion. The
Chapter investigates key parameters, ridge width and refractive index profiles, that
influence MIR waveguide performance. Numerical modelling informs waveguide de-
signs for MIR wavelengths, validated through experiments demonstrating guidance
and upconversion detection up to 3.5 um light with a maximum conversion efficiency
of 0.11% in a pulsed regime. Recommendations for future work include optimizing
tabrication parameters and exploring alternative routes to enhance refractive index

changes, paving the way for more efficient MIR detection systems.
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Chapter 7

Upconversion Imaging with PPLN

Waveguides

Imaging systems are used to collect information from local and remote targets using
specific or a range of wavelengths. It is a useful non-invasive and non-damaging de-
tection and ranging method to determine object characteristics. Imaging in the MIR is
of interest as many organic compounds have absorption bands in that range, it allows
for visualisation through scattering media, and imaging for medical diagnosis [129].
The majority of upconversion imaging systems presented in literature have imple-
mented bulk crystals as their nonlinear medium for frequency conversion. The FOV
in a bulk nonlinear crystal is limited by the size of the crystal and phasematching re-
quirement, upconverted light will only be produced at the angle where the interaction
is phasematched. Thus, most reported upconversion imaging techniques rely on an-
gle tuning [10], temperature tuning [20], broadband pump illumination [130], or more

recently, chirped poling [22] to obtain a wider field of view.

Upconversion imaging cannot be done in the same way with single-mode (SM) waveg-
uides, as the image information in the Fourier plane where the nonlinear crystal is
placed, would be lost when coupling into the fundamental waveguide mode. Instead

raster-scanning is used to cover the field of view in waveguide imaging systems, by
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either steering the incident and collection beams or moving the object to scan it. While
using SM waveguides can lengthen image collection time, there are several advantages
to using a raster-scanning system; an arbitrary large object can be scanned, collinear
interaction is possible, which enhances the detection efficiency for the full image, as
opposed to more traditional non-collinear imaging setups, and laser power can be fo-

cused on each point at a time, so a high signal-to-noise can typically be obtained [56].

Employing PPLN waveguides for upconversion imaging is less common than bulk
crystals, and most publications work around 1560nm, where waveguides with high
conversion efficiencies are commercially available. Several 3D imaging systems have
been demonstrated which mix ps pulses of 1554.Inm (probe) + 1565.5nm (pump)
with a total system detection efficiency measured to be 3.6%, and a dark count of
250cps [131] obtaining 2400 pixels in 72 seconds. Chen et al. incorporated a deep-
learning algorithm to reduce image aquisition time to 1us, possible due to the noise tol-
erance capability of an upconversion imager [132]. PPLN waveguides have also been
used in non-line-of-sight imaging [133, 134]. Fraunhofer CAP have presented work on
upconversion imaging of wavelengths longer than 1560nm using PPLN waveguides
provided by Covesion Ltd., developed using the work contained in this thesis. First,
illumination at 1795nm upconverted to 780nm, they obtained a depth profile with a
10ns pulse so 3m depth resolution [135]. Using that previously developed system and
a waveguide from the same wafer as that characterised in Chapter 6, they presented a

2D image upconverted from ~3.3pm to ~800nm [136].

This Chapter will present current progress towards using PPLN waveguides to up-
convert MIR light in an imaging system, developing the process to integrate working
MIR waveguides later on, allowing higher detection sensitivity at longer wavelengths.
As long-wavelength waveguides are in the early stages of development and are nor
tully optimised, they have a relative low efficiency, and we will therefore be working
in a low-light regime. This will also allow for other low-light applications later on.

The group also has a wider collaboration with the quantum imaging community via



7.1.  Upconversion Detection 111

the EPSRC QuantIC Hub for Quantum-Enhanced Imaging, where our role is in de-
veloping upconversion-enhanced imaging at the single photon level. Due to this we
have chosen to go the route of single photon detection. For the purpose of these low-
light applications, such as low-light imaging and heralded sources, a 4-channel silicon
(5i) single photon detector (Excelitas SPCM-AQA4C) was initially acquired and charac-
terised, this work has been done with the support of Dr. Paolo L. Mennea. To charac-
terise single photon counting statistics, and conversion efficiency measurements of the
detectors we will be using the well-established 1560nm SHG packaged PPLN waveg-
uides supplied by Covesion. We have then done preliminary demonstrations of up-
conversion detection with the waveguide in a raster-scanning imaging format, obtain-
ing SHG and SFG images. A 16-channel superconducting nanowire single-photon de-

tector (SNSPD) was acquired with detection capability at 1550nm, 1064nm and 850nm.

7.1 Upconversion Detection

As part of this project an array of Excelitas detectors were purchased and assembled, as
seen in Figure7.1. They are connected to an Field Programmable Gate Array (FPGA)
development board (DE2-115), which in turn communicates with a computer, and
links to LabVIEW software developed in conjunction with Dr. Paolo Mennea to pro-
cess information from the data packages received. To verify it was in working order, a
2MHz pulse train, corresponding to the maximum expected count rate during opera-
tion, was connected to each of the detector inputs in turn, and the expected number of

counts was successfully retrieved.

Initially, an SHG process is used to upconvert photons from the imaging system, us-
ing a commercially available Covesion packaged 1560nm SHG PPLN waveguide. The
SPAD detectors were used to characterise the SFG nonlinear conversion efficiency in
the PPLN waveguide package, at the light levels expected from the system. This was

done by mixing 1590nm and 1534.5nm light, that will be used in the imaging system
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FIGURE 7.1: Picture of the Excelitas 4-channel single photon detector, in a 3D printed
casing (top left), the FPGA board to communicate between the detector and the com-
puter (top right), and the power supply to the Excelitas detector (bottom).

configuration later on, and measuring the relationship between the detector’s count
rate and the pump power (1590nm) supplied. It can be seen in Figure7.2 that there
are 3 different gain processes. The initial linear relationship is as expected for the
SFG process, where the upconverted photons scale linearly with pump power. At
~0 dBm, the steeper gradient is attributed to the output of the EDFA changing with
current, generating amplified spontaneous emission (ASE) at 1534nm. Past that, the
precise noise process increasing the expected linear relationship is not known. Noise
in upconversion detection typically arises from spontaneous parametric down con-
version (SPDC) and spontaneous Raman scattering (SRS) when the strong pump goes
through the waveguide. Several works have demonstrated that a long wave pump
can suppress both spontaneous processes without dramatically reducing the detection
efficiency [137, 138], which is why those SFG wavelengths were chosen. A further in-
vestigation into noise processes at high powers would need to be carried out, but we

are not expecting to pump at those powers.
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FIGURE 7.2: Count rate of the ~780nm photons generated by the SFG process and de-
tected by the Excelitas SPCM-AQA4C detector, where the 1590nm Agilent pump power
is amplified with an EDFA, with no filtering, introducing noise to the counts. The
inset shows upconversion process pumped directly with the Agilent at 1590nm (nar-
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rowband). Data taken by Dr. Paolo Mennea.

7.1.1 Direct Imaging at Visible and Telecom Wavelengths

20

Having no previous experience of building a laser-based remote imaging system, the

initial imaging experiment for this project was designed for use at visible wavelengths,

with a lock-in amplifier (LIA) to boost the detected signal. It was found the setup was

very sensitive to alignment, lens position, and beam collimation. For the image collec-

tion, LabVIEW code was written in conjunction with Dr. Paolo Mennea, to control the

raster-scan of the 2-axis Galvo mirrors with a data acquisition card (DAQ), and was

scanned across an image of a cross in the visible imaging setup, and a regular check

pattern in the NIR imaging setup. I developed the LIA parameter sweep and data

collection aspect of the LabVIEW code. Images when first setting up the system were

difficult to obtain, as it was uncertain if the lens was focused on the image correctly
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to collect sufficient backscattered light. The imaging system for collinear illumination
and backscatter collection is shown schematically in Figure7.3, this was identical to

the telecom light setup, except for using a Ge detector and optical components with

C-coating.

[ Image |
Illumination
source
2D -Galvo
scanner

Chopper

RL2 /

Lock in
Amplifier
Flbre collimator
Si detector

FIGURE 7.3: a) Schematic of imaging setup for visible light collection, FL: a 2” lens,
with focal length 40mm was positioned in front of the image to maximise collected
backscatter, b) photograph of setup.

The system was aligned by splitting the fibre coupled laser beam and back aligning
from the collection optics. Getting good overlap of the two beams was key to efficient
backscatter collection as the collection fibre is single mode, so has a very small aper-
ture. A Fibre Port is used to assist in the collimation and coupling of the beam back
into the fibre, to maximise the amount of collected photons. The image quality reduced
drastically when the beam was not collimated properly. Initially multimode fibre was
used when recording images to increase collected backscatter and confirm an image
was visible, it was then swapped to single-mode polarisation-maintaining fibre. The
resulting images can be seen in Figures 7.4 and 7.5, where the width of each square
is 2mm. This process was then repeated for 1560nm light illumination, to verify an
image was still obtained. The quality of the recorded images at 1560nm is noticeably

reduced when compared to the visible light 633nm images.
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FIGURE 7.4: (a) photo of the target, and recorded images taken at 633nm of a check
pattern, at chopper frequency 2778Hz, and phase 230°, (b) Time constant = 30.00ms (c)
Time constant = 100.00ms

(a)

FIGURE 7.5: (a) photo of the target, and recorded images taken at 1560nm of a check
pattern, at chopper frequency 2480Hz, and phase 50°, (b) Time constant = 30.00ms (c)
Time constant = 100.00ms

7.1.2 Upconversion Imaging in 1560nm SHG Waveguides

Next, for a simple first demonstration of upconversion imaging with SHG, a com-
mercially packaged fiber-coupled PPLN waveguide from Covesion with a system ef-
ficiency of 16% was used to switch from direct detection to upconversion for stable
waveguide alignment, independent from the fibre coupled light collection point. The
layout for this experiment was similar to that shown in Figure 7.3, where the Ge detec-
tor, LIA and chopper were removed, and in their place the packaged waveguide and
Excelitas SPDs were connected in series to the collection fibre. Collecting upconverted

780nm images was attempted, based on the 1560nm power output from the collection
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tibre, the SPDs were expected to produce an image, but no image was obtained. The
collection fibre was then wound around a post to strip any fibre cladding modes, as
these do not couple into the waveguide correctly and do not generate 780nm light.
After stripping the cladding modes the detector was not sensitive enough to detect the
produced CW 780nm light, due to the losses introduced by poor coupling of backscat-
tered light into the collection single-mode fibre and PPLN waveguide, alongside the

dependence of nonlinear efficiency on pump power.

The losses of the components are well known and taken from their specifications in
the Thorlabs website, all components are anti-reflection -C coated. The lenses are po-
sitioned such that the light beam is incident at a normal to the image. The following
assumptions have been made when calculating the expected scattered light at the im-
age position. There are no specular reflections, and the back-scattered light is assumed
to be polarization-independent. A Lambertian scattering model is used, as the scat-
tering surface is assumed to be a diffused emitter. The 1560nm laser outputs up to
30mW of light, at the output facet of the Fibre Port. This light is collimated at the out-
put of the Fibre Port, and travels the path show in Figure 7.3 to the image. The power
that reaches the image is 21.4 mW with transmission and reflection losses. Using the
Lambertian model, for a highly reflective spot (88.9% reflectance at 1560nm) the cone
of back-scattered light that is collected by the focusing lens (FL) is 1.10pW. This beam
is collimated by FL and reflected onto the Fibre Port by the polarising beam-splitter,
where 880 nW reaches the fibre facet. The coupling into a single mode fibre of a non-
Gaussian beam is inefficient, the losses result in approximately 440nW being collected.
The low reflectance material has a reflectance of 6.4%, which results in 32nW being
coupled into the fibre. These theoretical values were much larger than those collected
by the system, where the light collected from bright areas was less than a nanowatt,

the lower range of the power metre.

Following from the lack of an upconverted SHG image using a collinear back scattered

light collection imaging system, a transmission imaging system was set up where light
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FIGURE 7.6: (a) Schematic and (b) photo for upconversion imaging system with

1550nm light and Covesion package, (c) commercially available packaged PPLN

waveguide, developed for efficient watt-level SHG from 1560-780nm, with its tem-
perature controller.

would travel through the object, to maximise the amount of photons to be collected by
the system, shown in Figure 7.6. These upconversion imaging experiments align with

a QuantIC project demonstration, as such, a QuantIC logo was imaged.

The imaging system in the transmission regime outputs 10-100nW of power. The
laser and SPDs are now gated with an electro-optic modulator (EOM), using a 10:1
regime with the detectors to decrease the relative contribution of dark counts. The first
approach to imaging with the single photon detectors was by 1560nm SHG, which

recorded up to 10* counts/s at 780 nm, this is because it’s a simple process but not
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(B)

FIGURE 7.7: a) Upconverted 1560nm SHG raster-scanned image, 32x32 pixels, b) up-
converted 1590nm + 1534.5nm SFG raster-scanned image, 128x128 pixels, at a rate of
1px/s
very efficient in this case, as it scales quadratically to the pump power, and the imag-
ing system only collects in the order of nanowatts of power. Following this SFG was
attempted, which allows for an increase in pump power, improving the conversion ef-
ticiency. For this we were pumping with 400uW of 1590nm light, and illuminating the
object with 1534.5nm light, the efficiency scales linearly with increased pump power
for SFG, but in this case the power is in the order of microwatts, which recorded up
to 10° counts/s at 780 nm. The pump can be further increased to supply several milli-
watts of power, further increasing the conversion efficiency. The image generated for

upconversion imaging for both these nonlinear processes can be seen in Figure 7.7.

7.1.3 Upconversion Imaging in 1950nm SFG Waveguides

The next stage was to increase the illumination wavelength, working towards the goal
of using nonlinear waveguides for MIR upconversion imaging. An experiment was
planned using PPLN waveguides developed for SEG of 2004nm with 1550nm, nom-
inally designed for detection of CO, gas, as they offer higher conversion efficiencies
than the current iteration of 3-3.5pm PPLN waveguides, and sources were available at

both those wavelengths. Moreover, the proximity of the pump wavelengths reduces
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the complexity of the system, as a wavelength division multiplexer (WDM) can be
used to combine the two beams in fibre. However, this means the optical launch can-
not be independently controlled, and the focal shift from the aspheric lens results in a

non-optimal coupling efficiency of the laser beams into the waveguide.

7.1.3.1 2pm SFG Waveguide Characterisation

The nominal fabrication parameters for the 2pm SFG waveguide were a deposited Zn
thickness of 200nm and an indiffusion temperature of 975°C. Based on the prism cou-
pling measurements from the previous Chapter, the expected refractive index profile
values are; a refractive index change n=5.31+0.2 - 10~%, and an indiffusion depth be-
tween 7.9pm and 9.2um. Metricon measurements were taken at 532nm to compare,
resulting in a calculated refractive index change én = 4.940.05 - 10~* and indiffusion
depth o = 8.4+0.2um. Nominal ridge widths of 14-16um, in 0.5pm steps, were diced

to form the waveguides, based on the expected vertical MFD of 14.5pm at 2pm.
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FIGURE 7.8: (a) Phasematching spectra for the most efficient Zn-indiffused PPLN

waveguide in a 40mm long chip. The orange line represents a theoretical sinc? for

a bulk device the same length of the waveguide. This waveguide has a ridge width

of 16pm, with a poling period of 23.5um, and was characterised at 40°C, probed with

1950nm light and pumped with ~1560nm. (b) OSA trace of the ~870nm upconverted
mode.
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Optical characterisation of the 40mm long angle-cut PPLN waveguides was carried
out to find the required pump wavelength. Using a similar system to that outlined in
Section 3.3.5, the waveguides are characterised with a CW 1950nm thulium fibre laser
and an EDFA seeded with a tunable 1560nm source combined in a WDM. The waveg-
uide was determined to be multimode in the horizontal axis, thus to ensure maxi-
mum conversion into the fundamental upconverted mode, the launch was adjusted
at the peak conversion efficiency wavelength. The resulting coupled power from the
launched beams was 60mW for 1570nm and 50mW for 1950nm, approximate cou-
pling efficiencies of 20% and 15% respectively. The highest conversion efficiency was
found in the widest ridge. The waveguide was kept at a stable temperature of 40°C,
and the resulting phasematching curve was found, presented in Figure 7.8, the inset
shows the fundamental ~870nm mode shape. The spectrum of the upconverted SFG
mode is obtained with an optical spectrum analyser (OSA), with a peak at ~870.1nm.
The phasematching curve is fitted with the theoretical sinc? of bulk MgO:PPLN, and a
comparison of the spectra shows good correspondence between bandwidths, indicat-
ing good quality ridges, as there are no significant broadening effects. The side-lobe’s
shape indicates a small parabolic width variation, as seen in Figure 5.13 from numer-
ically solving the three-photon ODEs, and the non-zero crossing points at sinc?(4-7)
arise from absorption losses in the waveguide. This is because the zero crossing points
occur when the generated power in the first half of the crystal is transferred back to
the pump wavelength in the second half, which cannot happen if met with high ab-

sorption losses.

7.1.3.2 Direct Imaging with Pulsed 1570nm

Initially, the imaging system will be setup for illumination and direct detection at
1570nm. Recently the group has acquired a SNSPD (ID Quantique ID281) and a time-

tagger (Swabian Time-Tagger X) with 16 channels; 8 channels at 1550nm, 4 channels at
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1064nm, and 4 channels at 850nm, these offer high quantum efficiencies at all wave-
lengths (>80%), low jitter times and low dark counts. Due to the more sensitive de-
tectors, and the available pulse modulation speeds, the imaging system was rebuilt
with flood illumination, to avoid dead-time pileup and noise counts from illumina-
tion pulse back-reflection from the optics. The number of optical components in the
system was decreased to further reduce losses by transmission and reflections on the
interfaces. The whole image was illuminated with a collimated beam and backscat-
tered light from the object was collected by a pair of CaF; relay lenses, using a Galvo

mirror to raster scan across the image. The imaging setup is shown in Figure 7.9.
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FIGURE 7.9: 1571nm pulsed illumination imaging setup; (a) diagram, and (b) photo.

Pulsed operation was trialled as the waveguides will eventually be used in a 3D imag-
ing system, an electro-optic modulator (EOM) was used to modulate the 1570nm beam
of a tunable Agilent seed laser before injecting into an EDFA. A radio-frequency (RF)
amplifier and bias tee were used in conjunction with a pattern generator to drive the
EOM, generating 800ps long pulses with a 77.5MHz repetition rate. The existing Lab-
VIEW programme was modified to interface with the time-tagger software and im-
plement histogram measurements, this allows to measure time differences between
received pulses for depth information. The clock output of the pattern generator was

used as a start point for the histogram data acquisition.
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Distance from the target to the first relay lens was ~1m, the size of the collection spot at
the target is measured by illuminating from the fibre collimator and using a knife edge
technique at the focus, giving a 0.5mm spot size. The first relay lens collects a cone of
light from the target, gets collimated by the second relay lens, and coupled by the Fibre
Port collimator into a polarisation-maintaining fibre. The angular steps of the Galvo
mirrors are small, so it is assumed no distortion occurs when passing through the first
relay lens. Maximising backscattered collection was done by carefully collimating the
Fibre Port output, placing the target at the focus of the first relay lens, and setting
the Galvo mirrors so the beam from the Fibre Port is centred on the collection lens
and normal to the target, switching back to flood illumination and using an iris to
only allow light from the desired spot, the Fibre Port linear alignment was adjusted
to maximise coupling. The target was raster scanned, the acquisition time for a whole
image is ~5 minutes, with photons being collected for a capture duration of 1s for each

pixel. Summing the total counts over over the histogram from each pixel produces

Figure 7.10.
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FIGURE 7.10: (a) Photo of a checkerboard pattern, the illumination target, (b) raster-
scanned 16x16 pixel image of a checkerboard pattern, illuminated with pulsed 1571nm
light.
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Image quality will be determined with contrast-to-noise (CTN) ratio, where the av-
erage dark area will be subtracted from the average bright area, then divided by the
standard deviation of noise. The noise is determined by subtracting two consecutive

images. The CTN ratio for Figure7.10 is 18.4.

Figure7.11 displays the histograms for a pixel in a bright and dark area. There are
unanticipated background counts present when the pulse is expected to be off, much
higher than the detector dark counts, which were 15 cps for the chosen detector chan-
nel. The EOM was checked with an oscilloscope and showed a 100:1 extinction ratio.

The source of these counts has not been identified as of yet.

1400 25¢

1200 201 ,

1000 r

Photon Counts
Photon Counts

800

600

Time, ns Time, ns

(4) (B)

FIGURE 7.11: Histogram of a single pixel in; (a) a bright area, and (b) a dark area. Total
histogram collection time 1s.

7.1.3.3 CW 1950nm Upconversion Imaging

For upconversion imaging at wavelengths longer than telecommunications wavelenghts,
the same setup as Figure 7.9 was used, where the pulsed illumination was swapped for
a CW 1950nm source and the backscattered light collected from the Fibre Port is con-
nected to the upconversion setup shown in Figure7.12. The knife edge measurement
was repeated, a spot size of 0.66mm was found, and the light collection re-optimised.

The upconverted mode at the waveguide output was fibre-coupled to be sent to the
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SNSPDs, a cylindrical lens was used to aid in the coupling due to the oval shape of the
mode, an efficiency of ~30% was obtained. A narrowband bandpass filter was added
after the EDFA to remove any amplified spontaneous emmission (ASE) that would
contribute noise to the upconverted photon counts. The upconverted signal is passed

through filtering to remove background noise.
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FIGURE 7.12: Upconversion setup connected to the imaging system.
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The target is illuminated, and the galvo mirrors scanned over a 6x6mm area, the up-
converted photons are collected for 1s each pixel, giving a total collection time of ~5
minutes. The image is displayed in Figure7.13. The calculated CTN ratio for this
image is 2.0, it is immediately apparent that the contrast is not as good as it was for
1570nm direct detection. As we are illuminating with longer wavelengths, the proper-

ties of the target are different.

The spatial resolution of the system was calculated from the full-width at half-maximum
(FWHM) of the 2D cross-correlation between the upconverted image and the target,

giving a value of 1.4mm, Figure7.14. In upconversion imaging systems with bulk
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FIGURE 7.13: Upconverted raster-scan image of a checkerboard pattern, illuminated
with ~100mW of 1950nm CW light, collected back-scatter coupled into a waveguide
pumped with 1571.6nm, upconverted mode detected with SNPDs.
nonlinear crystals, the spatial resolution is determined by the aperture size of the crys-
tal or the beam size of the pump, whichever is smallest. A balance is needed between
larger pump size for large FOV with smaller pump size for better spatial resolution
and conversion efficiency. Since this system uses waveguides instead of bulk crystals,
the spatial resolution is limited by the spot size at the target, while our resolution is

low compared to other upconversion imaging systems (typically <100um), it does not

have the same limitations.
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FIGURE 7.14: (a) Location of image relative to the target, recovered from (b) the cross-
correlation of the 2um upconverted image with the checkerboard pattern, (c) fitting
the FWHM of the cross-correlation peak, spatial resolution calculated to be 1.4mm.



126 Chapter 7.  Upconversion Imaging with PPLN Waveguides

To improve the contrast, a stencil is used in place of the previous target, as seen in

Figure7.15. The CTN ratio is now 21.1.
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FIGURE 7.15: Upconverted raster-scan image of a checkerboard stencil, illuminated
with ~100mW of 1950nm CW light, collected back-scatter coupled into a waveguide
pumped with 1571.6nm, upconverted mode detected with SNPDs.

The image is scanned over a 10x10mm area, to match the step size of the beam to its
spot size. The cross-correlation is once again calculated, Figure 7.16, this time it is
2.6mm. To note that this is due to the larger step size, the angular resolution for both

images remains the same.
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FIGURE 7.16: (a) Location of image relative to the target, recovered from (b) the cross-
correlation of the 2um upconverted image with the checkerboard pattern, (c) fitting
the FWHM of the cross-correlation peak, spatial resolution calculated to be 2.6mm.
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An image of the target was taken with the illumination laser off, shown in Figure7.17,
and the correlation coefficient of the image with the target was calculated. The correla-
tion coefficient requires the data to be centered and normalised, and the strength of the
correlation is given by the numeric value of the coefficient. A correlation coefficient of
0.33 was calculated, which indicates low correlation between the two, so there is target

information in the image.
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FIGURE 7.17: Upconverted raster-scan image of a checkerboard pattern, illuminated
with scene light. Correlation value of 0.33 with the checkerboard pattern target.

To analyse the noise behaviour, the 1950nm laser was turned off and the upconverted
counts measured as a function of pump power, shown in Figure7.18. The data is
well fit by a linear dependence on pump power as expected for a spontaneous scatter-
ing process. Since the upconversion system was pumped with a wavelength shorter
than the illumination wavelength it will be subject to a spontaneous parametric down-
conversion (SPDC) noise floor, arising from random duty-cycle errors in the QPM
poling enhancing parasitic mixing processes, this is the dominant noise source in fre-

quency conversion systems with short wavelength pumps far away from the signal [139].
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FIGURE 7.18: SNSPD upconverted photon counts at 870nm as a function of increasing
1571.6nm pump power in the SFG PPLN waveguide, with no 1950nm signal.

7.2 Summary

Chapter 7 integrates the developed PPLN waveguides into an upconversion imag-
ing system to demonstrate their practical applications. Operating telecom (1550nm)
and NIR (1950nm) wavelengths, the system uses commerically available 1560nm SHG
PPLN waveguides, and a developed 1950nm SFG PPLN waveguide to generate visi-
ble light for detection with either standard silicon sensors (SPADs) or high-efficiency
SNSPDs. The imaging setup includes a Galvo mirror scanning system, enabling raster-
scanned images of illuminated objects. Upconverted images with good contrast-to-
noise are achieved, with a spatial resolution of 2.6mm. It was also shown that image in-
formation was still present when not actively illuminating the target. The results show
proof of concept for upconversion imaging at wavelengths longer than telecoms, and
highlight the waveguides’ potential for compact and cost-effective imaging systems in
fields like environmental monitoring, quantum communications and defense applica-
tions. Future improvements, such as enhancing resolution and expanding wavelength

range, are also discussed.



129

Chapter 8

Future Work

The goal of my PhD project was to create an IR upconversion system using PPLN
waveguides for local and remote detection, and upconversion imaging. The key to-
wards achieving efficient MIR to visible upconversion in PPLN waveguides is devel-
oping an in-depth understanding of how the refractive index profile and fabrication
parameters must be changed to successfully support MIR modes. In order to generate
a theoretical model for the refractive index profile of our PPLN waveguides, several
simulations were run across a range of wavelengths, refractive index changes, diffu-
sion depths and ridge widths, and have been presented. The conclusions drawn from
the models have set the fabrication parameters for the next generation of MIR waveg-
uides. Part of the work in my PhD was to support optical characterisation of these
PPLN waveguides as they are developed. Several additions have been made to the
characterisation process of the waveguides, such as Metricon measurements and beam
profiling, which in conjunction with modelled phasematching curves, are supplement-
ing our understanding of the effect of the fabrication process on the effective values in
the waveguides. This work is a large part of being able to tailor waveguide periods for
other projects of interest. While the temperature and wavelength dependence of LN
doped with magnesium or zinc is known, expanding the understanding of this rela-

tionship in Zn-indiffused MgO:LN will be greatly beneficial to further refine the model
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and streamline troubleshooting limitations in the waveguide fabrication process.

As a result of this work, the wavelength range of Zn-indiffused PPLN ridge waveg-
uides being developed here at the University of Southampton has broadened. New
waveguides have been created in the visible regime for third-order 780nm SHG and
first-order 1064nm SHG, with conversion efficiencies of 3.65%W 1 and 100.7%W !,
and generating optical powers of 1.8mW and 175mW respectively. Analysis of the
model showed further improvements could be made to increase the efficiencies, which
given the high-damage threshold these waveguides have, shows their potential as
alternative laser sources, although both green-induced infrared absorption and blue
light-induced infrared absorption will need to be taken into consideration. Wave-
lengths as low as 375nm were generated, the next step would be fabrication of devices
for the 739 nm to 369.5 nm process required for application in Yb+ ion trapping tech-
nologies. Waveguide width variation was found to be limiting the efficiency when dic-
ing 40mm long waveguides with small ridge widths, which was addressed by using
thicker, more rigid blades when dicing. New waveguides in the IR regime included
1950nm SFG and 3.3um SFG waveguides for conversion to visible wavelengths. For
MIR support, high refractive index change and indiffusion depth is needed. Fabrica-
tion tests were carried out to further increase these parameters, however there was a
saturation point for the refractive index change. Alternative routes to increasing this

parameter should be investigated next, such as adding co-dopants.

A raster-scanning imaging system was built and characterised to demonstrate the vi-
ability of PPLN waveguides as a mechanism for MIR upconversion imaging. PPLN
waveguides were successfully incorporated into the system and upconverted 1950nm
backscattered photons from a targert ~Im away, detected by SNSPD detectors at
870nm. This showed proof of concept, where suggested improvements for the current
system include improve the image resoultion testing collinear methods of illumination
to compare signal-to-noise values, as well as identifying other noise processes in the

system.
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1. G. Tawy, N. Palomar Davidson, G. Churchill, M. J. Damzen, P. G. Smith, J.
C. Gates, and C. B. E. Gawith, “Temperature-tunable UV generation using an
alexandrite laser and PPLN waveguides”, Optics Express, vol. 31 no.14, p. 22757-
22765, 2023.

Conferences

1. G. Tawy, N. Palomar Davidson, P. L. Mennea, G.M. Topley, P.G. Smith, ].C. Gates,
C.B. Gawith, A. Minassian, and M.]. Damzen, "High power alexandrite laser for
tunable UV-blue generation”, in EP] Web of Conferences, vol. 267, p. 01020, EDP
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E. Gawith, “Developing zinc-indiffused periodically poled lithium niobate ridge

waveguides for quantum applications at visible wavelengths”, in Conference on
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using Zn-indiffused MgO: PPLN ridge waveguides”, Solid State Lasers XXXIII:
Technology and Devices, vol. 12864, pp. 140-141. SPIE, 2024.
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import time
import numpy as np

import fimmwavelib as fimm

app = fimm.connect_to_fimmwave(’localhost’,5101)

# Parameters to be set

N_modes = 12

dn = 0.004

sig = 4.6

paramlname = "temp"
param2name = "lamb"
param3name = "width"

paramlmin = 20 # should be float
paramlmax = 200 # should be float

paraml_steps = 181 # should be integer

param2min = 0.532 # should be float
param2max = 1.064 # should be float

param2_steps = 2 # should be integer
param3min = 5 # should be float
param3max = 8 # should be float

param3_steps = 7 # should be integer

var = app.subnodes[1].subnodes[1]
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wg = app.subnodes[1].subnodes [4].subnodes [9]

paramlvalues = np.linspace(paramimin,paramimax ,paraml_steps)
param2values = np.linspace(param2min,param2max ,param2_steps)
param3values = np.linspace(param3min,param3max ,param3_steps)

#set variables

var.setvariable ("modes",str (N_modes))

var.setvariable("delta_n",str(dn))

var.setvariable ("sigma",str(sig))

wg.evlist.mlp.maxtefrac=0 #only displays TM modes

wg.evlist.svp.solvid=79 #solver paramters, complex vectorial

# Quasi 2D (YZ) Solver

#wg.evlist.svp.buff="V1l 1 250 2 2 0.0001 16 MeshPol 0 O 0.0001 0.0001 50 50 5.00 5.00"
# 3D Solver

wg.evlist.svp.buff="V1 500 250 0 2 0.0001 16 MeshPol O O 0.0001 0.0001 50 50 5.00 5.00"

wg.evlist.mlp.nx="ny*(xsize/50)" #sets nx resolution, needed when changing from 2D to 3D

# run scan

for param3 in param3values:

var.setvariable ("1W",-(param3/2))
var.setvariable ("rW",param3/2)

print (str (param3name)+" = "+str(param3))

results = []
modeprf = []

i=0

for paraml in paramlvalues:
var.setvariable (paramlname ,paraml)
results.append ([])
print(str(paramliname)+" = "+str(paraml))
for param2 in param2values:
var.setvariable (param2name ,param?2)
wg.evlist.unalloc () #deletes old modes

wg.evlist.update ()

values = ""

j=1

print (str(param2name)+" = "+str(param2))
N_eval = wg.evlist.nevals()

#print (N_eval)
for mode_num in range(1l,int(N_eval)+1):

te_frac = wg.evlist.list[mode_num].modedata.tefrac
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#print (mode_num, te_frac)

if te_frac == 0 : #only records TM modes

params = "wav"+str(int(param2*1000))+"nm_temp"+str (int (paraml))+

"C_width"+str (int (param3+*10))+"e-1um_mode"+str (int (j))

neff = wg.evlist.list[mode_num].neff ()
neff_img = neff.imag
neff = neff.real

wg.evlist.list [mode_num].profile.update() # updates MFD calc

wg.evlist.list [mode_num].profile.calcmodewidth (0,2)

# runs MFD calculation O = intensity, 2 = 1/e"2

X_MFD_one_e2=wg.evlist.list[mode_num].profile.modewidthx
Y_MFD_one_e2=wg.evlist.list[mode_num].profile.modewidthy

values = values+str(j)+" "+str(neff)+" "+str(neff_img)+"

str (X_MFD_one_e2)+" "+str(Y_MFD_one_e2)+" "

mp=wg.evlist.list[mode_num].profile.data.fielddata("Ey")

#number corresponds to field component

"y

#1 for Ex, 2 for Ey, 3 for Ez, 4 for Hx, 5 for Hy, 6 for Hz,

prf=mp.export ("mp_Ey_wg9_"+params)
#e = open("mp_Ey_wg9_"+params+".txt","w")
#e.write(str(mp))
#e.close ()
j=3+1
else:
pass
results[i].append(values)

#print (results)

i = i+1

#display results

#change filename to match scan being run
f = open("ParamScan_temp_Gayer_MM_1064SHG_width"+str (int (param3*10))+

"e-lum_dn40e-4_sigmad6e-lum_wg9_indiff35nm_PLM1.txt","w")

strtemp = param2name
strtemp2 = param2name
for z in paramlvalues:
strtemp = strtemp + ", [" + paramlname + "=" + str(z) + "] "

strtemp2 = strtemp2 + ", mode neff neff(Img) XMFD YMFD"

f.write(strtemp + "\n")

f.write(strtemp2 + "\n")

7 for Int
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for x in range (0,param2_steps,1):
strtemp = str(param2values[x])
for y in range(0,paraml_steps,1):
strtemp = strtemp + "," + str(results[y]l[x])
f.write(strtemp+ "\n")
print ("ParamScan_temp_Gayer_MM_1064SHG_width"+str (int (param3*10))+

"e-1um_dn40e -4 _sigmad46e-lum_wg9_indiff35nm_PLM1.txt")

f.close()

fimm.disconnect_fimmwave ()
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