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Abstract

 

Advances in photonic techniques, instrumentation and computation is enabling the 

development of new tools for medical diagnosis. One such tool is a Raman-based “optical 

biopsy” where Raman spectroscopy is performed in the body to detect molecular level 

differences between healthy and malignant tissues to diagnose cancer and other diseases. 

Optical biopsies are less invasive than traditional surgical biopsies and can, in principle, 

provide highly specific, instantaneous feedback for the clinician. Raman spectroscopy 

can be performed in hard-to-reach regions of the body such as the oesophagus by utilising 

optical fibres and distal-end optics. Distal-end optical systems are small and complex and 

often require labour-intensive manual aligned and intricate bonding of components– a 

process which is time-consuming and expensive and not suitable for industrial 

manufacture. The lack of readily available distal-end optical systems has hampered 

progress in transferring fibre-based Raman biopsies from a research setting into the clinic. 

The aim of this work was to develop a miniaturised Raman probe, suitable for industrial 

manufacture, by employing an advanced three-dimensional laser-processing technique 

known as ultrafast laser assisted etching (ULAE). ULAE is a subtractive manufacturing 

process which relies on focused femtosecond laser pulses to locally enhance the chemical 

etchability of certain transparent materials, including fused silica. Material modification 

is confined to the laser focus and so freeform three-dimensional structures can be 

inscribed and subsequently removed by chemical etching. Several components can be 

written pre-aligned on a single substrate, making ULAE perfectly suited to the fabrication 

of distal-end optical systems (DOS).  

During the project, we developed a novel, confocal Raman probe with a sub-millimetre 

diameter and a collection efficiency of 52.1% over a numerical aperture of 0.8. To enable 

highly repeatable fabrication, we conducted a thorough investigation into how several 

laser irradiation parameters affect the etching enhancement and achieved an etching 

selectivity of 955. The Raman probe was used to measure the Raman spectra of healthy 

and tumorous colorectal mouse tissue and successfully identified molecular peaks 

associated with relevant cancer biomarkers.  
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CHAPTER 1 - INTRODUCTION 

 

1.1 Research motivation  

The incidence rate of cancer continues to rise worldwide, with recent models predicting 

an increase from 18.1 million new cases estimated in 2018 to 29.5 million new cases in 

2040 [1.1]. The primary reason for the rise in incidence is an increasing global population 

driven by improved life expectancy. Due to the aging population, it is now predicted that 

as many as one in two people will develop cancer at some point in their lives [1.2]. For 

some cancers, lifestyle and diet can also contribute to a rise in incidence rates. Evidence 

has shown that a diet which includes red and processed meat increases the risk of bowel 

cancer [1.3,1.4], while rising obesity levels in developed countries contributes to an 

increased risk of several cancers including breast, bowel, oesophageal, kidney and 

liver [1.5]. Smoking continues to be the leading cause of lung cancer which in turn is the 

leading cause of cancer death worldwide [1.6]. Regardless of the exact combined cause 

of the increase in cancer incidence, it remains that new technologies are needed to ease 

the ever-increasing burden on health care systems to prevent, diagnose and treat cancer 

in humans.  

Early detection and diagnosis are critical factors when it comes to improving the mortality 

rate for most cancers. However, for many cancers, symptoms only begin to appear when 

the cancer is already at a developed stage, often having spread to lymph nodes or 

metastasised. Routine screening of at-risk groups helps detect cancer before symptoms 

appear, but can only be implemented if safe, non-invasive, reliable and inexpensive 

diagnosis tools are available. Screening has been particularly successful for breast, 

cervical and bowel cancers in the UK [1.7]. For some common cancers that present 

symptoms at a late stage, routine screening is not available, however. For instance, 

oesophageal cancer is the 13th most common cancer in adults in the UK yet is the 6th most 

common cause of cancer death [1.8]. There are two common subtypes of oesophageal 

cancer: oesophageal adenocarcinoma (OAC) and oesophageal squamous-cell carcinoma 

(OSCC). OSCC is more prevalent in developing countries while OAC is more common 
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in developed countries and is on the rise in the UK. OAC is strongly associated with 

Barrett’s oesophagus, a premalignant condition in which epithelial cells morph into those 

ordinarily found lining the small intestine in response to overexposure to acid reflux. 

Early symptoms of oesophageal cancer include difficulty swallowing, a persistent cough, 

heartburn and vomiting. If these symptoms persist for several weeks, then an endoscopy 

will be recommended whereby the lining of the oesophagus is imaged with an optical 

fibre bundled fed through the instrument channel of an endoscope under local anaesthetic. 

After a visual inspection, tissue samples may be removed for analysis by histopathology. 

This road to diagnosis has several shortcomings: Visually, there is often little to no 

distinction between healthy and malignant tissue and so the biopsy sampling is likely to 

be poor. Histopathology is time consuming and expensive, using up valuable resources 

and delaying diagnosis. It is also subjective in nature, particularly when differentiating 

between cancer stages, and so the diagnosis can be uncertain. For these reasons, routine 

screening is not practical and so new diagnostic tools are urgently required.  

One complimentary technique which has potential to overcome the shortfalls of 

traditional surgical biopsies is a Raman-based optical-biopsy. Optical-biopsy is an 

umbrella term used to described techniques which rely on the interaction between light 

and tissue to diagnose diseases without the need for surgical intervention. A Raman 

optical-biopsy is a specific branch which uses Raman spectroscopy to reveal information 

about the molecular make-up of tissue. During a Raman biopsy, monochromatic light is 

delivered into the body via an optical fibre and focused onto the target tissue site. 

Approximately 1 in every 106 incident photons will scatter inelastically with the tissue 

(Raman scattering), exchanging energy with molecular phonons and shifting in 

wavelength. The energy exchanged is discrete and so the spectral information of the 

Raman scattered light encodes the specific molecular vibrational modes present. 

Biological materials are molecularly rich, consisting of complex DNA, proteins and lipids 

amongst others and as such, the Raman scattered light is highly specific, allowing very 

subtle differences between spectra to be differentiated using multivariate statistics. 

Indeed, Raman spectroscopy has been used in the laboratory to classify normal and 

neoplastic tissue with high sensitivity and specificity [1.9,1.10] and research is now also 

underway in a clinical setting [1.11]. Since the Raman signal is inherently weak, complex 

distal-end optical systems (DOS) are needed to both guide light onto the tissue and collect 

the Raman signal back into the fibre. Novel optical systems have been demonstrated in 

the pioneering work by Stone and Huang’s groups amongst others [1.12,1.13], but in 
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these cases, the manufacturing process involved intricate manual alignment of 

components and was too expensive and labour intensive for commercialisation.  

The aim of the work presented in this thesis was to develop a novel, miniaturised fibre-

optic Raman probe which, crucially, was manufacturable in a manner suitable for 

commercialisation. The manufacturing solution was based on an advanced laser 

fabrication technique called ultrafast laser inscription (ULI). ULI is a rapidly maturing 

technology which has been used to fabricate a wide range of photonic devices in glass, 

including waveguide networks, diffractive optical elements, microfluidic chips and 

micro-optics [1.14–1.17]. During ULI, ultrashort (< 1 ps), sub-bandgap laser pulses are 

focused into a dielectric substrate, notably fused silica, and induce a local modification to 

the material through non-linear photoionization processes. The modification is two-fold: 

firstly, the materials refractive index can be increased and secondly, the chemical etch-

rate may be enhanced. After the etch-rate is enhanced, the modified material can be 

selectively removed by submerging the substrate in an etchant; a technique further known 

as ultrafast laser assisted etching (ULAE). The material modification is restricted to the 

focal volume, and so three-dimensional, freeform structures can be fabricated with a sub-

micron resolution. Several individual components may also be written on a single 

monolithic substrate, forgoing the need for the intricate manual alignment that eliminates 

other manufacturing techniques. ULAE is repeatable, can be automated and parallelised 

and is therefore perfectly suited to fabricating DOS components commercially. In this 

thesis, I will present a novel miniaturised Raman probe, designed to take advantage of the 

manufacturing capabilities provided by ULAE. An investigation into optimising the 

ULAE manufacturing process, which led to the successful fabrication of the probe, will 

also be presented. Finally, the laser-manufactured probe is applied in a Raman 

spectroscopy setting to measure the Raman spectra from normal and tumorous colorectal 

mouse tissue and differentiate different mammalian tissue types.  

The work presented in this thesis was carried-out in collaboration with industry partner 

Renishaw under the Renishaw and Heriot-Watt University Strategic Alliance.  

1.2 Thesis outline  

Chapter 2 is split into two main sections. In the first, a simple theoretical description of 

the light-matter interactions responsible for material modification in ULI, and the 

subsequent etching mechanisms used to remove material, is given. This is followed by a 

thorough review of the past and current literature on ULAE, with emphasis given to 

ultrafast laser assisted selective etching in fused silica. In the second section, an 
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introduction to Raman spectroscopy is given, followed by a review of the current research 

in Raman based optical biopsies and Raman probe design. Briefly, some alternative 

diagnostic techniques are also described. 

In Chapter 3, the laser inscription system designed and built especially for this project is 

presented, including a description of both the hardware and software used in the 

fabrication process. This includes methodology for safe and reliable beam alignment, 

real-time imaging, synchronised hardware control and a description of the computer-

numeric-control language used to create the toolpaths for DOS system and related 

components.  

In Chapter 4, our work on optimising the ULAE fabrication process is presented. The 

etching selectivity achieved with ULAE is known to vary significantly depending on the 

laser irradiation parameters used to modify the glass. To find the optimum set of 

parameters, we conducted a thorough parameter space investigation into etching 

selectivity of laser written micro-channels and surfaces. We further investigated how 

isotropic etching of curved surfaces could be achieved using advanced polarisation 

control methods. Finally, we investigated the inherent surface texturing imprinted on 

surface fabricated by ULAE and how this texturing is influenced by the various writing 

parameters.  

Chapter 5 will cover the design and fabrication of the novel laser-written Raman probe. 

This includes a discussion of the design considerations made to arrive at the end-product, 

optical ray trace modelling of the DOS and a description of the fabrication and assembly 

process. Additionally, flame-polishing is presented as a post processing method to reduce 

the surface roughness of lenses after etching, to conventional optical quality levels. A 

physical characterisation of the individual lenses, and a quantification of the passive 

component alignment precision, are also presented. 

In Chapter 6, a detailed optical characterisation of the DOS is presented along with some 

methods used to debug and improve the performance of the probe from one iteration to 

the next. This includes a quantification of the collection efficiency, a key characteristic 

which determines the quality of the Raman data obtained. Finally, the Raman spectra 

from healthy and tumorous rodent tissue, along with other materials, is obtained using the 

probe and compared to that obtained with a commercial Raman microscope.   
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Finally, in Chapter 7, conclusions are drawn from the work presented and the outlook 

moving forward is eluded to. This includes plans to optimise the Raman probe further and 

apply the probe to a broader range of applications. 

1.3 Contribution statement  

The concept of using ultrafast laser assisted etching for fabricating distal-end optics for 

Raman-based biopsy instruments, and the project proposal, was devised by Robert 

Thomson and Brian Smith.  

Debaditya Choudhury pioneered much of the laser assisted etching research that preceded 

the work presented in this thesis, particularly etching using hydrofluoric acid.  

David MacLachlan had a supporting role in several aspects of the project, particularly 

with developing the flame polishing system, profiling lens surfaces and developing the 

early fibre gluing process.  

All other work described within this thesis was completed by the author, Calum Ross, 

including all images and diagrams presented unless otherwise stated; in which case 

explicit permission was obtained from the relevant journals and owners for reuse.   
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CHAPTER 2 - RELEVANT PHYSICS AND STATE OF THE ART IN RAMAN BIOPSY INSTRUMENTS AND LASER ASSISTED ETCHING 

 

2.1 Introduction 

The local structured modification of the refractive index of glasses by light has been 

performed since the 1970’s [2.1]. Formerly, high-photon-energy UV wavelengths 

dominated silicate glass modification, which was typically facilitated through linear 

photon absorption processes [2.2]. The advent of titanium sapphire lasers, capable of 

producing high energy density ultrashort pulses, prompted a new era of glass processing 

which instead relied on non-linear multiphoton absorption of low-photon-energy visible 

and near infrared light. In 1996, two groups independently demonstrated laser-induced 

refractive index modification of undoped silica for the first time, using focused NIR 

femtosecond pulses [2.3,2.4]. Since then, this technique has been used extensively in the 

fabrication of waveguides, gratings, and other photonics devices, and is commonly 

referred to as direct laser writing (DLW) or ultrafast laser inscription (ULI). A second 

transformative manifestation of ULI was demonstrated by Marcinkevičius et al. in 2001: 

laser induced selective etching [2.5]. By exposing ULI processed fused silica to 

hydrofluoric acid, they found that the laser modified regions etched away faster than the 

pristine glass, allowing them to fabricate three-dimensional microstructures. This 

technique, commonly referred to as ultrafast laser assisted etching (ULAE), has 

developed over the years, with several commercial ventures now established [2.6,2.7]. At 

the same time, the demand for complex miniaturised photonic components has increased.  

One area in which such components have seen an increase in demand recently is medical 

instrumentation. Advances in imaging and spectroscopic techniques have facilitated a 

drive to improve diagnostic tools available to clinicians. Many of these techniques rely 

on the manipulation of light to gather information about the molecular, structural and 

chemical composition of tissue within the body. In hard to reach areas such as the 

oesophagus, colon or distal lung, light can be transported to and from the tissue site of 

interest via optical fibres. Optical fibres have been used to transport light within the body 

for several applications including endomicroscopy [2.8], spectroscopy [2.9] and tissue 

ablation [2.10,2.11]. For many of these applications, it is necessary to use miniaturised 

Relevant physics and state of the art in 

Raman biopsy instruments and laser 

assisted etching 2 
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distal-end optics to couple light into and out of the fibre(s). One such diagnostic method 

is known as an optical biopsy. The term optical biopsy has been used since the early 

1990’s and describes methods that use light to detect and diagnose diseases in situ. An 

optical biopsy may allow the operator to make an instant diagnosis during an endoscopy, 

without the need for invasive and time-consuming histopathology, or to guide a surgical 

biopsy to increase the probability of obtaining a sample from a malignant region. Raman 

is a highly promising spectroscopic technique that can differentiate tissue types during an 

optical biopsy. Raman spectroscopy relies on the collection of energy shifted photons 

which have been inelastically scattered from molecules within tissue. The scattered 

photons contain spectral information which is a direct indicator of the types of molecules 

they scattered from, often referred to as a molecular fingerprint. The probability of an 

inelastic scattering event is low, however, and so the Raman signal carrying the molecular 

fingerprint is typically weak. Therefore, precise optical instrumentation is required to 

maximise the amount of signal collected and to allow a confident diagnosis to be made. 

Many groups have developed their own Raman probes and many different probe 

configurations exist, but the fabrication and assembly of such probes remains challenging 

and often labour intensive or expensive. ULAE offers extreme flexibility in terms 

microfabrication and critically, has the potential to offer repeatable and cost-effective 

large-scale production. 

The first half of this chapter will address the fundamental mechanisms that drive 

multiphoton absorption in dielectric materials and how these manifest in a change to the 

chemical etching rate of fused silica. A review of the state of the art in ULAE will follow, 

including a discussion of material choice, advanced writing techniques and examples of 

applications.  

In the second half of the chapter, the physics of Raman spectroscopy will be described 

before reviewing the state of the art in fibre-based Raman optical biopsy. The literature 

review will include recent progress in optical biopsy technique including a review of in 

vivo clinical studies, recent progress in advanced Raman spectroscopy techniques, a 

comparison of different fibre-optic probe configurations and briefly, alternative sensing 

and microfabrication techniques.  
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2.2 Ultrafast laser assisted etching 

2.2.1 Ultrafast laser assisted etching theory 

2.2.1.1 Light-matter interaction 

Optical breakdown is the process by which optical energy is transferred to a material 

through ionisation. Sufficient ionisation can lead to free electron plasma generation 

within the bulk, leading to permanent structural changes in the material. Photons in and 

beyond the visible region of the electromagnetic spectrum have insufficient energy to 

undergo linear single photon absorption in silica, which has an optical bandgap energy of 

8.9 eV [2.12]. Essentially, silica is transparent to visible and NIR wavelengths (at 

wavelengths greater than 4 μm, molecular phonon absorption dominates). During ULI, 

optical breakdown is instead achieved through nonlinear photoionisation processes which 

include multiphoton ionisation and/or tunnelling ionisation. Multiphoton ionisation is an 

absorption process whereby an electron in the valance band is excited to the conduction 

band by multiple sub-bandgap photons acting simultaneously (Figure 2-1a). The energy 

absorbed from each photon sums linearly, so the condition for multiphoton ionisation is 

𝑛𝑣ℎ > 𝐸𝑔 , where Eg is the bandgap, v is the photon frequency, n is the number of photons 

absorbed and h is Plank’s constant. Multiphoton ionisation is the dominant mechanism of 

photon absorption for light of low intensity and high frequency. At higher intensities, the 

electric field is strong enough to distort the band structure of the material, lowering the 

potential barrier between the valence and conduction band and allowing quantum 

tunnelling to take place as depicted in Figure 2-1b.  

 

Figure 2-1: The two nonlinear photoionisation processes that occur during ULI: a) 

multiphoton ionisation and b) tunnelling ionisation. Adapted from [2.13]. 

The two nonlinear photoionisation processes are described by the theoretical framework 

developed by Keldysh [2.14]. The likelihood of one process occurring over the other is 

predicted by the Keldysh parameter: 

a 

valence 
band

conduction
band

b 
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𝛾 =
𝜔

𝑒
√

𝑚𝑒𝑐𝑛𝜖0𝐸𝑔

𝐼
, (Eq. 2-1) 

where ω is the photon frequency, e is the fundamental electron charge, me is the effective 

electron mass, c is the speed of light, n is the material refractive index, ε0 is the 

permittivity of free space, Eg is the bandgap and I is the electric field intensity. When γ 

<< 1.5, tunnelling ionisation dominates, whereas multiphoton ionisation is dominant for 

γ >> 1.5. For ULI, typical laser writing parameters have a corresponding Keldysh 

parameter of approximately 1, and so both multiphoton ionisation and tunnelling 

ionisation occur [2.15]. 

If the two non-linear absorption processes were solely responsible for ionisation, then the 

threshold intensity for optical breakdown would depend greatly on the material bandgap 

since the absorption probability decreases with increasing bandgap [2.16]. However, 

electrons excited into the conduction band may continue to absorb photon energy by 

linear free-carrier absorption and avalanche photoionisation. Sequential absorption of 

photons will continue until the electron’s energy is twice that of the bandgap energy. At 

this point the electron has enough energy to impact ionise a bound electron in the valence 

band, resulting in two electrons at the conduction band minimum as shown in Figure 2-

2. As long as there are sufficient seed electrons in the conduction band and a strong 

electric field present, these electrons can undergo free carrier absorption and impact 

ionisation continuously. This runaway process is called avalanche photoionisation. The 

free electron plasma frequency grows with the electron density, eventually becoming 

equal to the laser frequency at which point the plasma becomes highly absorbing – it is 

generally assumed that optical breakdown occurs at this point [2.13].  

 

Figure 2-2: Avalanche ionisation: a) linear free carrier absorption followed by b) 

impact ionisation between high energy-state electrons in the conduction band and 

electrons in the valence band. Adapted from [2.13]. 
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Material modification occurs upon recombination of the free electron plasma with the 

lattice, which, for femtosecond pulses, occurs long after the electric field of the incident 

pulse is gone. Shorter pulses achieve the intensity threshold for optical breakdown with 

less energy than longer pulses and since absorption is decoupled from the lattice heating, 

more precise material modification can be achieved using femtosecond pulses than with 

picosecond pulses [2.17]. 

The nonlinear intensity dependence on photon absorption means that material 

modification is tightly confined to the focal volume of the focused laser, facilitating 

precise three-dimensional microfabrication capability. The exact nature of the material 

modification depends upon many parameters including the pulse intensity, pulse duration, 

repetition rate, wavelength and the focusing optics. Typically, the modification can be 

categorised into one of three distinct structural changes; smooth refractive index increase, 

birefringent refractive index changes and micro-void formation [2.18]. These structural 

changes are manifestations of molecular level variations in the material which are 

unsurprisingly strongly dependent on the material.  

2.2.1.2 Selective chemical etching 

Perhaps the most utilised ULI modification type has been that of smooth refractive index 

change. This type of modification is perfectly suited for optical waveguide writing, where 

a homogeneous refractive index cross section is required to achieve low propagation 

loss [2.19,2.20]. Volume gratings [2.21], diffractive elements [2.22], GRIN lenses and 

photonic lanterns [2.23,2.24] are some examples of components that have been fabricated 

by ULI and typically rely on Type I modification. The other widely explored 

manifestation of ULI is that of chemical etch rate enhancement. When the photon energy 

is transferred to the lattice, the chemical structure is altered locally, and the material can 

become significantly more susceptible to chemical etching. Selective etching has been 

observed most strongly after Type II modification, where the orientation of birefringence 

was directly correlated to the etching rate of the modified material [2.25]. This fascinating 

avenue of laser assisted etching will be discussed in detail alongside a review of the 

relevant literature in Section 2.2.2.  

Laser assisted etching has been demonstrated in only a handful of materials which include 

fused silica [2.5], borosilicate [2.26,2.27], Foturan [2.28], sapphire [2.29,2.30] and 

recently, yttrium aluminium garnet (YAG) [2.31]. Out of these, fused silica is the most 

commonly explored material, perhaps due to its excellent optical and physical properties. 

Selective etching of femtosecond laser processed fused silica was first demonstrated in 
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hydrofluoric acid (HF) [2.25] – which has remained the most commonly used etchant 

since. More recently however, potassium hydroxide (KOH) was shown to etch highly 

selectively [2.32], in fact outperforming HF. The exact mechanisms which drive selective 

etching are currently the focus of active research. The progress made towards 

understanding these mechanisms is discussed in Section 2.2.2.  

2.2.2 State of the art in laser assisted etching  

In this section, the state of the art in laser assisted etching will be reviewed. The focus of 

this literature review will be specifically on selective etching after femtosecond laser 

writing and will not cover the vast number of photonic devices fabricated by ULI without 

subsequent etching. As the most explored material, emphasis will naturally be on fused 

silica, although other materials will also be discussed briefly. A potential shortcoming of 

ULAE is that after etching, surfaces exhibit “etching roughness” which is associated with 

the breakdown of the highly stressed laser written surfaces and typically on the order of 

100 – 200 nm RMS. Post processing techniques to reduce this roughness exist, and some 

of these methods will also be reviewed. It is worth noting that ultrafast laser assisted 

etching, which refers to the selective etching of glass after multiphoton ionisation laser 

processing, is also known by other names in literature, including: selective laser-induced 

etching (SLI), femtosecond laser inscription and chemical etching (FLICE) and simply 

femtosecond laser machining.  

2.2.2.1 Hydrofluoric acid 

As early as 1999, Kondo et al. demonstrated the laser assisted etching of microchannels, 

which they termed three-dimensional microdrilling, in a UV-photomachinable silicate 

glass. Laser inscription was performed with a focused 400 nm, 125 fs beam and etching 

performed in HF. The formation of Li2O crystallites within the focal region, which are 

more soluble in HF, explained the increase in the etching rate of laser written 

material [2.33]. In 2001, Marcinkevicius et al. were the first to demonstrate ultrafast laser-

induced selective etching in high purity fused silica, using 785 nm, 120 fs pulses [2.5]. 

Etching was again performed in HF, a 5% aqueous solution, and channels with an aspect 

ratio of 10 were formed. In this seminal paper, they also found that the roughness of the 

channel walls increased with etching time, from 0.96 to 1.6 μm after 2 and 3 hours of 

etching, respectively. The aspect ratio of channels formed is an indicator of the selectivity 

of the etchant. That is, the ratio at which laser modified material etches to that of the 

pristine material. The selectivity is a key enabler in micro-component fabrication, and a 

high selectivity means more complex components with higher resolution can be 
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fabricated repeatably. Unsurprisingly, the selectivity achieved after laser inscription is 

dependent on the laser irradiation parameters, including the laser pulse energy, pulse 

duration, wavelength, focussing NA, and pulse repetition rate amongst others. The 

selectivity is further dependent on the material, etchant used and the etching environment. 

Many groups have investigated different irradiation parameters. In 2004, Bellouard et al. 

reported the fabrication of high-aspect ratio microfluidic channels etched in 5% HF with 

a selectivity of ∼100, corresponding to an etching rate of 300 μm/hour [2.34]. A year later 

in 2005, Hnatovsky et al. demonstrated etching selectivity of up to 280 in a 2.5% HF 

solution and noted a dramatic dependence of the etching rate on the laser polarisation, 

spanning two orders of magnitude [2.25]. Slightly preceding these findings, Hnatovsky 

provided a thorough investigation into how pulse energy and pulse duration determine 

the modification regime of ULI in fused silica [2.35]. Their findings are summarised in 

Figure 2-3.  

 

Figure 2-3: The three ultrafast laser modification regimes which correspond to 

smooth refractive index modification, nanograting formation and void formation. 

Reprinted from [2.35] with the permission of AIP Publishing. 

2.2.2.2 Nanogratings 

The remarkable dependence on polarisation was found to correspond to Regime 2 

modification, i.e. birefringent refractive index change. The birefringence of laser 

modified material was attributed to the presence of “nanogratings” as observed for the 

first time by Shimotsuma et al. in 2003 [2.36]. Several theoretical and empirical 

explanations for nanograting formation in bulk fused silica have been 

proposed [2.36,2.37]. Shimotsuma formulated that the nanogratings were the result of an 

interference effect between the electric field of the incident pulses and bulk electron 

plasma density waves – though this fell short of explaining why the nanograting period 

decreased as the number of pulses increased [2.36]. Bhardwaj et al. showed that the 
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nanogratings formed perpendicular to the incident laser polarisation, in agreement with 

previous work [2.25], and had a period of approximately λ/2n where λ is the wavelength 

of light and n the refractive index of the material [2.37]. They found that the nanogratings 

were self-preserving over long tracks irrespective of the translation speed. The 

nanogratings were revealed in AFM images after etching in 1% HF for 4 minutes and are 

shown in Figure 2-4. Bhardwaj et al. proposed a theoretical basis of nanograting 

formation based on nanoplasmonics, seeded by inhomogeneities in the free electron 

plasma, whereby nanoscale plasma spheres grow into sheets under the influence of the 

electric field of the linearly polarised pulses. More recently, theoretical simulations have 

shown that constructive interference of scattered photons from existing nanoplanes can 

lead to a shortening of the nanoplane period by half [2.38]. Richter et al. have reported 

the formation of nanogratings in other silicate glasses, observing the nanograting period 

to be significantly material dependent, although no explanation was eluded to [2.39].     

 

Figure 2-4: An intriguing manifestation of ULI is nanograting formation. Periodic 

planes of oxygen deficient material are formed perpendicular to the laser polarisation 

direction and permit fast etching along their length. Reprinted figure with permission 

from [2.37] © 2019 by the American Physical Society. 

The composition of nanogratings has also been studied in detail, with the consensus being 

that the nanogratings are composed of oxygen deficient regions [2.40,2.41] which may 

also be porous [2.42–2.45]. Although the formation mechanisms of nanogratings are 

intriguing, a comprehensive review remains beyond the scope of this thesis but is 

available elsewhere [2.46]. 

2.2.2.3 Potassium hydroxide as an etchant 

Hydrofluoric acid was the etchant of choice in ULAE for much of the first decade after 

ULAE was first demonstrated. Although desirable for having relatively fast etching rates 

of up to 300 μm/hour [2.34], HF has the disadvantage of also etching pristine fused silica 
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at an appreciable rate of between 3 and 5 μm/hour for a 5% aqueous solution [2.5,2.34]. 

This means that the selectivity of etching is limited, even when the irradiation parameters 

are optimised. More recently, heated potassium hydroxide solution (KOH) has been used 

for laser assisted etching of silica with significantly higher selectivity. KOH was first used 

to remove laser irradiated fused silica in 2009 by Kiyama et al. Using a 10 mol/L KOH 

solution heated to 80˚C, an etching selectivity of ∼350 was obtained [2.32]. Hermans and 

Gottmann et al. report the current benchmark in ULAE selectivity for fused silica - 

achieving a selectivity of 1400, corresponding to an etching rate of 290 μm/hour, using a 

solution of 8 mol/L KOH at 85˚C [2.47,2.48]. The success of KOH is primarily due to the 

slow rate at which it attacks pristine fused silica, at only 0.2 – 0.6 

μm/hour [2.32,2.47,2.49].  

2.2.2.4 Etching mechanism 

The mechanisms of etching are material and etchant dependent. Some mechanisms, such 

as enhanced etchant transport through porous nanogratings [2.27], appear common to 

several materials. The reaction process between pristine vitreous silica and HF is a series 

of four sequential steps in which the insertion of an HF molecule dissociates an Si-O bond 

[2.50], eventually forming hexafluorosilicic acid and water. Several spectroscopic studies 

of irradiated silica have found a local reduction in the mean number of oxygen bridging 

atoms bonded to each silicon atom [2.32,2.51], which may also explain the local 

densification observed after laser writing. A detailed study into the HF etching of vitreous 

silica found that the replacement of the first oxygen atom by a fluorine ion was a slow, 

rate-determining reaction step, and that subsequent steps to remove SiF was 20 times 

faster [2.52]. With a lower mean number of bridging oxygen atoms, the etching process 

would be expected to remove silica significantly faster.  

The densification of silica does not explain the significant selectivity achieved when 

etching with KOH, which generally etches amorphous silica very slowly. Recent work 

by Pépin et al. might shed some light onto why the etching rate is so high: they reported 

the formation of micro-crystalline silicon within ULI written regions of fused silica using 

typical irradiation parameters [2.53]. Crystalline silicon is known to be etched up to three 

orders of magnitude faster than silica [2.49], comparable with the selectivity found in the 

literature. 

2.2.2.5 Materials 

Fused silica is by far the most commonly used material for ULAE microfabrication. It 

has several beneficial attributes, including low thermal expansion, thermal shock 
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resistance, a large transparency window from the UV to the NIR, widespread chemical 

inertness, and low material cost. These properties make it well-suited to both mechanical 

and optical components. The popularity of silica means it is also widely studied and so 

more predictable to work with. Other materials that have been shown to preferentially 

etch after ULI include borosilicate (Pyrex, Bk7), Foturan, sapphire and YAG amongst 

other crystals.  

Foturan is a photosensitive lithium aluminosilicate glass which is susceptible to both 

single photon UV absorption and multiphoton NIR absorption. Foturan exhibits similar 

etching selectivity to silica at around 50 but also etches comparatively faster. Foturan has 

been used to fabricate microfluidic devices [2.54] and micro-optics [2.55], where its low 

softening temperature of 455˚C makes it suitable for post process annealing [2.56]. 

Foturan also exhibits a lower average power threshold than silica and therefore laser 

writing can be performed at higher scanning speeds, resulting in shorter writing 

times [2.57].  

Sapphire is a crystal consisting of impure aluminium oxide. It has an extraordinary 

transmission band from 150 – 5500 nm, superior hardness and scratch resistance over 

silica, and a higher optical damage threshold [2.58]. Juodkazis et al. measured the etching 

rate of pristine sapphire in 10% HF to be negligible at <0.01 nm min-1 while laser written 

channels etched at 83 nm/min [2.59]. Although slow, the effective selectivity was of the 

order of 104, and ULAE has been used to fabricate microlens arrays in sapphire [2.29]. 

Direct femtosecond laser writing has also been demonstrated in many polymers, although 

the modification mechanisms are less commonly achieved through multiphoton 

absorption followed by wet chemical etching and are therefore beyond the scope of this 

review.   

2.2.2.6 Advanced writing techniques 

In its simplest form, ULI is performed by focusing a femtosecond beam through a 

diffraction limited lens and into a glass material, which is translated around the focus in 

3D to generate a structure. There are some limitations of this basic set-up: when a beam 

is focused into the glass, refraction at the air-glass interface introduces spherical 

aberration into the focus. The effect of this aberration is an elongated spot in the direction 

of beam propagation, which increases proportionally to the writing depth. Beam 

aberration is unwanted because the energy density within the focus becomes a function 

of depth, as does the resolution of modification. A second limitation is writing speed – 

precision translation stages typically have a maximum translation speed in the order of 
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millimetres per second. The modification region typically has a cross-section of around 

10 μm2, and so the modification rate is of the order of 10-5 mm3/s. For this reason, the 

inscription of modestly sized components can take several hours.  

Several groups have investigated methods of improving these shortcomings in recent 

years. Booth and Salter et al. have pioneered the use of adaptive optics to correct for 

various aberrations in ULI, recently doing so in real time. They first demonstrated the use 

of deformable mirrors, a technique developed for aberration correction in microscopy, to 

correct for the depth dependent focal volume [2.60]. Later, adaptive slit beam shaping 

was demonstrated using a spatial light modulator (SLM) to correct for aberrations in real-

time, facilitating the fabrication of low propagation loss silica waveguides [2.20]. 

Addressing the long writing-time concerns associated with ULI, Salter et al. demonstrated 

multispot parallel processing by using a microlens array in conjunction with a SLM to 

homogenise the individual foci. More recently, dynamic control of the pulse front 

tilt [2.61] and spatiotemporal focusing combined with holographic techniques were 

demonstrated, opening new avenues for rapid and precise modification of glass by 

femtosecond pulses. Spatial and temporal focusing (SSTF) has further been used to 

overcome unwanted nonlinear effects during laser writing such as self-focusing and 

filamentation [2.62]. 

Another avenue that has been explored for reducing laser processing time is bulk 

modification by Bessel beams [2.63–2.65]. Bessel beams are slowly diffracting beams 

which can retain a tightly confined focal volume over long Rayleigh lengths of many 

millimetres. Bessel beams are generated easily by projecting a collimated beam through 

an axicon lens system. Recently, Bergner et al. demonstrated single burst modification of 

fused silica with a modification volume 2 μm in diameter and 7.6 mm in length along the 

beam propagation direction. Such beams have applications in glass cleaving and rapid 

chemical etch rate enhancement of large planes.  

An alternative to translating the material around a fixed laser focus via multi-axis 

translation stages is to instead translate the laser focus around the material. The benefit of 

this method it that the beam can be manoeuvred more rapidly. For example, Gottmann et 

al. demonstrated the use of scanning galvo mirrors, with built-in aberration correction, to 

steer the beam within bulk glass at speeds of up to 400 mm/s [2.66]. 
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2.2.2.7 Applications 

Over the past ten years, progress in etching selectivity and advanced techniques in beam 

correction have made ULAE an extremely desirable method for microfabrication in silica. 

The precision and scale at which multiple components can be fabricated on a single chip 

in three-dimensions is unrivalled by other manufacturing technologies. For this reason, 

ULAE continues to be utilised in an ever-expanding number of research fields and 

increasingly so in industry. The ability to write embedded high aspect-ratio channels has 

led to the development of complex microfluidics [2.67,2.68] and lab-on-chip (LOC) 

devices [2.69]. By combining, waveguide writing with etching, integrated optofluidic 

circuits have been developed [2.57,2.70,2.71]. Such devices have been used to separate 

DNA fragments by capillary electrophoresis [2.72], and single cell sorting [2.73]. Grenier 

et al. demonstrated the ability to write lab-in-fibre devices, writing waveguide couplers 

and etched microfluidic channels directly into fibre cladding [2.74]. Optical components, 

such as mirrors, gratings, lenses and alignment guides [2.75] also form a large portion of 

the ULAE fabrication portfolio, particularly microlens arrays [2.30,2.76–2.78]. 

 

Figure 2-5: Some examples of devices fabricated by ULAE. a) Microchannel 

network inside the cladding of an optical fibre for lab-in-fibre applications [2.79] 

(Reprinted from with permission of Royal Society of Chemistry.). b) A micro-coil 

etched out of fused silica and injected with gallium (Reprinted with permission from 

[2.68]. Copyright 2019 Optical Society of America.). c) A cylindrical microlens 

shown before and after flame polishing [2.55]. d) A microlens array fabricated by 

writing an array of single spots in silica and then etching [2.78] (Reprinted with 

permission of JMM).  

2.2.2.8 Post processing 

ULAE is well suited to the fabrication of optics because the process is truly three-

dimensional, components can be passively aligned, and freeform surfaces can be formed. 

a) 

b) c) 

d) 
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Additionally, ULAE is moldless and maskless and so development times are short and 

suitable for rapid prototyping. An area of micro-optic fabrication where ULAE falls short 

of other lens fabrication methods however is surface finish. The combination of surface 

texturing during laser writing and unavoidable etching roughness results in surfaces with 

a roughness typically of the order of hundreds of nanometres RMS [2.80], an order of 

magnitude larger than modest specifications from commercial optic manufacturers.   

To overcome this issue, some groups have explored methods of post processing to reduce 

surface roughness after etching. Many of these methods rely on thermal energy to melt a 

fine layer of glass surface, which reflows smoothly before solidifying. Care must be taken 

to ensure the overall form of the surface, such as a lens, remains unchanged. Polishing 

using a CO2 laser is perhaps the most commonly used technique [2.81,2.82]. CO2 laser 

polishing relies on highly absorbed 10.6 μm pulses to thermally heat the surface of a 

material. During polishing, the focused beam is translated over the nominal form of the 

surface and can be performed with high precision.  

An alternative to laser polishing has been demonstrated whereby a gas flame is used to 

melt the surface [2.83]. Although this method is less precise, an entire surface may be 

polished in a single pass of the flame without the need for complex surface dependent 

translation. This method has been shown to successfully reduce etching roughness on a 

microlens surface from 100 nm to 2 nm RMS without significantly altering the overall 

form of the lens [2.84].  

Furnace annealing has also been used to successfully reduce roughness of both hollow 

waveguides [2.85] and cylindrical lenses [2.55]. The major benefit of furnace annealing 

is that buried surfaces can be polished and several surfaces can be polished 

simultaneously. The drawback is that it is not possible to selectively heat only the rough 

components of the part since the heat is applied uniformly and gradually. Therefore, it is 

more difficult to polish the intended surface without changing the form of the overall 

component.   

2.3 Raman optical biopsy in medicine 

2.3.1 Raman spectroscopy theory 

Raman spectroscopy is named after physicist C. V. Raman who was among the first to 

observe a shift in wavelength of monochromatic photons after passing through various 

vapours [2.86]. The shift in energy was attributed to “modified” scattering from atoms 

showing fluctuations from their “average” state. We now know that the shift in energy 
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was the result of inelastic scattering between the incident photons and excited molecular 

vibration states. Most scattered photons are scattered elastically, with no net energy 

exchange between the photon and molecule. However, around 1 in every 106 photons will 

scatter inelastically [2.87], either gaining from or losing energy to the molecule – with 

the scattered photon said to be anti-Stokes or Stokes shifted respectively. A simple energy 

level diagram of the molecular energy transitions that occur during elastic and inelastic 

scattering is shown in Figure 2-6. Stokes and anti-Stokes energy shifts are symmetrical; 

however, Stokes scattering is much more probable than anti-Stokes at room temperature 

because most molecules are in their lowest vibration state [2.87]. Since it is the shift in 

energy which reveals information about the scattering event, the Raman shift spectra of 

molecules is spectrally the same irrespective of the wavelength of the incident light. 

Raman spectra are composed of a series of wavelength peaks with each peak’s magnitude 

related to the likelihood of that specific scattering event occurring. Various types of 

molecular vibrations exist; such as stretching, bending and twisting. Each of these 

vibrations may have an associated spectral peak, and so the Raman spectra of even simple 

molecules can be quite complex – in fact, the number of possible vibrational modes scales 

linearly with three times the number of atoms present in the molecule, as discussed below. 

Tissue is a particularly complex material which contains carbohydrates, proteins, DNA, 

nucleotides and many other molecules. Therefore, differentiating between tissue types, 

which may only have subtle variations, often requires complex multivariate statistical 

methods, principle component analysis, training data sets and machine learning 

algorithms. The primary aim of this work is to develop a functionalised instrument for 

efficiently collecting Raman spectra from tissue – and a comprehensive data analysis of 

large Raman spectra sets falls beyond this scope. It is very likely that such analysis would 

be done using methods developed elsewhere, and so an overview of Raman analysis 

methods is not given here.  
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Figure 2-6: A simple energy level diagram showing the elastic (Rayleigh) and 

inelastic (Raman) molecular scattering transitions.  

Each atom in a molecule may vibrate in three-dimensions, and so the total degrees of 

freedom for a molecule with N atoms is 3N. However, six of these degrees of freedom 

refer to the molecule translating or rotating as a whole and so the number of possible 

vibrational states is 3N - 6. Note for linear molecules, the number of vibrations is 3N-5 

since there is no rotational mode about the bond axis [2.88]. Although each of these 

vibrational modes has an associated energy, not all will generate an associated Raman 

peak. That is because some molecular vibrations are symmetric about an inversion centre 

and are therefore Raman inactive. In other words, the polarizability of the mode is 

unchanged while there is a change in the molecule’s dipole moment. It is found that 

modes which are Raman active, are infra-red spectroscopy (IR) inactive and vice-versa, 

if the molecule has a centre of symmetry – this rule is known as the mutual exclusion 

principle. An example of the molecular vibrations of a carbon dioxide (CO2) molecule is 

shown in Figure 2-7. Only the symmetric stretching mode is Raman active and so CO2 

has a single Raman spectral peak.  

 

Figure 2-7: The three vibrational modes of CO2. The polarizability of the molecule 

is unchanged for antisymmetric stretching and bending and so only the symmetric 

stretching mode is Raman active. The Raman inactive modes are, however, IR 

active, as predicted by the mutual exclusion principle.  
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Although the shift in energy is not dependent on the excitation wavelength, the choice of 

wavelength is still very important and can significantly affect the results. The choice of 

wavelength typically comes down to a trade-off between signal strength, resolution, and 

unwanted background fluorescence and will depend on what material is being probed. 

The Raman scattering intensity is proportional to λ-4, and so shorter wavelengths produce 

a stronger Raman signal than longer wavelengths. For example, blue 400 nm light 

produces a spectra 16 times stronger than 800 nm light. NIR light is commonly used when 

performing Raman spectroscopy on tissue because the tissue autofluorescence over NIR 

wavelengths is much less than in the visible. Full considerations for spectrometer design 

and wavelength are given in Chapter 6.  

Many advanced Raman spectroscopy techniques have also been developed. These include 

surface enhanced Raman spectroscopy (SERS) and spatially offset Raman spectroscopy 

(SORS) – a review of some of these techniques is given in Section 2.3.2.  

2.3.2 State of the art in Raman spectroscopy in medicine 

In this section, we will review the state of the art in Raman spectroscopy used in medicine, 

with particular attention given to optical biopsies. We will also review advanced Raman 

techniques, and how these techniques are improving results and broadening the scope of 

application. An integral component in Raman biopsies is the fibre probe. The fibre probe 

determines the quality of the Raman signal obtained and suitable design and fabrication 

is critical if Raman biopsies are to be adopted as a standard diagnostics tool in clinic. 

Many probe designs have been investigated and will be reviewed here along with 

traditional micro-optic fabrication techniques. 

2.3.2.1 Raman biopsy 

The ideal diagnostic tool is instantaneous, non-invasive and label free. Intrinsic Raman 

has the potential to fit each of these criteria: spectral analysis can be performed in real-

time, tissue sampling is non-destructive, and no labels that introduce the risk of 

contamination are used. For this reason, Raman spectroscopy has been desirable in 

biomedical sensing for some time. Notable groups at the forefront of Raman biopsy 

research include Dr. Z. Huang’s Optical Bioimaging Laboratory group at the National 

University of Singapore, Prof. B. Wilson’s Laser Biophysics group at the University of 

Toronto and Prof. N. Stone’s Biomedical Spectroscopy group at the University of Exeter.  

As with all emerging technologies developed for medical use in vivo, Raman biopsies 

were first performed on animal tissue ex vivo and in vivo [2.89,2.90], and on human tissue 
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ex vivo [2.91,2.92] before clinical trials in human in vivo. Early ex vivo measurements of 

biopsy samples from patients with Barrett’s oesophagus had a sensitivity and specificity 

of 77 and 93 percent in differentiating normal and dysplastic tissue [2.93]. The first to 

report Raman spectroscopy in vivo in human was Shim et al. in 2000, performing spectral 

measurements of the oesophagus and colon during routine clinical endoscopy [2.94]. To 

overcome the challenges of weak signal and interference from background fluorescence, 

they developed a fibre optic probe [2.95] which consisted of seven bevelled return fibres 

surrounding a single delivery fibre and distal-end filters. Spectra were acquired over 5 s 

acquisitions with 100 mW of pump power. Signal to noise ratios (SNRs) of between 3 

and 17 were obtained although no differentiation between healthy and dysplastic tissue 

was quantified. The sampling depth was approximately 500 μm with the probe placed in 

contact with the tissue. Later in 2003, Stone et al. investigated fibre-based Raman on 

benign and neoplastic oesophagus, colon, prostate and breast tissue ex vivo and achieved 

a specificity and sensitivity of greater than 90% for all tissue types [2.96], using a 

commercially available Raman microspectrometer. The results were used for data 

training and for building a spectral library for use in later in vivo studies. Bergholt et al. 

demonstrate the multimodal potential of optical biopsy in their 2011 paper, demonstrating 

a Raman probe guided by wide-field, narrow band and autofluorescence based imaging 

modalities [2.97]. Raman spectra were collected from the oesophagus of 27 patients and 

a linear discriminant analysis (LDA) model was used to achieve a sensitivity and 

specificity of 97.0 and 95.3% respectively. 

Many Raman biopsies aim to measure the biochemically rich “fingerprint” (FP  spectral 

range from 800 – 1800 cm-1 [2.98]. The region exhibits a plethora of spectra peaks 

associated with specific proteins, lipids and nucleic acids which are well-documented and 

is therefore extremely useful for tissue differentiation. There are, however, a few 

disadvantages to probing in the FP range. Tissue auto-fluorescence (light emitted by 

tissue after photon absorption) is stronger at shorter wavelengths and can become 

overwhelming in certain tissue types [2.98]. Additionally, the fused silica Raman 

background associated with fibre-optic based Raman spectroscopy can mask any tissue 

Raman signal below 1000 cm-1 [2.99]. Therefore, recent attention has turned to more 

energetic vibrational modes in the range of 2800 – 3600 cm-1, a range known as the high-

wavenumber regime [2.100,2.101]. The merits of combining FP and HW regimes as 

complimentary diagnostics tools has also been investigated. In 2015, Wang et al. 

measured FP and HW spectra from the oesophagus of 48 patients undergoing endoscopic 

examination [2.102] simultaneously and obtained a sensitivity and specificity of 92.7 and 
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93.6% for an independent testing data set (20% of total) after training an algorithm on 

80% of the data. In a 2019 paper, Desroches et al. describe the clinical testing of a probe 

designed to capture both FP and HW spectra in the brain. As a proof of principle, Raman 

spectra obtained from healthy and tumour tissue in vivo was compared to spectra taken in 

previous studies and showed good agreement [2.103].   

2.3.2.2 Advanced techniques and alternatives 

Many advanced techniques have branched out of intrinsic Raman spectroscopy to 

overcome some of the major limitations, such as inherently weak signal strength. Another 

limitation of Raman spectroscopy is depth probing. Due to scattering, signals generated 

within the tissue depreciate rapidly in intensity with increasing tissue depth. Analysing 

tissue beneath the surface is therefore difficult because signals at the surface overshadow 

those originating deeper in the tissue. To overcome this, Matousek et al. developed a 

technique called spatially offset Raman spectroscopy (SORS) [2.104] which is based on 

the principle that photons collected laterally offset from the tissue target contain differing 

contributions from surface and sub surface layers in the tissue. Therefore, the signal from 

deeply buried tissue can be retrieved by computationally removing the signal from near 

surface tissue. SORS is now used widely in biomedical applications [2.105]. Using 

SORS, Stone et al. were able to chemical identify molecules through a 27 mm porcine 

phantom [2.106] and SORS has since been used in vivo on human bone through skin in a 

non-invasive manner [2.107,2.108].  

Another advanced Raman technique which is frequently used is surface enhanced Raman 

spectroscopy (SERS). SERS relies on local electric field enhancements by surface 

plasmons generated on roughened metal or nanostructured surfaces on the probe tip. The 

collected Raman signal can be enhanced by as much as 1010 times using SERS over 

intrinsic Raman [2.109]. The enhancement affect can usually be explained by existing 

surface plasmon theory whereby the electric field and subsequent Raman signal are both 

enhanced by local surface plasmons at the probe-tissue interface [2.110]. In some cases, 

the enhancement requires further attribution to chemical charge transfer between the 

textured surface and the bonded target material. SERS can be label-free, whereby the 

textured surface is brought in contact with the tissue directly [2.111], or enhanced further 

by introducing nanoparticles to the surface [2.112]. SERS has been used in thousands of 

biomedical applications including to aid cancer detection in vivo [2.113]. It does however 

have its drawbacks. Firstly, the added nanoparticles for labelled SERS pose a risk of 

contamination. Secondly, the textured surface may be difficult to sterilise and prone to 
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performance depreciation if contaminated by tissue or other material. Lastly and perhaps 

most significant, the resultant Raman signal can be difficult to interpret and compare with 

other spectra because the intensity of the peaks are extremely wavelength and surface 

structure dependent. Practically, SERS must also be performed in contact with the target 

material, although a recent study showed the SERS enhancement is maintained over 

separation distances of up to 30 nm [2.114].  

Many other optical fibre biosensing techniques are also used to aid diagnosis of diseases 

in the body [2.115]. Of these, optical coherence tomography (OCT) [2.116] and 

fluorescence imaging have been of particular interest in recent years. OCT is a sub-

surface 3D imaging technique which is capable of imaging tissue with a micrometre 

resolution and at depths approaching 2 mm [2.117]. During OCT, light is sent down a 

fibre and split into two paths: a reference arm and the sampling arm. At the distal-end of 

the sampling arm the light is focused onto the tissue and any light scatter collected back 

into the fibre is combined with the beam in the reference arm. The path difference 

between the two beams is revealed in an interferogram allowing the tissue morphology 

to be determined. If broadband light is used for OCT, then the individual wavelengths can 

be spectrally resolved revealing depth dependent structural tissue information. By 

scanning the distal beam laterally, 3D structural information can be computed in real time. 

Wieser et al. recently demonstrated the real-time capture and display of three-dimensional 

OCT, sampling one billion voxels per second over a 1 cm2 area up to 3.3 mm 

deep [2.118].  

Fluorescence sensing is an umbrella term that includes fluorescence microscopy and 

fluorescence spectroscopy amongst other techniques. Fluorescence describes the 

spontaneous emission of light from a molecule after absorbing light from an incoming 

photon. The emitted photon typically has less energy than the incident photon with the 

difference released as phonons. The emission spectrum from a substance may change 

depending on a variety of parameters including chemical concentration, pH and 

temperature. Therefore, the spectral and intensity information from a fluorescing 

substance can be used to make clinically relevant determinations about that substance. 

Fluorescence microscopy relies not on the emission spectrum of the target tissue 

molecules, but of strongly fluorescing dyes designed to chemically bind to the target 

molecules in a process known as staining. For example, tissue may be stained with a dye 

that binds to specific bacteria and emits red light when irradiated with green light – 

resulting in high contrast between the bacteria and surrounding tissue. Fibre based 
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fluorescence imaging is typically done through a fibre bundle [2.119] and is well-

developed in in vivo applications [2.120–2.123]. 

Fluorescence spectroscopy on the other hand makes quantitative assessments of 

substances based on their natural fluorescence emission in terms of wavelength and 

intensity. Fluorescence spectroscopy has been utilised extensively in vivo [2.124], for 

example, to successfully discriminate skin disorders [2.125] and aid decision making 

during neurosurgery [2.126]. Time resolved fluorescence lifetime sensing has also been 

demonstrated recently [2.127], enabled by advanced single photon detector technology 

capable of mapping the arrival time of single photons across a wide spectral range 

simultaneously [2.128]. This technique has been used to detect changes in local pH, a key 

indicator of inflammation in tissue.  

2.3.2.3 Raman probes 

Although substantial progress has been made recently, Raman biopsies continue to have 

a limited presence in the clinic, held back in part by low signal collection which results 

in long acquisition times as well as high unwanted background signals. Fibre optic Raman 

probes have been developed to improve signal quality and have two primary purposes: to 

maximise the amount of Raman signal collected at the distal-end and to separate the tissue 

fingerprint from excitation light and fibre background.  

Many fibre probe configurations have been investigated, ranging from a simple single 

fibre to more complex fibre bundles and optical systems. Ideally, a lone single fibre would 

be sufficient to deliver light onto tissue and return enough signal for an accurate diagnosis. 

However, the strong silica background from the fibre and the small signal returned usually 

rules this option out. Having said that, some groups have developed techniques to 

overcome these limiting factors. These techniques include: using a sapphire fibre, which 

suffers less from fluorescence and Raman background [2.129]; using a hollow-core fibre 

in which light is guided in air instead of silica [2.130]; and collecting Raman signal in the 

HW regime which is less affected by background signals such as fluorescence and silica 

Raman [2.100]. The major advantage of using single optical fibres is that instrumentation 

is typically inexpensive, and no intricate assembly work is required. The major 

disadvantage is that the collected signal is very weak, even when implementing the 

techniques mentioned. The next step up in complexity regarding Raman probes is the 

fibre-bundle probe. These probes deliver light down one fibre and collect the light via 

another or several other return fibres [2.131]. By doing so, the backscattered Raman 

background signal generated in the delivery core is not returned to the spectrometer. 
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Additionally, multiple return cores increase the percentage of light collected back. 

Without distal-end optics the collection of light into each core is defined by its numerical 

aperture (NA) and the overall collection efficiency depends on the fill factor of the fibre 

bundle. The absence of optics also means that light is not guided precisely onto the sample 

and so there is no depth selectivity. Bevelled fibre tips can be used to achieve some degree 

of focusing, as demonstrated in [2.132]. An in-depth investigation into both flat and 

bevelled fibre probes was conducted by Utzinger et al. in 2003 [2.133]. A dual bevelled 

fibre was found to be up to 4 times more efficient than a dual flat fibre. The packing 

density of multiple fibres was also investigated with hexagonally arranged fibres packed 

most densely. Fibre bundle probes have also been used in SORS [2.134,2.135]. The paper 

goes on to describe more complex probes that make use of lenses and other optical 

elements to increase the collection efficiency. A single ball lens at the probe tip is perhaps 

the simplest optical system one can use to increase the coupling to and from the probe 

fibres [2.136,2.137]. Bergholt el al combine a close-packed nine-around-one bevelled 

fibre bundle with a sapphire ball lens to achieve a confocal Raman probe system. The 

probing volume was estimated to be <0.02 mm3 with a theoretical 85% of scattered light 

originating from the intended volume. The probe was used in clinical studies of Barrette’s 

oesophagus to provide real-time auditory feedback of probabilistically suspicious regions, 

made possible by short acquisition times of 0.2 s [2.137]. More complex systems of optics 

have also been used [2.138], however such systems often become bulky [2.139] and so 

their usefulness in the clinic is limited. These instruments also often required intricate 

manual assembly. Gradient index (GRIN) lenses have also been used in Raman 

probes [2.138,2.140]. GRIN lenses are typically long cylinders with flat ends, and so 

aligning and assembling them within a probe can be easier than standard lenses. 
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Figure 2-8: Commonly used distal-end fibre configurations for Raman spectroscopy, 

increasing in complexity from a-d. The region of the tissue sampled by the return 

fibres, shown in purple, is dependent on the overlap between the delivery and return 

fibres. A ball lens produces a tightly confined pump and sampling volume as shown 

in d), but collection efficiency is still limited by the size of the return fibre core and 

cladding.  

Many of the fibre-probes mentioned also incorporate filters. Distal-end filtering is 

required both in the light delivery path and in the light collection path as a fibre 

background signals can be generated in both the return and delivery fibres [2.141]. A 

common method of implementing filters is to use standard dielectric stacks which are 

aligned and fixed in position within the probe [2.138,2.142,2.143]. Filtering has also been 

achieved by coating the fibre end-facets [2.144] and writing Bragg gratings within the 

fibres directly [2.145]. These promising techniques avoid the need for laborious 

alignment and reduces the risk of stray light entering the return fibres.  

Recently, miniaturised fibre probes, packaged into the bore of standard hypodermic 

needles, have been demonstrated. Stone’s group at Exeter compared two probe designs: 

a bevelled two-fibre needle probe [2.146] an a multifibre six-around-one needle 

probe [2.143] and while both were successful, the multifibre probe achieved more than 

twice the SNR at 37.46 for lymph node amide I. All the probes discussed so far have been 

forward viewing Raman probes which detect signals through the probe tip, typically in 

contact with the target tissue. In many cases, however, the fibre probe is passed down 

narrow cavities in the body while the tissue of interest lines the sides of the cavity. For 

these applications, side-viewing fibre probes have been developed [2.101]. Side viewing 

is accomplished by deflecting light via regular reflection via mirrors or a bevelled tip or 

by total internal reflection from an angled glass-air interface. Side viewing adds an extra 

degree of freedom in probe positioning via rotation. Recent and comprehensive reviews 

of Raman probe design and implementation in clinical environments can be found 

in [2.147] and [2.148]. 
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2.3.2.4 Alternative manufacturing techniques 

So far, we have discussed the state of the art in laser assisted etching and suggested that 

this technique might be a very suitable manufacturing method for many of the 

components found in typical Raman probe designs such as lenses, filters and alignment 

features. Of the probes reviewed in Section 2.3.2.3, all were constructed from existing 

micro-components, manufactured by traditional methods, and manually aligned and 

assembled to some degree. In this section, a brief overview of common micro-optic 

manufacturing methods will be given. Conventional macroscopic manufacturing methods 

are also commonly used to fabricate micro-optics but scaled down using advanced 

machinery. These include moulding, precision diamond turning and milling. These 

methods can be used to make complex lens forms but typically offer less precision and 

lower tolerances than other methods, which becomes acute for smaller optics. Well-

developed MEMS (microelectromechanical systems) fabrication methods which 

typically involve deposition, patterning and etching, have also been applied to microlens 

fabrication. Lithography techniques are well established in the silicon industry and offer 

high precision, even at sub-micron scales. Many techniques have been developed for 

manufacturing microlens, and specifically microlens arrays, where precise control of the 

lens profiles is typically sacrificed for high throughput, such is the case in inkjet printing 

and thermal reflow. A review of microlens array fabrication methods is given by Yuan et 

al. [2.149]. Other advanced laser writing methods have also been applied to microlens 

fabrication. Two such methods are two-photon polymerisation (2PP) and picosecond 

laser ablation. 2PP is similar to ULI in that ultrafast laser pulses are used to modify a 

substrate in 3D by translating the substrate around a laser focus, however, during 2PP the 

material is typically a liquid monomer which is solidified by the laser through 

polymerisation in an additive process. 2PP is unrivalled in fabricating complex structures 

with sub-micron resolution but is not widely applicable to micro-optic fabrication as 

material choices are limited. With that said, Gissibl et al. demonstrated potential for 2PP 

micro-optic fabrication by writing a free-form multicomponent lens system directly onto 

the end of an optical fibre [2.150,2.151].  

2.4 Conclusions 

The demand for intricate medical instruments needed to perform fibre-based optical 

biopsies calls for a new method of fabrication, of which ultrafast laser assisted etching is 

a promising candidate. In this chapter, the state of the art in Raman optical biopsy and 

ultrafast laser assisted etching has been discussed. 
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During a Raman biopsy, monochromatic light, typically tens to hundreds of milliwatts, is 

delivered through a fibre into the body and onto tissue. After interacting with the tissue, 

the light is collected back up the fibre, carrying with it the tissue fingerprint. In literature, 

the most common excitation wavelength is 785 nm, where a suitable trade-off between 

low tissue fluoresce and strong Raman signal is found. Currently, large scale in vivo 

clinical studies using Raman biopsy to diagnose cancer in the oesophagus are underway. 

Previous studies have repeatably differentiated malignant and benign tissue with 

sensitivities and specificities greater than 90%. Commonly, multivariate analysis is used 

to build tissue classification models from validated training data sets. Machine learning 

has also been used – specifically a support vector machine [2.101] – which computes the 

correlation between heathy and cancerous tissue for several spectral peaks. Leave-one-

out-cross-validation is then often used to determine the specificity and sensitivity of the 

Raman biopsy. Raman biopsies have been demonstrated in vivo in several human organs 

including the brain, lungs, oesophagus, colon, pancreas and the intestinal tract.  

Many groups have developed fibre bundle systems whereby light is delivered and 

returned through separate fibres to minimise the amount of fibre-generated Raman signal 

returned to the spectrometer. Spectral filtering has also been employed at the distal-end, 

by incorporating micro filters into distal-end housing or by applying filters to the ends of 

the fibres directly. Even with these configurations, distal-end optical systems are often 

needed to maximise the amount of light coupled back into the return fibres, and to target 

specific regions within the tissue. Several groups have incorporated a ball-lens situated at 

the end of a fibre bundle. With this configuration, a degree of confocality can be achieved 

– however, the collection efficiency is limited by the relatively low NA of a ball-lens in 

contact with tissue, and the proportion of the probe aperture covered by return fibre cores. 

More complex designs have also been demonstrated, one for example incorporated inside 

the bore of a hypodermic needle. However, these devices are typically unsuitable for mass 

manufacture using traditional methods. 

Laser assisted etching is a maturing technique, capable of fabricating freeform three-

dimensional structures in fused silica on the micron to millimetre scale. ULAE relies on 

the enhanced etching rate of laser inscribed material compared to the pristine material. 

The increased rate at which the material is removed compared to pristine material is 

known as the selectivity and is the driving factor in the complexity and scale at which 

components can be fabricated. Researchers have generally relied on HF to perform 

selective etching, achieving selectivities in the region of 100 - 200. More recently, KOH 
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has been investigated and has been shown to be a safer and more selective etchant. The 

typical slow etching rate of KOH has also been overcome by heating to between 80 and 

85 ˚C. By optimising irradiation parameters such as pulse energy and polarisation, 

selectivities of over 1000 have been achieved. Such high selectivity is only observed 

when the polarisation is set perpendicular to the etching direction and has been attributed 

to the formation of self-organising nanogratings within the bulk. Nanograting formation 

is clearly an enabling manifestation of ULI and demands careful consideration for micro-

optic fabrication. Wavefront correction and other advanced writing techniques have also 

been used to improve ULAE fabrication. With some further optimisation, ULAE will be 

well-suited to fabricating complex DOS components including lenses and alignment 

guides in a repeatable manner.  
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CHAPTER 3 - LASER FABRICATION SYSTEM 

 

3.1 Introduction 

Ultrafast laser inscription (ULI) has been enabled over the past two decades by the 

development of stable, sub-picosecond pulsed lasers; namely passively mode-locked bulk 

and fibre lasers. By using femtosecond laser pulses, material modification is performed 

on a timescale that is much shorter than that of any thermal relaxation processes and 

therefore, the material can be processed precisely and repeatably at a molecular level. 

After the laser, the additional optics and optomechanics required to perform ULI are 

typically quite simple, with a primary role of focusing the laser pulses into the material. 

In practice, control of the laser irradiation parameters such as pulse energy and 

polarisation is also required – and often remotely in real-time to allow synchronisation 

with the stage movements. The synchronisation of the various hardware components may 

be performed via hardware triggering or via computer software. 

In this chapter, the system used for laser inscription will be described, including hardware, 

software and methodology. A dedicated system was developed and built for this project, 

with hardware and software functionality considered with micro-optic fabrication 

particularly in mind. Key functionality includes laser polarisation control, power control 

with real-time monitoring and correction, fast shutter control and safe and precise beam 

alignment. Additionally, a sample mount has been designed which allows the sample to 

be interrogated from above or below, which facilitates microscopy to be performed under 

bright-field or epi illumination during laser inscription. 

3.2 Ultrafast laser system 

The ultrafast laser inscription presented in this thesis was performed using a Menlo 

Systems BlueCut fibre laser, capable of delivering 350 fs pulses at a repetition rate 

between 0.25 and 10 MHz, and with a central wavelength of 1030 nm and 6 nm FWHM 

spectral width. The laser is based on an ytterbium-doped fibre gain medium and a 

combined chirped pulse amplification (CPA) and pulse picking system.  

Laser fabrication system 3 
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CPA is a widely used amplification technique for generating high energy, ultrashort 

pulses. In laser amplifiers, the peak intensity of laser pulses can become very high, to the 

extent in fact that non-linear distortions such as self-focussing can occur in the gain 

medium which can ultimately lead to the gain medium’s destruction. Strickland and 

Mourou demonstrated CPA for ultrashort laser pulses for the first time in 1985 [3.1], an 

achievement which earned them the Nobel Prize in Physics in 2018. During CPA, prior 

to passing through a gain medium, the ultrashort pulses are stretched spectrally and 

temporally using dispersive elements such as a grating or prism. The stretched pulse has 

a lower peak intensity which can be amplified in the gain medium without any detrimental 

effects. Once amplified, the pulse must be recompressed using a dispersive compressor 

which is typically the same as the dispersive element but in reverse. Of course, the peak 

intensity again becomes very high in the compressor, and so it is common for the beam 

diameter to be increased to reduce intensity. Due to the inherent high-nonlinearity of long 

fibres, the maximum achievable pulse energy for fibre lasers is typically in the millijoule 

range – which is still more than sufficient for femtosecond laser machining.  

The rate at which pulses leave the laser cavity depends on the cavity length and the mode 

locking method used. Cavities which have a single pulse circulating in the cavity are said 

to be fundamentally mode locked and output a pulse train with a repetition rate equal to 

that of the cavity round trip frequency. The pulse repetition rate is a key parameter which 

must be carefully chosen depending on the application, for example, material specific 

laser machining. Therefore, lasers often include a pulse picker (PP) which allows one to 

selectively pass the nth pulse from the cavity. A pulse picker is useful because it allows 

the repetition rate to be varied without changing the cavity or amplifier properties. 

Further, the oscillator can be driven at a high repetition rate and so the laser cavity can be 

kept short which leads to greater stability. The shortfall of using a PP is that the average 

power decreases with the number of blocked pulses, although the individual pulse energy 

remains the same.  

The Bluecut laser system combines CPA and PP by selecting pulses after the pulse 

stretching and before amplification and compression. The maximum repetition rate is 10 

MHz, the fundamental round-trip frequency of the laser cavity. At this repetition rate the 

maximum pulse energy is 0.25 μJ. At lower repetition rates the pulse energy increases, at 

1.25 μJ for 2 MHz and then 2.5 μJ for 1, 0.5 and 0.25 MHz. The output is single moded 

with an M2 < 1.2.  
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3.3 Fabrication system hardware 

In this section, the optics, optomechanics and other hardware used in the inscription set-

up will be described. Typically, ultrafast laser writing systems adopt a three-axis precision 

translation stage, upon which the glass sample is mounted, to translate the sample around 

a static focused beam [3.2,3.3]. Translation stages can offer a positioning resolution of 

tens of nanometres and a travel range that can span from millimetres to tens of centimetres 

or more – but are typically limited in translation acceleration and velocity. An alternative 

is to write structures in a stationary substrate by translating the laser focus in three-

dimensions using galvo scanning mirrors [3.4]. This method allows for rapid beam 

translation which is particularly useful if volumetric material modification is desired but 

is limited in terms of the scanning area. For all translation systems, the travel range along 

the direction of laser propagation (usually depicted as the Z axis), i.e. the writing depth, 

is limited by the working distance of the inscription lens – which is typically a simple 

asphere or an imaging objective. The working distance is usually much less than the 

lateral translation range and so it is common for components to be written in slab-like 

material substrates. A further limitation of writing depth comes from optical aberrations 

experienced by the focal volume which increase as a function of depth. These aberrations 

degrade writing performance and resolution, effectively limiting the useable writing 

depth to 2 – 3 mm. To overcome these limitations, several groups have employed adaptive 

optics such as spatial light modulators (SLM) to correct for beam aberrations [3.5], 

however, for many applications the writing range achieved without beam correction is 

sufficient. Other key considerations include sample mounting, irradiation parameter 

control and beam alignment – all of which are discussed below. 

3.3.1 System description 

The system was designed to be minimalistic, adopting an inverted inscription beam to 

avoid the need for a bulky and expensive granite arch which is commonly used to raise 

the laser beam up and over the translation stages. The majority of the optomechanics were 

fixed to a vertical standing breadboard and mounted within a 30 mm cage system. A 

schematic of the system is shown in Figure 3-1. After leaving the laser aperture, the 

linearly polarised beam first encounters an external electro-mechanical beam shutter 

(Thorlabs SH05/M), capable of modulating the laser state remotely at a frequency of 25 

Hz and with an open/close time of approximately 4 ms. The beam then passes through a 

×2 magnification beam expander (Thorlabs GBE02-B) which increases the beam width, 

D, from 1.77 to 3.74 mm, measured at the 1/e2 intensity points. Next, the beam is passed 

through a half waveplate and polarising beam splitter, which as a pair, control the energy 



50 

 

per pulse that is passed through the system. The horizontally polarised beam then passes 

through a second half waveplate which is used to rotate the plane of linear polarisation to 

the desired angle. Both half waveplates are mounted within motorised precision rotational 

mounts (PRM1/MZ8) allowing the power and polarisation to be controlled remotely 

during laser inscription. A final quarter waveplate is positioned after the second half 

waveplate in a flip mount, to facilitate the option of circular or elliptical polarisation.  

 

Figure 3-1: A schematic of the laser inscription system developed for the work in 

presented in this thesis. The compact system was based on an inverted inscription 

beam (red) enclosed in a cage system, mounted on a vertically standing breadboard. 

Material modification could be visualised in real-time under incident on reflected 

illumination (yellow). Key: PBS: polarising beamsplitter, TL1: 50 mm tube lens, 

TL2: 100 mm tube lens, BS: beam splitter, M1: 1030 nm laser line mirror, M2: 

broadband mirror  

At this point the beam enters a cage system, first through a 90:10 beamsplitter and then 

then towards a dielectric laser-line mirror. The mirror deflects the beam upwards towards 

the inscription lens, which for the work presented in this thesis, was a moulded glass 

asphere (Thorlabs A110TM-B) with an effective focal length, F, of 6.24 mm and 2.39 

mm working distance. An aspheric lens is a good choice for laser writing because the 

beam enters the lens collimated and can be focused to a diffraction limited spot free of 

spherical aberration. If imaging is also to be performed through the inscription lens, then 

a microscope objective may be more suitable.  The effective focusing NA for the 3.74 

mm diameter beam is then 0.30, defined at 1/e2 extents. The lens achieves near diffraction 

limited performance, with a theoretical focused spot diameter, 2ωo, of 2.19 μm and a 

confocal parameter, b, of 10.61 μm in fused silica (refractive index = 1.450 at 1030 nm , 

given by Equations 3-1 and 3-2 respectively. The confocal parameter, b, describes the 

length of the focal region along the beam propagation direction and is defined at the 
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extents where the cross-sectional area of the beam is double that at the beam waist and 

consequently the peak intensity is halved. 

2𝜔𝑜 = (
4𝜆

𝜋
) (

𝐹

𝐷
) (Eq. 3-1) 

 

𝑏 = 2𝑍𝑅 =
2𝜋𝜔𝑜𝑛

𝜆𝑜
 (Eq. 3-2) 

The 90:10 beamsplitter situated at the entrance to the cage system has two purposes: the 

first to monitor the power in real time, and the second to image the laser spot on the 

sample surface. By actively monitoring the power incident on the detector – which was 

calibrated to the power transmitted through the inscription lens for all polarisation states 

– fluctuations in the laser power can be compensated for in real-time, allowing for precise 

control during pulse energy sensitive material processing. The ability to image the laser 

spot is essential so that the sample surface can be found and additionally provides a visual 

means to monitor beam alignment. Precise beam alignment is crucial for consistent and 

repeatable material modification and must be considered when designing an ultrafast laser 

inscription system – these considerations are discussed in the next section.  

3.3.2 Beam alignment 

It is crucial that the laser beam passes centrally through the inscription lens with minimum 

angular misalignment. Here, the methodology for aligning the laser beam is described. 

Eye safety is an important aspect of beam alignment and a sure way to minimise risk is 

to make use of cameras and photodetectors to remove the need to view the beam directly 

and allow the beam path to be fully enclosed. Figure 3-2 shows the segment of the beam 

path which is used for beam alignment. During this alignment stage, the inscription lens 

is replaced with a plane mirror, M3, and the alignment camera is replaced with a 

photodiode sensor. The position and propagation direction of the beam entering the cage 

system is controlled using a pair of tip tilt mirrors not shown in the diagram. To precisely 

align the beam, irises 1 – 4 are each closed-down to prevent off-axis rays from 

propagating along the beam path. The angle at which the beam is deflected towards the 

inscription lens is varied by adjusting mirror M1. The beam is reflected back along the 

beam path by M3 but is blocked unless the beam is perfectly on axis. The beam is 

optimally aligned once the optical power detected on the photodetector is maximal. At 

this stage the inscription lens is replaced and its lateral position with respect to the beam 

is fine-tuned so that the beam passes centrally, and maximum throughput is achieved.  
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Figure 3-2: A portion of the inscription beam path which was used for laser 

alignment. Irises were used to block off-axis rays (shown in blue) from returning to 

a photodetector (PD) allowing the beam to be centred within the cage system and 

through the inscription lens.   

3.3.3 Sample translation 

Sample translation was performed on a 3-axis precision crossed-roller-bearing stage (AI-

CM-2500) from Alio industries that provided 25 mm of travel in each axis and a 5 nm 

optical encoder resolution. The stage was fitted with a pneumatic counterbalance to 

balance the mass along the Z axis providing frictionless, jitter-free motion. Each axis had 

a maximum velocity of 200 mm/s and an acceleration of 0.5 G. The stage was controlled 

by an ACS Motion Control EtherCat controller and drive modules which make use of a 

proprietary motion control language called ACSPL+ which will be described briefly in 

Section 3.4.2.  

A custom sample mount, shown in Figure 3-3: was fixed onto the vertically orientated Z-

stage. The mount was designed to allow simultaneous interrogation of the sample from 

both above and below without obscuring the edges of the glass, which must remain clear 

for certain writing applications. Glass samples of various sizes were held without the need 

for fixation on interchangeable plates, reducing sample preparation times. The mount was 

fabricated from sheet steel with the sample cut-out precisely milled. 
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Figure 3-3: A CAD drawing of the custom sample mount, designed to allow 

transmissive optical interrogation from above and below simultaneously. 

Interchangeable plates (yellow) held samples (blue) within L-bracket (green) fixed 

to the translation stages. The samples were held in place simply under their own 

weight. 

3.3.4 Real-time inscription monitoring   

Mounting the sample such that it is accessible from both sides has several advantages 

over mounting on an opaque block. One of the major advantages is that the material 

modifications can be imaged in real-time during inscription under bright-field microscopy 

through an independent imaging objective with a free choice of magnification. Bright-

field images typically offer substantially improved imaging contrast in glass compared to 

epi-illumination performed through the inscription lens. Imaging is useful during 

applications in which the outcome of laser writing is unknown and the irradiation 

parameters need to be tuned with the aid of visual feedback. Imaging further allows one 

to inspect the sample after laser writing in situ, without having to remove the sample and 

transfer onto a separate system. Perhaps the most useful advantage of in situ imaging is 

the ability align the laser focus to specific components before and during laser writing. 

For example, microlenses are commonly used to increase the fill factor of CMOS camera 

sensors and ultrafast laser writing could be used to write microlenses precisely onto each 

pixel by first imaging the position of each pixel with respect to the writing beam. 

The imaging system is shown in the top left of Figure 3-1. The system takes the form of 

a standard compound microscope with an infinity corrected objective and accompanying 

tube lens, TL 2, and a laser line filter to block the laser light. Incident illumination is 
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delivered through the imaging objective via a beam splitter and bright-field illumination 

through the inscription lens. Additional lenses and irises may be used to achieve ideal 

Köhler illumination.  

3.4 Software  

Aside from the hardware, software also plays a significant role in the laser inscription 

system. The synchronous control of the individual hardware components such as the 

beam shutter, waveplate rotational mounts and the translation stages is necessary to 

perform even simple laser inscription. In principle, it is possible to trigger the hardware 

components with analogue and digital voltage signals from the stage controllers directly, 

however, the number of components that may be connected is limited and additional 

electrical components are required. The alternative, and the chosen option, was to control 

each of the hardware elements via a host computer, connected through USB and ethernet 

interfaces. To facilitate synchronisation of the hardware elements, a custom host program 

was written and will be described briefly here.  

Another significant aspect of the project was tool path design and motion control, 

generally referred to as computer numeric control (CNC). The programming language 

adopted by the stage controllers was ACSPL+, a high-level propriety language from ACS 

Motion Control, offering a range of complex multi-axis motion solutions including an 

API for host programming. A simple overview of the ACSPL+ programming language 

and its implementation is given in Section 3.4.2. A second program was also written to 

plot the motion trajectory during code simulation – an important preparation step for new 

laser written components and will also be presented. 

3.4.1 Hardware synchronisation  

Responsive and reliable remote control of the hardware elements in the inscription system 

is critical for fabricating complex micro-components and performing large parameter 

scan investigations. Many of the hardware elements, including the beam shutter, 

motorised rotational mounts, and flip mounts were sourced from Thorlabs and include a 

common software interface known as the APT (Advanced Positioning Technology) 

System Software. The software package includes an extensive API with support for 

several widely used programming languages and a set of ActiveX graphical interfaces 

which are tailored for specific hardware controllers. The automated stages were 

controlled by ACS motion controllers which too include a software API for host 

programming. To facilitate the synchronisation and communication between these 
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hardware systems, a custom host program was developed in C++, chosen for its fast 

processing speed and wide-ranging capability.  

The primary task of the host program was to listen out for commands called within the 

CNC program interface (described below) and adjust the hardware accordingly. In order 

to perform hardware changes rapidly without lag, each individual hardware element was 

given its own processing thread, thereby allowing several hardware elements to be 

controlled simultaneously and independently. The CNC specified shutter state was 

monitored constantly and a software trigger sent to the shutter only when a change in state 

was detected, enabling a response time of < 20 ms. The half waveplate used to adjust laser 

power was calibrated with a photodetector positioned after the inscription lens and 

programmed to set the rotation angle to achieve a specified pulse energy. An optional 

real-time power monitoring feature was also developed, whereby a small portion of the 

beam was tapped off and used to provide feedback for laser power fluctuation 

compensation.  

The second motorised half waveplate was programmed to rotate to the desired linear 

polarisation orientation on command, or to synchronise with a quarter waveplate within 

a flip mount if circular or elliptical was required. An advanced feature was developed to 

allow the linear polarisation state of the laser to be modulated in real time to match the 

translation direction of the stages. The feature relied on a feedback loop between the 

stages and the rotational mount to correct for positioning discrepancies in real time and 

provide angular agreement within ±0.5˚. This feature was required for specific laser 

writing applications described in Chapter 4, Section 4.2.4.  

Other features developed for hardware control included faults and safety monitoring, 

hardware command logging, automated repetition-rate-specific power calibration and 

motion logging; all managed through a user interface, shown in Figure 3-4. 
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Figure 3-4: The graphical user interface of the host program developed in-house and 

used to facilitate communication between the translation stages and the other 

hardware elements synchronously.  

3.4.2 Stage motion control  

CNC is the automated computer control of machining tools such as milling machines and 

3D printers – fabrication methods which share a striking likeness to ultrafast laser 

inscription. CNC programming languages are a set of instructions which specify a tool 

path over a series of consecutive steps. The most commonly used CNC programming 

language is G-code, an industry standard which is often integrated into CAD/CAM 

software such that no complex manual programming by the user is necessary. Although 

G-code has vast compatibility merits due to its standardisation, it lacks some of the 

complex high-level functionality of CNC languages developed proprietarily. ACSPL+ is 

one such language which was designed to interface with the ACS Motion Control suite 

of stage controllers, including the controller used for this work. 

ACSPL+ is a high-level multi-axis programming language capable of running 64 separate 

programs synchronously in workspaces called buffers. The language supports 

arithmetical and logical expressions, user-defined variables with local and global scope, 

multi-dimensional arrays and subroutines to name a few capabilities. ACSPL+ has its 

own integrated development environment (IDE) built in to an application studio which 

further houses a range of additional development and diagnostic tools including a motion 

manager, I/O manager, command line, scope and safety and faults monitor. All of features 

provided through the IDE can also be accessed by the host computer through the provided 

API. The controller allows the stages to be controlled via a hybrid application based on a 

host program plus one or more ACSPL+ programs.  
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A multitude of motion commands are available ranging from simple point-to-point 

commands to complex multi-axis segmented motion with look-ahead corner detection, 

spline interpolation and user-defined multipoint paths. Each motion command may 

include optional switches for specifying motion options such as to use absolute or relative 

co-ordinates, delay execution, override velocity or wait for motion to finish before 

executing the next line. A sample of code, used to write a lens, is presented in Figure 3-

5. The code snippet exemplifies the extended ARC1 command – which is used writing 

three-dimensional circle segments – inside a loop which cycles the motion a specified 

number of times. The user defined variables, zSag(ii) and x(ii), contain the coordinates of 

the lens surface profile and semiDiameter and xSpacing are the half aperture and lateral 

spacing between writing scans respectively. A plot of the resulting motion path is shown 

in Figure 3-6.   

 

Figure 3-5: A snippet of CNC code in the ACSPL+ programming language. This 

code sets the stagesin motion following a toolpth used to write a lens with a profile 

defined by zSag(ii).  

The application studio has a fully functional simulator to allow one to write and run 

programs in a simulated environment for debugging purposes. A useful feature not 

included in the simulator is the ability to visualise the toolpath taken by the inscription 

beam. The visualisation of the tool path is the most direct indicator of correctly or 

incorrectly written CNC code. A custom graphical interface was written in C++ to provide 

this functionality. The program was centred around the Matlab engine available from 

Mathworks and had functionality including 3D toolpath plotting, shutter state recognition, 

axis rescaling, viewport rotation, video recording and polarisation mapping. The latter 

functionality was added so that the polarisation of the writing beam with respect to the 

writing translation direction could be monitored in real-time – an application which is 

desirable for writing curved surfaces, as discussed in Chapter 4, Section 4.2.4. 

! Code snippet for lens toolpath 

XSEG (0,1,2), x(1), 0, zSag(1) 

 LOOP semiDiameter/xSpacing 

  ARC1 (0,1,2), 0, 0, -x(ii), 0, (zSag(ii) + zSag(ii+1))/2, - 

  ii = ii + 1 

  ARC1 (0,1,2), xSpacing/2, 0, x(ii), 0, zSag(ii), - 

 END 

ENDS (0,1,2) 
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Figure 3-6: An example of the motion path taken by the translation stages while 

inscribing a lens surface. This plot was generated during a simulation by a toolpath 

plotter developed in-house. 

3.5 Conclusion 

The system used to perform ultrafast laser inscription, and the specific implementation of 

hardware and software may be overlooked when considering the development of the 

distal-end Raman probe but is nevertheless a key element in the product development 

cycle. For the work presented in this thesis, a dedicated ultrafast laser inscription system 

was purpose built to fulfil the fabrication needs, as described in this chapter. At the heart 

the system was a femtosecond fibre laser, emitting 1030 nm, 360 fs pulses with energies 

on the order of hundreds of nanojoules. Motorised hardware was utilised to provide 

automated control of the laser pulse energy and polarisation and interfaced with a custom 

host software program. The inscription system was built with active power monitoring 

and real-time imaging to allow the material modification to be visualised during laser 

writing. The system was fully integrated with the translation stage controller allowing 

fully synchronous material processing.  
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CHAPTER 4 - OPTIMISATION OF ULTRAFAST LASER ASSISTED ETCHING 

 

4.1 Introduction 

Ultrafast laser assisted etching (ULAE) is an attractive fabrication technology because it 

allows truly three-dimensional sculpting of fused silica with sub-micron precision on the 

scale of hundreds of microns to tens of centimetres – a capability unmatched by other 

manufacturing techniques. In practice however, the complexity of components which 

ULAE has been used to fabricate over the past two decades has been somewhat limited. 

The main factor which dictates the level of complexity achievable with ULAE is the 

etching selectivity. The etching selectivity describes the rate at which an etchant will 

preferentially remove laser modified material compared to the surrounding pristine 

material; the higher the selectivity, the more closely reproduced is the etched component 

compared to the laser inscription toolpath. The etching selectivity is determined by the 

specific material modification, and therefore influenced greatly by the irradiation 

parameters used to write with [4.1–4.4]. An extensive parameter space exists in the choice 

of laser irradiation parameters, many of which are simple to change such as the laser 

power and polarisation, while others are determined by the inscription laser such as the 

pulse duration and emission wavelength. Considering the sheer vastness of the parameter 

space available, it is not surprising that a definitive recipe for optimal material processing 

has not yet been established empirically. Several studies have, however, investigated 

subsets of the whole parameter space and arrived at locally optimal writing 

parameters [4.1,4.3–4.6]. These studies contribute to the overall understanding of the 

material modification and etching mechanisms and continue to improve the proficiency 

of ULAE as a manufacturing method.  

In addition to the irradiation parameters, the chemical etchant and the etching 

environment also affect the performance of selective etching. ULAE in fused silica was 

first demonstrated in hydrofluoric acid (HF) [4.7], which has continued to be the most 

commonly used etchant since. More recently, heated potassium hydroxide (KOH) has 

been shown to outperform HF in terms of the selectivity [4.4], though less is known about 

the underlying mechanisms that facilitate material removal.  

Optimisation of ultrafast laser assisted 

etching 4 
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To find ULAE parameters which give a selectivity high enough to achieve the precision 

and resolution needed for fabricating the complex micro-optics required for optical 

biopsy instruments, we have conducted our own extensive parameter space investigation 

looking at how various pulse properties affect etching selectivity. As well as investigating 

etching with HF, we have also repeated the full parameter-space study for etching with 

KOH. The results of this study were recently published in the journal Optics Express and 

titled “Optimisation of ultrafast laser assisted etching in fused silica” [4.8] and have 

enabled the fabrication work presented in this thesis. We also believe these results will 

have a positive impact on the field in general. 

One of the major outcomes of the study was a quantification of the polarisation 

dependence on etching. It is well known within the field that etching is enhanced 

significantly when the polarisation orientation of the laser is orthogonal to the translation 

direction of the stages during inscription [4.1]. This phenomenon has enabled the 

fabrication of high aspect-ratio microfluidic channels [4.4,4.9–4.11] and other linear and 

planar structures, but the application of polarisation selective etching to curved surfaces 

has been lesser studied. Therefore, we also investigated the etching across curved surfaces 

and found that homogeneous selectivity can be achieved over the surface by dynamically 

modulating the polarisation orientation during laser writing.  

The type of material modification that occurs during ULI depends on the irradiation 

parameters and can range from a smooth refractive index change to void formation and 

local damage. It is not surprising then that the irradiation parameters not only affect the 

selectivity of the etching but also the surface roughness of the fabricated components. 

Surface topography is especially important when considering micro-optic fabrication, as 

surface roughness and texturing contributes to wavefront error and optical scattering. To 

investigate the effect of the inscription parameters on surface quality quantitatively, we 

also inscribed and etched surfaces with a variety of irradiation parameters and profiled 

each surface by atomic force microscopy.  

In this chapter, the parameter space investigation into etching selectivity will be 

presented, including a comparison between etching with HF and KOH. Highly selective, 

isotropic etching of curved surface will also be demonstrated, and finally, the effect of 

the writing parameters on surface roughness will be discussed.  
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4.2 Parameter space investigation  

In this section, a parameter investigation into etching selectivity is presented. This 

includes a discussion of the chosen parameter space, the methodology used to arrive at 

the selectivity values and a discussion about the contribution from the individual 

irradiation parameters to the material modification. Additionally, a study into etching 

non-planar surfaces is presented.  

4.2.1 Parameter space and methodology 

The range of laser writing parameters which have been shown to affect material 

modification is vast. Irradiation parameters include the pulse energy, pulse duration, 

wavelength, polarisation, pulse repetition rate, focusing NA, and writing speed. 

Additionally, advanced temporal and spatial beam shaping methods have been used to 

enhance material modification [4.12]. Ultrafast laser inscription is a subcategory of the 

more general laser material processing field, which relies exclusively on sub-picosecond 

pulses, as short as tens of femtoseconds, to modify dielectric materials through non-linear 

multiphoton ionisation mechanisms. The irradiation wavelength is typically in the NIR 

but may extend into the visible as long as the photon energy remains sub-bandgap. In 

silicate glasses, pulses with as few as 5 nJ of energy have been shown to induce optical 

breakdown [4.13]. In contrast, material modification by pulses with energies of several 

microjoules has also been investigated [4.14]. Writing speeds, that is the speed at which 

a sample is translated through inscription beam focus, also vary widely in literature from 

hundreds of microns per second to hundreds of millimetres per second [4.5]. In practice, 

exploring the entire parameter space available is impractical and often impossible for any 

single laser writing system.  

Several groups have, however, performed partial parameter space investigations into 

etching selectivity in laser written fused silica. Hnatovsky et al. investigated the effect of 

laser polarisation on the etching rate of single-scan microchannels over pulse energies 

ranging from 200 – 1000 nJ and observed a selectivity dependence on polarisation 

spanning 2 orders of magnitude [4.1]. Qi et al. investigated various repetition rates, 

writing speeds and pulse energies and found that pulse repetition rates between 1 and 200 

kHz were optimal with the pulse energy having less effect on selectivity over the range 

investigated [4.14]. Gottman et al. conducted a thorough investigation of writing 

parameters including pulse duration and achieved a selectivity of 1400 for channels 

written at 200 mm/s, with 500 fs pulses at 200 nJ when etched in KOH [4.6]. Many 

studies, including those mentioned, have studied the etching rate of microchannels after 
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laser inscription, but none, to our knowledge, have quantitatively investigated the etching 

speed of large planes of laser written fused silica. Because the mechanisms of etchant 

transport and material removal in ULAE is complex, the morphology of the laser written 

structure significantly affects the etching rate. Laser written surfaces more closely 

represent the features that are commonly inscribed to fabricated micro-components, and 

therefore warrant their own investigation.  

The parameter space that we investigated was chosen based on the previous findings of 

other groups, our specific intended application (i.e. micro-optic fabrication), and 

limitations set by the available equipment. The laser used for this work, described in 

Chapter 3, Section 3.2, emitted a Gaussian shaped beam at 1030 nm and with a fixed 

pulse envelope with 360 fs FWHM. Using an in-built pulse picker, laser repetition rates 

of 250, 500, 1000 and 2000 kHz were available. The maximum pulse energy available 

was 526 nJ for a pulse repetition rate of up to 1000 kHz, dropping to 274 nJ for 2000 kHz. 

Although selectivity has been shown to increase with writing speed in some 

studies [4.5,4.6], the writing speed used here was kept constant at 0.5 mm/s, a relatively 

slow speed which would ensure that the motion profile of the stages matched the complex 

trajectories required for writing micro-optics. The numerical aperture of the inscription 

lens was also kept constant at 0.3 NA for all laser writing.  

As well as writing and etching micro-channels as in previous studies, we also applied the 

parameter space investigation to planar surfaces inscribed through the glass substrate. 

Arrays of one-dimensional channels and two-dimensional surfaces were inscribed into 

fused silica as portrayed in Figure 4-1, each with a unique set of writing parameters. 

Channels were inscribed by translating the substrate laterally through the laser focus in a 

single pass, with the scan starting with the laser focus positioned outside the substrate. 

The depth that the channels were written in the glass was varied between 250 and 750 

μm. Planes of laser scribed material, 230 μm wide (along y  and 1000 μm deep (along z , 

were written by raster scanning the substrate laterally through the laser focus, starting 
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with the laser focused beneath the far face of the silica wafer. The raster spacing, s, was 

also investigated as a writing parameter from 0.5 to 10 μm. 

 

Figure 4-1: Both single scan channels (a) and raster scanned planes with various scan 

separations, s, (b), were investigated as part of the parameter scan study into etching 

selectivity. Substrates were etched in HF and KOH and the rate of modified material 

removal measured by micrograph inspection. In a), the channel colours blue, green 

and red correspond to writing at depths of 750, 500 and 250 μm below the surface 

respectively. In b) the surface colour denotes the three laser polarization states 

investigated: parallel (Ey), perpendicular (Ex) and circular (E↻). Reprinted 

from [4.8]. 

HF continues to be a popular and widely applied etchant for ULAE fabrication, despite 

the safety risk associated with its use. A more attractive etchant in terms of practicality 

and performance might be KOH. To allow the performance of these two common etchants 

to be compared quantitatively, the complete parameter investigation was performed with 

both. The effect of etchant parameters, such as concentration and temperature, on 

selectivity deserves an entire investigation, but was not practical within the time 

constraints of this project. Therefore, the etching conditions were chosen based on prior 

research available in the literature. HF is frequently diluted with water to a 5% 

concentration for etching and used at room temperature. KOH on the other hand is often 

used at higher concentration and heated to around 70 – 95 ˚C, at which etching speeds are 

practical. For this work, HF was diluted from a 40% stock solution down to 5 v/v %. 

(approx. 2.87 mol/L) concentration with deionized water. HF etching was performed in 

an ultrasonic bath to ensure the solution remained homogeneously mixed for the duration 

of the etch. A by-product of ultrasonic mixing is heat. The equilibrium temperature of the 

HF in the ultrasonic bath during etching was measured to be 40 ± 2 ˚C. The KOH solution 

was prepared by mixing stock KOH pellets with deionized water to a molar concentration 

of 8 mol/L (approx. 25 v/v %). The KOH solution was heated to a temperature of 85 ± 

2˚C on a hot plate and magnetically stirred for the duration of the etch to maintain 

homogeneity. During etching, the samples were placed in a PTFE beaker containing the 
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100 ml of etchant. We found that the orientation of the samples in the beaker (for example, 

face down) had no directional effect on the etching and so the samples were randomly 

orientated during etching.  

The material used throughout this work was high quality fused silica (UV Grade Corning 

7980 0F) which had a homogeneity of <5 ppm and a total inclusion cross section of no 

more than 0.03 mm2 per 100 cm3 of glass. The glass was optically polished to a specified 

scratch/dig of ≤ 20/10 as standard and no further polishing was done before laser 

inscription. 

The full set of fabrication parameters studied are listed in Table 4-1. 

Table 4-1: Summary of the ULAE parameter space investigated. 

Parameter Range Comments 

Laser source 1030 nm, 360 fs pulse duration Constant 

Pulse energy 50 – 526 nJ in increments of 18 nJ Repetition rate dependent 

Pulse repetition rate 250 kHz, 500 kHz, 1 MHz, 2 MHz  

Laser polarization 
parallel† E∥, perpendicular† E⊥, 

circular E↻ 
E∥ y, E⊥ x as defined in Fig. 1 

Scan separation 0.5 - 10 μm Applies only to surfaces 

Inscription depth 250, 500, 750 μm Applies only to channels 

Translation speed 0.5 mm/s Constant 

Etching agents 5% HF (40˚C , 8 mol/L KOH (85˚C   

†Linear polarization orientation stated with respect to the translation direction of the stages during 

inscription. 

4.2.1.1 Pristine etching rate 

The selectivity describes the ratio at which laser modified material is removed compared 

to pristine material when subjected to etching. To obtain true values for the selectivity 

that can be compared with other results in literature, the etching rate of pristine material 

must be measured accurately. The etching rate of pristine glass is often very slow and so 

the uncertainties associated with measuring material removal can be high. Additionally, 

variations in bulk glass quality and surface quality may affect etching, and so 

unsurprisingly, values for the pristine etching rate of fused silica vary in literature. 

Etching of amorphous glass is inherently three dimensional. However, it is common for 

the etching rate to be described as the amount of material removal per unit time along a 

single etching direction. Marcinkevicius et al. observed fused silica to etch at a rate of 4.5 

μm/hour when submerged in a 5% HF solution at ambient temperature [4.7]. Bellouard 

et al. measured the intrinsic etching rate under similar conditions, stating a material 

removal rate of approximately 3 μm/hour in high purity fused silica [4.11]. Seidel et al. 

measured the etching rate of fused silica for various concentrations of KOH solution and 

at a range of temperatures [4.15]. For an 8 mol/L solution at 85˚C, the pristine etching 
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rate was found to be 0.6 μm/hour, noting that an increase in temperature of just 10 ˚C 

resulted in an approximate doubling of the etching rate. Hermans et al. [4.5] arrived at a 

slower intrinsic etching rate for KOH – just 0.21 ± 0.015 μm/hour for an 8 mol/L solution 

at 85˚C; as do Kiyama et al. [4.4] who measured an etching rate of 0.25 μm/hour for a 10 

mol/L solution at 80 ˚C. 

We have conducted our own experiments to measure the etching rate of high purity 

pristine fused silica in 5% concentration HF at 40 ˚C and 8 mol/L KOH at 85 ± 2 ˚C. We 

did so by measuring the thinning rate of 10 × 10 × 1 mm substrates, along both the short 

axis (z) and a long axis (y), when subjected to a series of two-hour etching periods under 

the same conditions as the parameter scan was conducted. After some time, the 

concentration of the etchant can be expected to decrease due to the ongoing reaction with 

the silica substrate. However, the mass of silica removed was insignificant compared to 

the mass of the etchant solute, and so any change in the concentration was negligible. In 

addition, new etching solutions were carefully prepared at the start of each two-hour 

etching period. To measure the thinning rate accurately, a laser focus was imaged on the 

top and bottom surfaces of the glass, translated on a motorised precision stage. A plot of 

the material removal over a total etching time of 12 hours is presented in Figure 4-2. The 

thinning rate was sampled several times over the glass and the standard deviation in the 

length measurements are represented as the error bars on the graph. The etching rates 

found for KOH were 0.381 ± 0.017 μm/hour along y and 0.337 ± 0.002 μm/hour along z. 

As expected, HF removed material faster with etching rates of 4.694 ± 0.057 μm/hour 

and 4.857 ± 0.044 μm/hour measured along y and z respectively. The uncertainties quoted 

are the standard error from a least-squares linear fit. Since fused silica is amorphous, we 

would not expect the material to etch preferentially along any single direction. However, 

we found that for both HF and KOH, the material removal along z was slightly slower 

than along y. Speculative reasons for this are that the surface quality affected etching 

speed, or that edge affects enhanced the etching along the long axis. Regardless, the 

difference was small, and the values found in each direction were used to determine the 

respective selectivities of the laser written structures shown in Figure 4-1. Note that while 

the values we measured for the pristine etching rate for HF are broadly in agreement with 

those reported by Marcinkevicius [4.7] and Bellouard [4.11], the values we measured for 

KOH are significantly higher than that reported by Hermans [4.5] and Kiyama [4.4].   
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Figure 4-2: The thinning rate of fused silica submerged in 5% HF at 40 ˚C (blue and 

red) and 8 mol/L KOH at 85 ˚C (black and green) – measured along both the y and 

z axes as defined in Figure 4-1. The thinning rate, or pristine etching rate, is given 

by the gradient of each line: 0.337 ± 0.002 μm/hour for KOH along z (■ ; 0.381 ± 

0.017 μm/hour for KOH along y (■); 4.694 ± 0.057 μm/hour for HF along z (■) and 

4.857 ± 0.044 μm/hour for HF along y (■). The error bars represent ± one standard 

deviation from six repeat measurements.  

4.2.1.2 Selectivity definition 

The selectivity is a dimensionless number which describes the rate at which laser 

modified glass is removed by an etchant compared to the surrounding pristine glass. For 

the parameter investigation performed here, the amount of material removed was 

determined by measuring channel and surface penetration depths from the edge of the 

glass after etching. If after etching for some time, t, the etchant has penetrated the laser 

affected zone by a measured distance l, then the selectivity, S, is given by the ratio:  

, (Eq. 4-1) 

where ε is the pristine material etching rate. The additional term of εt in the numerator is 

necessary to account for the pristine material removed from the glass surface, as depicted 

in Figure 4-3. 

( )S l t t = +
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Figure 4-3: A schematic of the method used to determine the selectivity for both 

channels and surfaces. The channel length or surface depth, L, is measured directly 

from micrographs and compared to the expected pristine material removed after the 

time, t. Since pristine material is removed from the surface during etching, an 

additional length, εt, must be added to L to get the true length of laser irradiated 

material removed. 

4.2.2 Hydrofluoric acid results 

In this section, the results of the parameter space investigation, using HF as the etchant, 

are presented. After laser-writing channels and surfaces into the silica with the various 

irradiation parameters, the substrates were submerged in the 5% HF solution at 40 ˚C and 

sonically mixed for 90 minutes. The samples were then removed and rinsed several times 

in deionised water before drying. To measure the etchant penetration, micrographs were 

taken under transmitted light microscopy and analysed using ImageJ image processing 

software with the scaling calibrated to a well-defined grid. In total, 648 unique lateral 

single scan channels and 276 surfaces were inscribed and etched in HF. Example 

micrographs of a set of channels and surfaces after etching for 90 minutes in HF is shown 

in Figure 4-4.  



69 

 

 

 

Figure 4-4: Micrographs displaying the removal of silica channels and surfaces by 

HF after 90 minutes of etching following laser inscription. In (a) and (b), the 

polarisation was linear and orientated along y, forming nanogratings perfectly out of 

plane with the etching direction and inhibiting material removal. In (c) and (d) the 

polarisation was orientated along x, and so etching was enhanced by the 

nanogratings. For channels, increasing the energy slows the etching rate as the 

nanogratings become disordered. e) A schematic of the formation of nanogratings 

along a channel inscribed with the polarisation set perpendicular to the sample 

translation direction. 
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The apparent tapering of the channels in Figure 4-4 (a) and (c) is itself an indication of 

the selectivity and is caused by the outward etching of pristine material as the etchant 

propagates down the channel. The tapering cannot be used to give an accurate 

determination of the selectivity however, since the laser modified channel has a finite and 

unknown width. In the case of surfaces, the etchant penetrated the laser modified material 

via both faces of the substrate as shown in Figure 4-4: (b) and (d), denoted here as near 

and far – corresponding to their proximity to the inscription lens during laser writing. The 

micrographs clearly show that when the laser polarisation is aligned orthogonal to the 

writing direction, the material is removed faster. A schematic of the expected nanograting 

formation during the inscription of a channel when the laser is polarised perpendicular to 

the sample translation direction is shown in (e) for reference. 

The length of each channel and the mean penetration depth of each surface was measured, 

and the selectivity determined using Equation 4-1. The selectivities obtained were plotted 

as heatmaps, presented in Figure 4-5, compartmentalised into their corresponding 

parameters as defined by the heatmap axes. The maximum etching rates found were 320 

μm/hour and 287 μm/hour for channels and surfaces respectively, corresponding to 

selectivities of 66 and 59 as shown in red on the heatmap. It should be noted that for 

practicality reasons, only one channel and surface was written for each parameter set and 

as there is some element of randomness to the etching process, the uncertainty associated 

with each individual selectivity is high. However, the overall trends and patterns observed 

in the data as a whole are significant and clearly apparent. A pulse energy threshold was 

observed at approximately 100 nJ, below which no change to the materials etching rate 

was observed. Although no increase in the etching rate was observed below the pulse 

energy threshold, the laser written structures were subtly visible under microscopy, 

confirming that some material modification had taken place. A steep rise in selectivity 

occurred for a pulse energy range between 120 and 250 nJ. This energy range corresponds 

to material modification in the nanoplane formation regime [4.2] as discussed in Chapter 

2, Section 2.2, where periodic planes of oxygen deficient [4.16] material self-align within 

the focal volume - perpendicular to the incident laser polarization. Evidence suggests that 

nanoplanes are formed of parallel nanocracks [4.17] or porous silica [4.18,4.19] which 

allows the etching agent to propagate more quickly through the inscribed material – 

explaining the sudden increase in selectivity. The selectivity was observed to level-off or 

in some cases decrease at pulse energies beyond 250 nJ as shown in Figure 4-5 (a). This 

observation might be explained by other studies which demonstrated the disordering of 
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nanogratings at pulse energies above 300 nJ [4.20], potentially hindering the etchant 

transport through the material.  

Writing at lower repetition rates favoured increased etching speed, with little difference 

in overall etching trends or speeds found between repetition rates of 250 kHz and 500 

kHz. The etching selectivity was observed to drop for repetition rates above 1 MHz, 

particularly at higher pulse energies. Thermal accumulation has been reported in the laser 

affected zone when writing with repetition rates in the MHz range [4.3], and this may 

have a role to play in disrupting the formatting of the nanogratings that play a crucial role 

in the ULAE process. As the repetition rate increases, the total energy deposited also 

increases for a given pulse energy. The effect of total energy deposited in fused silica on 

selectivity was investigated by Champion et al. [4.21] who demonstrated that stress 

within the material increased with deposited energy up to a maximum, at which point the 

etching rate was highest. After this point, stress was relieved through local fractures and 

the etching rate levelled out or decreased. 

Given the discussion on the significance on nanogratings on etching, it is not surprising 

that the polarization state of the incident laser light was found to significantly affect the 

etching rate of irradiated material. When the polarization state was linear and aligned 

perpendicular to the channel or surface, the etching rate was substantially increased. The 

average selectivity of channels inscribed and etched in HF was found to be 13.8 times 

greater when the polarization was aligned perpendicular to the channel than when aligned 

parallel to the channel. Similarly, the selectivity was increased by an average of 2.6 times 

for surfaces written with the polarization normal to the surface. The increase in selectivity 

can be attributed to the formation of nanoplanes or cracks in the same orientation as the 

length of the channel or the plane of the surface [4.22]. When the nanogratings are formed 

orthogonally to the channel or surface, etching is no longer primarily facilitated by the 

alignment of nanocracks and so the pulse energy becomes the dominant influence on 

etching rate. In this case, the selectivity is observed to increase with pulse energy as 

shown in Figure 4-4 (b). When channels and surfaces were written with circularly 

polarised light, the etching rate was low because no periodic nanoplanes or cracks formed 

and instead the modified material was homogeneously damaged.  

Typically, the selectivity was observed to decrease as the writing depth increased. Also, 

a higher threshold pulse energy was required before any change in the selectivity was 

detected. It is well known that spherical aberration arising at the air-glass interface 

elongates the focal volume, and the amount of elongation increases with increasing 
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writing depth in the sample. As the focal volume distorts, the peak intensity of the focus 

decreases, and we might expect the threshold pulse energy to increase, as observed.  

While investigating the parameters for writing surfaces discussed above, the separation 

between lateral raster scans was kept constant at 3 μm. The theoretical confocal parameter 

during inscription was 10.61 μm as calculated in Chapter 3 and so for a layer separation 

of 3 μm, the pulses were significantly overlapped. To find the optimum scan separation 

which results in the fastest etching, surfaces with scan separations (s, in Figure 4-1 (b)) 

from 0.5 to 10 μm were also inscribed while keeping the pulse energy and repetition rate 

optimal at 200 nJ and 250 kHz respectively. The results are presented in Figure 4-5 (c).  

Interestingly, we found that the HF removed material quickly for all scan separations up 

to the 10 μm investigated, peaking at around 7 μm. A large scan separation facilitates 

shorter fabrication times, which is desirable for scaling up fabrication. 
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Figure 4-5: Parameter space heatmaps showing the etching selectivity of laser 

irradiated material etched in a 5% HF solution. The individual parameters used for 

each structure is encoded in the axes. The three graphs represent: a) Channels – each 

triplet of rows corresponds to writing at depths of 250, 500 and 750 μm (from bottom 

to top) in bulk fused silica. b) Surfaces – each pair of rows represent etchant 

penetration into the near (bottom) and far (top) faces of the fused silica substrate, 

with respect to the focusing objective. In b) the surfaces were written with a fixed 

scan separation of 3 μm – a value well below the confocal parameter of the laser 

focus. Data marked with a dashed grey line were not obtained due to pulse energy 

limits at higher repetition rates. c) The selectivity for surfaces as a function of scan 

separation. While the scan separation was varied, the pulse energy and repetition rate 

were kept constant at 200 nJ and 250kHz respectively. Reprinted from [4.8]. 

4.2.3 Potassium hydroxide results 

The same methodology and analysis were applied to laser written channels and surfaces 

etched in 8 mol/L KOH heated to 85 ˚C. In this case, etching with sub-optimal parameters 

proved much slower and, in these cases, substrates were etched for longer to reveal the 

channels and surfaces. The etching rates were assumed to be constant in this study, and 

the different etching durations were accounted for when calculating the selectivity. 

Example micrographs of channels and surfaces etched in KOH are presented in Figure 4-
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6. Again, structures written with both parallel and perpendicular polarisation are shown 

to highlight the strong etching rate dependence on polarisation.  

 

Figure 4-6: Micrographs displaying the removal of silica channels and surfaces by 

KOH after 90 minutes of etching following laser inscription. In (a) and (b), the 

polarisation was linear and orientated along y, forming nanogratings perfectly out of 

plane with the etching direction and inhibiting material removal. In (c) and (d) the 

polarisation was orientated along x, and so etching was enhanced by the 

nanogratings.  

In Figure 4-6 (a) the channels have been written with the laser polarised along y (parallel 

to the channel) and as a result, even after 5 hours etching is only apparent for the highest 

pulse energies. Etching is also slow for surfaces written with the light polarised along y 

as shown in Figure 4-6 (b). The micrographs in Figure 4-6 (c) and (d) show more-

developed structures after only 90 minutes of etching, written with the polarisation set 

perpendicular to the surface. Peculiarly, the surfaces were observed to etch with a tilted 

front which was consistent for each substrate but not for all samples. We have not 

pondered on an explanation for this, but pulse front tilt, as described by Stankevič [4.22] 

and Patel [4.23] might offer an insight.  

The full results of the parameter space investigation with KOH are presented in Figure 4-

7. Etching selectivity was significantly higher when KOH was used compared to HF, with 

maximum etching rates of ∼325 μm/hour and ∼363 μm/hour measured for channels and 

surfaces respectively, corresponding to selectivities of 856 and 955 respectively. Similar 
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trends in the selectivity were observed when varying the pulse energy and repetition rate 

and etching with KOH, as were found with HF. The effect of laser polarization on the 

etching rate was even more prominent when etching was carried out in KOH – with the 

selectivity increasing by a factor of 45.7 and 17.7 times for channels and surfaces 

respectively when the laser polarization was orientated perpendicular to the inscribed 

feature. Again, the scan separation was investigated while keeping the pulse energy and 

repetition rate constant at 200 nJ and 250 kHz respectively. This time, etching was highly 

selective up to a scan separation of around 7 μm and interestingly, the etchant penetrated 

the far side of the glass more quickly than the near side. This might suggest that the 

aberrated pulse had a more optimum pulse energy than those at the near surface or that 

the overlap of the elongated pulses was more optimal.  
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Figure 4-7: Parameter space heatmaps showing the etching selectivity of laser 

irradiated material etched in a heated 8 mol/L KOH solution. The individual 

parameters used for each structure is encoded in the axes. The three graphs represent: 

a) Channels – each triplet of rows corresponds to writing at depths of 250, 500 and 

750 μm (from bottom to top) in bulk fused silica. b) Surfaces – each pair of rows 

represent etchant penetration into the near (bottom) and far (top) faces of the fused 

silica substrate, with respect to the focusing objective. In b) the surfaces were written 

with a fixed scan separation of 3 μm – a value well below the confocal parameter of 

the laser focus. Data marked with a dashed grey line were not obtained due to pulse 

energy limits at higher repetition rates. c) The selectivity for surfaces as a function 

of scan separation. While the scan separation was varied, the pulse energy and 

repetition rate were kept constant at 200 nJ and 250kHz respectively. Reprinted 

from [4.8]. 

The fundamental mechanisms that drive selective etching in fused silica after ultrafast 

laser inscription have been a topic of much interest in recent years, and are discussed in 

Chapter 2, Section 2.2.4. Clearly, as the material removal is ultimately a chemical process, 

the mechanisms that drive etching are significantly etchant dependent, hence the disparity 

between etching in HF and KOH. Raman spectroscopy has confirmed a local reduction 

in the average bond angle of the oxygen bridging atoms that form the tetrahedra rings that 

make up fused silica after laser inscription [4.21,4.24]. The decrease in bond angle has 
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been attributed to the shortening of SiO4 rings and leads to local material densification. 

Work by Knotter et al. demonstrated that the removal of the first oxygen atom by a 

fluorine ion was the rate-determining step [4.25], and so it follows that silica with a lower 

average number of oxygen bridging atoms would dissolve faster in HF than pristine 

material. 

The reduction in average oxygen bridging atoms does not fully explain why we observe 

such high selectivity when etching with KOH, which generally etches fused silica very 

slowly. Recent work by Pépin et al., however, might transform our understanding of the 

high selectivity observed for laser modified fused silica in KOH [4.26]. Using Raman 

spectroscopy Pépin et al. reported the formation of crystalline silicon within ultrafast laser 

inscribed fused silica, supporting previous observations of Si-rich structures forming in 

the laser affected zone [4.4]. Crystalline silicon is well-known to readily etch when 

exposed to KOH, in fact up to three orders of magnitude faster than fused silica [4.15], 

comparable with the selectivity of laser modified silica found here. Silicon etches readily 

in KOH because the ionisation energy of the unpaired surface electron is weak and so the 

hydroxide ion provided by the KOH attaches quickly. The Si-Si bonds are then broken 

through successive binding of the hydroxide ions through a thermally activated 

process [4.27]. 

In summary, the optimum ULAE parameters found were as follows:  

• A pulse energy between 200 and 250 nJ – corresponding to the nanograting formation 

regime (Note that at pulse energies beyond those investigated here, a second 

processing window may exist whereby void formation in the bulk glass facilitates 

fast etching.).  

• A repetition rate below 500 kHz, to avoid thermal accumulation in the modified glass 

regions.  

• Linear laser polarisation aligned perpendicular to the structure being written, or in 

other words, perpendicular to the desired path of etchant transport. 

• For surfaces, a vertical scan separation of up to 7 μm. Note, this was in the range of 

the confocal parameter of the focused laser and likely depends on the focusing NA, 

wavelength and material written in. 

The key factor in achieving fast etching of laser modified regions was the targeted 

formation of nanogratings with an orientation controlled by the laser polarization. In 

terms of the etching agents, KOH consistently outperformed HF in terms of selectivity 
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by an order of magnitude, while exhibiting similar etching speeds. KOH has a further 

benefit over HF in that it is safer to work with, and hence more appealing in both research 

and industrial environments. 

4.2.4 Highly selective etching of non-planar surfaces 

So far, we have seen that the etching selectivity is strongly dependant on the polarisation 

and more precisely, etching occurs rapidly along the tracks of nanogratings formed 

perpendicular to the laser polarisation. This phenomenon has been exploited by several 

groups to fabricate components such as high aspect ratio microchannels and microfluidic 

devices [4.28] constructed of mostly straight paths. High selectivity ULAE is most readily 

applied to the fabrication of planar surfaces and linear channels because the polarization 

orientation is easily set orthogonal to the translation direction using conventional optics. 

Of course, many components which ULAE is otherwise ideally suited to, such as 

microlenses and more complex microfluidics, are typically made up of curved channels 

and surfaces. While HF will etch along curved paths in an acceptable, although sub-

optimal, time; KOH will not. The effect is particularly apparent in KOH because the 

crystalline silicon is limited to alternate nanoplanes and so once these nanoplanes 

misalign, etching is almost entirely inhibited. Fortunately, etching curved features with 

high selectivity in KOH is not limiting in principle, as the plane of laser polarisation can 

be rotated to any arbitrary angle about the beam propagation direction, and need not be 

fixed during inscription. The simple hypothesis that follows then is that modulating the 

polarisation actively during inscription, so that the nanogratings follow the same path as 

the curved feature, will result in highly selective, isotropic etching over the inscribed 

material.   

In this section, we present the results of an investigation into the etchability of curved 

surfaces and show that the etchability can be improved by modulating the laser 

polarisation dynamically during laser inscription.  

4.2.4.1 Methodology 

To investigate etchability, surfaces similar to those inscribed for the parameter space 

investigation, but here curved, were written with the laser polarisation state controlled in 

three ways. In the first, method (i), the laser polarization was linear and static. For the 

second, method (ii), alternate inscription layers were written with orthogonal linear 

polarization states. We would expect that, by inscribing adjacent nanogratings with 

orthogonal orientation, the preferential etching direction would average out. In the third, 
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method (iii), the linear polarization state was rotated in real-time to maintain a 

perpendicular alignment to the surface. The three methods are depicted in Figure 4-8 (a) 

and (b). The third method was previously used to improve the quality of laser drilling in 

metals by Allegre et al.  [4.29] and was named polarization trepanning. The polarization 

state was varied by rotating a half waveplate mounted within a motorized rotation stage. 

For method (iii), the stage was programmed to maintain a perpendicular polarization 

alignment to the inscription direction to within ± 0.5˚ as described in Chapter 3, Section 

3.4.1. The surfaces were inscribed with optimal irradiation parameters in a 1 mm silica 

substrate by raster scanning following the path of a quarter circle with a radius of 1 ⁄ √2 

mm, as shown in Figure 4-8 (a . The scan separation was set to 3 μm and writing was 

performed at a speed of 0.5 mm/s. Identical sets of surfaces were etched for 90 minutes 

in both 5% HF and 8 mol/L KOH. 

 

Figure 4-8: a) isometric view and b) plan and side elavevation showing the three 

curved surfaces written to investigate isotropic etching. The first surface (i) was 

written with fixed polarisation with the orientation indicated. The second surface (ii) 

was written with the polarisation switching between alternate layers. During 

inscription of the third surface (iii), the polarisation orientation was rotated in real-

time to match the curved surface normals.  Reprinted from [4.8]. 

4.2.4.2 Results and discussion 

Figure 4-9 is a set of micrographs that show the etchant penetration into the curved laser 

written surfaces after 90 minutes of etching in both HF (a) and KOH (b). Figure 4-9 (a-i) 

shows HF penetration into a surface written with a fixed polarization. The polarization 

was set orthogonal to the leftmost edge of the quarter circle, and although static 

effectively rotated with respect to the surface during translation of the stages. 

Consequently, etching speed was high initially but decreased as the polarization offset 

increased. The maximum etching selectivity was measured to be 64.1 ± 3.2, falling to a 

minimum of 12.1 ± 3.0. In Figure 4-9 (a-ii), the surfaces have been written with 
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orthogonal polarization states for each alternate layer and etched in HF. Etching across 

the surface showed improved isotropy with an adequate average etching selectivity of 

25.0 ± 2.9. Figure 4-9 (a-iii) is a micrograph of the final surface etched in HF, written 

with the laser polarisation continually orientated orthogonally to the surface. Here, 

etching over the entire surface showed high isotropy, with a further improved average 

selectivity of 58.0 ± 3.1.  

 

Figure 4-9: Micrographs taken in the x-z plane, show the polarization dependence of 

etchant penetration into the near face (highlighted by a blue dotted line) and far face 

(highlighted by a yellow dotted line) of the substrate for each of the three polarization 

control cases when etching with HF and KOH in (a) and (b) respectively. The 

requirement for polarisation alignment is stricter when etching with KOH, and both 

etchants etch isotropically when the polarisation is synchronised with the surface 

contour as presented in (iii). Reprinted from [4.8]. 

Figure 4-9 (b-i) shows the material removed from a quarter-circle surface inscribed with 

fixed polarization after 90 minutes of etching in KOH. Again, the etching rate fell as the 

polarization offset increased. In this case, however, the drop in etching rate was more 

abrupt with a maximum selectivity of 889.4 ± 41.0 found in the ideal case but no 

observable preferential etching observed after the polarization offset became greater than 

∼42˚. Etchant penetration into the far side of the glass was also noticeably poorer than in 

the near side. We expect that the nanogratings are less well-defined when written deeper 

in the glass due to beam aberrations, and so etching is inhibited more quickly as the 

polarization offset occurs. Figure 4-9 (b-ii) shows KOH penetration into surfaces written 

with alternating orthogonal polarization states. Very little observable etching occurred 

after 90 minutes, suggesting pathways for the etchant to penetrate along were not formed. 

However, when the polarization was dynamically maintained as shown in Figure 4-9 (b-
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iii), etching performance was significantly improved, penetrating through the 1 mm fused 

silica substrate with an average selectivity of 816.5 ± 40.1. 

As a proof of principle, the results show that maintaining the polarisation alignment 

perpendicular to the surface enables highly selective and isotropic etching. The 

requirement of maintaining the orthogonal relationship between polarization and the 

surface profile was observed more strongly when etching in KOH than in HF. HF etches 

pristine fused silica more readily than KOH, and so the HF can penetrate over misaligned 

nanoplanes whereas the KOH cannot. It should be highlighted that several practical 

challenges and limitations exist when using physical optics to synchronize the laser 

polarisation with the lateral translation direction of the stages during ULI. Firstly, there 

is a limit to the rate of change of direction, i.e. the curvature of a surface, set by the 

maximum speed of the waveplate rotation mount. An extreme example of this, which is 

not achievable using physical optics, is when an instantaneous change in translation 

direction, and hence polarisation, is required. Secondly, physical rotational mounts tend 

to drift in reported position over time, and so multiple homing sequences must be 

performed during inscription. Electro-optic modulation, for example by a Pockels cell, 

might be used to overcome these limitations, and presents an interesting area of research 

for future work. 

4.3 The effect of irradiation parameters on etched surface topography  

The etching selectivity is perhaps the most important characteristic of ULAE as it 

determines the level of complexity and reproducibility of fabricated components. 

However, another consideration, that is of particular importance to micro-optic 

fabrication, is surface texturing. Surface texture or topography describes the deviations 

of a surface from its nominal form. Surface texture can be broken up into several 

categories depending on the spatial frequency of the surface deviations. Local, high-

frequency surface texturing is typically referred to as roughness, while lower frequency 

surface deviation is characterised as waviness. The boundary between roughness and 

waviness is not strictly defined and will vary depending on the intended function of the 

surface. For surfaces intended for photonic applications such as lenses and mirrors, 

surface deviations with a spatial extent on par with or smaller than the targeted 

wavelength of light constitute roughness. Conversely, waviness – as the name implies – 

describes long wavelength surface deviations and texturing. Singular surface defects and 

artefacts such as pits, digs and scratches also contribute to overall surface topography but 

may not necessarily fall under the categories of roughness or waviness. Surface texturing 



82 

 

in optics is undesirable – contributing to light scattering on shorter spatial domains, and 

optical aberrations on longer. For laser-based applications, surface texturing is of 

importance because surface imperfections can instigate optical damage.  

During the parameter space investigation into etching selectivity, we saw that the 

irradiation parameters, particularly polarisation, affected the texturing on surfaces after 

etching. Texturing of surfaces during ULAE may be introduced at both the laser 

inscription and the etching stages. The densification of silica during ULI introduces stress 

into the regions surrounding the laser modified material [4.30], which may fracture during 

etching resulting in additional etching roughness. The imprint of laser-induced 

nanogratings has also been observed on surfaces after etching. It is conceivable then that 

just as selectivity can be optimised by an informed choice of irradiation parameters, so 

too can the surface quality. In this section, planar surfaces are again laser inscribed as 

before, but this time allowed to etch completely allowing the surface profiles to be 

measured by scanning force microscopy. The effect of pulse energy, polarisation and 

layer separation on surface texturing is investigated. 

4.3.1 Parameter space 

To perform a full parameter study similar to that investigated for the etching selectivity, 

a fast and reliable method of quantifying the surface topography was required. An obvious 

choice was to measure the amount of light scattered by each surface indirectly by 

measuring the optical transmission and reflection of light incident upon them. Using this 

method, multiple surfaces could be analysed simultaneously and a relationship between 

irradiation parameters and optical performance would be obtained directly. However, 

when implementing this methodology, we found that the signal-to-noise of the measured 

scatter was too low to reliably quantify surface quality from one surface to another. 

Therefore, we instead decided to quantify surface quality by measuring the actual form 

of surfaces using an atomic force microscope (AFM). An AFM gives a more robust 

analysis of a surface and allows thorough post measurement characterisation of the 

surface roughness and texturing, but typically takes a significant time to perform a 

measurement. Therefore, we reduced the parameter space down to a minimum which 

would still allow us to observe the effects of irradiation parameters such as pulse energy 

and polarisation on surface finish. While investigating the etching selectivity, no visual 

variation was observed between surfaces etched in HF and surface etched in KOH. Since 

KOH performed significantly better from a selectivity perspective, we will only 

investigate this etchant going forward.   
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4.3.1.1 Polarisation 

As we have already seen, the laser polarisation impacts the surface finish most 

significantly. This is because the nanogratings that form in the focal volume during the 

inscription stage are permanently imprinted onto the surrounding silica after etching. 

Micrographs of flat surfaces inscribed and etched with the polarisation orientation set 

perpendicular and parallel to the surface are presented in Figure 4-10 (a) and (b) 

respectively. The surfaces were etched in HF for sufficient time for the etchant to 

penetrate the full thickness of the glass in both cases, which was significantly longer in 

the case of parallel polarisation. When the laser polarisation is orientated perpendicular 

to the surface, the nanogratings form in the plane of the surface and imprint on the surface 

as ridges due to the stacking of slightly angled nanoplanes. When the polarisation is 

orientated parallel to the surface, the nanoplanes form out of plane instead striations are 

formed along the beam propagation direction.  

 

Figure 4-10: Micrographs highlighting the difference in surface texturing caused by 

laser writing with a) perpendicular and b) parallel polarisation. Surfaces were also 

written with the polarisation swept through perpendicular alignment in steps of 0.5˚ 
to reveal the how the characteristic ridges developed as shown in the high-contrast 
micrograph (c).  The ridge separation, s, decreased as the polarisation offset 
increased – agreeing with our model described in Figure 4-11.  

On closer inspection, the surface texturing can reveal quantitative information about the 

nanoplanes formed during laser writing. If the nanogratings were perfectly flat planes 

extended over the full inscribed surface, then we would not expect to see ridges form on 

the surface. As the nanogratings were rotated into the surface, however, the ridges would 

appear with decreasing separation until the nanogratings were at 90˚ to the surface, at 

which point the ridge separation would be equal to the nanograting period. In this case, 

80 μm 

𝐸ሬ  a)  𝐸ሬ  b) 
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200 μm 
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we observe striations as the nanograting period is too small to be resolved by a white light 

microscope. To investigate the relationship between ridge spacing and nanograting 

orientation, surfaces were inscribed with the laser polarisation varied in steps of 0.5˚. A 

high-contrast composite micrograph of the resulting surfaces is presented in Figure 4-10 

(c). To highlight the surface structure, the micrograph colour was inverted and the contrast 

increased and several individual micrographs were stitched together to increase the image 

resolution. As shown, the ridge spacing was largest when the nanogratings were aligned 

in-plane with the surface. The ridges also rotate in the plane of the surfaces as the 

polarisation is varied. This in itself is not a direct indicator of the nanograting orientation, 

and in fact is caused by subtle tilting of the nanogratings in the elliptical focal volume. 

Indeed, subsequent surfaces fabricated under similar conditions had arbitrarily orientated 

ridges. The ridge separation can be used to predict the nanograting period using a simple 

model depicted in Figure 4-11 (a). If the nanogratings are orientated at an angle, θ, to the 

surface, then the ridge spacing, s, is given simply by: 

, Eq. 4-2 

where d is the nanograting period. For small angles,  and so a plot of  

against θ yields a straight line with a gradient equal to the inverse of the nanograting 

period as shown in Figure 4-11 (b). The grating period was found to be 367 ± 8 nm which 

agrees with the theoretical value predicted by the nanoplasmonic model [4.31], , 

corresponding to a period of 355 nm for a 1030 nm wavelength in fused silica. 

 

Figure 4-11: a) a simple model which explains the nanograting imprinting, and 

specifically ridge formation, on laser written surfaces. b) A graph of the measured 

ridge for various polarisation angles. The fitted straight line predicts the nanograting 

period to be 367 ± 8 nm. 
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To investigate the effect of laser polarisation on surface texturing more closely, the 

profiles of surfaces written with perpendicular, parallel and circular polarisation were 

measured using an AFM, and the results are shown in Figure 4-12. 

 

Figure 4-12: 3D colour plots of surfaces written with (a) perpendicular, (b) circular 

and (c) parallel laser polarisation, measured with an AFM. Each surface was 

measured over 50 × 50 μm areas and the propagation direction of the laser during 

inscription is highlighted in red. 

Each scan covered a 50 × 50 μm square area and was sampled at a resolution of 512 by 

512 pixels. For each surface shown, the pulse energy was set to 150nJ, the reputation rate 

to 250 kHz and the layer separation to 3 μm. The AFM scans revealed the lateral ridges 

that form for the case of perpendicular polarisation, and the longitudinal striations that 

formed for circular and parallel polarisation. The RMS roughness was calculated for each 

surface with the nominal form set to a plane. The roughness values obtained were 84.2, 

191.9 and 152.1 nm for perpendicular, circular and parallel polarisation respectively. In 

the case of ridge formation when the polarisation was perpendicular to the surface, the 

RMS roughness was lowest, even though the ridge step height was significant at around 

200 nm. The material between each ridge was found to be particularly flat, suggesting 

that smooth surfaces could be directly fabricated by perfectly aligning the nanoplanes.   

4.3.1.2 Pulse energy  

The pulse energy is another parameter which we might expect to affect surface texturing. 

It has been observed that nanogratings become disordered as the pulse energy increases 

past the optimum processing window and eventually fail to form at all [4.2]. Highly 

energetic pulse can also cause micro-explosions in the bulk which might lead to surfaces 

defects. To investigate the effect of pulse energy, surfaces were fabricated for the three 

polarisation states with 500 nJ pulses and compared to the surfaces written with 150 nJ 

pulses. Again, an AFM was used to measure the surface profiles of each surface. Line 

profiles for each surface are presented in Figure 4-13 (a-f). Each line profile extended 70 

μm across each surface in the direction of interest, and the optic axis range was set to 1.2 

500 nm 

a) b) c) 

Perpendicular Circular Parallel 
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μm for each case for ease of comparison. The ridges, which were previously assumed to 

be more significant in pk-pk height than the striations, were found to be significantly less. 

It should be noted that although the ridges shown in Figure 4-13 (a) seem to rise and fall 

at a steep angle, this is only due to the vast difference in the lateral and longitudinal axes 

ranges. In actuality, the gradient of the steepest ridge was only 5.9˚ to the surface. In both 

the circular and parallel polarisation cases, the surfaces were textured with a series of 

jagged peaks with no apparent periodicity. Significantly, surfaces written with the higher 

pulse energy of 500 nJ were less rough, particularly in the case of perpendicular 

polarisation where the ridges were no longer apparent, and the RMS area roughness was 

35.0 nm. The disappearance of the ridges suggests that the nanogratings either failed to 

form or formed with such precision that the ridge separation was larger than the sampled 

region of the surface. In either case, the surface roughness achieved would be highly 

beneficial in the fabrication of optical surfaces, particularly planar mirrors. 

 

Figure 4-13: AFM line profiles of surfaces written with 150 nJ (a, c, e) and 500 nJ 

(b, d, f) pulses for each polarisation case. The axis units are in microns and span 70 

μm in length across the surface and 1.2 μm in height.  
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4.3.1.3 Layer separation  

So far, we have seen that smooth surfaces can be fabricated by setting the polarisation 

perpendicular to the surface and writing with high pulse energy. The final parameter to 

consider is the scan separation. The scan separation determines how overlapped the pulses 

are in the direction of laser propagation. During the investigation into etching selectivity, 

we found that etching remained considerable up to scan separations of 10 μm – slightly 

above the confocal parameter of the beam. Writing with a large scan separation is 

desirable as the processing time for fabricating surfaces in the z-plane is less. It is of 

interest, therefore, the effect of long scan separations on the texturing of laser written 

surfaces. To investigate this, surfaces were written with scan separations of 1, 4, 7 and 10 

μm and completely etched. A micrograph of the surfaces is shown in Figure 4-14 with 

the layer separation increasing from left to right.  

 

Figure 4-14: Surfaces written with the polarisation perpendicular to the surface with 

varying raster scan separation through 1 mm thick fused silica. The scan separation 

was set to 1, 4, 7 and 10 μm from left to right and the scan lines are visible from 7 

μm on. The average separation of the horizontal lines when the scan separation was 

10 μm was also 10.0 μm as expected. When the scan separation was decrease, the 

overlapping nanogratings began to dominate the surface texturing.  

With the layer separation less than 7 μm, the ridges form as noted before. At 7 μm and 

over however, the individual scan lines from the rastering become apparent, indicating 

that the material modification was inhomogeneous as insufficient pump overlap was 

achieved. Indeed, the separation between the horizontal lines visible on the right-hand-

200 μm 
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side surface of Figure 4-14 is 10 μm, equal to the scan separation as expected. A scan 

separation of 10 μm is approximately equal to the depth of field of the focus, and so we 

might not expect the pulses and hence nanogratings to overlap significantly. We would 

expect the presence of the scan lines to introduce additional roughness which would be 

detrimental to most applications. Therefore, for optimal surface quality, the scan 

separation should be set such that adjacent rows of pulses overlap. 

Overall, the major contributor to surface texturing was polarisation, as was the case for 

highly selective etching. Surprisingly, the ridges, formed when the laser polarisation was 

set perpendicular to the surface, were flatter than the striations formed for other 

polarisation states. This is a welcomed outcome, as it means highly selective and smooth 

surfaces can be fabricated by ULAE with the same set of writing parameters. The laser 

pulse energy was also found to influence surface texturing with higher pulse energies 

resulting in smoother surfaces. This might be explained by the fact that nanogratings do 

not form at higher pulse energies and so the imprinting effect is lesser. With 360 fs, 500 

nJ pulses, we expect to be on the boundary of nanograting formation [4.2] – and it stands 

that beyond this energy range a processing window may exist in which highly selective 

etching of smooth surfaces can be performed without the strict polarisation dependence.  

4.4 Conclusion 

In this chapter, we have investigated the impact of various laser irradiation parameters on 

the fabrication quality of ULAE in terms of etching selectivity and component surface 

quality. The selectivity is a key etching characteristic which limits the complexity and 

repeatability of components that can be fabricated. The selectivity is determined by two 

variables: the speed at which laser written material is removed from a substrate, and the 

speed at which the substrate etches itself. After a comprehensive parameter investigation, 

we found maximum selectivity values of 66 when etching with the commonly used HF, 

and 955 when etching with a heated KOH solution. The etching rates in each case were 

comparable at 320 and 363 μm/hour respectively, meaning that a switch from HF to KOH 

could be made without increasing the overall fabrication time. Further, although the 

fundamental etching process is different for the two etchants, the optimal irradiation 

parameters were the same. Therefore, devices laser written to be etched in HF will also 

etch well in KOH – a significant finding for already well-developed fabrication processes 

using HF.   
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The primary facilitator of etching was the formation of nanogratings which form paths 

for the etchant to penetrate through quickly. Nanogratings form perpendicular to the 

polarisation state of the laser pulses, and so surface planes can be written in any 

orientation simply by rotating the plane of polarisation. It is more challenging to 

efficiently etch curved surfaces as the material must be inscribed such that the 

nanogratings wrap around the surface. This was particularly true in the case of KOH, 

where a misalignment of nanogratings restricted etching completely. Here we have 

demonstrated that curved surfaces can be inscribed and etched with high and isotropic 

selectivity in KOH by rotating the laser polarisation state in real time to maintain the 

orthogonal relationship between polarisation and translation direction.  

As well as the etching selectivity, the quality of fused silica surfaces after laser inscription 

and etching was also investigated. We found that the nanogratings that permit fast etching 

also permanently imprinted on the laser written surfaces and that aligning the 

nanogratings along the plane of the surface resulted in less roughness. Increasing the pulse 

energy towards the upper limit of nanograting formation also decreased roughness, with 

35.0 nm RMS achieved for a pulse energy of 500 nJ. This level of roughness is suitable 

for optical applications in which some scattering is acceptable. For applications which 

require an even smoother surface, post process smoothing should be considered. One 

potential candidate for surface smoothing, flame polishing, is discussed in Chapter 5, 

Section 5.3.4.  

The knowhow presented in this chapter will enable the fabrication of the distal-end optics 

and other components necessary for an inexpensive, miniaturised and reproducible 

Raman probe. The observed impact of the individual laser writing parameters on the 

material modification sheds light on and the conditions required for highly selective 

etching. We expect that our findings are directly transferable to other ultrafast laser 

writing systems and should enable others to fabricate components with greater efficiency.  
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CHAPTER 5 - DESIGN AND FABRICATION OF A RAMAN MICRO-PROBE BY ULTRAFAST LASER ASSISTED ETCHING 

 

5.1 Introduction 

Spectroscopic techniques are used extensively in medical research for discriminating 

tissue types both in vivo [5.1,5.2] and to aid histopathology and other diagnostics in 

vitro [5.3]. Spectroscopy relies on interactions between light and matter to determine the 

matters constituents. Common branches of spectroscopy used in medicine include 

infrared spectroscopy [5.4], fluorescence spectroscopy [5.5], elastic scattering 

spectroscopy [5.6,5.7], and Raman spectroscopy [5.8–5.11]. Although each relies on 

different light-matter interactions, the key methodology when performing them remains 

typically much the same: excitation (or “pump”  light is delivered to a target site where 

it interacts with the target tissue or other material and is then scattered or absorbed by the 

atoms and molecules which are present. The now spectrally-changed light is collected 

and dispersed onto a detector. The spectral information is then used to determine what 

molecules were present and how prevalent they were in the sample. Often for biomedical 

applications in vivo, the tissue site of interest is difficult to access as there is no direct line 

of sight between the tissue and probing instruments. Examples of this include the lining 

of the oesophagus, the distal lung and the colon. Such regions have been difficult to 

interrogate in the past, limited by rigid optical instrumentation which might include 

lenses, mirrors, electronics and mechanics.  

More recently however, optical fibres have been used to perform spectroscopy in difficult 

to reach areas of the body. Optical fibres are flexible and inexpensive and ideally suited 

for transporting light around the body. Today, optical fibres are used extensively in 

endoscopy with applications ranging from fibre-bundle imaging [5.12] to fluorescence 

microscopy [5.13,5.14] and Raman spectroscopy [5.15–15.7]. Further to using optical 

fibres for medical diagnosis, recent progress in hollow-core fibre technology has opened 

new treatment modalities such as the direct ablation of tissue lesions by high peak power 

pulsed laser light [5.18]. 

With optical fibres, light may be delivered down the standard instrument channel of an 

endoscope, which itself can be passed along cavities, hollow organs or even through soft 

Design and fabrication of a Raman micro-

probe by ultrafast laser assisted etching 5 
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tissue via a hypodermic needle [5.19]. Light can also be collected back along the 

instrument channel through optical fibres for spectroscopic analysis. Collectively, a 

procedure which uses light to observe, detect or diagnose conditions in this way is known 

as an optical biopsy [5.16]. One specific type of optical biopsy, a Raman biopsy, has been 

proposed as a potential successor to traditional surgical biopsies performed in the 

oesophagus to detect cancer. As the name implies, Raman biopsies rely on Raman 

spectroscopy to differentiate between different tissue types within the body. During a 

Raman biopsy, light is sent down a fibre and directed onto the intended tissue site. Light 

which is inelastically scattered by the tissue is collected back up the fibre, carrying with 

it the “fingerprint” of the molecules from which it scattered from. This signal can then be 

resolved at the proximal-end using a spectrometer – revealing the molecular constituents 

of the tissue. 

Raman scattering is an inherently weak process and so systems of optics are required at 

the distal-end to guide the light onto the tissue and then efficiently back into the return 

fibre(s). Due to the invasive nature of endoscopic operations, there is a need to miniaturise 

the distal-end optical system (DOS). This miniaturisation process is challenging from a 

manufacturing perspective and often, intricate manual alignment of individual micro-

components is required. As a result, current DOS fabrication techniques are expensive, 

labour intensive, and generally unsuitable for commercial manufacture. Here, we have 

developed a laser fabrication technique known as ultrafast laser assisted etching (ULAE) 

which we propose is perfectly suited for fabricating the complex micro-optics needed for 

a Raman microprobe DOS in high volume, both repeatedly and cost effectively.  

Ultrafast laser assisted etching is an advanced microfabrication technique applicable to 

certain transparent dielectric materials including fused silica. During ULAE, high peak 

power, sub-bandgap femtosecond laser pulses are focused inside a bulk glass substrate. 

Within the laser focal volume, non-linear absorption processes permanently modify the 

material while leaving the surrounding areas unaffected. By translating the material 

around the laser focus in three dimensions, essentially arbitrarily shaped features can be 

inscribed into the glass. One key manifestation of the laser inscription is an increase in 

the etching rate of the laser modified material when submerged in etchants including 

potassium hydroxide and hydrofluoric acid [5.20–5.22]. ULAE combines ultrafast laser 

inscription with chemical etching to facilitate the fabrication of three-dimensional glass 

micro-components such as lenses, mirrors and beyond. A more detailed description of 

ultrafast laser assisted etching is given in Chapter 4. 
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A novel distal-end optical system has been designed specifically to be fabricated by 

ULAE. In this chapter, first the design of the DOS is introduced and explained. Second, 

optical ray trace modelling is presented including a quantitative analysis of the theoretical 

optical throughput, optical aberrations and dispersion. I will then describe the fabrication 

process and take a closer look at each of the DOS elements in turn – including 

repeatability tests and basic physical characterisation.  

5.2 Distal-end optical system design 

Fibre optic probes are systems of optics and mechanical components that direct light 

emerging from a fibre onto a target material and collects light back into an optical fibre 

or fibre bundle to be analysed by a spectrometer. Fibre optic probes come in many 

configurations and are used for numerous types of fibre-based spectroscopy (See Section 

2.3.2.3 for a comparison of common fibre optic probe designs). Generally speaking, a 

fibre probe will consist of a combination of lenses, filters, mirrors and alignment features. 

Fibre optic probes are well developed and commercially available [5.23] – although 

miniaturised probes suitable for endoscopy are still at a research stage at the time of 

writing. 

A Raman probe is a specific type of fibre probe designed specifically for Raman 

spectroscopy. Raman spectroscopy measures the inelastic scattering of monochromatic 

light by the vibrational bonds between molecules in a material. The scattered photons are 

wavelength shifted by an amount equal to the energy of the individual vibrational modes 

which they interact with. A typical Raman probe will consist of a delivery fibre for 

delivering monochromatic excitation light, focusing optics to direct the excitation light 

onto the sample and collection optics to couple the Raman signal back into one or more 

return fibres. The probe may also include chromatic filters to clean the excitation light 

and to prevent any elastically scattered or reflected pump light from entering the return 

fibre(s).  

A schematic of a miniaturised Raman probe which was developed and fabricated by N. 

Stone’s group in collaboration with Renishaw [5.24] is shown in Figure 5-1.  
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Figure 5-1: A schematic of a distal-end optical system designed by Stone’s group in 

collaboration with Renishaw [5.24]. The modular system includes all of the 

necessary components that make a Raman probe including lenses, mirrors and filters. 

The probe was designed to operate as follows: monochromatic excitation light is sent 

down Fibre F1 and collimated by Collimating Lens L1. Forward traveling anti-Stokes 

Raman signals generated by the silica core of the fibre are “cleaned” by a short pass filter, 

IF1. The pump light is then deflected by Mirror M1 and a reflective long pass filter, IF2 

(which also cleans the Stokes shifted fibre background). Objective Lens L2 then focuses 

the pump light onto the tissue outside of the probe. Next, the generated Raman signal is 

collected by L2 and sent through IF3 which blocks any elastically scattered light before 

the signal is focused into the return fibre, F2, by a third lens, L3. It is necessary to collect 

the Raman signal via a different fibre than the delivery fibre because intense forward and 

back scattered Raman is generated as the pump light propagates down the delivery fibre. 

This fibre-generated Raman cannot be filtered out because the signal shares the same 

spectral space as the tissue Raman spectral region of interest.  

To fabricate the device shown in Figure 5-1, individual components were sourced and 

assembled manually. In order to achieve the high level of component alignment required 

for the device to function, a custom silicon monolith with alignment v-grooves was made 

by traditional silicon microfabrication techniques including masking and anisotropic wet 

etching. The assembled device is shown in Figure 5-2 (a) and in Figure 5-2 (b) inserted 

into a protective sheath. 
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Figure 5-2: a) The assembled Renishaw Raman probe: individual components were 

aligned on a custom silcon monolith. After gluing, the monolith was removed. b) 

The packaged device had an outer diameter of around 3 mm [5.24].  

In principle, ultrafast laser inscription is sufficiently flexible that it might be possible to 

fabricate the distal-end optical system shown in Figure 5-2 without any significant 

changes to its design. To do so, however, would not make full use of the full three-

dimensional inscription capability. A laser written DOS does require the same primary 

components, including fibre alignment features, fibre collimating lenses, filters and a 

focusing objective. The design considerations for each of these components will be 

discussed individually below.  

5.2.1 Design considerations 

5.2.1.1 Fibre alignment 

Manual fibre alignment is time consuming and labour intensive. Passive alignment of the 

optical fibres is therefore crucial if the probe is to be mass manufacturable. The delivery 

and collection fibres must be aligned centrally to their respective coupling lenses – 

otherwise the fibre coupling efficiency would decrease rapidly. The fibres should also be 

set at the correct distance from each lens and have a minimal angular offset to the optical 

axis. The latter requirement is less stringent so long as the fibre numerical aperture is 

a) 

b) 
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larger than that of its coupling lens. V-grooves are commonly used as fibre alignment 

guides as they provide self-centring and can be cut out from a substrate surface [5.25]. 

For buried guides, cylindrical slots are better as they provide the largest gluing area and 

constrain the fibre in all lateral directions. The optimum depth of the slots comes down 

to a trade-off between performance and manufacturability – deeper slots should minimise 

the angular offset between the fibre and the optical axis and provide more gluing surface 

for stronger bonding. However, the inscription and etching time will increase with slot 

length, which is undesirable. A suitable trade-off sets the fibre slot length between 500 

and 2000 μm.  

5.2.1.2 Fibre coupling lenses 

Lenses are needed to couple light into and out of the optical fibres. Singlets are the 

simplest form of lens, comprising of a single solid and at most two refracting surfaces. 

Singlets are adequate for most fibre coupling applications where the light is sufficiently 

narrow band, such as in tissue Raman spectroscopy where the region of interest typically 

spans around 200 nm. Spherical lenses suffer from spherical aberration, whereby 

periphery rays focus more quickly than central rays. This results in a larger focal spot 

which can reduce the fibre coupling efficiency significantly. Aspheric lenses have non-

spherical surface profiles and are designed to reduce or eliminate spherical aberrations. 

Using a singlet aspheric lens, rays incident across the full lens aperture can be focused to 

a diffraction limited spot which is much more suited to efficient fibre coupling. 

Conventionally, aspheric lenses are more difficult to fabricate than spherical lenses. 

ULAE does not suffer from this drawback and is indeed well-suited for fabricating 

aspheric and even freeform lens surfaces. Aspheres then, are the obvious choice for the 

fibre coupling lenses – a detailed description of aspheres is given in section 5.2.1.6. 

5.2.1.3 Filters 

Filters at the distal-end perform two primary tasks. The first is to clean the pump light 

from any forward travelling silica Raman background generated along the delivery fibre. 

This filter is ideally a laser line notch filter centred around the excitation wavelength. The 

interaction between the pump light and the fibre is much greater than the interaction 

between the pump and the tissue and so if the silica background is collected by the return 

fibres, the strong background signal may dominate the signal of interest from the tissue. 

The second role of the filters is to prevent any pump light, be that elastically scattered or 

reflected light, from returning into the collection fibres. If the pump light is returned along 

the collection fibres, the same issue of forward travelling silica background occurs, and 
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this signal will be present on the spectrometer detector readout. A typical silica Raman 

spectrum contains two peaks between 200 and 500 cm-1 which is also an interesting 

regime for biological molecular vibrations. This means that filtering the signal out at the 

proximal-end is not usually an option.  

It is possible to incorporate optical filters into the probes in several ways. Standalone 

filters could be outsourced and then glued into position inside the probe. However, this is 

a costly solution and each filter would require some degree of manual alignment. A 

desirable alternative would be to directly laser write Bragg gratings into the bulk of the 

glass using femtosecond laser exposure [5.26,5.27]. Although this method could be 

directly incorporated into the laser inscription of the probe, we foresaw issues arising 

during post process thermal treatment which will be discussed later. The final and most 

suitable method involves coating dielectric stacks onto the ends of the delivery and return 

fibres directly. In principle, the coatings can be applied to the ends of the fibres in large 

bundles, reducing cost and production time.  

5.2.1.4 Choice of optical fibres  

Optical fibre technology is well matured and as a result, a plethora of fibre types are 

available. Options include core and cladding material, core size, cladding material and 

core geometry amongst others. Of core and cladding materials, silica is perhaps the most 

common. Silica has a large transparency window and low absorption losses in the 

NIR [5.28]. Silica fibres are used extensively in many fields, including in 

telecommunications and a result, silica fibre technology has improved ahead of other 

materials, while the cost of silica fibres has decreased. These factors make silica the 

obvious choice for a disposable micro Raman probe. The fibre-core diameter determines 

whether a fibre is single or multimode for a specific wavelength. Single-mode fibres 

(SMF) have a small core diameter and emit a Gaussian-like output. Coupling light 

efficiently into an SMF requires perfect optical alignment and suitably chosen optics in 

order to match the mode-field diameter of the fibre to that of the focused input beam. 

Multi-mode fibres (MMF) have larger cores and are much easier to couple light into, with 

coupling modelled on total internal reflection and described by ray optics. With that in 

mind, SMF seems the most suitable choice for the delivery fibre for which uniform 

illumination of the tissue is desirable. For the return fibres, however, MMF is more 

suitable as the conditions for signal collection are less stringent. 
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5.2.1.5 Focusing lens 

The role of the focusing lens is to focus light onto the target material at the desired depth 

and collect any scattered Raman signal. The higher the NA of the lens, the larger the 

collection cone and the more light is collected by the probe. Pre-cancers in the oesophagus 

tend to form directly under the epidermis, around 200-400 μm beneath the tissue 

surface [5.29]. The probe would be used in contact with the tissue and so this depth 

becomes the working distance of the focusing lens (the distance between the back of the 

probe and the focal spot). Unlike the fibre coupling lenses, the focusing lens must perform 

well in both directions. When collecting light, the role of the focusing lens is to effectively 

collimate the Raman signal arriving from a “point source”. Therefore, to avoid spherical 

aberration as before, an aspherical surface profile is most suitable.  

5.2.1.6 Brief theory of aspheric lenses 

Spherical and cylindrical lenses suffer from inherent spherical aberration whereby rays 

incident over the full lens aperture fail to diverge to a common focal point as shown in 

Figure 5-3. 

 

Figure 5-3: Ray trace models highlighting spherical aberation when collimated light 

is focused down to a spot by a spherical singlet (left) compared to an aspherical 

singlet (right).  

Aspherical lenses are often used in imaging systems that would otherwise suffer from 

spherical aberration and can effectively eliminate the aberration completely. Aspheric is 

a general term which can be used to describe any lens profile that does not have a circular 

cross-section. In lens design however, it is very common to describe an aspherical surface 

by the following equation: 

𝑧(𝑟) =  
𝑟2

𝑅 (1 + √1 − (1 + 𝜅)
𝑟2

𝑅2 )

+ 𝛼4𝑟
4 + 𝛼6𝑟

6 + ⋯, 
Eq. 5-1 

where z(r) describes the lens profile and is commonly referred to as the lens sag, r is the 

distance from the optical axis, R is the radius of curvature and κ is the conic constant. The 

coefficients, αn,  are higher order corrections to an otherwise quadratic surface. For many 
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applications, including the lens surface described in this chapter, the higher order terms 

can be set to zero. The conic constant determines the form of the conic section, which is 

spherical when 𝜅 = 0. For 𝜅 < −1, the profile is hyperbolic, and parabolic when 𝜅 =

−1. The surface profile takes the form of an elongated (prolate) spheroid when −1 < 𝜅 <

0 and an oblate spheroid for 𝜅 > 0. The lenses used here to correct for spherical aberration 

all take the form of a prolate spheroid. As an example of aspherical lens performance 

compared to spherical lens performance: collimated 578.6 nm light focused to a spot 

using an f/1 singlet aspheric will have a diffraction limited spot width of 1.43 μm whereas 

a similar, perfectly manufactured, spherical lens will only achieve a spot width of 710.01 

μm [5.30]. 

5.2.1.7 Design summary 

The laser written Raman probe was designed after taking all the above considerations into 

account. A schematic of the resultant DOS is shown in Figure 5-4. 

 

Figure 5-4: A 2D schematic of the novel DOS to be fabricated by ULAE. Excitation 

light (red) is delivered down a central fibre, collimated and focused onto the tissue. 

Raman signal (yellow) is collected and returned by six surrounding fibres. Notch 

(green) and longpass (pink) filters are coated on the ends of the delivery and return 

fibres.  

The probe is based on a central delivery fibre surrounded by six return fibres. The DOS 

is made up of two separate solids that are each laser inscribed and etched individually. 

The first component comprises of the fibre alignment slots and seven individual 

overlapping fibre coupling lenses which take the form of a “petal” shape. The second 

component takes the form of the focusing lens with extended side walls that aid passive 

alignment to component one. The probe is fabricated in two parts so that each lens surface 

can be interrogated metrologically during characterisation and also post processed. The 

delivery fibre is terminated further along the optical axis than the return fibres. By doing 

so, the aperture of the central collimating lens on the petal surface is kept to a minimum, 

meaning a larger proportion of the surface is used for collecting the Raman signal.  
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The design incorporates filters coated on the ends of the fibres. The central delivery fibre 

is coated with a narrow bandpass filter which allows the excitation light to pass while 

removing the silica background generated in the fibre. The return fibres are coated to pass 

long wavelengths with a cut-on just beyond the 785 nm pump light.  

As well as providing maximum light collection efficiency, the optical system has been 

designed to work confocally. The relatively small cores of the collection fibres act as 

pinholes that reject any light which does not originate from the excitation pump spot at 

the desired depth in the tissue. This is crucial when performing tissue Raman as any lesion 

boundary must be accurately identified without contamination by stray light.  

The overall DOS has an outer circular diameter of 1000 μm making it compatible with 

Birmingham gauge 15-17 hypodermic needles, as well as all endoscopic instrument 

channels.  

5.2.2 Optical modelling 

Each of the individual lenses has been designed using Zemax Optic Studio, a market 

leading optical ray tracing and lens design software suite. In the field of lens design, it is 

common to talk about ray tracing in terms of one of two paradigms: Sequential and non-

sequential. Sequential ray-tracing describes ray modelling in which each ray interacts 

with a pre-defined series of surfaces sequentially. During sequential raytracing, rays 

originate from a single source or object, progress through each optical surface and finally 

form an image on the image plane. Sequential raytracing is computationally fast and 

accurate and is particularly suited to lens systems with a single optical axis. For more 

complex systems which might have multiple sources or detector planes, non-sequential 

ray tracing is more suited. The paths taken by light rays in non-sequential mode are 

computed in real-time with no requirement for each ray to pass through surfaces in a pre-

defined order. Here we have used sequential ray tracing to model each individual lens in 

the system and then non-sequential raytracing to model the system as a whole. The lens 

modelling pathway is shown in the form of a flow chart in Figure 5-5. Firstly, the lens 

specifications, such as radius and conic constant, and the distance between surfaces are 

estimated to give an approximate optical layout. Then, system constraints are 

implemented in the form of operands. The operands define the desired function of each 

surface, for example, to collimate a set of rays or focus rays to a spot. Next the system is 

optimised by numerically iterating the system variables in order to achieve as near as 

possible the function defined in the operands. The system performance is then measured 



103 

 

and if the results are unsatisfactory then the operands are tweaked, and the optimisation 

step repeated until the desired optical system is reached. 

 

Figure 5-5: A flow chart summarising the optical design process followed while 

using Zemax Optic Studio to design lenses in Sequential mode. 

5.2.2.1 Delivery fibre lens 

The first surface that the excitation light encounters after emerging from the delivery fibre 

is the centre coupling lens which is designed to collimate the light. A ray diagram of the 

lens is shown in Figure 5-6. The rays diverge from a point source which represents the 

end facet of the single mode delivery fibre. The ray divergence angle is set by the fibre 

NA, 0.12 in this case, equal to a half angle of 4.75˚ for a refractive index of 1.45. The lens 

is a convex asphere with a radius of curvature of 0.194 mm, conic constant of -0.473 and 

a 0.08 mm semi-diameter. The clear aperture of the lens is designed to be 0.12 mm when 

embedded into the petal surface. 

 

Figure 5-6: A ray diagram of the delivery fibre coupling lens which is designed to 

collimate light emerging from the fibre. The lens is aspherical with an NA of 0.12, a 

clear aperture of 0.12 mm and and focal length of 0.55 mm. 

Ray tracing can only predict lens performance exactly for macroscopic systems including 

many-moded optical fibres. Ray tracing will predict that an aspheric lens can perfectly 

collimate light from a point source for a specific wavelength. In reality, perfect 

collimation of light is forbidden by the wavelike description of light and a full wave 

propagation simulation s required to model the system exactly. Nevertheless, ray tracing 

is sufficient here because the solution found is still optimal. The last useful attribute to 
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take from the ray trace simulation is the optical transmission. Assuming that there is no 

loss at the fibre tip and all light is launched into the probe, the transmission is 96.58% 

where the loss observed is due to Fresnel reflection at the aspheric surface.  

5.2.2.2 Return fibre lenses 

The six return-fibre coupling lenses, or collection lenses, take the same form as the central 

collimating lens but operate in reverse. Unlike the central lens however, the collection 

lenses should perform well over a range of wavelengths. The “fingerprint regime” of 

tissue Raman typically spans between 300 and 2800 wavenumbers [5.31] corresponding 

to a spectral range between 800 and 1000 nm. A ray diagram of an optimised collection 

lens is shown in Figure 5-7. For this lens, the radius and conical constant was 0.411 mm 

and -0.473 respectively and the clear aperture was 0.44 mm. The lens was designed to 

couple light into a 0.22 NA optical fibre with 105 μm core. 

 

Figure 5-7: A ray diagram of a collection lens designed to couple collimated light 

back into a return fibre. The lens is aspherical with an NA of 0.22, a clear aperture 

of 0.44 mm and and focal length of 1.2 mm. An insert highlights a small chromatic 

focal shift between 800 nm light (purple) and 1000 nm light (green) corresponding 

to the range of wavelengths of interest to Raman spectroscopy. 

As can be seen in Figure 5-7, the shorter wavelengths in the range focus more quickly 

than the longer wavelengths. However, the spectral range of interest for tissue Raman 

pumped at 785 nm is narrow and so we observe a chromatic focal shift of only 6 μm over 

the full wavelength range as shown in Figure 5-8. Relative to the 105 μm fibre core 

diameter this shift is insignificant, and the collection efficiency remains high. The 

throughput of this lens is the product of the optical transmission of the lens surface and 

the fibre coupling efficiency into the return fibres. A transmission analysis reports that 

the transmission through the aspheric surface over the full wavelength range can be 
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expected to be 96.6%. Geometric analysis is used to compute the coupling efficiency into 

the large multimode return fibre and comes out at 94.7% resulting in a combined lens 

throughput of 91.5%.  

 

Figure 5-8: The focal shift of a collection lens as a function of wavelength over the 

wavelength range of interest for tissue Raman spectroscopy.  

5.2.2.3 Focusing lens 

The focusing lens concentrates pump light down to a spot within the tissue and then 

collimates any Raman signal that is backscattered within the collection cone of the lens. 

The higher the NA of the lens, the more light will be collected. Figure 5-9 shows ray trace 

diagrams of the focusing lens operating adiabatically as required. The lens is again 

aspheric with a radius of 0.291 mm and a conic of -0.490. The lens aperture is 0.80 mm 

and its focal length is 0.45 mm giving an NA of approximately 0.8 in tissue. Again, 

transmission simulations were performed, and the throughput of the lens was modelled 

to be 96.4%. This gives a total DOS return transmission of 88.2%. As mentioned, the 

probe has an overall aperture of 0.8 mm and a central lens aperture of 0.15 mm, resulting 

in a collection area of 96.5%. Therefore, the overall maximum expected collection 

efficiency is 85.1% 

 

Figure 5-9: ray diagrams of the focusing lens performing adiabatically. In the left 

image, 785 nm excitation light (red) is focused onto tissue. On the right, any Raman 

signal (800 – 1000 nm, shown at the extents in purple and green) that is backscattered 

towards the lens within its 0.8 NA is collimated before collection.  
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The return signal is well collimated by the lens across the full spectral range if the signal 

originates from a point source as shown in the ray diagram. In practice however, the 

excitation light will focus to a spot with measurable width. Additionally, the large core 

return fibres will accept light originating from the object space which is imaged onto the 

fibre aperture. A sequential ray trace analysis of the ray interaction between a collection 

lens and the focusing lens is shown in Figure 5-10. The ray modelling shows how the size 

of the return fibre aperture affects the sampling volume over which the probe can collect 

light. The sampling volume increases both laterally and longitudinally along the optical 

axis as the return fibre core diameter increases. Taking this further, the degree of 

confocality is dependent on the return fibre diameter. The optimal core diameter of the 

return fibres depends on the application: in scenarios in which the Raman signal is weak, 

larger return fibres are preferred as they typically offer higher coupling efficiency. If, 

however, a tissue is very inhomogeneous and high sampling resolution is required, 

smaller core return fibres may be more suitable. 

 

Figure 5-10: A sequential ray diagram highlighting the sampling volume of a single 

return fibre with 105 μm core diameter. The centre and extermities of the core was 

modelled as separate field points. Comatic aberation and field curvature causes the 

extremity fields (green and red rays) to focus outwidth the image plane.  

Comatic aberration, field curvature and astigmatism are also prominent and are due to the 

two-lens system in Figure 5-10 not sharing a common optical axis as well as off angle 

extremity rays from the fibre core incident on the focusing lens. The aberrations affect 

the shape of the focal volume sampled by each of the return fibres and indeed the size of 

the sampling region can be tailored simply by choosing an appropriate return fibre core 

size.  

5.2.2.4 Non-sequential ray tracing 

Non-sequential ray tracing is useful for visualising an optical system as a whole. In 

sequential mode, rays that scatter or reflect from a surface are ignored and transmission 
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is calculated using the Fresnel equations alone. In non-sequential mode, scattered rays are 

not ignored and are free to propagate in any direction and interact with any surface until 

leaving the scene. Analysing these rays gives us an insight into how stray light might 

affect the optical performance of the system. 

 

Figure 5-11: A non-sequential, three-dimensional ray trace simulation of the 

combiined DOS as a whole. The red cylinder represents the delivery fibre which 

delivers excitation light (red) to the tissue. Raman scattering (green) is collected by 

the DOS and directed back to the return fibres shown in blue. 

A non-sequential ray trace model of the assembled probe is presented in Figure 5-11. The 

model consists of a single computer generated stereolithography (STL) object which 

represents the DOS. Two individual sources represent the excitation light (red) and the 

Raman scatter (green). The Raman signal is modelled on a uniform cone of light 

originating from a point source and filling the aperture of the probe. The return fibres are 

represented as blue cylinders and the delivery fibre in red. As well as being a useful 

visualisation tool, we can also extract useful information from non-sequential models by 

placing “detectors” at any position within the model. Detectors measure the position and 

intensity of rays passing through a plane much like a camera would. In this model we 

have placed a detector plane at the end of the return fibres and the resulting irradiance 

profile is shown in Figure 5-12.  
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Figure 5-12: An irradiation profile situated at the end facets of the return fibres. Light 

originating from the sampling volume defined by the excitation light (at the centre 

and the full extents along the x-axis) was propagated through the distal end optical 

system in non-sequential ray tracing mode. The positions of the 105 μm core return 

fibres are overlayed. 93.1% of return light incident on the detector plane was 

predicted to be collected by the return fibres during optical simulation. 

The irradiation profile reveals the six return spots that are collected by each return fibre. 

The positions of the spots are in good agreement with the modelled fibre positions 

although the signature comatic tail is clearly present in each case. The tails point inwards 

towards the direction of the off-axis point source at the centre of the six spots. We expect 

even the signal within the coma tail will be collected by the large core return fibres.  

With the design specifics established, the next stage in the development process was to 

refine the fabrication process based on the practical limitations and intricacies associated 

with ULAE. 

5.3 Fabrication of the distal-end optical system 

As discussed previously, ULAE is a two-step process. Firstly, a fused silica substrate is 

translated through a focused ultrafast laser beam in three-dimensions to inscribe the 

component surfaces. Secondly, the laser inscribed material is removed by selective 

chemical etching. A detailed description of the ultrafast laser inscription set-up used to 

fabricate all components shown in this thesis is given in Chapter 3. The theory of ULAE 

is given in Chapter 2 and a detailed investigation into optimised ULAE microfabrication 

can be found in Chapter 4. The purpose of this section is to describe the specific 

methodology which has been developed to allow us to fabricate the individual DOS 

components with high quality and repeatability.  

Fused silica is an ideal material choice for micro-optics because it is transparent over 

visible and near-infrared wavelengths, has a low thermal expansion coefficient, a high 

damage threshold and good mechanical properties. The fused silica used here is UV 
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Grade Corning 7980 0f which has a homogeneity of <5 ppm and a total inclusion cross 

section of no more than 0.03 mm2 per 100 cm3 of glass. The glass is typically 

manufactured and sold in flat wafers which are then diced into manageable substrates 

suitable for laser inscription. The components presented here were all fabricated out of 1 

or 2 mm thick substrates, 10 × 10 mm square. Practically, the thickness of glass that is 

suitable for laser inscription is limited by the working distance of the inscription lens and 

beam aberrations that are more prominent the deeper into the glass we wish to write. The 

latter limitation can be overcome by using adaptive optics such as spatial light 

modulators [5.32] to correct for the wavefront aberations, however, this was not needed 

for the work presented here. 

There are several types of features that might be required when inscribing a component. 

These include the component surfaces, but also etch planes and channels which can help 

reduce etching time and increase etching uniformity. Visual aids may also be written into 

the bulk of a component as a unique marker to allow similar components to be 

differentiated. Each of these features may be written with different irradiation parameters 

such as pulse energy and polarisation depending on the desired end result. For example, 

it was previously mentioned that the laser polarisation will impact surface roughness after 

etching and so the laser polarisation is chosen to suite each surface type. Typically, 

however, the laser irradiation parameters are set to the optimal parameters presented in 

Chapter 4. 

5.3.1  Six-around-one component 

We will first consider the fabrication of the six-around-one component which consists of 

the seven fibre alignment slots paired with the freeform “petal” lens arrangement.  

The cylindrical fibre alignment slots were written laterally with respect to the inscription 

beam. There are six slots which house the return fibres. These slots are arranged in a ring 

with a 250 μm radius and equally spaced. The depth of the return fibre slots was set to 

600 μm in order to ensure good angular alignment while keeping fabrication time down 

to a minimum. The diameter of the slots was set by the cladding diameter of the optical 

fibre, typically 125 μm, although fibres with a cladding diameter of up to 200 μm were 

also used. The centre slot which housed the delivery fibre was similar to the surrounding 

slots but terminated at a greater depth of 1200 μm.  

 The slots were inscribed by rastering the laser focus along the side walls of the cylinder 

and then across the end facet – once etched, the slots would eject from the holes and be 
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discarded. Care had to be taken when writing the slot to achieve a circular aperture – 

when a Gaussian beam is focused, the lateral beam width is less than the longitudinal 

beam extremity, also known as the Rayleigh range or confocal parameter. This results in 

a laser modification volume which is elliptical and so material modified in the glass is 

elongated slightly along the axis of laser propagation, here defined as z. To correct for 

this, the circular apertures of the fibre slots were instead written as ellipses truncated to 

0.9 times the slot diameter in the z axis.  Figure 5-13 (a) and (b) are micrographs of the 

fibre slot end facets written without and with z correction respectively. 

 

Figure 5-13: a) The opening facets of the alignment slots with slightly elliptical 

apertures due to the shape of the inscription beam. b) The opening facet again, this 

time with z correction applied to achieve circular apertures. c) an angled micrograph 

revealing the seven fibre slots – in this iteration, etch channels were included to 

decrease etching time.  

The “petal” lens surface consists of six identical aspheric lenses surrounding a smaller 

central asphere which overlap with each other to completely fill the DOS aperture. By 

filling the full aperture of the DOS, almost all the light which can be collected by the 

focusing lens is coupled back into the return fibres – an improvement on other probe 

designs such as those discussed in Chapter 2. The surface was generated using the 

numerical programming interface Matlab, by superimposing each lens onto a mesh of 

cartesian coordinate points, otherwise known as a point cloud. The surface profile is 

presented in Figure 5-14 (a). To fabricate the surface, the mesh was split into individual 

rows of points which the stage controller converted into splines. The surface was then 

rastered through the beam focus, with each spline written sequentially. A representation 

of the individual lines that were written is shown in Figure 5-14 (b). 

c) a) b) 

250 μm 
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Figure 5-14: a) a colour map of the designed six-around-one petal lens surface. To 

inscribe the surface, the surface profile is split into a stack of lines as shown in (b).  

Each scan was separated by 1 μm in z to ensure neighbouring scans were well-overlapped. 

The etched six-around-one lens is presented in Figure 5-15. Fig 4-15 (b) shows a 

magnified section of the petal lens in which concentric planes are clearly visible on each 

individual lens. These planes, or ridges, only form when the laser polarisation is 

orthogonal to the laser writing direction and are due to the formation of nanogratings 

within the bulk of the silica during laser inscription. A detailed explanation of nanograting 

formation is given in Chapter 2. The ridges do not form if the laser polarisation is instead 

set parallel to the writing direction, however, in this case the etching time significantly 

increases which impacts on the repeatability of fabrication. Instead, post processing 

techniques were used to remove the ridges as will be discussed later in this chapter.  

 

Figure 5-15: Micrographs of the etched petal lens before any post processing. The 

full lens surface is shown in a) and a magnified view, revealing that the lens is 

composed of planes, is shown in b). 

The remaining surfaces which make up the six-around-one component include the 

cylindrical side walls and accompanying etch planes which allow etchant to transport 

more readily throughout the component. The total inscription time for a single component 

was approximately six hours and multiple devices were written on each 10 × 10 mm 

a) b) 

a) b) 

200 μm 
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substrate. Etching was performed in KOH heated to 85˚C under the same conditions 

described in Chapter 4 and typically took around six hours to complete. Micrographs of 

the complete component after laser inscription and etching are shown in Figure 5-16 (a) 

and (b) respectively.  

 

Figure 5-16: a) a micrograph of the six-around-one component after laser inscription. 

Several etch planes are inscribed to ensure the component etched uniformly. b) A 

similar viewpoint but after chemical etching. The petal lens array is visible along 

with a circular ridge used to align the component with the focusing lens.  

5.3.2 Focusing lens 

Unlike the petal lens, the focusing lens was written longitudinally in z. Longitudinal 

writing was preferred for several reasons: firstly, the faces of the silica substrates were 

naturally flat with a 40/20 scratch/dig as a consequence of the glass manufacturing 

process and so using this surface for the back of the probe was beneficial. Secondly, we 

expected etching to be poor for a high-power lens written laterally as the nanogratings 

would fail to form a path over the curvaceous lens surface and so the etchant would not 

propagate over the surface efficiently. Lastly, the total number of surfaces and etch planes 

required to write the component was less when written longitudinally, reducing laser 

inscription time.  

The lens was written by translating the substrate through the focus following a tapered 

helictical path matching that of the aspheric lens profile as shown in Figure 5-17 (a). The 

laser polarisation was kept constant and linear at this stage. The cylindrical side walls of 

the focusing lens were also written by translating the substrate following the path of a 

helix. For these surfaces however, the laser polarisation was rotated dynamically during 

inscription so that the polarisation was kept orthogonal to the writing direction. The 

a) b) 
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purpose of rotating the polarisation was to ensure that the laser induced nanogratings 

formed complete circular paths for the etchant to propagate along during etching. The 

mechanisms of etchant transport and the advantages of dynamic polarisation control are 

discussed in Chapter 4. The focusing lens component after laser inscription and etching 

is presented in Figure 5-17 (b) and (c). 

 

Figure 5-17: a) The stage motion path taken when inscribing the focusing lens 

(shown with larger pitch for clarity). b) A side view of the focusing lens after 

inscription and (c) after etching.  

5.3.2.1 Physical characterisation and post processing 

The next step after fabricating the DOS components was to assess the quality of the 

manufacturing process by comparing the physical form of the etched micro-optics, in 

terms of surface profile and roughness, with the designed optics. During the etching stage, 

the etchant not only removes laser modified material but also pristine material, albeit at a 

much slower rate. Therefore, the time that etching takes to complete influences the 

resulting surface profile of the microlenses. The etching of pristine material is known 

“over etching” and can be compensated for during the lens design stage. However, the 

etching time can fluctuate introducing a discrepancy between the intended lens profile 

and that which is achieved. A change in surface profile would impact the performance of 

the lens in terms of focal length and aberrations, which in turn might decrease fibre 

coupling efficiency and probe performance. Roughness is another factor that affects lens 

performance. Roughness also describes a deviation from the ideal lens profile but on a 

higher spatial frequency scale, typically of the order of the wavelength of light which the 

lens is designed to interact with.  

There are several methods that are commonly used to perform surface metrology 

including scanning probe microscopy, optical microscopy, scanning electron microscopy 

and interferometry. White light interferometry was used to measure the surface profile of 

the lenses in this case and the surface roughness was measured using an atomic force 

microscope, as discussed below.  

c) a) b) 300 μm 
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5.3.3 Lens profiling  

Lens profiling was performed using a Zygo Optical Interference Profiler which measures 

the optical path difference between a test surface, i.e. a microlens, and a reference surface 

to compute changes in depth over the test surface. The interferometer is non-contact and 

can compute each pixel across the sensor simultaneously such that only the Z axis must 

be scanned. This means that the time taken to complete a scan is around 30 s, typically 

much faster than scanning probe methods. The drawback is that interferometry uses the 

wavelength of light as a ruler to measure changes in optical path length, and although 

image processing techniques allow subwavelength changes to be determined, the depth 

resolution is somewhat limited. Another limitation of interferometry is that it relies on the 

reflected or back scattered light from the test surface to form an interference pattern. If 

the surface is steep, such as for a curvaceous lens, or the material is very transparent, such 

as polished glass, then there may be insufficient light collected to make a comparison.  

With this in mind, Figure 5-18 shows a 3D surface profile of the six-around-one petal 

surface obtained using the optical profiler. In Figure 5-18 (a), the dark areas represent 

unobtainable data due to low light reflection from inclined surface regions. Although the 

complete profile information was not known, the positions and partial profiles of each 

individual lens could be compared to the designed surface presented in Figure 5-18 (d).  

The profiles measured suggested that the etched surfaces matched well with the designed, 

and inscribed, lens surfaces. The high fabrication accuracy was achieved because the 

optimal ULAE parameters found in Chapter 4 provide an etching selectivity of around 

1000 and so we do not expect significant etching of the pristine material during the 

etching stage. Although the form of the lens remained nominal, we found that the entire 

surface was depressed slightly. The depression is caused by etching of modified material 

which has a real width, associated with the width of the modification volume. The width 

of lines inscribed and etched out of glass was found to be 8 μm with optimal irradiation 

parameters and so to resolve the issue, the position of the lens surface was moved by this 

amount during inscription.  
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Figure 5-18: a) A 3D depth profile of the petal lens obtained with an interferometer. 

Some information (back regions) is lost because the lens surface is steep. b) A similar 

profile but of a single lens – by profiling with a higher NA objective, more or the 

surface can be measured. c) A contrast enhanced profiling highlighting the presence 

of nanoplanes on the lens surface. d) The surface profile measured after etching was 

compared with the designed lens profile. 

As well as revealing information about the overall surface profile, optical profiling of the 

lens surface highlighted surface defects and artefacts such as the nanograting imprint 

visible in Figure 5-18 (c). The nanograting imprint is an unwanted artefact as it may 

introduce additional scattering and diffraction which would be detrimental to probe 

performance. In Chapter 2, methods of heat annealing to reduce the surface roughness of 

glass were discussed. One such method, known as flame polishing, is discussed here as a 

means of removing the nanograting imprint from a microlens and decreasing the overall 

surface roughness. 

5.3.4 Flame polishing  

Flame polishing describes the process of applying heat from a flame in direct contact with 

a materials surface to reduce its surface roughness. The intense heat from the flame 

quickly melts a thin layer on the materials surface, which then reflows due to surface 

tension before hardening. The reflow smooths out any high spatial frequency peaks and 

troughs which are associated with surface roughness. If properly controlled, the overall 

profile of the surface, be it flat, spherical or more complex, is minimally unaffected.  
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Flame polishing was performed using an AQUAFLAME SYSTEMS MODEL 500 

oxyhydrogen torch with a 3 mm micro-flame generated through a 21-gauge nozzle. The 

generator produced hydrogen fuel via the electrolysis of deionised water and potassium 

hydroxide. The gas was passed through a solution of Methyl Ethyl Ketone (MEK) that 

produced a flame with a temperature of 1850˚C, sufficiently beyond the softening point 

of fused silica to induce surface melting. Oxyhydrogen-based polishing systems are 

desirable because they are relatively inexpensive and safe to use as they do not rely on 

permanently stored volatile fuels. 

During flame polishing, micro-optics were mounted in a custom ceramic mount and 

translated in and out of the flame by a computer-controlled stage. The duration that the 

glass is in contact with the flame determines the degree of polishing. Over-polishing 

results in deformation of the overall lens profile, while under-polishing fails to modify 

the surface. To find the critical polishing time, several identical laser-written lenses were 

flame polished and their surface profile and roughness measured before and after flame 

polishing. The duration of flame polishing was varied between 0.25 s and 3 s.  
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Figure 5-19: A series of plots comparing the profile of lenses after etching and after 

flame polishing. Unsurprisingly, the lens morphology was affected more 

dramatically when flame polished for longer. The morphology was minimally 

affected if flame polishing was limited to < 0.5 s. 

Figure 5-19 displays microlens profiles measured before and after flame polishing, as 

well as the ideal profile of the designed lens. The laser inscribed profile differed from the 

etched lens profile because etching time was uneven over the surface. During etching, the 

etchant had to permeate across the lens from the outside in, therefore, outer regions were 

exposed to the etchant for longer than the inner regions and were more prone to over 

etching. The etching process is relatively consistent and so the uneven etching of the lens 

can be compensated for during the design stage.  

a) b) 

c) d) 

e) 
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The profile modification due to flame polishing was more difficult to compensate for 

because the melted surface is drawn towards a spherical morphology, whereas the desired 

profile may not be spherical and in this case was aspherical. This problem can be 

overcome by flame polishing for the critical time when only the high spatial frequency 

roughness peaks melt and reflow – leaving the overall surface profile unchanged.  

Figure 5-20 shows the deviation in surface profile before and after polishing. The 

deviation increased with polishing time as expected. The critical polishing time was 

reached after only 0.25s – after which the profile remained mostly unchanged while the 

roughness decreased. The longer the surfaces were polished for, the more difficult they 

were to measure since less light was scattered back to the surface profiler. Steep portions 

of the lens also contributed more noise which is manifested as large deviations from the 

design sag away from the centre of the lens.  

 

Figure 5-20: Plots of the surface deviation from the designed lens after flame 

polishing for several polishing durations from 0.25 to 3 seconds.  

5.3.5 Surface roughness 

So far, we have only considered the effect that flame polishing has on the overall surface 

profile of a microlens and not on the surface texturing and roughness. To measure surface 

roughness, a table top atomic force microscope (AFM) was used. An AFM is a type of 

scanning probe microscope which measures the deflection of a sharp cantilever tip as it 

is scanned over the test surface. The interaction between the cantilever tip and the test 

surface can either be mechanical contact or non-contact, relying instead on van der Walls, 

electrostatic or other repulsive forces [5.33]. As the cantilever tip is rastered over the 

surface, a laser beam reflecting off the back of the cantilever is deflected, and the 

magnitude and direction of the deflection is monitored on a position sensitive detector. 

The cantilever typically has a low spring constant allowing forces in the range of 
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piconewtons to be detected – relating to sub-nanometre tip deflections. Nanometre spatial 

resolution facilitates accurate surface roughness measurements. Drawbacks of atomic 

force microscopy include long acquisition times, relatively small sampling volumes and 

susceptibility to surface discontinuities.  

The AFM used here was a Nanosurf Easyscan 2 which had a Z-range of 14 μm and a 

maximum lateral scan range of 70 × 70 μm. The lateral scan resolution was set to 256 

points per line over the 70 μm line length, or 0.27 μm. The AFM was run in static mode 

whereby the cantilever tip was in direct contact with the surface. In such a case the 

resolution in the z-axis might be expected to be sub-nanometre, but the exact value 

depends upon the quality of the tip itself. Sections of the six-around-one petal surface 

were scanned with the AFM before and after flame polishing. 3D surface maps of such 

measurements are presented in Figure 5-21 along with respective cross-sectional line 

profiles. 

 

Figure 5-21 – The lens profile measured before and after flame polishing using an 

AFM. a-c) show a 3D colour plot, 2D surface profile and micrograph respectively 

before flame polishing. d-f) shows the same plots taken after flame polishing for 

0.5s. The colour maps in a) and d) were measured over 50 × 50 μm areas.  

Figure 5-21 (a-c) shows the surface profile of a lens before any polishing or post 

processing was performed. The line plot highlights significant surface texturing caused 

by the nanograting imprint during laser writing. After flame polishing, the surface was 

noticeably smoother as can be seen in Figure 5-21 (d-f). To quantify the surface quality 

improvement, algorithms were used to measure the surface roughness in each case. There 

is no single definition of surface roughness, although it is generally regarded as deviations 

f) 

a) b) c) 

d) e) 

250 μm 
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in the direction of surface normals from the ideal case. Roughness is also typically used 

to describe high-frequency surface deviations, while lower frequency surface deviations 

may be referred to as “waviness”. Specifications of surface roughness must generally be 

made on flat surfaces. In many cases however, the form of the surface being measured is 

not flat, and instead may cylindrical, spherical, or, as in this case, aspherical, for example. 

This is known as the nominal form: the shape of the surface intended by the designer or 

manufacturer (ISO 17450-1 (2012)). Before any metrological analysis can be carried out, 

the surface must first be flattened by applying an operation, typically the inverse product 

of the nominal form. Before the surface roughness was measured in the examples 

presented here, polynomial fitting was applied to flatten each surface.  

The International Organization for Standardization (ISO) sets out guidelines and 

standards on the areal metrology of surfaces in ISO 25178. Perhaps the most common 

definition of areal surface roughness is the arithmetical mean height, Sa, which describes 

the difference in height between each point and the surface mean. The arithmetical 

roughness is given by:  

𝑆𝑎 =
1

𝑀𝑁
∑ ∑|𝑧(𝑥𝑘, 𝑦𝑙)|

𝑁−1

𝑙=0

𝑀−1

𝑘=0

, Eq. 5-2 

where M and N are the side lengths of the area under test and z(xk , yl) is the sag height of 

each point across the surface [5.34]. Using Equation 5-2, the surface roughness of 

microlenses before and after flame polishing was measured and the arithmetical mean 

deviation was found to be 48.7 and 2.26 nm respectively.  

Flame polishing was found to consistently reduce surface roughness, including the 

contribution from nanograting ridges, by over an order of magnitude from around λ/16 to 

λ/400 for an 800 nm wavelength. We expect that the reduction in surface roughness will 

reduce light scatter and speckling and maximise the optical transmission and performance 

of the lenses – this will be investigated during the optical characterisation of the probe 

found in Chapter 6.  

So far in this section we have characterised the lens surfaces in terms of form and surface 

roughness and discussed flame polishing as a method to reduce that roughness. The next 

step in terms of physical characterisation was to quantify how precisely and repeatably 

optical fibres were positioned in the fibre slots. 
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5.3.6 Passive alignment  

Precise positioning of the delivery and return fibres is essential for the probe to perform 

correctly. An off-axis lateral displacement of the return fibres would result in a rapid 

decrease in the fibre coupling efficiency and the strength of the signal collected. An 

angular displacement is less severe as long as the return fibre NA overfills the respective 

collection lens. Fibre slots are fabricated with an aperture large enough to accept stripped 

optical fibre over their full specified tolerance. For silica clad fibre with 125 μm diameter, 

this is typically ± 1 μm. Before fibres are fixed in position with a UV cured glue, they are 

inserted into the slot manually and lateral position of the fibre in the slot can vary over 

the aperture of the fibre slot. To measure this variance, the end facet of the slot was 

imaged while single mode fibre was inserted and removed one hundred times. 

Micrographs were taken each time and image processing was used to measure the relative 

position of the fibre core for each insertion. The scale was calibrated by inserting a multi-

core fibre and measuring a known distance between the cores.  

Figure 5-22 shows a histogram of the fibre positions after insertion and removal one 

hundred times. The lateral fibre position had a standard deviation of 0.83 μm and 0.52 

μm in the horizontal and vertical axes respectively, where the figures are quoted to ± 2σ. 

The larger variation in the horizontal axis was likely due to the slot having a slightly 

elliptical aperture. In later iterations, the fabrication process was improved, and more 

circular apertures were obtained. The variance in fibre position obtained is sufficiently 

low that each probe should perform as expected with respect to fibre collection efficiency.  

 

Figure 5-22: Lateral positions of a fibre inserted into an alignment slot 100 times. 

The fibre slot confined the fibre to within ± 2σ of the optical axis where σ was 0.83 

and 0.52 μm in the horizontal and vertical axes respectively. 

So far, we have introduced the distal-end optical system and described its function in a 

Raman microprobe. We have described the optical design of the system, quantified the 
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quality of components fabricated by ULAE and discussed how flame polishing can be 

used to improve the surface quality of microlenses. In the next section, another important 

component of the Raman microprobe will be described: the proximal-end spectrometer 

coupling.  

5.4 Proximal-end 

Having six return fibres improves signal collection but presents an additional fabrication 

challenge: how can we efficiently couple each of the fibres into a spectrometer 

simultaneously? As it turns out, multiple return fibres ideally interface with a 

spectrometer if the fibres can be suitably arranged. Typically, spectrometers disperse light 

in one axis using a diffraction grating and then deliver that light onto a regular CCD array. 

The spectral resolving power of the spectrometer depends on several parameters 

including the bandwidth of the excitation light, the size and spacing of the detector pixels 

and the width of the source of light entering the spectrometer. To achieve high resolution, 

a “slit” is normally positioned at the entrance of the spectrometer to restrict the spatial 

extent to which light can enter. A trade-off exists between signal strength, and the spectral 

resolution achieved – a narrower slit favours spectral resolution, while a wider slit allows 

more light to reach the detector. Typical slit widths vary between 5 and 200 μm. Notice 

that the spectrometer aperture is a slit rather than a pinhole. Slits are typically 

manufactured with standards lengths of either 1 or 2 mm. After entering the slit, the 

Raman signal is not dispersed in the axis along the slit length, but instead optically imaged 

onto the rectangular detector. Therefore, to make full use of the detectors dynamic range, 

the full slit should be illuminated. If coupling into the spectrometer with a single fibre, 

this can only be achieved by drastically overfilling the slit aperture, at the expense of 

signal loss. If, however, multiple fibres can be arranged in a line with a similar aspect 

ratio to the slit, then the slit can be filled without losing significant light from each 

individual fibre.  

The return fibres used typically had a cladding diameter of 125 μm. The fibre coatings 

were stripped at the proximal-end so that the fibres could be arranged in a tightly packed 

line with higher positioning tolerance. Both acrylate and aluminium coated fibres were 

used for light return during product development: the acrylate coatings were stripped 

using conventional fibre strippers. The aluminium coating was stripped chemically, by 

agitating the fibres in a solution of KOH, heated to 85˚C, for 15 minutes. Several methods 

of arranging the fibres in a slit were considered. V-grooves arrays are commonly used to 

align fibres in a line, however, the gluing stage remains intricate as each fibre must be 
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place in the correct v-groove by hand and then all fibres glued in position simultaneously. 

A simpler solution was developed in the form off a rectangular slot fabricated by ULAE 

within the bulk of a fused silica chip. The aperture of the slot was matched to the 

dimensions of the six fibres, i.e. 125 by 750 μm plus 6 μm to allow for the fibre diameter 

tolerance. A 3 mm slot length was chosen as it provided a suitable edge for ensuring 

angular fibre alignment and a large gluing area while keeping etching time practical. The 

six stripped return fibres were fed through the slot one by one before applying a glue 

(Nortland Optical Adhesive NOA61) and curing with UV light. The end facets were then 

ground back and polished to reveal the fibre cores. 

 

Figure 5-23: a) A component fabricated by ULAE which was used to re-arrange the 

six return fibres in a well-defined line, suitable for efficient coupling into a 

spectrometer. b) The six fibres glued into the alignment slot and illuminated. c) An 

alternative slot designed to also house the delivery fibre which has a larger outer 

diameter. 

The return fibre reformatter is presented in Figure 5-23. Figure 5-23 (a) is a photograph 

of the reformatter with the six fibres glued in place and the end facet polished. The 

component is suitably sized for clamping during polishing and mountable in standard 

square optic mounts. Figure 5-23b shows the ends of the fibres illuminated at the distal-

end. The reformatter aligned the fibres to ± 2 μm in y and ± 8 μm in x. In theory, the 

alignment slot precision can be increased to the tolerance set by the fibres (± 1 μm per 

fibre) although tighter tolerance makes assembly more difficult without adding significant 

performance enhancement.  

Other configurations of fibre alignment were also explored, making use of rapid 

prototyping capability of ULAE. These included slots to house several fibre sizes with 

and without their coatings removed and slots which could accommodate both the return 

fibres and the delivery fibres when the fibres had different outer diameters. The aperture 

of this component is presented in Figure 5-23 (c). 

c) a) b) 

2 mm 0.2 mm 
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5.5 Distal-end assembly 

The DOS consists of the fibre coupled petal lens array and the focusing lens end-cap along 

with a delivery fibre and six return fibres. After post processing, each of these components 

were assembled manually and glued in place. Firstly, the seven fibres were attached: this 

involved feeding each of the fibres into their respective fibre slots with the aid of cameras, 

a stereomicroscope and positioning stages, and then fixing them in place with a UV curing 

glue one at a time. The glue used was Norland Optical Adhesive 61 (NOA61) which was 

chosen for its low autofluorescence and strong glass bonding properties [5.35]. The glue 

was applied to the end of each fibre before insertion and cured under 365 nm light with 

27 W/cm power density for five minutes. The glue not only cements the fibres in place 

but acts as a refractive index matching medium between the ends of the fibres and the 

fibre slot facet, reducing any reflection or scattering of light at this interface.  

The gluing process is demonstrated in Figure 5-24. Firstly, the fibre was manoeuvred into 

the slot using a 5-axis stage and inserted without glue applied. Now that the fibre and slot 

were aligned, the fibre was retracted, glue applied to the tip and re-inserted. Surface 

tension drew the glue into the slot ensuring the end was well coated. The gluing system 

was designed such that the optical output from the fibre could be monitored actively 

during the gluing stage. This allowed the alignment between the fibre and the fibre slot 

to be fine-tuned before the glue was set and the presence of air bubbles to be detected and 

mitigated.  

 

Figure 5-24: a) Photograph of a single aluminium coated fibre inserted into one of 

the return fibre alignment slots. b) Glue is applied to the end of the fibre and which 

is then reinserted into the slot before the glue is cured with UV light. c) Midway 

through gluing, a component is shown with three return fibres and a single polyimide 

coated delivery fibre glued in place.  

The two optical components that comprise the DOS were also joined using a UV cured 

glue. Alignment between these two components was achieved by butt-coupling a ledge 

fabricated into the six-around-one component with the rim of the focusing lens. Glue was 

applied along this ledge, with care taken not to allow glue to enter the air cavity between 

c) a) b) 

5 mm 
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the two components. The two components aligned and ready for gluing, and then 

connected and glued, are shown in Figure 5-25. Again, glue was cured using a high-

powered UV LED for approximately 5 minutes. Importantly, the glued DOS is air-tight 

which makes it suitable for use while submerged in a liquid and less prone to 

contamination when in contact with tissue.  

-  

Figure 5-25: a) The two DOS components, aligned and before gluing. Glue is applied 

to the ridge of six-around-one component and butt-coupled to the rim of the focusing 

lens. Excess glue is expelled as shown in b) before the glue is set with UV light.  

5.6 Assembled Raman microprobe  

We have now considered each of the fabrication steps including laser inscription, etching, 

post processing and assembly. The complete assembled probe is presented in Figure 5-

25. Excitation light is coupled into the single delivery fibre – either by standard free-space 

fibre coupling or via a connecterised FC/PC fibre connector. The light is delivered down 

the fibre (red arrow) and launched into the DOS which is positioned in contact with a 

target material, such as tissue. The Raman signal collected by the DOS is sent back up 

the six return fibres (blue arrow) which are reformatted into a line for efficient 

spectrometer coupling. At this stage in development, the micro Raman probe remains 

unpackaged with only heat-shrink tubing applied around the distal-end to add some 

robustness. Packaging and ruggedization remains an avenue for future work.  

500 μm 
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Figure 5-26: The assembled probe is presented. Pump light is delivered down the 

central fibre (red arrow) and collected by the six return fibres (blue arrow) which are 

rearranged into a line at the proximal-end.  

5.7 Conclusion 

In Chapter 5, the design, fabrication and assembly of the Raman microprobe have been 

discussed. A novel DOS design was developed specifically for performing intrinsic 

Raman within near-surface tissue layers. Making full use of the fabrication capabilities 

of ULAE, a freeform six-around-one lens system was developed in order to achieve 

optimal theoretical signal collection, with an efficiency of 85.1% over a collection NA of 

0.8. For comparison, an ideal six-around-one ball lens probe, such as that described in 

Section 2.3.2.3 with a core/cladding diameter of 50/125 μm, has a collection efficiency 

of approximately 10% and a maximum NA of 0.7. The arrangement of the return fibres 

with respect to the lens system was designed confocally so that only light originating 

within the plane of the focused excitation light would be sampled by the return fibres.  

All the components that make up the Raman probe were fabricated out of 1 mm thick 

fused silica substrates using ULAE. Lenses were found to have moderate surface 

roughness directly after etching, in part due to ridge planes imprinted on the surface as a 

side-effect of the laser inscription process. Using flame polishing, these surface artefacts 

were removed, and surface quality was improved significantly with an arithmetical mean 

deviation reduced from 48.7 to 2.26 nm without modifying the nominal form of each lens. 

Precise fibre alignment to within ± 1.08 μm was achieved using alignment slots, inscribed 

and etched out of a single substrate along with their respective coupling lenses.  
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We believe that our device is ideally suited for optical biopsy instruments and that no 

other manufacturing methods can fabricate such a device as compactly and cost-

effectively as the method presented here. In the next chapter, Chapter 6, rigorous optical 

testing and characterisation of the probe is presented. This is followed by the first Raman 

spectroscopy experiments performed with the probe including measurements of the 

Raman spectra from healthy and tumorous mouse tissue ex vivo.   
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CHAPTER 6 - RAMAN PROBE PERFORMANCE 

 

6.1 Introduction 

In the previous chapters, we described the optimisation of the ULAE manufacturing 

process and the Raman probe design, fabrication and physical characterisation. The final 

stage in the product development cycle involves optical characterisation of the lens 

system and proof-of-concept spectral measurements.  

In principle, a physical characterisation of the probe should provide enough feedback to 

iteratively optimise probe performance.  However, small deviations in the individual lens 

profiles from the design specification, or minor component misalignment, can result in 

significant changes in the overall lens system performance. Therefore, to troubleshoot 

performance issues and ultimately quantify the DOS performance, optical 

characterisation methods were used. The development of the probe at each stage was 

iterative, with characterisation methods used both to measure performance, and to 

investigate potential issues and provide feedback to improve subsequent models. Some 

of the issues that hindered early probe iterations are described here, along with the 

techniques used to overcome these problems. There are two main factors that contribute 

to the probe performance. These are: a) the degree in which the sampling volume (the 

region beyond the probe tip from which signal is collected) and the focused excitation 

light, overlap and b) the efficiency at which the collection lens system couples light into 

the return fibres. Experiments designed to quantify each of these are described in the first 

half of this chapter.  

During and after development, the probe was used to measure the Raman spectra of 

various materials, including common reference materials such as toluene and silicon that 

are widely used to compare acquisition performance between research groups and 

instruments. Finally, to test the probe in a similar setting to that ultimately intended, we 

performed Raman analysis on normal and tumorous colorectal mouse tissue. The probe 

was integrated with a commercial table-top spectrometer, with return light coupled in via 

free-space. To qualify the results with a ground truth, spectra were also obtained with a 

Raman microscope for comparison. Differentiating between healthy and cancerous tissue 

Raman probe performance 6 
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using Raman spectroscopy is usually achieved using large datasets to train algorithms 

which distinguish spectra by sampling many peaks simultaneously. Here, with limited 

access to tissue samples, we focused on comparing the individual spectra to those 

obtained with the microscope to qualify performance and used the results as feedback to 

develop the probe further.  

6.2 Optical characterisation and performance 

6.2.1 Lens throughput and collection efficiency 

The SNR of the Raman signal measured by the probe is directly proportional to amount 

of Raman scattered light collected by the distal end optics. In Chapter 5, the theoretical 

performance of the Raman probe was described and modelled using ray trace simulations 

and a maximum collection efficiency of 85.1% was determined, with losses due to Fresnel 

reflections, fibre coupling losses and the area of the internal aperture covered by the six 

return lenses. In practice, achieving this value is challenging due to additional losses from 

optical scattering, surface defects, lens-form discrepancies, dead-space between lenses 

and minor component misalignments. In this section, experiments carried out to measure 

the collection efficiency of the probe are presented. Although the collection efficiency is 

a reliable metric of overall probe performance, it does not provide any indication of the 

causes of unexpected loss in the system. Instead, additional experiments were designed 

and performed to debug the performance of the individual probe components and to 

provide feedback for improving later probe iterations.  

6.2.1.1 Characterisation feedback and improvements 

The two most probable sources of loss are optical scattering and fibre coupling loss. 

Fortunately, each of these can be quantified quite simply by measuring the transmission 

of light through the distal-end optics in both forward and reverse directions, i.e. from the 

proximal to distal-end and vice versa. By coupling light into the proximal-end of each 

delivery and return fibre, the transmission through the DOS can be measured simply with 

a photodetector positioned at the distal-end, without having to consider any fibre insertion 

losses in the DOS. Conversely, coupling light into the distal-end and measuring the light 

coupled into the return fibres and transported back to the proximal-end gives a direct 

indication of fibre insertion losses within achieved the DOS.  

Early measurements of the DOS throughput indicated that the fibre insertion loss was 

high, with an overall collection efficiency of just 5%. To investigate the cause, 

micrographs of the probe were taken while light was sent down the delivery fibre, as 
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shown in Figure 6-1. The micrograph confirmed that the light was significantly scattered 

at location where the fibre met the end of the fibre slot. In principle, the glue used to fix 

the fibre in place should index match the fibre with the end of the slot and so we wouldn’t 

expect any significant scattering here due to surface roughness.  

 

Figure 6-1: A micrograph of an assembled probe with visible light delivered via the 

pump fibre reveals significant light scatter occurring at the fibre-slot end-facet. We 

suspect that the scatter is either due to glass fractures that occur during etching or 

from air bubbles left during the gluing stage. 

To investigate the scattering source further, the light emerging from each fibre was 

imaged in the far-field through its respective petal lens as the fibre was inserted and glued 

into its alignments slot. The live imaging captured micro-air-bubbles trapped between the 

fibre and the slot as shown in Figure 6-2 (a), that were permanently fixed in place when 

UV light was applied to set the glue. It is reasonable to conclude that these micro-bubbles 

were behaving as scattering centres and limiting the optical coupling of light into the 

return fibres. By imaging in real-time, it was possible to insert the fibre with a suitable 

pressure such that the bubbles moved away from the end facet, at which point the fibre 

and bubbles were fixed in place as in Figure 6-2 (b).  

 

Figure 6-2: The far-field output of a 105 μm core return fibre, collimated through a 

petal lens, as it is inserted and glued into an alignment slot. A micro-bubble is visible 

in (a) but removed before fixing the fibre in place in (b).  

Another factor that contributes to fibre coupling losses, and perhaps the most significant, 

is misalignment. Misalignment between the fibre alignment slots and the distal-end optics 

can dramatically reduce the amount of light which is coupled into the fibres. The DOS is 

a) b) 
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designed to split the Raman signal into six equal foci which form at the centre of each 

return fibre aperture. Here, a misalignment is a lateral or angular displacement between a 

fibre core and a focused spot, which may also be produced by underperforming lenses 

and not strictly from optic misalignment. To check for any offset, the terminating end-

facets of the fibre alignment slots were imaged while light was sent through the DOS as 

intended. The performance of the DOS components with and without the focusing lens 

endcap attached was investigated. To mimic true operation without the lens attached, 

collimated 852 nm light was directed onto the six-around-one petal lens array and the 

position of the resulting spots centred about the alignment slot facets and imaged. To 

mimic operation with the focusing lens attached, the light was instead focused using a 

high NA oil immersion lens to a spot representing the point-source Raman signal 

generated just beyond the tip of the probe. For both scenarios, the apparatus shown in 

Figure 6-3 was used, with light delivered via a fibre and collimator from below and 

imaged from above. The DOS was held in a precision mount attached to a 5-axis 

translation stage to allow the lens system to be aligned with the input beam.  

 

Figure 6-3: The apparatus used for imaging the position of the return spots formed 

inside the DOS. The performance of the six-around-one component with (as shown) 

and without the focusing lens attached was measured by coupling in collimated and 

focused light respectively.  
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A 10× Olympus objective paired with a 125 mm tube lens was used for imaging with epi-

illumination provided by an LED via a beamsplitter cube. An example micrograph of the 

return spots showing good alignment to the fibre slots is presented in Figure 6-4 (b). It 

was noted that the sparsity of the six return spots could be increased or decreased by 

moving the DOS closer to or further away from the quasi sampling volume. This 

corresponds to the actual working distance of the assembled DOS and suggests that 

although the working distance might vary slightly for underperforming lenses, the overall 

performance would not be affected. While imaging the return spots, the angular alignment 

was critical in order for the spots to coincide with the return fibre positions. In practice, 

the angular alignment is less critical, because the Raman scattering is generated in all 

directions and the DOS will collect light over the full acceptance cone regardless. More 

important, is that the sampling volume overlaps well with the excitation light – as is 

discussed in Section 6.2.2. 

 

Figure 6-4: a) A micrograph of the DOS with the focusing lens attached. The yellow 

dotted lines represent the ray paths for two of the six return fibres. b) A micrograph 

in the plane of the return fibre slot facets revealing the location of the return spots 

with respect to the fibre apertures.   

6.2.1.2 DOS collection efficiency measurement 

By implementing changes in response to feedback provided by the mentioned 

characterisation steps, the performance of the DOS was iteratively improved to the 

specification described here.  

Firstly, the individual throughputs of the six-around-one component and the focusing lens 

were measured. The former was measured by coupling light into each of the six return 

fibres at the proximal end and measuring the near and far field power in the collimated 

a) b) 
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output. Since the aperture of each petal lens is not circular, some light was lost in the far 

field to the neighbouring lenses as shown in Figure 6-5 (a). Accounting for insertion loses 

at the proximal end, the average throughput for the six petal lenses was 91.4% and 80.6% 

in the near and far fields respectively. The loss in light was attributed to strong scattering 

from the lens surface and from the dead space between each lens. Indeed, when the lenses 

were flame polished as described in Chapter 5, Section 5.3.5, the throughput increased to 

96% and 87% in the near and far fields. To measure the transmission of the focusing lens, 

the lens was used to collimate light focused behind the back surface and the power in the 

far-field was measured as shown in Figure 6-5 (b) and (c). The far-field power was 

compared to the total power within the focus giving an optical transmission of be 82.1% 

 

Figure 6-5: (a) the far-field output from a single fibre inserted into the six-around-

one component. Most of the light is collimated within the central spot, but some light 

is lost to neighbouring petal lenses. (b) The focusing lens aligned on a v-groove with 

a high NA asphere in order to measure the transmission in the far field as shown in 

(c).   

The optical transmission of the individual lenses gives an indication of how scattering the 

lens surfaces are but does not provide a metric for the overall lens performance, 

accounting for surface deviations and aberrations. A more useful performance metric can 

be gained by testing how well the lenses perform their intended purpose, i.e. coupling 

light into the return optical fibres.  

To measure the overall collection efficiency of the DOS, the same apparatus was used as 

shown in Figure 6-3, but with the imaging arm removed and replaced with an assembled 

probe as shown in Figure 6-6. The DOS, inside the bore of a needle, was aligned along 

the optical axis of an Olympus oil immersion objective lens with a variable NA up to 

1.25. Water was used to as the immersion liquid, replicating the approximate refractive 

index of tissue to which the probe was designed to work with. By using water instead of 

oil for immersion, we can expect that the focused spot would be significantly spherically 

aberrated. However, the as discussed in Chapter 5, the probe was designed to collect light 

not from a point source but a region extending tens of microns and therefore, we would 

still expect focused rays to fall within the collection etendue of the probe. Collimated 852 
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nm laser light was sent through the objective, forming a focus beyond the tip of the probe. 

To align the DOS centrally with the focus, the power launched into the return fibres was 

measured at the proximal-end and maximised by tweaking the angular, longitudinal and 

lateral alignment. At this position, we would expect the power launched into central 

delivery fibre to also be at a maximum. This was indeed the case in terms of angular and 

lateral alignment, but not for the longitudinal position. This suggests that there was an 

offset along the optical axis between the excitation focal volume formed by the DOS and 

the collection volume sampled by the return fibres. This was investigated further, and the 

results are presented in Section 6.2.2. To measure the throughput, or collection efficiency, 

of the DOS, the NA of the objective lens was reduced until the signal collected at the 

proximal-end begun to decrease. At this point, the NA of the objective lens and the NA 

of the DOS were matched, and so the power could be measured on front of the objective 

and compared to the power returned to the proximal-end by the six return fibres to give 

the efficiency. Using this method, the probe collection efficiency was measured to be 

52.9%. Although less than the 85.1% predicted by ray-tracing, we expect this figure to be 

approaching the maximum practically achievable with losses due to scattering, Fresnel 

reflections from the DOS and at the proximal-end, dead-space between lenses, the central 

petal lens and intrinsic fibre-coupling loss. 

 

Figure 6-6:  A variable NA immersion lens used to focus light to be collected by the 

DOS. The immersion liquid, water in this case, was held in place with an O-ring 

during measurement.  

6.2.2 Overlap of pump light and sampling volume 

When brought into contact with tissue, the DOS is designed to focus the excitation light 

at a depth of approximately 300 μm beneath the surface – corresponding to the region of 
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interest in early cancer diagnostics in the oesophagus [6.1]. Raman scattering is not 

limited to the focal region, but the intensity of the Raman signal scales with the incident 

flux of the excitation light and is therefore highest within the focal volume. Additionally, 

the absorption of 785 nm light is weak over this depth range in tissue, and so most of the 

incident laser power reaches the focal volume. The distal end optics are designed such 

that each return fibre also samples a small focal region inside the tissue, and this region 

coincides with excitation focal volume. In principle, only the Raman signal originating 

from the tissue region which is sampled by both the delivery fibre and the return fibres 

should be collected and this region is defined by the focal volume of the excitation light. 

In other words, the probe is designed to operate confocally, sampling only a small, sub-

surface region of the tissue. This allows specific layers within the tissue to be targeted 

and identified.  

Unsurprisingly, the degree in which the sampling volume and the focused excitation light 

(pump) overlap, determines the amount of Raman signal collected. For the prototype 

probe described in this thesis, return fibres with a large core diameter (105 μm) were used 

as they sample a larger volume, relaxing alignment and lens performance tolerances. The 

downside to using large core return fibres is that the confocality of the probe reduces as 

the sampling volume overlaps with the pump over a larger region. To improve the probe 

performance and increase the confocality, the focal regions of both the excitation light 

and the sampling volumes must first be mapped-out to flag up any discrepancies in the 

overlap.  

To map out the extents of the excitation beam, light was coupled into the delivery fibre 

and a simple compound microscope system was used to image the cross-section of the 

beam focused by the DOS at several image planes through the focus. Since the DOS 

behaves similarly for light propagating in both directions along the optic axis, the 

sampling volume of each of the return fibres could be mapped out in the same way by 

coupling light into each return fibre at the proximal-end and imaging through focus at the 

distal-end, as depicted in Figure 6-7. Other methods were also considered, including 

imaging the secondary light produced in fluorescent glass with the probe in contact, or by 

mapping out the collected Raman signal intensity originating from a small Raman-active 

particle, such as diamond, over 2D space.  



139 

 

 

Figure 6-7: A micrograph of the DOS, overlayed with the expected ray paths of the 

delivery fibre (red) and one collection fibre (yellow). To measure the degree of 

overlap between the pump beam and the sampling volume, the beam footprints were 

imaged at each of the image planes marked.  

We decided to map the foci via direct imaging as it allowed us to reproduce the tissue-

like refractive index and map in three dimensions. Figure 6-8 (a) is a monochrome 

micrograph of the excitation focal volume cross-section. The delivery fibre had a 25 μm 

core and hence is multi-mode at 785 nm as shown by the non-uniform mode pattern. The 

camera was deliberately saturated slightly in order to give a distinct boundary around the 

focal region. The scale was calibrated by taking the camera sensor pixel separation and 

adjusting for the magnification of the imaging system – 8.33 in this case achieved with a 

10× Olympus objective and a 150 mm tube lens.  

 

Figure 6-8: (a) A micrograph of the excitation light focused by the DOS. The image 

was intentionally saturated to define a hard edge between the focus and surrounding 

region. (b) Image processing was used to mark the edge of the focal region, so that 

each spot could be overlayed and compared with clarity.  

To compare the extents of the focal volume for each fibre, the outline of each focal region 

was marked as in Figure 6-8 (b) and then the seven images overlaid. Each fibre was 

marked with a different colour for clarity, with the delivery fibre coloured black. The 

images were collected at depths of 150, 250, 350 and 450 μm beyond the back surface of 

the probe to obtain the resulting foci maps presented in Figure 6-9. 

60 μm 60 μm 

a) b) 
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Figure 6-9: a) Footprint diagrams showing the extents of the sampling volume for 

each of the six return fibres (coloured) and the excitation focus (black) as imaged at 

four distances from the back of the probe. b) A plot of the FWHM of the seven spots 

as they converge through focus beyond the back of the probe (black) and the mean 

distance of the return spots from the optical axis (red). For a well-optimised system, 

we would expect the minima of each curve to coincide along the x axis. The error 

bars represent the standard deviation in the values for the six return fibres and splines 

have been fitted for visual aid.  

Although at first glance the maps may seem convoluted, several insights can be drawn 

upon closer inspection. At 150 μm from the probe, the light from each of the seven fibres 

is unfocused and separate in space, therefore no Raman signal would be expected from 

this region. At 250 μm, the delivery fibre is approximately focused, yet the return 

100 μm 

150 μm 250 μm 

350 μm 450 μm 

a) 

b) 
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sampling regions are not perfectly coinciding. Although there is some overlap, the Raman 

signal collected at this depth would be quite weak and the foci map confirms that the 

sampling volume is indeed longitudinally offset from excitation focus as presumed in 

Section 6.2.1.2. At 350 μm from the probe tip, the return spots finally come to a common 

focus, centred on the optic axis as expected. The sampling volume is now well-overlapped 

with the excitation light, but the excitation light is out of focus and so we would expect 

Raman intensity and confocality to be sub-optimal. Past the focus at 450 μm, the light 

remains overlapped but with low intensity and very little signal should be collected by 

the return fibres. The plots in Figure 6-9 (b) summarise the footprint diagrams and again 

show the seven spots focusing most tightly beyond the point at which the spots converge. 

The results suggest that for the most recent probe iteration, the excitation light was 

brought to a shallow focus while the sampling was slightly deep. There are several 

possible causes for the discrepancy. One probable cause is that the curvature of the 

focusing lens after etching and flame polishing was less than desired, and so the focusing 

power of the lens was reduced, particularly at the extents. Correcting the lens profile is 

difficult: Firstly, the focusing lens is embedded in the end-cap and not accessible for 

physical profiling. Secondly, etching of the surface is not precisely predictable and many 

iterative steps would be required to achieve the desired profile. A simpler correction to 

make is to increase the lateral distance between the optical axis of the probe and the return 

fibres by moving the alignment slots, aided by ray trace models. By widening the array 

of return fibres, the sampling volume is moved closer towards the probe as required. The 

axial termination depths of the fibre slots also affect the rate at which the rays converge 

beyond the probe. We would expect that increasing the distance between the end of the 

fibres and the petal lens array would result in the collection rays converging sooner as 

required. We expect that a combination of lateral and axial adjustments would and plan 

to implement these corrective steps in future probe iterations.  

In the next section, results obtained when applying the Raman probe to proof-of-concept 

spectral measurements of materials including normal and malignant colorectal rodent 

tissue is presented. 

6.3 Probe performance in spectroscopy 

6.3.1 Raman spectroscopy system 

The Raman probe is one of three components that make up the Raman system, the others 

being the excitation laser source and the spectrometer itself. Careful consideration must 
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be given to the choice of the other two components, and the methodology used to interface 

the three. In this section, the inner-workings of a typical Raman system is discussed and 

then the specific Raman system used for this work is described. As with the probe 

development, the design and implementation of the Raman system was iterative; the final 

system is presented here.  

Raman spectrometers are fundamentally the same as spectrometers for fluorescence or 

absorbance spectroscopy but configured for a specified excitation wavelength and 

spectral range. The key components in a spectrometer include the slit, a dispersive optical 

element and a sensor. The slit is positioned at the entrance of the spectrometer and defines 

the aperture of the object which is imaged onto the spectrometer sensor. Slits are usually 

rectangular with a height of 1 or 2 mm and widths between 10 and 200 μm as standard. 

The slit width determines the optical resolution and throughput of a spectrometer and 

should be chosen to suit the intended application. A wider slit allows more light to enter 

the spectrometer but reduces the resolution at which wavelengths can be resolved on the 

detector. After passing through the slit, the polychromatic light is typically collimated by 

one or more mirrors and directed onto the dispersive element. In modern table-top 

spectrometers, the dispersive element is almost exclusively a reflective diffraction grating 

with either an etched or holographically imprinted ruled surface. The groove density 

determines the amount of dispersion and is chosen to fill the detector with the desired 

wavelength range. The detector is perhaps the most critical component in the spectrometer 

as it contributes to the sensitivity, SNR and the spectral resolution of the Raman signal. 

Modern spectrometer detectors are typically CCD arrays which allow the full intended 

wavelength range to be imaged over the detector simultaneously. While the long axis of 

the CCD array measures wavelength, the short axis images the slit in a conventional 

manner – maximising the collected signal strength. The pixel spacing contributes to the 

spectral resolution, as at least three pixels are needed to resolve a spectral peak. In many 

applications, including tissue Raman, the Raman signal can be very weak and therefore 

the detector noise can be a performance limiting factor. Detector noise has several origins 

including electronic noise, dark noise, shot noise and quantum efficiency variations 

across the pixels. Dark noise describes the false-positive detection of photons under dark 

conditions and increases with the detector temperature. In low light applications, the 

signal acquisition time can be long. Therefore, thermoelectric (TEC) cooling is often built 

into Raman spectrometer detectors to minimise the dark noise and maintain a high 

dynamic range. A final consideration with regards to the spectrometer is the collection 

numerical aperture (NA). The NA defines the maximum angle at which photons entering 
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the spectrometer slit will be captured by the spectrometer optics and ultimately imaged 

on the sensor. The NA is set by the focal length and clear aperture of the optics and is 

often quoted in terms of the f-number.  For fibre coupled spectrometers, the NA of the 

spectrometer should be matched to the NA of the coupled fibre to achieve optimum 

performance. Similarly, for free-space coupling, a lens system which matches the NA of 

the spectrometer should be used.   

One of the major advantages of Raman spectroscopy over other spectroscopy techniques 

is that the position of the spectral peaks is determined by the energy of molecular 

vibrations and not affected by the excitation wavelength. Therefore, the specific Raman 

peaks are easily designated and compared. Though the excitation wavelength does not 

affect the position of Raman peaks, there are several other factors that are impacted by 

the choice of wavelength. The Raman cross-section, , describes the likelihood that an 

incident photon will undergo Raman scattering and it can be shown that, 

 , Eq. 6-1 

where λ is the wavelength of incident light [6.2]. In other words, the power of the Raman 

scattered light varies inversely with the fourth power of the wavelength. This suggests 

that high-energy wavelengths should be used for the excitation light, but this is not always 

the case. For many materials, particularly organic molecules, the Raman signal must 

compete with a strong fluorescence emission which is stronger when excited by more 

energetic photons. A trade-off exists then between the Raman signal and fluorescence 

intensities and the chosen wavelength will depend on the intended application. For tissue 

Raman, 785 nm light has become the industry standard as it offers a suitable balance 

between signal strength and fluorescence and is readily available using relatively 

inexpensive laser diodes. The maximum spectral resolution is set by the linewidth of the 

excitation source, and so it is important to minimise the linewidth and remove sidebands 

commonly produced by laser diodes. This is commonly achieved using narrowband 

filters, external cavity lasers, or volume holographic gratings [6.3]. Another advantage of 

using laser diodes is that they offer a suitable output power, typically on the order of tens 

to hundreds of milliwatts for tissue applications.  

A key characteristic of a spectrometer system is its spectral resolution. The spectral 

resolution determines the minimum separation between two adjacent Raman peaks that 

can be individually resolved, and is collectively determined by the excitation source 

linewidth, the slit width and the density of pixels over the working wavelength range. The 
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laser source is often decoupled from the spectrometer, and so its spectral resolution is 

commonly specified for an ideally narrow source. In reality, the observed resolution is a 

convolution between the laser linewidth and the spectrometer resolution. To determine 

the spectral resolution, δλ, theoretically, we must divide the total spectral range, λrange, by 

the number of pixels, np, and multiply by the ratio of the slit width, Ws, to the pixel width, 

Wp. Note that it is the width of the slit as imaged on the detector that determines the 

resolution, and if the spectrometer spatially magnifies the slit image, then this must also 

be considered. Finally, a multiplication factor, R, is included since the specified resolution 

is the FWHM of the smallest resolvable peak, and at least three pixels are required for 

one peak to be measured. The multiplication factor is equal to 3 if the pixel width is the 

resolution limiting factor but reduces to 1.5 as the slit width becomes the dominant 

limiting factor. Together then, the spectral resolution is given by,  

. Eq. 6-2 

There are also other, more subtle factors which may affect the observed resolution, 

including the wavelength dependent performance of the dispersion optics. However, the 

factors discussed are the most significant and relevant to the work presented here.  

Each of these factors were considered when constructing the spectrometer system used 

for the work presented in this thesis. The system was centred around a commercial Raman 

spectrometer (Wasatch WP 785) which was configured to operate with a 785 nm 

excitation source and collect Stokes shifted light from 270 to 2000 cm-1 (802 – 931.2 nm). 

This wavelength range coincides with the “fingerprint” tissue regime where relevant 

biomolecular information is rich. By starting at 802 nm, the excitation light is not 

collected by the sensor and is instead blocked by partitions inside the spectrometer 

housing – removing the risk of saturating the detector with the excitation light. The 

spectrometer used a temperature regulated (10˚C) CCD array, 1024 by 64 pixels across 

with a pixel spacing of 14 μm. The spectrometer was configured for free-space coupling 

with an f-number of 1.3 and a 50 μm slit width chosen to efficiently couple with the linear 

fibre reformatter as discussed below. The spectrometer was paired with a fibre coupled, 

volume-holographic-grating (VHG) stabilized 785 nm laser diode (Thorlabs LP785-

SAV50) with a single-moded output of up to 50 mW and a spectral linewidth of 0.25 nm. 

Using Eq. 6-2, the theoretical spectral resolution of the system as a whole was determined 

to be 0.82 nm, or around 10 cm-1 over the wavelength region of interest. The spectrometer 

system was mounted on a portable 300 x 600 mm breadboard as shown in Figure 6-10.  
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Figure 6-10: The compact spectrometer system used to acquire Raman spectra with 

the fibre probe. The system comprises of the following components: ① the VHG-

stabilised laser diode and driver, ② fibre-coupling optics and a laser line filter used 

to inject the excitation light into the delivery fibre, ③ the miniaturised Raman probe 

and ④ free-space imaging optics for efficiently coupling the Raman signal into the 

spectrometer ⑤. 

The system operates as follows: pump light, generated by the laser diode ①, is coupled 

into the central probe delivery fibre via two aspheric lenses mounted onto a fibre launch 

system ② as shown in Figure 6-11 (a). A narrowband 785 nm filter is positioned between 

the two aspheres to remove the silica background generated in the laser diode fibre. This 

filter is mounted in a tip-tilt mount to allow the spectral transmittance window to be fine-

tuned. The pump light is transmitted along the fibre to the distal-end of the probe ③ and 

onto a target material (Figure 6-11 (b)) and then collected by the six return fibres which 

are reformatted into a line at the proximal end before the spectrometer. The return fibres 

are then re-imaged onto the spectrometer slit with a magnification of 0.5. using a pair of 

1” lenses: a 60 mm focal length plano-convex followed by a 30 mm focal length achromat 

(Figure 6-11 (c)). Demagnifying the fibre array reduces the size of the image of the fibre 

cores at the slit from 105 to 52.5 μm, optimally filling the 50 μm slit while also increasing 

the NA from 0.22 to 0.36 to match that of the spectrometer. A premium 800 nm edgepass 

filter (Thorlabs FELH800) is positioned between the two lenses to block any laser light 

from entering the spectrometer – thereby reducing stray light in the spectrometer and 

subsequently the noise floor of the Raman signal. The linear fibre array is fixed within a 

6-axis mount ④ to allow precise coupling to the spectrometer ⑤, including crucially, 

rotation to allow alignment with the slit. Before performing spectral measurements, the 

system was first aligned using fluorescent glass positioned beneath the probe. In the 
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example shown in Figure 6-11 (b), the probe is mounted within a 17 Gauge needle for 

robustness but performs equally well when unmounted and flexible.  

 

Figure 6-11: a) Fibre coupling optics for launching the spectrally cleaned laser light 

into the delivery fibre. b) The miniaturised fibre probe assembled in the bore of a 

17G needle and inserted into a liquid sample held in a 5 ml beaker. c) Re-imaging 

optics used to couple light from the six return fibres into the spectrometer and filter 

out any 785 nm excitation light. 

6.3.2 Spectral acquisition  

To quantify performance, the probe was used to measure the Raman spectra of various 

organic and inorganic materials including common reference materials and normal and 

tumorous colorectal mouse tissue. The spectra acquired with the probe were compared to 

those obtained with a commercial Renishaw inVia Reflex Raman microscope. A direct, 

quantitative comparison between spectrometer systems is often not possible because the 

individual sensor response to incident photons, in terms of counts, may be very different. 

However, comparing the spectra obtained by the probe with a state-of-the-art system does 

give a qualitative indication of performance in terms of relative signal to noise, instrument 

response and spectral resolution.  

6.3.2.1 Reference materials 

Biological tissue is molecularly complex, and so comparing spectra obtained with 

different Raman systems can often only be qualitative. There are, however, several 

materials that have become comparative standards due to being readily available, Raman 

active and molecularly simple. These materials include: toluene, an aromatic hydrocarbon 

consisting of a methyl group attached to a phenyl ring; isopropanol, a hydroxyl and propyl 

compound; and silicon, a crystalline group 4 element with a single Raman peak at 520 

cm-1. To test the ongoing performance of the probe during development, we measured the 

Raman spectra of these materials and the results are presented in Figure 6-12. Again, the 

a) b) c) 
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spectra were obtained over 5 s acquisitions using 25 mW of distal-end laser power. For 

toluene and isopropanol, which are colourless liquids, the probe was submerged during 

the measurement. This resulted in significantly less fibre background returning to the 

spectrometer, as the end of the probe was partially index matched with the samples and 

no surface was present to reflect light back into the probe. Silicon however, is a metallic 

solid, and the probe was suspended 300 μm above the surface during signal acquisition 

and the resulting spectrum included a large fibre background. Since the spectrum of 

silicon is simple however, the fibre background could be removed post measurement by 

scaling a purely silica background signal to the same silica peak found in the silicon 

spectrum. The result is presented in Figure 6-12 (red). Note that the probe background 

signal shown in Figure 6-12 is the same as that shown in Figure 6-16. 

 

Figure 6-12: Raman spectra of subtances commnonly used to compare the 

performance of different Raman systems. The spectra shown were measured over 5s 

with 25 mW of laser power. The probe background is also shown (black). 

 

6.3.2.2 Colorectal mouse model  

Mouse models are routinely used to test new diagnostics techniques and instrumentation 

planned for in vivo use in man because they are readily available and have similar 

biological characteristics to humans. From an optics standpoint, a mouse model also 
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provides an environment which is similar in terms of refractive index and material 

composition to human tissue and so the probe can be tested in a relevant setting. The 

mouse model used here was developed with ethical approval at Leeds University and 

provided as individual lesions in three sets over 6 months. For the first two sets of tissue 

samples, the probe was at an early stage of development and we were unable to discern 

any significant Raman peaks associated with the tissue. However, data was obtained with 

inVia during the first two trials and the insight gained was used to obtain more relevant 

data with the improved probe during the final set.  

  

Figure 6-13: (a) An example of the colorectal mouse tissue used in these 

experiments. This sample, prepared on a silicon wafer substrate, contains a 

malignant tumour surrounded by healthy tissue. The probe was brought into contact 

with the lesions surface during Raman measurements. (b) A histology cross-section 

of the mouse lesion showing the carcinoma approximately 400 μm beneath the 

mucosa layer. 

The tissue samples were prepared as shown in Figure 6-13 (a). The samples were stored 

in a phosphate-buffered saline solution (PBS) and flattened out prior to spectral 

acquisition. Since the samples were thin, we found that background fluorescence from 

the substrate material was also collected, and in some cases dominated the spectra 

obtained. Therefore, several substrates materials were tested, including disposable 

dissection board (DiscpoCut), cork, crystalline silicon and fused silica.  

The commercial Raman microscope used to collect data for comparison with the probe 

was a Renishaw inVia Reflex (2005). The inVia can operate in a static mode, where the 

spectral range is determined by the sensor size, or an extended mode, where a larger 

spectral range is obtained by sweeping the spectrum over the sensor. A 20×, 0.4 NA Leica 

objective lens was used alongside a 785 nm laser source with a maximum of 88.1 mW of 

power.  

The Raman spectra of several normal and tumorous tissue samples were measured with 

the inVia and the results are presented in Figure 6-14. The spectral data was collected 

5 mm 1 mm 
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over the tissue fingerprint regime (200 – 1800 cm-1) and is presented without any data 

processing such as baseline subtraction, smoothing or normalisation applied. The spectra 

from the cutting sheet substrate, healthy tissue, and cancer tissue are shown in black, 

green and red, respectively. Generally, the signal from the healthy tissue was greater than 

that of the tumour sites. It is likely that the reason for this is that the surface of the tumours 

was raised further from the substrate material than the flat, healthy tissue and so the 

substrate fluorescence was more prominent.  

 

Figure 6-14: Raman spectra of colorectal mouse tissue obtained with a Renishaw 

inVia microscope. Healthy (green) and tumorous (red) tissue are shown alongside 

the substrate background (black).  

The Raman peaks of interest are those which are present in the tissue spectra, but not in 

the background spectrum from the substrate material. On close inspection, three such 

peaks can be counted, at 1002, 1448 and 1655 cm-1. It is worth noting at this point that 

the position of peaks in Raman spectra often have an associated systematic uncertainty 

caused by a discrepancy between the actual laser wavelength and that used to convert the 

spectral data from wavelength to wavenumbers, and this uncertainty is not linear. 

Therefore, when comparing spectral peaks obtained with different Raman systems, the 

positions of the peaks may be shifted slightly, typically on the order of a few 

wavenumbers. Tissue is molecularly complex and so even very narrow Raman peaks may 

have contributions from several molecular vibrations. With that said, the tissue peaks 

observed here are very commonly observed in biological materials and the correspond 

primarily to phenylalanine (1002 - 1004 cm-1) [6.4], CH2 and CH3 bending (1400 - 1470 

cm-1) and the amide I C=O stretching band (1645 – 1665 cm-1) [6.5]. There was no 

immediate visual difference between spectral data obtained at normal tissue sites and 

tumorous sites, though this was not surprising as the overall molecular composition of 
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healthy and tumorous tissue is often very similar. It has been suggested that ratiometric 

analysis of the three peaks observed could be used to differentiate cancer from healthy 

tissue. [6.6]. To investigate this, we would require significantly more data and to do so is 

beyond the scope of the work presented here, where the ultimate goal is to optimise probe 

performance. 

The spectra shown in Figure 6-14 were obtained from the tissue surface, by bringing the 

surface into focus with the Raman microscope. As the probe is designed to collect sub-

surface spectra, we were also interested in how the Raman spectra varied as a function of 

the depth, both in healthy and cancerous tissue. To investigate this, extended scans with 

a 10s rolling exposure time were performed with the inVia on the tissue surface, 150 μm 

below the surface and 300 μm below the surface. The resulting spectra, and specifically 

the region of interest which contains the CH2 and amide peaks, are shown in Figure 6-15. 

The red, blue and orange lines represent tissue probed on the surface, at 150 μm depth 

and 300 μm depth respectively with the substrate background shown in black. Note that 

individual baselines, which are predominantly caused by tissue fluorescence, have been 

subtracted. The signal strength for the two peaks was found to decrease with greater 

sampling depth – but no obvious correlation was found between signal strength and tissue 

health. We suspect that the decrease in signal intensity was caused by an increase in 

optical scattering which exists as a function of depth.  

 

Figure 6-15: Raman spectra of mouse tissue aquired using the Renishaw inVia 

microscope at various depths from the surface. The two peaks represent CH2 bending 

and C=O stetching at 1455 and 1660 respectively. 

The data obtained with the inVia was used as a ground truth comparison to the probe, as 

well as giving insight into the Raman peaks associated with the mouse tissue. The Raman 

spectra obtained with the fibre probe can be expected to differ from that measured with a 
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Raman microscope due to one major factor: the fibre background. As discussed in 

Chapter 5, Raman scattering occurs down the length of the probe delivery fibre, and 

additionally in the return fibres. Some of this Raman scattered light is inevitably imaged 

onto the spectrometer sensor, and so the fibre background appears in the resultant tissue 

spectrum. Distal-end filtering can be employed to significantly reduce the fibre 

background by blocking any side-bands from leaving the delivery fibre and preventing 

pump light from entering the return fibres. Unfortunately, distal-end filtering was not 

applied during the work presented here but continues to be an active area of current 

research and probe development. The optical fibres used in the probe had silica cores, a 

common fibre material with a distinct Raman spectrum. To measure the fibre background 

of the probe, 25 mW of laser light was sent down the delivery fibre towards the DOS 

suspended in air, and the back-scattered light was recorded on the spectrometer over a 5 

s acquisition. The resulting spectrum is presented in Figure 6-16.  

 

Figure 6-16: The background spectrum of the probe measured over 5 s with 25 mW 

of excitation power. The background is due to Raman scattering in the silica delivery 

and return fibres. 

The spectrum shows the characteristic signal profile associated with pure silica: a large 

wide peak at around 420 cm-1 followed by a series of diminishing peaks up to around 

1200 cm-1. It should be pointed out that although the fibre background appears significant, 

the number of counts detected is low considering the 5 s measurement period and the 

background signal compared to the Raman signal of reference materials is shown in 

Figure 6-12. One might assume that because the fibre background is generated along a 

fixed length of fibre then simply subtracting this signal from subsequent Raman 

measurements is all that is required to obtain background free spectra. However, the 

intensity of the magnitude of the fibre background detected depends strongly on the 

material under test. For example, probing a reflective surface would result in a larger fibre 
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background because more light is returned into the collection fibres. Conversely, 

submerging the probe in a liquid reduces the amount of fibre background detected because 

the liquid index matches the tip of the probe, reducing Fresnel reflections.  

Normal and tumorous tissue sites were measured with the probe over 5 s acquisition 

periods with 25.9 mW of power measured at the distal-end. Figure 6-17 shows the raw 

Raman spectra of several tissue sites measured with the probe. The fibre background 

dominates the spectra shape for the most part, but peaks at 1450 and 1660 cm-1 are faintly 

visible. One tissue site in particular prompted strong tissue peaks, although the tissue site 

in question was indistinguishable from the others.  

 

Figure 6-17: Raman spectra of healthy (green) and cancerous (red) colorectal mouse 

tissue measured with the Raman probe. The fibre background (black) dominates the 

spectral profile, however, tissue peaks at 1450 and 1660 cm-1 are visible.  

Comparable spectra were also obtained with the inVia by reducing the excitation power 

by half to 38.7 mW and acquiring spectra over 5 s. The spectra collected with the probe 

and the inVia from colorectal mouse tissue prepared on fused silica is presented in Figure 

6-18. Individual moving-average baselines were applied to reduce the contribution from 

fluorescence, and spectra with and without 3rd order Savitsky-Golay smoothing applied 

are represented by solid and dashed lines respectively. Smoothing is a common spectral 

processing technique which averages out signals which has a higher spatial frequency 

than the spectrometer resolution. Smoothing is often applied automatically during 

spectral acquisition and can improve the SNR of a Raman signal. The background signal, 

in this case from a fused silica substrate, is shown in black whereas the tissue Raman 

signals measured with the inVia and probe are in blue and red respectively. The signal 

strength and noise were both greater in the spectra measured with the inVia, but the peaks 
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are also clearly visible in the spectra obtained with the probe – and in fact the signal 

strength is comparable when the pump power difference is considered.  

A similar set of measurements were performed with tissue prepared on silicon and the 

results are shown in Figure 6-19. Again, the Raman signals measured with the probe (red) 

were comparable to that measured with the inVia microscope (blue).  

 

Figure 6-18: A comparison of tissue spectra on silica measured with the inVia (blue) 

and the Raman probe (red) over a 5 s acquisition time. The probe performs 

compartively well with the inVia when the difference in excitation power is 

accounted for. The data is shown with (solid) an without (dashed) smoothing. 

 

Figure 6-19: Another set of mouse tissue spectra acquired over 5 s, this time prepared 

on silicon. One tissue site, measured with the Raman probe, was particularly Raman 

active.  

There are several possible explanations for the weaker tissue Raman peaks measured with 

the probe than with the inVia. From Figure 6-15 we noted that the signal strength 
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decreased with depth in the tissue and was greatest on the tissue surface. The probe is 

designed to perform best when in contact with a tissue surface and collects spectra from 

a depth of around 300 μm below the surface. We would therefore expect the spectral 

intensity to be less. Further, we discussed earlier in the chapter that the probes sampling 

volume was longitudinally offset from the pump focus within the tissue. This would also 

significantly decrease the spectra quality. Nevertheless, the data acquired with the probe 

showed clear spectral peaks associated with the CH2 bending and amide I peaks found in 

biological materials.  

As well as measuring the Raman spectra of mouse tissue, we also measured the spectra 

of chicken liver and beef with the Raman probe and the results are presented in Figure 6-

20. Although structurally very different, the dominant Raman-active molecular 

composition between tissue types is very similar. Therefore, we can expect the Raman 

spectra to be similar also. This was indeed the case, particularly when comparing the beef 

spectrum to the mouse tissue. The liver was less active in terms of the tissue Raman peaks, 

but more active in terms of fluorescence. Indeed, autofluorescence was the major 

discriminating factor between the spectra.  

 

Figure 6-20: A comparison of Raman spectra recored with the probe from other 

tissue types. The different tissue types had similar Raman signals but varying levels 

of tissue autofluorescence.  

6.4 Conclusion 

In this chapter, the key optical characterisation steps that were applied during the Raman 

probe development have been described. This included a description of methods used to 

troubleshoot the DOS when performance was below expectation. After optimisation, the 

Raman probe was used to measure the spectra of normal and colorectal mouse tissue, 
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along with other materials, and compared to the spectra obtained with a commercial 

Renishaw inVia Raman microscope.  

The probe performance was assessed in two ways: The first was the probes collection 

efficiency. This is the percentage of light incident on the probe within the acceptance NA, 

that is collected by the six return fibres. The collection efficiency is a critical parameter 

because it scales linearly with not only the Raman signal strength, but with the signal-to-

noise ratio. The collection efficiency of the optimised probe was measured to be 52.9%, 

which is exceptionally high considering the light lost due to Fresnel reflection, optical 

scattering, fibre coupling loss, and non-return surface area on the petal lens. The second 

performance metric was the degree of overlap between the excitation (pump) light and 

the sampling volume. As the probe is designed to be confocal, only light originating from 

a tight focus beyond the probe tip is collected by the return fibres. This focus should 

coincide with the focal volume of the pump light, otherwise less Raman scattered photons 

are returned to the spectrometer. To measure the degree of overlap, light was sent down 

each fibre in turn, and the cross-section of the light path was imaged at several positions 

about the expected working distance. After overlaying the extents of the delivery and 

return light paths, it was clear that there was an offset between the foci along the optic 

axis of approximately 100 μm. We expect that the offset is detrimental to the probe 

performance and plan to correct future probe iterations, simply by moving the positions 

of the return fibres.  

The probe was paired with a 785 nm laser diode source and Wasatch table-top Raman 

spectrometer to measure the Raman spectra of cancerous colorectal tissue. The probe 

successfully detected the CH2 bending and Amide I modes prominent in biological 

molecules and displayed comparable performance to a commercial in microscope. Strong 

fluorescence signals from the substrate materials, limited performance in some cases. To 

improve this in future experiments, we plan to prepare tissue samples on stainless steel 

slides, which have a flat response to 785 nm excitation light and may also enhance the 

Raman signal [6.7]. We were unable to differentiate between healthy and cancerous tissue 

sites at this stage, but this not surprising as tissue differentiation usually requires much 

more data for training complex statistical models [6.8]. Other mammalian tissue types 

were also analysed including chicken liver and beef. We found that the beef also exhibited 

strong Raman peaks, but for chicken liver, the tissue autofluorescence was the dominating 

spectral feature. Finally, the Raman spectra of commonly used reference materials 

including toluene, isopropanol and silicon were measured with the probe to allow for ease 
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of comparison with other Raman systems. The spectra obtained from toluene and 

isopropanol had particularly high SNR due to the fact that the probe was submerged in 

the liquids during acquisition, reducing the fibre background. Overall, the probe 

performance was very encouraging, successfully collecting enough Raman signal to 

detect tissue peaks. We expected the probe performance to increase further still once the 

mentioned improvements are made. 
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CHAPTER 7 - CONCLUSIONS AND FUTURE WORK 

 

7.1 Conclusions  

In this thesis, the development and fabrication of a novel fibre-optic Raman probe has 

been presented. Raman probes are optical instruments used to excite and collect Raman 

spectra from materials in difficult-to-reach areas via optical fibres and have recently been 

used in Raman-based optical biopsies to differentiate normal and malignant tissues in 

humans, in vivo [7.1–7.4]. Raman-based optical biopsies have huge potential to enhance 

traditional surgical biopsies, which currently suffer from poor sampling and high 

misdiagnosis rates. Progress in applying optical biopsies in the clinic has been hampered 

however, in part due to the lack of a commercially compatible manufacturing technique 

capable of producing the complex distal-end micro-optics required. The aim of this 

project was to use a precision laser machining technique called ultrafast laser assisted 

etching (ULAE) to fabricate the distal-end optics. ULAE relies on focused femtosecond 

laser pulses to locally enhance the chemical etchability of certain materials, including 

fused silica. Etching enhancement is confined to the focal volume of the incident laser 

pulses and so truly three-dimensional, freeform structures can be inscribed and etched – 

making the technique perfectly suited to micro-optic fabrication. 

The complexity of components that can be fabricated by ULAE depends on the rate at 

which laser modified material is removed by the etchant compared to the surrounding 

pristine material – a ratio known as the etching selectivity. To optimise the ULAE 

process, we conducted a large parameter space investigation into how different laser 

irradiation parameters such as pulse energy and polarisation affect the selectivity. We 

investigated etching of both one-dimensional and two-dimensional structures in two 

commonly used etchants: hydrofluoric acid (HF) and potassium hydroxide (KOH), and 

found that KOH performed significantly better than HF, with a maximum selectivity of 

955 compared to 66 for HF. We further showed that curved surfaces can be etched 

isotropically by modulating the laser polarisation in real-time during laser inscription. 

A novel, compact distal-end optical system (DOS) was designed to make full use of the 

fabrication capabilities of ULAE and consisted of two optical components including a 

Conclusions and future work  7 



159 

 

freeform six-around-one lens surface for fibre coupling. The DOS was designed to focus 

light delivered by a central fibre and collect light into six return fibres over an NA of 0.8 

and with a maximum theoretical collection efficiency of 85.1%. The outer diameter of 

the DOS was < 1 mm, suitably small for mounting within the bore of commonly used 

surgical grade needles. Unlike many other fabrication methods, ULAE allows for several 

components to be written into a single glass substrate pre-aligned, significantly reducing 

the assembly time and improving performance. Fibre alignment slots were written into 

the DOS to passively align each fibre to its respective coupling lens with a measured 

lateral positioning tolerance of ± 0.5 μm. After etching, the lens surfaces were found to 

be significantly rough, with an RMS roughness typically between 50 and 80 nm. To 

decrease the roughness and improve optical performance, a flame polishing technique 

was developed whereby surfaces were irradiated with a micro-flame in order to melt and 

reflow only the high frequency components of the surface texturing while leaving the 

overall lens form unaffected. Using this technique, the RMS surface roughness was 

successfully reduced to 2 nm – in-line with commercially available optics.  

Before using the probe to perform Raman spectral measurements, we first carried out 

optical characterisation tests to gauge performance. After several iterative improvements, 

the collection efficiency, that is the percentage of light-rays incident on the probe within 

the collection NA that are returned to the proximal end, was measured to be 52.1%. We 

also qualified the degree in which the focused excitation light overlapped with the 

sampling volumes of each of the return fibres and found that the longitudinal sampling 

foci were sub-optimal. We expect that this would manifest in a decreased Raman signal 

strength and lower sampling confinement and have future work planned to rectify it.  

The probe was used to measure the Raman spectra of healthy and tumorous colorectal 

mouse tissue and compared with similar spectra obtained using a commercial Raman 

microscope. The probe successfully captured the Raman peaks associated with CH2 

bending and stretching modes and the amide I Raman band, both common biological 

molecules. To differentiate between normal and tumorous tissue, many more 

measurements would be required in order to perform multivariate analysis. However, the 

probe performance was very promising, with comparable spectra obtained to the 

commercial Raman microscope. We also measured the Raman spectra of other tissue 

types along with several commonly used reference materials and found that the probe 

performed particularly well for liquid samples, where the fibre background was minimal.  
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7.2 Future work 

The probe is currently undergoing a final stage of development with only small tweaks 

required to optimise performance. This includes tuning the overlap between the excitation 

light and the return sampling volume by moving the position of the return fibres within 

the DOS.  

One aspect of the probe development which continues to present a challenge is the distal-

end filtering. Filtering at the distal-end is used to reduce or remove the silica fibre 

background which is usually present in fibre-based Raman instruments. The spectral 

shape of the fibre background is well-defined and can be removed by signal processing 

in some cases. However, the amplitude of the fibre background varies depending on the 

sample and cannot always be removed if the signal overlaps with the spectral information 

of interest. This is particularly true if the background subtraction must be performed 

automatically in real-time, as is desired during an optical biopsy. For this work, we 

attempted to hard-coat filters onto the ends of the fibres directly. The filters worked well 

but we found that the coating process was not repeatable and the filters were easily 

damaged. Moving forward, we plan to improve the coating method as well as exploring 

other methods. One such method is to use photonic crystal fibres (PCFs) instead of 

standard glass fibres. PCFs, sometimes referred to as hollow-core fibres, guide light in a 

hollow core surrounded by a microstructured cladding and therefore do not produce a 

fibre background as in solid core fibres [7.5]. PCFs are significantly more expensive than 

regular fibres but could replace the delivery fibre, where most fibre background is 

produced. Other filtering options which we may explore include inscribing Bragg gratings 

into the DOS or fibres ends [7.6,7.7] or using laser cut dielectric filters.  

The aim of the project was to develop not only a functional, miniaturised Raman probe, 

but a commercially manufacturable probe. ULI is well suited for large scale manufacture 

because it is mostly autonomous and very repeatable. The etching stage of fabrication is 

instantly scalable, and many hundreds of components could be etched simultaneously. 

The laser inscription stage is more time consuming as currently only one device can be 

written per laser focus at a time. Additionally, the inscription process is relatively slow 

because glass modification is confined to the laser focal volume and some surfaces have 

large surface areas which must be raster scanned. Fortunately, there are several avenues 

to explore to reduce the inscription time, ranging from simplifying the DOS design to 

using advanced wavefront shaping techniques. Bessel beams could be used to modify 

larger surface areas in fewer laser passes [7.8–7.10], while multispot laser writing could 
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be used to write more than one component simultaneously [7.11,7.12]. Additional, high 

speed laser writing has been demonstrated using galvo mirrors [7.13]. A combination of 

these methods will be explored to reduce fabrication times to a mass manufacturable 

level.  

Once the probe improvements have been implemented, we expect to be able to 

differentiate healthy and malignant tissues and plan to record sufficient data to do so 

during a final round of mouse model experiments. Ultimately, these experiments and the 

results obtained will contribute towards using the probe to measure Raman spectra in 

vivo. 

Finally, it is worth mentioning that although the Raman probe has been developed for 

optical biopsies, Raman probes are also used for a wide range of other applications in 

many fields of science and industry including pharmaceutical, art, material science, food 

and semiconductor industries. We expect that a low cost, disposable and small form-

factor Raman probe would be highly desirable in such industries.  

7.3 References  

[7.1]  K. Eberhardt, C. Stiebing, C. Matthaus, M. Schmitt, and J. Popp, "Advantages 

and limitations of Raman spectroscopy for molecular diagnostics: an update," 

Expert Rev. Mol. Diagn. 15, 773–787 (2015). 

[7.2]  J. Desroches, M. Jermyn, M. Pinto, F. Picot, M.-A. Tremblay, S. Obaid, E. 

Marple, K. Urmey, D. Trudel, G. Soulez, M.-C. Guiot, B. C. Wilson, K. 

Petrecca, and F. Leblond, "A new method using Raman spectroscopy for in vivo 

targeted brain cancer tissue biopsy," Sci. Rep. 8, 1792 (2018). 

[7.3]  J. F. Wang, K. Lin, W. Zheng, K. Y. Ho, M. Teh, K. G. Yeoh, and Z. W. Huang, 

"Simultaneous fingerprint and high-wavenumber fiber-optic Raman 

spectroscopy improves in vivo diagnosis of esophageal squamous cell carcinoma 

at endoscopy," Sci. Rep. 5, 10 (2015). 

[7.4]  M. S. Bergholt, W. Zheng, K. Lin, K. Y. Ho, M. Teh, K. G. Yeoh, J. B. Y. So, 

and Z. Huang, "In Vivo Diagnosis of Esophageal Cancer Using Image-Guided 

Raman Endoscopy and Biomolecular Modeling," Technol. Cancer Res. Treat. 

10, 103–112 (2011). 



162 

 

[7.5]  S. Yerolatsitis, F. Yu, S. McAughtrie, M. G. Tanner, H. Fleming, J. M. Stone, 

C. J. Campbell, T. A. Birks, and J. C. Knight, "Ultra-low background Raman 

sensing using a negative-curvature fibre and no distal optics," J. Biophotonics 

e201800239 (2018). 

[7.6]  S. Dochow, I. Latka, M. Becker, R. Spittel, J. Kobelke, K. Schuster, A. Graf, S. 

Brückner, S. Unger, M. Rothhardt, B. Dietzek, C. Krafft, and J. Popp, "Multicore 

fiber with integrated fiber Bragg gratings for background-free Raman sensing," 

Opt. Express 20, 20156 (2012). 

[7.7]  G. D. Marshall, M. Ams, and M. J. Withford, "Direct laser written waveguide-

Bragg gratings in bulk fused silica," Opt. Lett. 31, 2690–2691 (2006). 

[7.8]  M. K. Bhuyan, F. Courvoisier, P.-A. Lacourt, M. Jacquot, L. Furfaro, M. J. 

Withford, and J. M. Dudley, "High aspect ratio taper-free microchannel 

fabrication using femtosecond Bessel beams," Opt. Express 18, 566 (2010). 

[7.9]  I. Alexeev, K.-H. Leitz, and A. Otto, "Application of Bessel beams for ultrafast 

laser volume structuring of non transparent media," Phys. Procedia 5, 533–540 

(2010). 

[7.10]  M. Duocastella and C. B. Arnold, "Bessel and annular beams for materials 

processing," Laser Photonics Rev 6, 607–621 (2012). 

[7.11]  B. Sun, P. S. Salter, C. Roider, A. Jesacher, J. Strauss, J. Heberle, M. Schmidt, 

and M. J. Booth, "Four-dimensional light shaping: manipulating ultrafast 

spatiotemporal foci in space and time," Light Sci. Appl. 7, 17117 (2018). 

[7.12]  R. J. Winfield, B. Bhuian, S. O’Brien, and G. M. Crean, "Fabrication of grating 

structures by simultaneous multi-spot fs laser writing," Appl. Surf. Sci. 253, 

8086–8090 (2007). 

[7.13]  J. Gottmann, M. Hörstmann-Jungemann, M. Hermans, and D. Beckmann, "High 

Speed and High Precision Fs-laser Writing Using a Scanner with Large 

Numerical Aperture," JLMN-Journal of Laser Micro/Nanoengineering 4, 

(2009). 

 


