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Abstract 

Nano-electrospray ionization mass spectrometry (nano-ESI-MS) is a valuable technique for 

detecting larger biomolecules such as oligosaccharides, glycosides and glycoproteins. The reliability of 

nano-ESI-MS, however, depends largely on the spray emitter properties. Commercial single-aperture, 

tapered nano-ESI emitters are limited by poor robustness, high clogging tendencies and a limited range of 

experimental flow rates. In order to overcome these limitations and yield mass spectrometry (MS) methods 

with higher sensitivity, this thesis seeks to develop novel emitters capable of generating multiple 

electrosprays (MESs) from custom-designed microstructured fibers (MSFs). A wet chemical etching 

method with hydrofluoric acid (HF), previously established by Bachus in 2017, was employed to fabricate 

a series of MES emitters with different nozzle profiles. These emitters were then characterized via scanning 

electron microscopy (SEM) and image analysis with respect to their nozzle length, post angle and axicon 

angle values. By using an offline ESI setup, parameters including the hydrophobic coating, voltage, emitter-

to-orifice distance, and solvent flow rate were all examined in order to identify the optimal conditions for 

nano-ESI-MS analysis and data acquisition. The performance of the MES emitters was then tested using 

these optimal parameter settings. Preliminary results show an enhanced ionization efficiency and robustness 

compared to single-channel, commercial alternatives. Moreover, this thesis confirms the MES emitters’ 

ability to guide and focus light, and thereby, operate similarly to optical axicon lenses. We then investigate 

whether near-infrared (IR) light, that co-propagates with the liquid flow and is focused in front of each 

axicon microlens, can further amplify the ion spray current. Most notably, the expected enhancement in 

ionization efficiency was realized by coupling 1064 nm radiation into the MES emitter using a class IIIB 

laser. This work demonstrates that higher sensitivity and lower detection limits in ESI-MS are achievable 

by using the MES emitter employed in this report in tandem with light-assisted desolvation.  
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Chapter 1 

Introduction  

 

1.1 Electrospray Ionization Mass Spectrometry (ESI-MS) 

1.1.1 Brief Introduction and History  

 

A mass spectrometer is a valuable analytical tool that ionizes chemical samples and 

measures the mass-to-charge (m/z) ratio of these ions for identification and quantification 

purposes. Mass spectrometry (MS) has become invaluable across an extensive range of disciplines 

including metabolomics, proteomics, pharmacology, forensic toxicology and clinical research. 

Specific applications range from food contamination detection and protein identification to carbon 

dating, isotope ratio determination, as well as drug testing and discovery. A modern mass 

spectrometer typically includes an ion source, mass analyzer and a detector. The development of 

MS techniques has focused primarily on improving the technical aspects of these components as 

well as data analysis and the ease at which they can be performed.  

A substantial amount of research has concentrated on the development of novel ionization 

techniques and the improvement of pre-existing ion sources. Prior to the late 1960s, hard ionization 

techniques such as chemical ionization and electron impact were commonly employed1. These 

processes impart large amounts of residual energy in the target molecule, which generates a high 

degree of fragmentation. As a result, traditional MS techniques tend to be problematic for high 

molecular weight compounds (e.g. nucleic acids and nucleotides), salts and impure samples2. The 

limitations associated with analyzing large biomolecules led to a high demand for the development 

of softer ionization techniques (i.e. those that do not fragment macromolecules into smaller 
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charged particles). In 1968, Dole et al. introduced the concept of electrospray ionization (ESI) by 

proposing that charged droplets from liquid species could generate ions through a charged 

capillary2. The underlying physical effect, however, had already been described in 1964 by Sir 

Geoffrey Taylor3. Following the work of Zeleny (1917), Taylor focused on the behavior of water 

droplets in strong electric fields3. This work showed that increasing the capillary potential beyond 

the solvent’s surface tension would result in the formation of a cone (the Taylor cone); from which 

a fine jet of liquid is emitted. The adaptation of this effect by Dole et al. (1968) was momentous 

in that it introduced a method capable of eliminating the conventional mass limitation and 

analyzing a wider range of chemical substances. Despite this development however, Dole focused 

primarily on the analysis of polystyrenes (compounds that are not ionized in solution) and as such, 

failed to produce conclusive results4, 5.  

It was not until 1988 that Yamashita and Fenn formally introduced electrospray ionization 

mass spectrometry (ESI-MS) as a viable alternative to conventional, harder ionization methods6. 

Their experimental setup varied from Dole’s and employed a nitrogen gas flow (directionally 

opposite of the solvent flow) to enhance desolvation efficiencies. By flowing liquid samples 

through a steel hypodermic needle, Yamashita and Fenn were able to form a gaseous dispersion of 

ions and “detect solute cations in aggregation with solvent molecules and/or nonionized solute 

species”6. By successfully detecting high molecular weight proteins (e.g. conalbumin (76, 000 

Da)), this work legitimized Dole’s speculations and brought ESI to the forefront of MS research 

as an innovative and sensitive ionization technique.  

Today, ESI is the most widely used method to transition molecules from in-solution to 

individual ions for analysis4. As a soft ionization scheme, ESI has the ability to analyze nonvolatile 

and thermally unstable compounds without the threat of fragmentation. Moreover, the ions 
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released typically carry multiple charges which allows for more accurate molecular mass and 

structural identification. Given that molecules can be ionized directly from the liquid phase, ESI 

is also compatible with a number of traditional chromatographic separation methods that are 

frequently used in analytical chemistry. For example, ESI is easily coupled to capillary liquid 

chromatography (LC) separation methods. By allowing macromolecules to be quantified in trace 

amounts of sample in a high-throughput fashion, ESI has extended the applicability of MS to new 

areas of research in chemistry, biochemistry and biology4.  

1.1.2 Electrospray Ionization (ESI) 

 

As mentioned above, ESI is a soft ionization method that solves the common analytical 

issues associated with polar, thermally unstable and nonvolatile species as well as the identification 

of large biomolecules. In addition to its use as an ionization technique in MS, ESI has found many 

applications in thin-film deposition7, electric propulsion8, as well as micro and nanoparticle 

fabrication5, 9. With its main utility in MS related areas (such as therapeutic drug monitoring), 

however, ESI-MS will likely continue to exert an important influence in the future development 

and organization of clinical research and healthcare.  

In a standard ESI device, a high voltage is applied to a solvent, that contains the sample of 

interest, in order to obtain an aerosol of finely charged droplets. As illustrated in Figure 1-1, the 

entire process can be summarized into three major steps: charging the sample (2 – 5 kV), the 

formation of charged droplets and the subsequent release of gaseous ions for detection. First, the 

application of a high electric field at the capillary or emitter tip results in the formation of an 

electric double layer within the liquid. This electric field, Ec is denoted by Equation 1-1 below 
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where rc is the capillary radius, Vc is the applied electric potential and d is the distance between 

the capillary tip and counter electrode10.  

 

 

Figure 1-1: Diagram illustrating the entire electrospray ionization (ESI) process. The presence of an 

electric field results in the formation of an electric double layer within the solvent. The increased amount 

of positive charge at the emitter facet destabilizes the liquid meniscus and results in the formation of a 

Taylor cone. From here, a fine jet of liquid is emitted and charged droplets decrease in size due to 

evaporation to form gaseous ions for detection.  
 

 

 𝐸! =	
2𝑉!

𝑟!ln	(4𝑑 𝑟!, )
 1-1 

 

In positive ion mode (i.e. when the capillary is the positive electrode), the positive ions 

migrate to the liquid surface and the negative ions travel away from the capillary tip. This 

accumulation of positive charge at the capillary facet destabilizes the liquid meniscus as 

Coulombic repulsion overcomes the surface tension of the liquid3. As a result, the solvent is drawn 

toward the counter electrode and forms a conical shape termed the Taylor cone. If the voltage 

applied is substantially high, this cone is destabilized further and a fine jet of positively charged 

solvent droplets is emitted from the tip of the Taylor cone.  
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 As these charged droplets migrate to the MS orifice, they undergo solvent evaporation 

under ambient conditions. As the droplet radii become smaller, the Coulombic repulsion increases 

until it overcomes the cohesive force of the droplet’s surface tension. This is called the Rayleigh 

limit and is expressed by Equation 1-2 below, where q is the droplet charge, 𝜀"	is the vacuum 

permittivity and 𝛾 the surface tension of the solvent4. At the Rayleigh limit, the droplets experience 

Coulombic explosions to produce smaller droplets that generally hold approximately 1-2.3% of 

the mass and 10-18% of the charge from the respective parent droplet11. These progeny droplets 

then undergo more fission events to produce multiple generations of offspring droplets until they 

are small enough to generate isolated and charged analyte ions by one of the two models discussed 

below.  

  	𝑞 = 8𝜋(𝜀"𝛾𝑅#)1/2   1-2 

 

The mechanism associated with this last step – the formation of isolated ions – has been a 

point of contestation, namely between two theories: the charge residual model (CRM) and the ion 

evaporation model (IEM). The former method was proposed by Dole et al. (1968)2 and suggests 

that charged progeny droplets formed after the Rayleigh limit undergo continuous desolvation and 

fission events until they are so small that they contain solely one solute molecule. When the final 

amount of solvent has evaporated, the solute molecule will become a free gas-phase ion as it still 

contains charge. Thomson and Iribarne (1979)12 proposed a second theory referred to as IEM. 

Here, prior to the formation of droplets with only one solute molecule, the electric field at the 

droplet’s surface is high enough to eject a solute ion into the ambient gas via field emission1. 

Although the mechanism for the ejection of gaseous analyte ions remains controversial, it is 

generally accepted that the IEM theory applies to low molecular weight analytes, while CRM is 
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applicable to larger molecules4. More recently, progress in this area has been driven by molecular 

dynamics (MD) simulations. While the CRM is largely supported for globular proteins, the 

mechanistic behaviour of unfolded proteins is still under debate. For these species, several studies 

have endorsed the chain ejection model (CEM)13, 14. In this case, the protein migrates to the surface 

of the droplet as a result of electrostatic and hydrophobic conditions. The protein is then gradually 

ejected from the droplet and the protruding tail undergoes charge equilibration with the droplet via 

H+ migration13, 15. As a result, the protein exits as a highly charged unfolded ion. The CEM, CRM 

and IEM are depicted below in Figures 1-2 (A), (B) and (C), respectively.  

Figure 1-2: Summary of ESI mechanisms. (A) CEM: An unfolded protein (red) chain is ejected from the 

charged droplet. (B): CRM: The analyte (typically a larger biomolecule) (red) is released as a gas-phase ion 

due to solvent evaporation under ambient conditions. (C) IEM: Small ion (red) ejection from the charged 

droplet due to the high electric field at the droplet’s surface.13, 15 
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1.1.3 Nano-Electrospray Ionization (ESI) 

 

Nano-ESI follows the same fundamental ionization scheme of droplet and ion formation, 

however, flow rates are typically less than 1000 nL/min4. The actual solvent flow rate is dependent 

on a number of factors including the diameter of the emitter tip, the voltage applied and the 

backpressure that may be present within the microfluidic system16. The ability to analyze a small 

volume of sample over an extended time period is beneficial for expensive or precious samples, 

such as proteins or peptides. Karas et al.17-19 has further demonstrated that nano-ESI reduces the 

interference effects from salts and other species that are often experienced with conventional ESI 

schemes. Thus, nano-ESI is advantageous for detecting analytes that lack surface activity (e.g. 

sugars), spraying solvents with high surface tensions (e.g. water) and for sample solutions that 

contain high levels of salts or buffers20.  

Most notably, this lower flow rate range is associated with a much smaller injection 

volume, smaller initially formed droplets and thereby, a much higher ionization efficiency of the 

sample-containing-analyte solution. Not only can these smaller droplets undergo more efficient 

desolvation, but they also have increased surface charge per analyte molecule20. This enhancement 

in sensitivity can be defined by the overall efficiency (e) of the process as shown below (Equation 

1-3)16.  

 𝜀 = 	 $%&'/'
')*+,-	*%,-!/,-'/'

  1-3 

 

In this equation, the efficiency of nano-ESI is determined by comparing the ion flux at the 

detector (measured in ion counts/sec at the m/z of the sample ion) with the flux of sample molecules 

ejected from the emitter. To eliminate the assumption of whether or not the sample is completely 
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ionized in solution, the denominator term is calculated from the molar solution concentration and 

the flow rate16. As a result, the measurement takes into account all potential losses including 

incomplete ionization as well as losses in the source, MS orifice, mass spectrometer and detector. 

It is important to note that the efficacy of nano-electrospray and by extension, the reproducibility 

of the Taylor cone, is highly dependent on the morphology of the emitter. Thus, the composition 

and shape of the emitter employed are crucial in the performance of nano-ESI.  

1.1.4 Commercial Emitter Design and Limitations  

 

The commercial PicoTip™ emitters (Figure 1-3) that are commonly employed in MS 

applications are fabricated with a single-aperture tapered tip. This model coupled with a small 

inner diameter of approximately 1-3 µm can facilitate very low flow rates (approximately 20 

nL/min)20. At the same time, however, the tapered, single channel design results in significant 

limitations. These drawbacks include a high clogging tendency, narrow range of experimental flow 

rates, poor reproducibility in manufacturing as well as lower conductivity21. It is for these reasons 

that this thesis seeks to confirm and develop the design of a new, multiple electrospray (MES) 

emitter that has the capacity to overcome these issues while simultaneously improving the 

sensitivity of MS data acquisition.  

 

 

 

 

 

 

Figure 1-3: (A) Scanning electron micrograph (SEM) and (B) optical image of the single-channel, tapered 

PicoTip™ from New Objective (Woburn, MA, USA).  

A B 
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1.2 Multiple Electrospray (MES)  

1.2.1 Overview of MES  

 

Nano-ESI has become an invaluable tool in proteomics, glycomics and metabolomics, 

especially with respect to the analysis of larger biomolecules. This widespread utility can be 

attributed mainly to the dependence of ESI on the solvent flow rate. By employing lower flow 

rates (i.e. in the nL min-1 range), smaller initially charged droplets result in the improvement of 

charge transfer to analyte molecules in solution4. Commercial emitters that have the ability to 

operate in these regimes are single channel, fused-silica capillaries that have been pulled into a 

tapered tip to facilitate stable cone-jet electrospray22. Despite their capacity to support nano-flow, 

these emitters lack robustness due to their high clogging tendencies and are limited in the range of 

flow rates they can use.  

The frustrations associated with commercial nano-ESI systems has prompted the 

development of a variety of novel techniques. Early research in multiple electrospray mass 

spectrometry (MES-MS) came to the forefront as the field of microfluidics was becoming 

increasingly popular. As a result, efforts to develop MES systems were most often based on the 

utilization of microchips5: a viable option to obtain sequential measurements in a high throughput 

fashion. In the beginning, many MES interfaces were in the form of microfabricated arrays of 

electrospray emitters23. An example of this interface was manufactured by Schultz and Corso 

(2000)24, who employed photolithographic patterning and plasma etching on a monolithic silicon 

wafer. In many cases, spray nozzles were connected to individual sample reservoirs to allow for 

controllable and robust nano-ESI without cross-contamination. Given that these chips included 

several channels that could be accessed independently, microarrays could also be coupled with 
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standard LC or CE separation methods5. While early efforts in MES focused on arrays of 

electrospray emitters to reduce sample times, contamination and clogging, more recent research 

has focused on improving the sensitivity of ESI-MS.  

Progress in analytical chemistry is highly dependent on improvements in sensitivity and 

the shift of detection limits to lower values. There have been many examples of chip-based 

methods5, 25-27 for the performance of sequential ESI-MS; however, it was not until the early 2000s 

that Tang et al.23 successfully achieved MESs that were able to spray simultaneously. Their 

technique employed a microelectrospray emitter array fabricated from a polycarbonate substrate 

using laser ablation. This work demonstrated that larger flow rates may be split into n individual 

electrosprays, where each individual cone-jet spray offers the benefits of using nano-flow rates. 

The advantage of MES can be best apprehended by the predictable enhancement in electrospray 

current. Theoretically, this increase in desolvation (i.e. increase in current) is a result of splitting 

the flow into smaller streams as written in Equation 1-4 below23.  

 𝐼0%0), =	√𝑛𝐼'  1-4 
 

The total spray current, Itotal, is proportional to the square root of the number of individual 

electrosprays, n, when each emitter is in the stable cone-jet mode and Is is the spray current of a 

single emitter. Although this relationship is widely accepted in literature, it is largely an empirical 

observation23, 28. From a 9-emitter chip, Tang and his colleagues were able to demonstrate a 2-3 

times enhancement in sensitivity. Despite this success, MES arrays still require extremely high 

voltage (~7 kV) to obtain stable cone-jet modes5. Moreover, substantial modifications are needed 

to achieve appropriate alignment between the sprays and MS inlet23. Since 2001, there has been 

considerable effort to improve the issues associated with micro-fabricated arrays for ESI and nano-
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ESI-MS purposes29,30,31. For example, linear/planar array designs (Figure 1-4A) gave way to 

sensitivity improvements but led to disparities of the electric field strength between nozzles. As a 

result of electric shielding, the emitters at the interior of the array experience much lower electric 

fields relative to those at the border. These effects render the optimization of spraying conditions 

difficult and limit the ability to fabricate arrays with a higher number of emitters (which would 

theoretically provide a higher total ion current)5.   

In order to mitigate shielding and promote uniformity in the electric field strength, radial 

designs (Figure 1-4B) have been explored32. Although these arrays have been shown to 

successfully mitigate the heterogeneity issue, they have traditionally failed to compare in terms of 

signal enhancement5. Many argue that these challenges are directly associated with the relatively 

large O.D. of the emitters employed. In order to overcome these conventional limitations, the 

development of a more densely packed and robust MES emitter is compulsory5. This thesis 

advocates for the use of microstructured fibers (MSFs) to achieve this objective and demonstrates 

the potential to further enhance desolvation via infrared radiation by exploiting their light guiding 

capabilities.  

 

 

Figure 1-4: (A) Planar 30 and (B) Radial array of micro-fabricated nano-electrospray ionization emitters33.  

A B 
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1.2.2 MES Emitter Design and Fabrication  

 

The commercial PicoTip™ emitters (Figure 1-5 (A)) that are commonly used in MS 

applications are fabricated with a single channel tapered tip. The model shown in Figure 1-5 (A) 

has a small inner diameter of approximately 1-3 µm and can facilitate very low flow rates (20 

nL/min), but has significant limitations with respect to ESI performance. These drawbacks include 

a high clogging tendency, narrow range of experimental flow rates, poor robustness as well as poor 

reproducibility during manufacturing. In order to overcome these limitations and enable MS 

methods with higher sensitivity and lower detection limits, emitters capable of generating MESs 

(1:1 Taylor cone to nozzle ratio) are developed from custom designed microstructured fibers 

(MSFs). An MSF consisting of two different materials (Figure 1-5 (B)) provides a unique template 

for the fabrication of several micronozzles (Figure 1-5 (C)) via wet-chemical etching with 

hydrofluoric acid (HF).  

 

 

 

 

 

Figure 1-5: (A) Commercial single-channel PicoTip™ emitter with a 15 µm tip (B) Custom-designed 

MSF with nine channels (10 µm O.D. each) arranged equidistantly in a radial pattern; darker areas 

correspond to regions of borosilicate (9 mol%), while the lighter areas correspond to fused silica (C) MES 

emitter containing nine micronozzles fabricated via wet-chemical etching with HF (90 nL/min flow rate 

and 20 minute etch time).  

 

100	µm 

A B C 
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The custom designed MSF was manufactured at the Centre for Optics, Photonics and 

Lasers (COPL, Quebec City, Canada). The fabrication process involves a stack-and-draw method 

that comprises preform fabrication followed by fiber drawing. In order to create the desired 

preform, a set of borosilicate and fused silica capillaries and rods are stacked in the desired 

arrangement about a large borosilicate core5. Silica capillaries are arranged equidistantly as they 

will eventually become the 10 µm channels in the final MSF. The silica rods then form the filler 

glass between adjacent channels. Importantly, the radial pattern of channels is implemented in 

order to remove the effects of electrical shielding differences during electrospray5. Once the 

preform is complete, it is drawn into a fiber cane using the fiber drawing tower at COPL.  By 

adjusting the drawing speed and temperature, this fiber cane can be drawn into the final MSF with 

the desired dimensions. The resulting fiber is then coated with a polyacrylate or polyimide coating 

and spooled for safe transport. The composition of the MSF is depicted in Figure 1-5 (B), which 

illustrates the two-doped schematic of fused silica and borosilicate glass. While the process is 

complicated, lengthy and expensive, it yields several hundred meters of uniform MSF. Since only 

a few centimeters are required to fabricate an emitter, the production of MSF is inherently scalable. 

Two different silica materials are used to fabricate the MSF. These materials were selected to 

obtain the desired optical properties of the fiber and to generate different etch rates during the MES 

emitter fabrication.  

Throughout wet-chemical etching, the borosilicate regions etch faster in comparison to the 

fused silica. As a result, nine protruding micro-nozzles are produced (one at each 10 µm channel) 

that act as independent electrospray emitters. According to Tang et al. (2001), the total spray 

current is proportional to the square root of the number of individual electrosprays when each 

emitter is in the stable cone-jet mode23. We therefore expect that the MES emitter fabricated in 
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this thesis allows for a threefold increase in spray current and, thereby, a higher sensitivity than its 

single channel alternative. The small aperture of each nozzle is related to the inner diameter of the 

capillaries, and not obtained by tapering. This ensures a uniform and reproducible nozzle diameter 

and also dramatically reduces the likelihood of clogging compared to a tapered emitter tip. While 

the smaller flow channels increase the flow resistance in each channel, this effect is reduced by the 

number of channels available. Moreover, these nozzles are conical in shape and may operate in a 

similar fashion to an axicon lens. By altering the etchant concentration, etch time and flow rate of 

water during the etching procedure, the nozzle morphology can be controlled such that light can 

be focused right at the tip of each axicon micronozzle. The optical properties of the micronozzles 

will be discussed in section 1.3.4. This thesis then demonstrates that coupling near-IR light that 

propagates with the liquid flow can amplify the electrospray ion current by enhancing desolvation 

efficiencies.  

1.2.3 Sensitivity  

 

The sensitivity of nano-ESI-MS is determined by its ability to produce gas-phase ions from 

analyte molecules in solution (ionization efficiency) and the effectiveness of transferring these 

species from atmospheric pressure to the low-pressure region of the mass analyzer (transmission 

efficiency). The ionization efficiency and achievement of stable nano-electrospray is affected by 

a number of factors including emitter geometry and orifice design, as well as the solvent 

composition, analyte properties, voltage, flowrate and distance from the emitter tip to the MS 

orifice. The ESI interface on the mass spectrometer also plays a key role in both the ionization and 

transmission efficiency. For instance, adding heat to the charged droplets (commonly done with 

heated nitrogen or background gas) enhances desolvation and produces more analyte ions28. The 
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transmission efficiency (i.e. the fraction of ES current that reaches the mass analyzer) is 

particularly influenced by losses at the MS inlet and skimmer. Several studies have estimated that 

only one of every 103-105 analyte ions are detected using the currently available instrumentation4, 

28, 34. Losses at the MS inlet results partly from space charge effects, which lead to an expanding 

ion plume. The shape of the electric field can also distort and spread the ion cloud. Both effects 

may disperse the sample to an area that is much wider than the MS orifice. Losses at the skimmer 

(1 mm in diameter) occur given that only a small portion of the ions contained in the ion plume 

are sampled28. Overall, these limitations in both the ionization and transmission efficiency result 

in substantial reductions in the sensitivity of nano-ESI-MS.  

This work focuses on improving the ionization efficiency of conventional nano-ESI 

designs by altering the emitter geometry and optimizing the electrospray conditions commonly 

employed during experimental analysis (flow rate, voltage, hydrophobic coating and distance 

between the emitter facet and MS orifice). This is done by performing a systematic study based on 

the total ion current via an offline MS setup. In addition to improving the emitter geometry from 

commercial designs and identifying the optimal spraying conditions, the impact of light-assisted 

ionization using 1064 nm radiation is also explored. It is important to note that an increase in spray 

current does not necessarily correspond to a proportional increase in ion signal in a mass 

spectrometer, as the latter involves ion transmission efficiency from the spray into the mass 

analyzer as well. At the same time, however, the intensity of the ion current is a widely used metric 

to quantitatively monitor the sensitivity and stability of an ESI emitter.  
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1.2.4 Effect of Thermal Energy on Ionization  

 

Prior to mass-spectrometric analysis, ESI uses electrical energy to transfer analyte ions in 

solution to gas phase ions for detection. This transition involves three main stages: (1) Taylor cone 

formation and the dispersal of a fine jet of charged droplets, (2) solvent evaporation and coulombic 

fission events, followed by (3) the ejection/production of gaseous analyte ions. In order to 

maximize the number of gas-phase ions that are produced (ionization efficiency), numerous studies 

have adopted the strategy of adding thermal energy to the charged droplets. For instance, the 

addition of a coaxial nebulizing gas (e.g. heated nitrogen gas) is extremely common to enhance 

ionization efficiencies associated with conventional ESI flow rates. In this case, the gas shears 

around the eluted sample solution and provides an elevated source temperature. As a result, the 

charged droplets (generated near the emitter facet) experience greater desolvation and 

continuously decrease in size. This leads to an increase of surface charge density and a decrease 

of the droplet radius, enabling more efficient gaseous ion production35. This gas flow also helps to 

direct the spray from the emitter tip towards the MS orifice, thereby enhancing transmission 

efficiency. Some studies have also employed a heated capillary (typically 100 – 300°C) to allow 

for the complete desolvation of the ions travelling through it1. In addition to improving 

desolvation, both the drying gas and the heated capillary also act to enhance the system’s 

robustness and reduce the degree of cluster ion formation36.  

As mentioned above, this thesis looks to investigate conventional single bore emitters 

compared to our nine-channel MES emitter and the ability of the latter to guide and focus near-

infrared (IR) radiation. The custom MSF in this report contains a radial array of nine channels that 

extend through the length of the fiber. Although this design has been traditionally used for 
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microfluidics applications, the MSF has properties similar to that of an optical fiber waveguide. 

Given the difference in refractive index between the borosilicate and fused silica regions, the MSF 

successfully promotes light guidance via total internal reflection (TIR). By altering the etchant 

concentration, etch time and flow rate of water during the etching procedure, the nozzle 

morphology can be controlled. Generally, these micronozzles are also conical in shape and have 

close resemblance to an axicon optical lens. This work shows that higher etchant concentrations, 

longer etch times and lower flow rates correspond to longer and sharper nozzle profiles as well as 

higher axicon angle values. The latter allows for a tight focal point at the tip of each of the nine 

“microaxicons” or micronozzles. This application is anticipated to increase the desolvation 

efficiency in nano-ESI by heating the charged droplets at the emitter exit through the absorption 

of IR radiation by water overtone vibration and subsequent conversion of the absorbed radiation 

into heat. Thus, light-assisted ionization coupled with the MES emitter discussed in this report can 

further enhance the ionization efficiency and sensitivity of nano-ESI-MS. 

1.3 Waveguide Optics  

1.3.1 Optical properties of waveguides: ray optics vs. mode optics  

 
In order to understand the optical properties of waveguides it is important to first discuss 

the fundamental aspects of light guiding in optical fibers. Typically, optical fibers operate on the 

principle of total internal reflection (TIR) and consist of three components: a core, cladding and 

coating. Optical fibers are typically a thin strand of pure silica or borosilicate glass and as such, 

the coating exists as an outer protective layer (often plastic materials such as acrylic or nylon) to 

prevent breakage and allow for mechanical flexibility. In conventional fibers, the core is the inner 

waveguiding section of the fiber and often has a higher refractive index. The cladding completely 
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surrounds the core and is composed of a lower refractive index material. For optical fibers, the 

difference in refractive indices between the core and cladding is critical. If the refractive index of 

the cladding is less than the core, incident light within a narrow range of incident angles (the 

“acceptance cone”) is confined by the fiber core through TIR (Figure 1-6). In addition to its role 

in light propagation, the cladding also adds mechanical strength, protects the fiber core from 

surface contaminants and minimizes scattering and light loss at the core-cladding interface37.  

Figure 1-6: Schematic illustrating the structural components of a conventional optical fiber and the 

mechanism of light propagation via TIR. Both the core (dark grey) and the cladding (light grey) are 

composed of a dielectric material with different refractive indices.  

 

The ability of an optical fiber to propagate light can be described by two theories: the ray 

model and mode theory. These models can be understood as being based on either the ballistic 

particle (photon) or wave-optic approaches to describing light. Ray optics employs light reflection 

and refraction to describe light propagation, where each ray of light is understood as a stream of 

light particles travelling along the same trajectory. This theory is often used to approximate the 

light acceptance and guiding properties of optical fibers, but does not adequately account for 

effects such as diffraction and interference38. The ray model makes the following assumptions 



 

19 

 

about light rays: they have no transverse extension, light can only travel in straight lines in 

homogeneous optical materials (e.g. glass or air), they can be reflected or refracted at smooth 

optical interfaces and they can cross without influencing each other39. The ray model to light 

propagation in optical fibers presumes that each ray propagates at an angle (90 - q) with respect to 

the axis of the optical fiber until it meets the core-cladding interface38. At this point, the ray may 

either reflect or refract depending on Equation 1-538; where i is the incident ray vector, r is the 

totally internally reflected ray vector and n is the normal ray vector.  

 

 𝑟 = 𝑖 − 2(𝑖 ∙ 	𝑛)𝑛 1-5 
 

 

Ray theory further describes two different rays that can propagate along an optical fiber: 

meridional and skew rays. Meridional rays pass through the axis of the fiber and can be classified 

as bound or unbound rays. Bound rays remain in the core and travel according to TIR (i.e. they 

must intersect the core-cladding interface at an angle greater than the critical angle, qc) whereas 

unbound rays are refracted into the cladding39. Figure 1-7 depicts how light rays enter an optical 

fiber and propagate through it depending on the incident angle. Skew rays on the other hand, 

propagate through the optical fiber without passing through its axis. They tend to travel near the 

periphery of the fiber core and can be referred to as leaky rays. The acceptance angle, qa (i.e. the 

angle at which the incident ray must enter the fiber to propagate through it) for these rays is much 

larger and hence, skew rays often outnumber meridional rays within an optical fiber38.  
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Figure 1-7: The incident ray, I1 (red) enters the optical fiber at an angle greater than the acceptance angle, 

qa. It is then refracted to the core-cladding interface at an angle less than the critical angle, qc, is transmitted 

into the cladding and eventually lost. In contrast, the incident ray I2 (blue) enters the fiber at the acceptance 

angle and strikes the core-cladding interface at the critical angle. As a result, the ray experiences TIR and 

continues to propagate through the core of the optical fiber38.  

 

The mode optics theory describes light as an electromagnetic (EM) wave. This model is 

useful to provide information on the behavior of light within an optical fiber, including the effects 

of absorption, attenuation and dispersion. An EM or travelling plane wave is often described by 

its direction, amplitude and wavelength. Plane waves that have the same phase are referred to as 

wavefronts and travel along the fiber similar to light rays; however, they may also undergo phase 

changes that add complexity to light propagation39. For example, destructive interference between 

out-of-phase wavefronts allow for only a finite number of modes within an optical fiber40. 

According to mode optics, plane waves repeat according to a periodic frequency (Equation 1-6) 

where b is the propagation constant along the fiber axis (a function of the wave’s wavelength, 𝜆 

and mode)39, 41.  

 b = 2p	 ∙ 𝑠𝑖𝑛𝜃/𝜆 1-6 

 

Maxwell (1864) describes EM waves or modes as having an electric and a magnetic 

component, which exist orthogonally to each other42. Thus, transverse modes travelling in an 

qa2  

qa1 

I1  

I2  

qc  
< qc  

Lost  

Cladding (n2)  
Core (n1)  



 

21 

 

optical fiber can be termed as either transverse electric or magnetic modes. Transverse electric 

(TE) modes have an electric field that is perpendicular to the direction of propagation and a 

magnetic field that travels in tandem with propagation. In contrast, transverse magnetic (TM) 

modes have a magnetic field that is perpendicular to propagation and an electric field that is in the 

direction of light guidance. As the number of radial field nodes increases, the order of the mode 

increases39; where higher-order modes are equivalent to rays that cross the axis of the fiber at larger 

angles. It is important to note that modes are not confined to the core of an optical fiber, but can 

also extend partially into the cladding40. If these refracted modes remain confined within the 

cladding material, they are referred to as cladding modes. As they are propagated through the 

optical fiber along with core modes, an exchange of power is observed (often resulting in the loss 

of power from the core modes to the cladding modes). Mode theory also describes an additional 

type of mode: a leaky mode that experiences a loss in power as it travels through the optical fiber. 

Notably, a mode must meet the following boundary conditions (Equation 1-7) to remain within 

the core material during propagation39, where n1 and n2 are the index of refraction for the core and 

cladding, respectively. If the propagation constant, b,	is smaller than the term on the right, power 

is lost from the core and the mode leaks into the cladding material41. 

 

  1p	&!
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 Optical fibers are usually characterized by the number of modes that propagate through 

them and can therefore be classified as either a single mode fiber (Figure 1-8 (A)) or multimode 

fiber (Figure 1-8 (B)). Although both types are fabricated using similar materials and processes, 

they differ predominantly in core size. Single mode fibers exhibit small core sizes (typically 8 to 

10 𝜇m in diameter)39, which allows for only the lowest order mode to travel through it. As a result, 
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single mode fibers have lower signal loss and a higher information capacity (bandwidth) relative 

to multimode fibers. Conversely, multimode fibers have the ability to propagate many modes 

depending on the core size and numerical aperture (NA). The larger core size and NA associated 

with these fibers is advantageous for a few reasons. Most notably, multimode fibers can carry more 

light and are preferred for irradiation purposes. They are also somewhat easier to splice and can 

be designed to effectively transmit a large range of wavelengths frequently generated using 

broadband sources such as light-emitting diodes (LEDs). Single mode fibers are typically coupled 

to laser diodes, which are more expensive, complex and have a shorter lifetime. Single mode fibers 

are preferred for telecommunication since the many modes propagating in multimode fibers may 

arrive at the detector at varying times (modal dispersion) and result in a lower bandwidth.  

 

 

 

 

 

 

 

Figure 1-8: Structural comparison of a (A) single and (B) multimode fiber with the relative core 

dimensions.  
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1.3.2 Microstructured Fibers (MSFs): photonic crystals and multiple core waveguides  

 
Conventional optical fibers have found widespread use in a number of fields including 

medicine, telecommunications, sensor technology and spectroscopy43. As mentioned previously, 

optical waveguides typically operate via TIR and thus, they rely on having two materials with 

different refractive indices to propagate light. In the last few decades, however, the development 

of microstructured optical fibers (MOFs) has demonstrated the possibility of propagating light by 

alternative physical phenomenona43-46. By extending the usual core-cladding index restrictions and 

employing nanoscale fabrication, MOFs have pushed the conventional limits of waveguide optics 

to achieve high-power deliverance and increased data-transmission speeds47.  

In 1996, Russell et al.48 pioneered the field of MOFs by successfully fabricating a 

microstructured cladding. This meant that traditional silica fibers could be modified to have many 

air channels, and in the case of the first demonstration, hundreds of channels arranged in a 

hexagonal pattern. This led to the development of photonic crystal fibers (PCFs), a variant of MSFs 

based on light guidance via structural modifications and the properties of photonic crystals. Rather 

than employing propagation via TIR, PCFs have the ability to confine light in hollow cores or with 

confinement features not possible with traditional optical fibers43. This fact has incited enormous 

research interest and extended the applicability of fiber optics in communications, fiber lasers, 

highly sensitive gas sensors and more47. Overall, specific classes of PCFs include index guiding 

fibers (often referred to as hole-assisted fibers), photonic band-gap fibers, and Bragg fibers as 

shown in Figure 1-9 (A), (B) and (D), respectively.  
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Figure 1-9: Representation of innovative MSF designs. (A) Index guiding PCF featuring a small solid core 

surrounded by a periodic array of air channels (B) Photonic bandgap fiber with a hollow core (C) Air-clad 

fiber that consists of three layers of optical material rather than the conventional two-doped schematic and 

(D) Bragg fiber with a large hollow core surrounded by a periodic sequence of low and high refractive 

index layers.  

 

MSFs operate on a variety of light guidance mechanisms depending on the characteristics 

of their core material and microstructured pattern. For instance, solid core fibers (Figure 1-9 (A)) 

propagate light through TIR. Hollow core fibers on the other hand (Figure 1-9 (B), (D)) employ 

the photonic bandgap effect for guiding light. These fibers are fabricated on the principle of 

photonic crystals: periodic optical nanostructures that have variations in the material’s dielectric 

properties. This periodicity results in the presence of a band gap, which represents a forbidden 

energy range where photons cannot be transferred between the guided core mode and the cladding 

modes49. This arrangement can be structurally generated during fiber fabrication by altering the 

crystal structure, periodic lattice dimensions and the properties of the component materials43.  In 
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doing so, the specific band gap can be customized by fabricating a pattern with repeating regions 

of high and low dielectric material (i.e. a hexagonal arrangement as in Figure 1-9 (B)). As a result, 

the propagation of electromagnetic waves in certain frequency bands (in the photonic bandgaps) 

can be selectively excluded43, 49.   

1.3.3 Microstructured Fibers (MSFs) as Electrospray Emitters  

 

MSFs can also be used as an alternative to multiple electrospray (MES) interfaces in nano-

ESI-MS. More specifically, MSFs may operate as electrospray emitters because of the flexibility 

in fabrication and ability to achieve the microscale dimensions required for conventional LC and 

MS equipment50.  In this case, the air channels seen in traditional MOFs can be used to guide an 

analyte-containing solution, and thus, the fiber operates as an ESI emitter and an optical fiber 

simultaneously. Commercially available MSFs, however, are unable to achieve multispray mode 

due to the close proximity of their channels5. By employing polycarbonate MSFs for example, 

Gibson et al. (2011)22 were only able to generate MES with completely aqueous samples due to 

wetting effects. In the present work, a custom-designed MSF is employed that overcomes these 

wetting issues as well as the limitations associated with commercial ESI emitters (e.g. high 

clogging tendencies, instability due to electric shielding, poor reproducibility in manufacturing 

etc.).  This MSF (depicted in Figure 1-10) was fabricated at COPL (Quebec City, Canada) using 

the “stack and draw” method, but uses preform tubes and rods of varying materials (namely 

borosilicate and fused silica glass). By employing this two-doped schematic, selective HF etching 

can be used to fabricate a nozzle at each channel exit for adequate Taylor cone formation during 

nano-ESI testing.  
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Figure 1-10: (A) MSF design with boron (9 mol%) and silica doped regions as well as nine channels 

arranged equidistantly in a radial pattern21 (B) Optical image of the MSF preform21 (C) Scanning electron 

micrograph (SEM) of the final MSF from COPL21.  

 
 The three-material schematic and borosilicate doping of the custom MSF add complexity 

to light guidance mechanisms. Furthermore, light propagation will differ slightly depending on the 

solvent mixture when the channels are filled (compared to when they are empty, nair=1.00). 

Generally, the silica portions of the MSF behave like cladded multimode fiber waveguides51. 

Given the difference in refractive indices between the silica and borosilicate regions of the fiber 

(1.464 and 1.461, respectively), the MSF promotes light guidance via TIR similar to an index-

guiding PCF.  

1.3.4 Axicon Lenses 

 
An axicon lens is an optical device similar to a spherical lens and resembles a conical prism 

(Figure 1-11).  Typically, an axicon features one conical surface (rather than the curved surface 

typically found in lenses) and one flat surface. A plane wavefront entering the flat side of the lens 

generates a so-called Bessel beam: a non-diffracting or non-diverging light beam. The ability to 

overcome diffraction is extremely appealing for a number of applications including non-linear 
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optics52, lithography53, microfabrication54, optical trapping51, optical coherence tomography 

(OCT), corneal surgery and telescopes55.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1-11: Bessel beam formation through an axicon lens and resulting ring spot distribution (whose 

diameter and width is represented by d and 𝝓/2, respectively). The width of the incident beam is represented 

by 𝝓, which passes through the axicon lens that is defined by the axicon angle, a. The depth of focus is 

represented by a, and the length of the beam is represented by l.  

  

 In recent years, Bessel beams have been of particular interest due to two unusual properties: 

their degree of immunity to diffraction and the fact that they can “heal themselves” after being 

disrupted by an obstacle55. In practice, an axicon lens can transform a laser beam (Gaussian beam 

or collimated light) into a non-diffracting beam. The radial intensity distribution or cross-sectional 

profile of this Bessel-like beam is a set of concentric rings as shown in Figure 1-12 (A). Here, a 

tight focal point is attained in the transverse plane, and the focal volume is elongated along the 

optical axis. Over a range of distances, the beam intensity pattern remains relatively constant 

(Figure 1-12 (B)), which suggests that minimal diffraction is present56. Mathematically, a true 

Bessel beam can contain an infinite number of rings. This would indicate that over an infinite area, 

however, it would also carry infinite power. In practice, the formation of a true Bessel beam is 

a 
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unattainable, and an approximation is produced experimentally instead. This quasi Bessel beam 

can be expressed by Equation 1-855, whose modes are labelled by an integer n (the order of the 

beam) where 𝜀 is the amplitude and Jn(x) is the nth-order Bessel function of the first kind.  

 

 

 𝐸&	(𝑟, 𝜙, 𝑧) = 	𝜀 ∙ 𝑒$3#4𝐽&(𝑘5𝑟)𝑒±$&7  1-8 

 

  

 

 

 

  

 

 

 

 

Figure 1-12: (A) Annular intensity profile, which is based on numerical beam propagation. The ring-like 

distribution was produced by the illumination of an axicon using a Gaussian laser beam56. (B) Beam 

intensity pattern, which remains relatively constant over a range of distances. As this expands outwards in 

the x and z direction, however, the optical energy dissipates more and more56.  

 

1.3.5 Micronozzle ability to operate as an axicon and focus light  

 
The fabrication of axicon lenses on the facet of multimode fibers has been traditionally 

achieved through fiber polishing57 and focused ion beam technologies58. More recently, however, 

fabrication strategies have centered on wet-chemical etching with HF, using either the Turner37 or 

tube-etching59 methods. The former technique involves removing the fiber’s protective coating 

and then etching the fiber facet between an organic layer and the acid. As the end of the fiber is 
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removed and the fiber diameter is reduced, a tapered structure is obtained. During tube-etching, 

the fiber’s acrylate coating is left intact and operates as a protective layer (preventing the 

deterioration of the outer portion of the fiber) while the glass is gradually removed51.  

Eisenstein and Vitello (1982)60 first demonstrated the fabrication of an axicon lens on the 

facet of a single-mode optical fiber via wet-chemical etching. They showed that the length of the 

conical lens could then be controlled by adjusting the composition and temperature of the etchant 

solution. The resultant fiber improved the coupling of single-mode injection lasers and single mode 

fibers51. In 2008, Mohanty et al. employed a differential tube-etching method to fabricate axicon 

lenses (with angles varying from 30° to 60°) on the facet of an optical fiber to trap low-index 

microscopic objects61. It was not until 2014, that quality microaxicons were produced on the end 

of optical fibers using the tube-etching method in tandem with ion beam milling62. Here, 

Kuchmizhak et al. submerged the fiber in concentrated HF (40%) for several hours and then milled 

the fiber to remove a portion of the tapered end. After the fiber facet was subjected to ion-beam 

milling, the fiber was immersed in aqueous HF (10%) to obtain microaxicons with quality axial 

symmetry and highly tunable angles62,51. Although the authors were also able to demonstrate the 

microaxicons’ Bessel-like beam profiles, the technique was limited by a highly complex and costly 

fabrication procedure51.  

In this work, a flow assisted etching procedure is implemented in order to produce nine 

axicon microlenses at the facet of a custom designed, two-doped MSF (COPL, Quebec, Canada). 

In this case, the protective coating is stripped, and the uncoated fiber facet is submerged in 

concentrated HF. The pure silica regions of the fiber are etched at the same rate, while the 

borosilicate regions are etched faster and will result in a deeper plane relative to the silica. Water 

flow is introduced into the channels at a rate proportionate to the diffusion rate of etchant51, which 
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acts to dilute the HF and introduce an etchant concentration gradient21. As a result, nine 

micronozzles are formed in the shape of microaxicons (one at each channel) in the silica-doped 

regions of the MSF. While each nozzle acts as an individual electrospray emitter (i.e. housing the 

base of the Taylor cone during cone-jet mode), they are also conical in shape and act similarly to 

that of an axicon lens. Based on the work previously done by Bachus et al. (2016), this thesis 

validates the MES emitter’s ability to focus light and achieve multiple spray mode during nano-

ESI.  

1.3.6 Objectives  

 

As mentioned previously, the sensitivity of ESI-MS is determined predominantly by its 

ability to produce gas-phase ions from analyte molecules in solution (ionization efficiency) and 

the effectiveness of transferring charged species from atmospheric pressure to the low-pressure 

region of the mass analyzer (transmission efficiency). In order to enhance the ionization efficiency 

of ESI systems, the addition of thermal energy to charged ESI droplets has been commonly 

employed (e.g. in the form of a heated nitrogen background gas)28. This heat supply acts to improve 

desolvation and liberate more analyte ions for detection.  

Previous work by Bachus et al. (2016) has indicated that micronozzles fabricated via wet-

chemical etching with HF are capable of focusing light. In this case, the microaxicons were 

fabricated at the facet of fused silica capillaries. Although these capillaries are primarily designed 

for fluidics applications and not to propagate light, they offer structural and chemical properties 

similar to optical fibers51. The authors demonstrated the fabrication of a single tapered fused-silica 

cone, or microaxicon, at the capillary facet post etching. By employing a simple ray optics model 



 

31 

 

and two-dimensional calculations, intensity distributions (with angles varying from 0 to 50 

degrees) showed bright focal regions in front of the axicon lenses51.  

 In the following chapters, this thesis looks to validate these findings for the nine-channel 

MES emitter. By adjusting the etch conditions (i.e. etch time, etchant concentration and the flow 

rate of water) during emitter fabrication, the axicon angle of each of the nine nozzles can be 

controlled such that light is focused right at the tip of each nozzle. This application is anticipated 

to increase the desolvation efficiency of nano-ESI by heating the solvent at the emitter exit through 

the absorption of 1064 nm light by water overtone vibration and subsequent conversion of the 

absorbed energy into heat.  

The latter is observed through a boost in spray current when coupling light to the emitter 

from a class IIIB laser, capable of providing IR radiation. It is important to note that an increase 

in spray current does not necessarily correspond to a proportional increase in ion signal in the mass 

spectrometer, as the latter involves ion transmission efficiency from the spray into the mass 

analyzer as well. At the same time, however, the intensity of the ion current is a widely used signal 

to quantitatively monitor the sensitivity and stability of an ESI emitter.  
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Chapter 2  

MES Emitter Fabrication and Characterization  

2.1 Introduction  

 

This chapter discusses the fabrication of the novel MES emitters and the characterization 

of the corresponding micronozzles (via Scanning Electron Microscopy (SEM) followed by digital 

image analysis using ImageJ software). Typically, nano-ESI emitters must be narrow-bore, 

conductive to liquids, clog resistant and maintain a morphology that generates a stable cone-jet 

mode for ESI1. Commercial emitters that are commonly used in MS applications (e.g. PicoTip™ 

nano-spray emitters from New Objective, Woburn, MA, USA) are designed with a single channel 

and tapered tip. Several methods have been discussed for fabricating ESI emitters with such 

narrow-bore orifices2-6. Most commercially available electrospray emitters, however, are 

manufactured by heating and pulling fused-silica tubing and then coating the resultant capillary 

with a conductive or solvent resistant material1. Although both borosilicate and pure silica have 

been used, the latter is preferred since it has a lower affinity for analyte absorption7.  

Wilm and Mann (1996) were the first to document this technique by fabricating a gold-

coated pulled glass capillary with an orifice of 1-2 µm8. In their early work, 1.2 mm O.D. fused-

silica capillaries were pulled using a microcapillary puller in a two-step process. Although the 

resultant emitters were able to facilitate flowrates as low as 20 nL/min, the tapered design and 

small-bore diameter led to significant challenges during electrospray testing1, 8. Limitations such 

as poor reproducibility during manufacturing and high clogging tendencies continue to plague the 

fabrication and use of contemporary, tapered ESI emitters. Moreover, needle drawing from fused-

silica often requires expensive instrumentation, such as a CO2-laser puller7 or tantalum filament 



 

36 

 

surrounded by inert gas5. Thus, a new method that has the ability to mitigate the utility and cost 

challenges associated with nano-ESI emitter fabrication is required.  

 An alternative technique for producing fused-silica ESI emitters was proposed by Smith et 

al. (2006)3, wherein silica capillaries are etched using hydrofluoric acid (HF). In this case, water 

is pumped through the capillary to protect the single inner channel. As a result, surface tension 

causes the etchant to climb the capillary exterior until the silica touching the HF reservoir is 

completely removed (Figure 2-1). The resultant emitter has no internal taper, which mitigates the 

clogging propensity associated with the pulled emitters mentioned above. Furthermore, Smith et 

al. (2006)3 reported stable ESI-MS signals for model analytes from 5 µm (tip O.D.) emitters at a 

low flow rate of 5 nL/min with inter-emitter reproducibility.  

 

 

 

 

 

 

Figure 2-1: Emitter fabrication via HF etching a fused-silica capillary. (A) Surface tension causes a concave 

meniscus to form on the capillary3. (B) Etch rate in the meniscus decreases as a function of distance from 

the bulk solution, where vertical arrows indicate the direction of etching3. (C) Resultant emitter3.  

 

 This thesis employs a similar method of chemical modification for fabricating emitters 

capable of multiple stable cone-jet modes1, 9, 10. Rather than using a single-channel fused-silica 

capillary, a nine-channel custom-designed MSF is used to obtain the sensitivity benefits associated 
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with MES (mentioned in section 1.2.). The channels are arranged equidistantly in a radial pattern 

in an attempt to reduce cross talk i.e. interference between the different emitters. This MSF (Figure 

2-2) was manufactured at the Centre for Optics, Photonics and Lasers (COPL, Quebec City, 

Canada) via a stack-and-draw method. Briefly, the fabrication involves preparation of a short and 

thick preform, which is then drawn into the desired MSF. The fiber is then coated with a 

polyacrylate or polyimide coating for safe transport and damage prevention. The composition of 

the MSF is depicted in Figure 2-2 (A), which illustrates the two-doped schematic of fused silica 

and borosilicate glass. Having both materials alters the optical properties of the fiber and allows 

for two different etch rates for MES emitter fabrication (Figure 2-2 (B)).  

 

 

 

 

 

 

 

Figure 2-2: (A) Custom-designed MSF with nine channels (10 µm O.D. each) arranged equidistantly in a 

radial pattern; darker areas correspond to regions of borosilicate (9 mol%), while the lighter areas 

correspond to fused silica (B) MES emitter containing nine micronozzles fabricated via wet-chemical 

etching with HF (90 nL/min flow rate and 20 minute etch time). 

 

Similar to the procedure established in Smith et al. (2006)3, water is pumped through each 

of the nine channels to ensure that etching proceeds solely from the outer walls of the MSF. Nozzle 

formation is promoted by the fact that the borosilicate regions etch faster in comparison to the 
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fused silica. As a result, nine protruding micronozzles are produced in the silica regions of the 

MSF (one at each 10 µm channel) that act as independent electrospray emitters. Given that the 

spray current is proportional to the square root of the number of individual electrospray emitters11, 

we expect our MES emitter to generate a threefold increase in spray current. Theoretically, the 

latter translates to a higher sensitivity and lower detection limit than its single channel alternative. 

Moreover, the small aperture of each nozzle is related to the inner diameter of the capillaries. This 

avoids the tapered design discussed above and thus, dramatically reduces the likelihood of 

clogging.  Details associated with the fabrication of the MES emitter depicted in Figure 2-2 (B) is 

discussed further in sections 2.2. and 2.3. of this report.  

2.2 Theory 

As mentioned above, the MES emitter is fabricated via wet-chemical etching with HF1, 10, 

12. Throughout this process, water is introduced through each of the nine channels to protect the 

channel walls from deterioration (and avoid broadening of the channel O.D.).  The protective water 

flow is introduced at a rate comparable to the diffusion rate of etchant, which dilutes the HF and 

creates an etchant concentration gradient extending radially from the center axis of the MSF10. The 

borosilicate regions etch much faster than fused silica by HF, which results in nine micronozzles 

(or individual electrospray emitters) at each channel. The morphology of each nozzle can then be 

controlled by altering the etchant concentration, etch time and flow rate of water during the etching 

procedure.  
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Figure 2-3: Scanning electron micrographs of the micronozzles fabricated by etching the custom-designed 

MSF for (A) 12 minutes10 and (B) 17 minutes10 with HF at a water flow rate of ~80 nL/min. All scale bars 

are 50 µm. (C) Schematic of the micronozzle formation during etching10. (1) and (2) correspond to the 

borosilicate and fused silica regions, respectively. Ro is the distance from the channel wall to the borosilicate 

boundary and R is the width of the upper portion of the nozzle. Each nozzle can also be described by its 

axicon angle, a, and post angle, g, as discussed below.  

The etching mechanism (Figure 2-3 (C)) has been modelled using simple rate equations by 

Bachus et al. (2016)10. The model for the etching kinetics of the above process assumes that the 

material removal rate depends linearly on the constant concentration of the etchant, HF, and a rate 

constant, k, which differs for borosilicate (k1) and fused silica glass (k2).  This assumption can be 

written as Equation 2-1 below10.  

 	
𝑑𝑥
𝑑𝑡 = 	𝑘$[𝐻𝐹]8 2-1 

 

 This model also assumes that the HF concentration varies linearly between the inner rim 

of the filled channel, [HF]D, and the outer border of that channel, [HF]C. Each micronozzle can 

a 

g 
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then be described by its axicon angle, a, and post angle, g. Kotsas et al. (1991)13 explained that 

when a single-mode fiber is dipped into an etchant, a protuberance is created on its end-surface 

and the fiber is transformed into a cone. The base radius of this cone is always equal to the fiber 

core radius13. Therefore, the geometric parameters of the fiber end (base-angle, height and top 

radius) can be calculated using rate equations as determined experimentally by Kawachi and 

Edahiro (1982)14. The post angle, g, can be similarly obtained by employing the integral of 

Equation 2-11, 10. As shown in Equation 2-2, the post angle depends solely on the ratio of rate 

constants for borosilicate and fused silica glass. Given that the post angle is expected to be largely 

independent of etch time, the micronozzle morphology is described predominantly by the axicon 

angle, a, which can be calculated theoretically using Equation 2-3; where ∆𝑥9,; =	𝑘1𝑡[𝐻𝐹]9,; by 

integration of Equation 2-110.  

 	𝛾 = 	 𝑐𝑜𝑠<= Q
𝑘=	
𝑘1
R	 2-2 

 	𝛼 = 	 𝑡𝑎𝑛<= Q
∆𝑥9 −	∆𝑥;	

𝑅 R = 	 𝑡𝑎𝑛<= U
𝑘1𝑡
𝑅 	([𝐻𝐹]; −	[𝐻𝐹]9)V	 2-3 

 

Equation 2-3 suggests that the axicon angle increases as a function of etch time. This 

chapter seeks to prove the above theory outlined by Bachus et al. (2016)10 by: (1) fabricating a 

series of MES emitters at different etch conditions (i.e. etch times and water flow rates) and (2) 

characterizing the micronozzle formation via scanning electron microscopy (SEM). Moreover, this 

chapter will expand on previous work (done by Fu (2015)12 and Bachus (2017)1) by conducting a 

reproducibility study and correlating the effects of flow rate and etch time to nozzle length, axicon 

and post angle values.  
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2.3 Experimental  

2.3.1 Fiber Cleaving  

 

Prior to etching the MSF, a small section of the fiber is cleaved using a precision fiber 

cleaver (Vytran LDC-400) to the desired emitter length (~5 cm). Initially, a segment of less than 

50 cm is cut from the spool using a ceramic cleaver. The polyacrylate jacket is then removed (to a 

length consistent with the micrometer backstop on the Vytran LDC-400) using a thermal stripper 

and then cleaned with a KimWipe™. A USB microscope is used to align the backstop and the 

stripped fiber is cleaved. This process is then repeated at both ends of the fiber to ensure that 

quality, precision cleaves are obtained at the etching and flow-coupled facets.  A schematic of the 

overall cleaving procedure is illustrated in Figure 2-41. The parameters used for cleaving the fiber 

are outlined in Table 2-1 as established by Bachus in 20171. The fiber facet is then quality-assessed 

using an optical microscope to assure that no cracks or protrusions are present. Any discrepancies 

at either the flow or etch end of the MSF will have significant consequences during the etching 

procedure (i.e. non-uniform nozzle formation, or in severe cases, missing nozzles altogether). The 

process is repeated for inadequate cleaves.  
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Figure 2-4: Schematic outlining the fiber cleaving steps required pre-etching. (1) The polyacrylate coating 

is removed (to a length consistent with the micrometer backstop) using the thermal stripper (2) Polyether 

ether ketone (PEEK) fitting containing the appropriately sized sleeve is placed between the stripped regions 

(3) Fiber is cleaved using the Vytran LDC-400 instrument (4) Quality control using the optical microscope1.  

 

Table 2-1: Parameters used on the Vytran LDC-400 instrument for cleaving the MSF prior to emitter 

fabrication1.  

Parameter Value  

Fiber Diameter 360 µm 

Cleave Tension 740 g 

Pre-cleave Advance 2477 

Fiber Holding Block Offset 0.0 mm 

Tension Velocity 60 

Cleave Peak Cycles  60 

Cleave Forward Steps 81 

Cleave Back Steps 80 

Scribe Delay 100 ms 

 

Fiber jacket is selectively removed on both 

ends using the thermal stripper 

PEEK fitting placed between cleave points 

and fiber is cleaved on both ends  

PEEK fitting translated to flow-

end for etching procedure 

Stripped Fiber 

FEP Sleeve  

FLOW-END ETCH-END 

Polyacrylate Coating 
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2.3.2 Standard Etching Procedure  
 

A flow assisted procedure was implemented in order to produce nine micronozzles (one at 

each channel) at the facet of the custom-designed MSF. Once the fiber is stripped and cleaved, it 

is coupled to the pump of a Waters NanoAcquity Ultra Performance LC (Binary Solvent Manager) 

via a 60 cm 100 µm O.D. fused silica capillary in order to deliver water flow through each of the 

fiber channels. As shown in Figure 2-51, the fiber is held orthogonal to the etchant (HF) (that is 

contained within a centrifuge tube) at the desired depth and is coupled to the capillary using PEEK 

fittings, here, a liquid-liquid union with a 360 µm I.D. and fluorinated ethylene propylene (FEP) 

sleeves. In order to fill the capillary and eliminate dead volume or debris, the system is initially 

flushed with higher flow rates (1 µL/min) for approximately 5 minutes. The flow rate is then 

reduced to the desired rate and equilibrated until stable pressures are achieved (approximately 10 

to 15 minutes depending on the fiber length, etch time and flow rate). After etching, the fiber is 

submersed in water to prevent further deterioration. The nozzle morphology is then quality 

assessed under optical and scanning electron microscopy (SEM).  

Malfunctioning of the Waters NanoAcquity Ultra Performance LC required an instrument 

change to the Fluigent Flow EZ™ nano-flow pump (Fluigent MicroFluidics, MA, USA). Unlike 

the Waters LC, the Flow EZ™ is a pressure-based control system (i.e. the flow rate is regulated 

by applying pressure via nitrogen gas to a sealed water reservoir). The pressure applied by the air 

cavity above the liquid surface pushes the water out of the reservoir through the microfluidic tubing 

(1/16” O.D., 250 µm I.D. blue PEEK tubing). The flow rate is then controlled and recorded by 

adding a flowmeter in the fluidic line, where the pressure is regulated via a feedback loop. The 

entire experimental setup is depicted in Figure 2-6 and involves first flushing the entire system 



 

44 

 

with a high flow rate (~ 1 µL/min) to eliminate potential dead space and debris within the 

microfluidic channels. The flow rate is then dropped to the desired speed (54 – 108 nL/min) and 

the pressure stabilized prior to submerging the MSF in HF (contained within a centrifuge tube on 

a translational stage). The stability of the system prior to etching is visualized using a computer 

and the Fluigent All-in-One (AiO) software.  

HF has a number of physical, chemical and toxicological properties that make it 

particularly hazardous (highly corrosive, toxic, irritant). Prevention of exposure must be the 

primary concern when working with HF and users must be intimately familiar with the appropriate 

handling and first aid associated with the compound. Personal protective equipment must be worn 

including goggles, face shield (plastic), gloves (thin disposable gloves should be disposed of 

immediately after use), acid resistant apron as well as long pants, sleeves and closed toe shoes. 

Calcium gluconate should be readily available in case of contact and HF should always be handled 

within a fume hood near a safety/eye wash.  
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Figure 2-5: Schematic of the etching procedure including the MSF, centrifuge tube containing the etchant 

(HF), as well as the PEEK fitting and FEP sleeve (left). Modelling of the micronozzle formation where Ro 

is the distance from the channel wall to the borosilicate boundary, R is the width of the upper section of the 

lens, (1) corresponds to borosilicate and (2) the fused silica1.  

 

 

 

 

 

 

 

 

 

 

 

   

 

Figure 2-6: Schematic illustrating the etching procedure using the Fluigent Flow EZ nano-flow 

microfluidic pump. The process is operated in a fume hood and the centrifuge tube (containing HF) is held 

on a translation stage to mitigate the safety risks associated with HF.  
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2.3.3 Scanning Electron Microscopy  

 

The fabricated emitters were imaged using scanning electron microscopy in order to allow 

for accurate characterization of the formed micronozzles. The samples were analyzed under low 

vacuum without the presence of a hydrophobic or conductive coating. In order for the samples to 

fit within the SEM instrument, however, emitters were cleaved to approximately 35-40 mm in 

length. Samples were still adequate for handling and running MS experiments following SEM 

characterization.  

2.4 Results & Discussion  

2.4.1 Dimensional Analysis of the MSF  

 

Two different custom-designed MSFs with the same composition and morphology are 

employed in this report: (1) a polyacrylate coated MSF with slightly larger dimensions (360 µm 

I.D., 520 µm O.D.) as shown in Figure 2-7 and (2) a polyimide coated MSF with slightly smaller 

dimensions (330 µm I.D., 360 µm O.D.) as shown in Figure 2-8. While the 360 µm O.D. of the 

second fiber is ideal for commercial microfluidic fittings and sleeves, removal of the polyimide 

coating (necessary for cleaving and etching) is much more difficult compared to removing the 

polyacrylate coating. At the same time, however, polyimide can withstand temperatures up to 

350°C and protects the fiber against many different solvents15. This robustness is beneficial given 

the harsh conditions of nano-ESI (e.g. high voltage and organic solvent exposure). In contrast, the 

polyacrylate coating experiences chemical degradation with organic solvents and at temperatures 

above 85°C. Both MSFs were manufactured via a stack and draw method at COPL (QC, Quebec, 
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Canada) and have been used for MES emitter fabrication. The exact dimensions for the 

polyacrylate (PA) and polyimide coated (PI) MSFs are listed in Tables 2-2 and 2-3, respectively.  

 

 

 

 

 

 

 

 

Figure 2-7: SEM images of the polyacrylate (PA) coated MSF  (360 µm I.D., 520 µm O.D.) that has been 

stripped using the thermal stripper and cleaved with the Vytran LDC-400 instrument. Exemplary 

measurement analysis is illustrated for the channel diameter, distance between channels, and the 

borosilicate core diameter. 

 

Table 2-2: Dimensional overview of the PA coated MSF, measurements obtained with SEM software. 

Error represents the standard deviation of three separate measurements on the same sample1.  

Dimension Measurement  

Overall Diameter (O.D.) 518.6 ± 1.2 µm 

Fiber Diameter (I.D.) 358.1 ± 1.2 µm 

Outer Silica Ring Thickness 19.5 ± 0.2 µm 

Borosilicate Core Diameter 198.3 ± 0.6 µm 

Inner Silica Ring Thickness 17.6 ± 0.1 µm 

Channel Diameter 9.9 ± 0.2 µm 

Channel Edge to Fiber Periphery  35.5 ± 0.3 µm 

 

199.0	μm	

197.6	μm	

198.4	μm	

84.64	μm	 84.65	μm
	85.01	μm

	

100 µm  10 µm  20 µm  

Borosilicate	 Fused	Silica	
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Figure 2-8: SEM images of the polyimide (PI) coated MSF (330 µm I.D., 360 µm O.D.) that has been 

cleaved with the Vytran LDC-400 instrument. Exemplary measurement analysis is illustrated for the 

channel diameter, distance between channels, and the borosilicate core diameter.  

Table 2-3: Dimensional overview of the PI coated MSF, measurements obtained with SEM software. Error 

represents the standard deviation of three separate measurements on the same sample.  

Dimension Measurement  

Overall Diameter (O.D.) 360.9 ± 0.8 µm 

Fiber Diameter (I.D.) 332.7 ± 0.1 µm 

Outer Silica Ring Thickness 19.5 ± 0.4 µm 

Borosilicate Core Diameter 182.7 ± 1.1 µm 

Inner Silica Ring Thickness 21.0 ± 1.3 µm 

Channel Diameter 12.4 ± 0.4 µm 

Channel Edge to Fiber Periphery  30.4 ± 0.2 µm 

 

2.4.2 MES Emitter Fabrication  

As suggested by Bachus (2017)1, the entire facet of the 9 channel fiber is experiencing 

three-dimensional etching during the fabrication procedure. The HF therefore etches in both the 

lateral (x and y) and vertical (z) directions, which ultimately defines the morphology of the 

produced emitter over time. The pure silica regions are etched at the same rate, while the 

100 µm 30 µm 50 µm
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borosilicate regions are etched faster and will result in a deeper plane relative to the silica. Thus, 

micronozzles appear in the silica doped regions of the MSF post HF etching.  

In order to allow for effective electrospray, it is critical to prevent etching and deterioration 

of the capillary channels. For instance, cracks or protrusions in the fiber facet may result in 

different nozzle morphologies, which may hinder the stability and performance of the cone-jet 

mode during ESI. In severe cases, the channel may be so degraded that micronozzle formation is 

unattainable, which would prevent formation of the Taylor cone altogether. To protect the channels 

during etching, water flow is introduced through the MSF at a rate proportionate to the diffusion 

rate of etchant10. This protective flow not only dilutes the etchant, but also introduces an etchant 

concentration gradient. The latter facilitates the production of nine conical nozzles, whose profile 

can be controlled by altering the etchant (HF) concentration, flow rate and etch time during the 

etching procedure.  

2.4.2.1.MES emitters fabricated from the 9-Channel PA coated MSF  

 

The etching time for PA MSFs was optimized for nozzle shape (axicon angle) and 

protrusion length at various flow rates. Figures 2-9, 2-10 and 2-11 depict scanning electron 

micrographs (SEMs) of the fiber facet etched between 10 and 20 minutes at water flow rates of 54 

nL/min, 90 nL/min and 108 nL/min, respectively. Etch times above 20 minutes have been shown 

to deteriorate the outer walls of the MSF and therefore have not been included in performance 

testing. In contrast, etch times below 10 minutes have been shown to produce very minimal change 

in the MSF composition, failing to yield adequate micronozzles for nano-ESI-MS. Furthermore, 

etching the custom-designed MSF without any protective water flow, has significant consequences 

on the integrity of the channels and fiber exterior. This is shown in Figures 2-12 and 2-13, where 



 

50 

 

“dry” etching the PA MSF fails to produce micronozzles. An exemplary emitter series is also 

included for PA MSFs etched at 90 nL/min for 20 minutes using the Fluigent Flow EZ™ nano-

flow pump (Figure 2-14).  

 

 

 

 

Figure 2-9: SEMs of the micronozzles produced by etching the custom MSF (PA coated) at a water flow 

rate of 54 nL/min (~6 nL/min per channel) for (A) 10 minutes (B) 15 minutes (C) 17.5 minutes and (D) 20 

minutes. Protective water flow was introduced via the Waters NanoAcuity Ultra Performance LC. Scale 

bars are 100 µm. 

 

 

 

 

 

 

Figure 2-10: SEMs of the micronozzles produced by etching the custom MSF (PA coated) at a water flow 

rate of 90 nL/min (~10 nL/min per channel) for (A) 10 minutes (B) 15 minutes (C) 17.5 minutes and (D) 

20 minutes. Protective water flow was introduced via the Waters NanoAcuity Ultra Performance LC. Scale 

bars are 100 µm. 
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Figure 2-11: SEMs of the micronozzles produced by etching the custom MSF (PA coated) at a water flow 

rate of 108 nL/min (~12 nL/min per channel) for (A) 10 minutes (B) 15 minutes (C) 17.5 minutes and (D) 

20 minutes. Protective water flow was introduced via the Waters NanoAcuity Ultra Performance LC. Scale 

bars are 100 µm. 

 

 

 

2.4.3 MES emitters fabricated from the 9-Channel PI coated MSF 

 

Figure 2-12: SEMs depicting deterioration of the channel and outer fiber walls without water flow during 

etching procedure at etch times of (A) 17.5 minutes and (B) 20 minutes.  

 

 

 

 

 

 

 

Figure 2-13: SEMs depicting deterioration of the channel and outer fiber walls without water flow during 

etching procedure at etch times of (A) 10 minutes and (B) 15 minutes. Scale bars are 100 µm.  
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Figure 2-14: SEMs of the micronozzles produced by etching the custom MSF (PA coated) for 20 minutes 

at a water flow rate of 90 nL/min (~10 nL/min per channel). Protective water flow was introduced via the 

Fluigent Flow EZ™ nano-flow pump. Scale bars are 100 µm. 

 

2.4.2.2. MES emitters fabricated from the 9-Channel PI coated MSF 

 

Unlike the PA coating (section 2.4.2.1), PI is extremely difficult to remove (physically 

and/or chemically) without damaging the fiber glass.  Thus, emitter fabrication for the PI coated 

MSF was done without stripping the coating. Given that PI coatings are robust and compatible 

with organic solvents, leaving the coating intact is largely unproblematic for ESI testing. However, 

it was found that etching the PI coated MSF without stripping did introduce variability in 

micronozzle characterization (section 2.4.3.).  
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The required etch timeframe for PI MSFs was much higher than the PA MSFs since the 

coating acted as an outer protective layer, which minimized the amount of HF exposure. Figures 

2-15, 2-16, 2-17 and 2-18 depict SEMs of the fiber facet etched between 30 and 50 minutes at 

water flow rates of 90 nL/min, 72 nL/min, 54 nL/min and 45 nL/min, respectively. Etch times 

above 50 minutes have been shown to deteriorate the outer walls of the MSF and therefore have 

not been included in performance testing. In contrast, etch times below 30 minutes have been 

shown to produce very minimal change in the MSF composition, failing to yield adequate 

micronozzles for nano-ESI-MS. Emitters were also fabricated by stripping the PI chemically with 

hot sulfuric acid (105°C) and are shown in Figure 2-19.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-15: SEMs of the micronozzles produced by etching the custom MSF (PI coated) for (A) 50 

minutes (B) 45 minutes (C) 40 minutes (D) 35 minutes (E) 30 minutes and (F) 0 minutes at a water flow 

rate of 90 nL/min (~10 nL/min per channel). Protective water flow was introduced via the Fluigent Flow 

EZ™ nano-flow pump. Scale bars are 100 µm. 
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Figure 2-16: SEMs of the micronozzles produced by etching the custom MSF (PI coated) for (A) 30 

minutes (B) 35 minutes and (C) 40 minutes at a water flow rate of 72 nL/min (~8 nL/min per channel). 

Protective water flow was introduced via the Fluigent Flow EZ™ nano-flow pump. Scale bars are 100 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-17: SEMs of the micronozzles produced by etching the custom MSF (PI coated) for (A) 30 

minutes (B) 35 minutes and (C) 40 minutes at a water flow rate of 54 nL/min (~6 nL/min per channel). 

Protective water flow was introduced via the Fluigent Flow EZ™ nano-flow pump. Scale bars are 100 µm. 

(A) (B) (C) 

(A) (B) (C) 
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Figure 2-18: SEMs of the micronozzles produced by etching the custom MSF (PI coated) for (A) 50 

minutes (B) 45 minutes and (C) 40 minutes at a water flow rate of 45 nL/min (~5 nL/min per channel). 

Protective water flow was introduced via the Fluigent Flow EZ™ nano-flow pump. Scale bars are 100 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-19: SEMs of the micronozzles produced by stripping the PI coating (with hot sulfuric acid) and 

etching the custom MSF for (A) 12.5 minutes (B) 15 minutes and (C)  17.5 minutes at a water flow rate of 

90 nL/min (~10 nL/min per channel). Protective water flow was introduced via the Fluigent Flow EZ™ 

nano-flow pump. Scale bars are 100 µm. 
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2.4.2.3. MES emitters fabricated from the 18-Channel PA coated MSF  

 

While the fabrication of the 9-channel MSF was successful, the development of a new fiber 

with more channels could allow for an even higher sensitivity enhancement via MES. As such, an 

18-channel MSF was fabricated at COPL (QC, Quebec, Canada)1. This fiber would provide a 

theoretical total spray current that is 1.41 times greater than the 9-channel MSF (more than a 

fourfold sensitivity improvement compared to its single-channel commercial alternative). The 

design of the 18-channel MSF is similar to the 9-channel; however, the borosilicate concentration 

is 10 mol% higher in order to obtain sharper and longer nozzles at shorter etch times1. The 

borosilicate capillaries are also designed to have a concentration gradient starting from pure fused 

silica (at the edge of the channel) to pure borosilicate (at the periphery of the fiber). Although this 

would further facilitate the conical morphology of the nozzles during etching, both changes present 

a much more challenging fabrication scheme. For instance, fabricating the custom-designed 18-

channel MSF involved three different preforms for the borosilicate core, borosilicate filler regions 

and the gradient-based borosilicate capillaries1. The exact dimensions of the fiber were measured 

via SEM by Bachus (2017) and are outlined in Table 2-4 below.  

Table 2-4: Dimensional overview of the 18-channel MSF, measurements obtained with SEM software. 

Error represents the standard deviation of three separate measurements on the same sample1.  

Dimension Measurement  

Overall Diameter (O.D.) 520.4 ± 1.4 µm 

Fiber Diameter (I.D.) 365.8 ± 1.1 µm 

Outer Silica Ring Thickness 35.5 ± 1.5 µm 

Borosilicate Core Diameter 188.2 ± 0.7 µm 

Inner Silica Ring Thickness 12.1 ± 0.6 µm 

Channel Diameter 3.6 ± 1.2 µm 

Channel Edge to Fiber Periphery  52.9 ± 1.4 µm 
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Unfortunately, several errors occurred in the fabrication of the MSF including (1) a 

borosilicate concentration below 10 mol% (2) a large silica region at the inner portion of the 

capillary and (3) a boron concentration gradient of only 4.5 mol%1. These deviations are all 

expected to result in a shallower nozzle profile as shown in Figure 2-20. Furthermore, the 18-

channel MSF has a much smaller channel diameter (~3 µm) than the 9-channel MSF (~10 µm). 

This poses reproducibility issues during etching as any small deviation (e.g. debris in the 

microfluidic system or inconsistency in the precision cleave) results in a significant change in the 

flow rate, and, thereby, the etching dynamics across the fiber facet. This deviance results in nozzles 

with different morphologies, and in severe cases, absent nozzles when the channel size is 

exceptionally small. These issues are illustrated in Figures 2-21 and 2-22, where vastly different 

emitter profiles are observed for MSFs etched at the same flow rate. Moreover, 62.5% of the 18-

channel emitters produced were missing one nozzle. This further suggests a discrepancy in channel 

size, which is likely a result of inconsistencies in the fiber drawing process.  Given the irregularities 

with the custom-designed 18-channel MSF, this report focuses on the fabrication and 

characterization of the 9-channel MES emitter. More work will need to be done to optimize the 

fabrication of the 18-channel MSF in order to achieve a reproducible etching procedure and 

additional improvement in sensitivity pre-etching.    
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Figure 2-20: SEMs of the micronozzles produced by etching the 18-channel custom MSF (PA coated) for 

(A) 10 minutes (B) 15 minutes (C) 17.5 minutes and (D) 20 minutes at a water flow rate of 108 nL/min. 

Protective water flow was introduced via the Waters NanoAcuity Ultra Performance LC. Scale bars are 100 

µm. 

Figure 2-21: SEMs of the micronozzles produced by etching the 18-channel custom MSF (PA coated) for 

(A) 17.5 minutes and (B) 20 minutes at a water flow rate of 54 nL/min. Protective water flow was 

introduced via the Waters NanoAcuity Ultra Performance LC. Scale bars are 100 µm. 
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Figure 2-22: SEMs of the micronozzles produced by etching the 18-channel custom MSF (PA coated) for 

(A) 10 minutes (B) 15 minutes (C) 17.5 minutes and (D) 20 minutes at a water flow rate of 90 nL/min. 

Protective water flow was introduced via the Waters NanoAcuity Ultra Performance LC. Scale bars are 100 

µm.  

2.4.3. MES Emitter Characterization  

 

Volumetric flow rates of 54 nL/min, 90 nL/min and 108 nL/min were flowed through the 

PA coated MSF and tested for their effect on nozzle morphology (axicon angle, post angle and 

nozzle length). The effect of etching between 5 and 25 minutes was also explored. Since lateral 

etching results in the removal of silica surrounding the channels, the etch duration is limited by 

the time it takes for the loss of silica to reach the air channel16. It was found that etching times over 

20 minutes resulted in deterioration of the capillary channels and inconsistent nozzle profiles. 

Furthermore, shorter etch times (i.e. under 10 mins) proved to have a minimal effect on the 

formation of the micronozzles. Thus, extensive analysis was performed for etch times of 10, 15, 

17.5 and 20 minutes at the aforementioned flow rates.  

Micronozzle characterization was also done for emitters fabricated from the PI coated 

MSF. In this case, the coating was left intact during the etching procedure, and thus, higher etch 

(A) (B) (C) (D) 
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times were required to allow for effective micronozzle production. Analysis was performed for 

etch times between 30 and 50 minutes at flow rates of 45 nL/min, 54 nL/min, 72 nL/min and 90 

nL/min. Unfortunately, emitter-to-emitter variations in the cavity between the glass and the coating 

lead to differences in HF exposure across the fiber facet. For instance, a small cavity (i.e. the 

coating remains close to the glass) provides increased HF protection where the coating is 

completely etched back before the glass can be properly exposed. In contrast, a large cavity allows 

for HF access between the coating and the glass (i.e. minimal protection), which results in a higher 

degree of material removal. Inevitably, differences in cavity size are likely to result in variations 

in the etch dynamics. In order to achieve maximal reproducibility in the manufacturing process, 

the coating should be removed without damaging the compositional integrity of the MSF.  

2.4.3.1. Angle Characterization (Axicon & Post Angles)  

 

The emitters shown in Figures 2-9, 2-10 and 2-11 were characterized via SEM imaging 

and digital image analysis using ImageJ software to confirm the mathematical relationships 

previously established in Bachus et al. (2016)10. As shown in Equation 2-4 below, the tangent of 

the axicon angle, tan(a), is expected to scale linearly with etch time, t. The results confirmed 

experimentally that the axicon angle does increase with etch time for the PA coated MSF (Table 

2-5, Figure 2-23). The same trend was observed for the emitters fabricated from the PI coated MSF 

(Figures 2-15, 2-16, 2-17, 2-18 and 2-19) as shown in Figure 2-24.  

The model described by Bachus et al. (2016) assumes that the material removal rate 

depends linearly on the constant concentration of the etchant, [HF] and the rate constants for 

borosilicate (k1) and undoped silicate glass (k2)10. In practice, however, a constant water flow is 

being added to the etchant reservoir throughout the fabrication process. Thus, the etchant 
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concentration is monotonously decreasing over time. As etching proceeds and material is removed, 

the facet of the MSF also changes, which provides additional surface area and alters the etchant 

composition over time. It is therefore likely that the relationship between tan(a) and etch time is 

not linear, but instead, changes behavior with time as the concentration and etching dynamics 

mature. These effects can be minimized with larger volumes of etchant; however, the amount of 

HF and waste is kept correspondingly small for safety purposes. Moreover, the results outlined in 

Figures 2-23 and 2-24 do not depict any clear trend between the axicon angle, a, and the flow rate. 

More work needs to be done to identify the etch mechanism in detail and visualize the flow 

dynamics over time.   

 

															𝛼 = 	 𝑡𝑎𝑛<= Q
∆𝑥9 −	∆𝑥;	

𝑅 R = 	 𝑡𝑎𝑛<= U
𝑘1𝑡
𝑅 	([𝐻𝐹]; −	[𝐻𝐹]9)V	 2-4 

 

Table 2-5: Axicon angle, a, values for the micronozzles produced by etching the custom PA coated MSF 

for 10, 15, 17.5 and 20 minutes at 54, 90, and 108 nL/min. Each data point represents two replicate 

measurements for a specific emitter profile (i.e. with the same etch time and flow rate). 

 

Flow Rate  

(nL/min) 

Axicon Angle, a (°) 

10 min 15 min 17.5 min 20 min 

54 14.09 19.66 24.05 29.69 

90 16.24 24.67 28.80 35.66 

108 10.83 16.93 20.34 24.24 
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Figure 2-23: Plot characterizing the micronozzles produced by etching the custom PA coated MSF for 10 

minutes, 15 minutes, 17.5 minutes and 20 minutes at 54 nL/min (blue), 90 nL/min (red) and 108 nL/min 

(green). Each data point represents two replicate measurements for a specific emitter profile (i.e. with the 

same etch time and flow rate). Results indicate that tan(a) scales linearly with etch time regardless of the 

flow rate employed during the etching procedure.  
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Figure 2-24: Plot characterizing the micronozzles produced by etching the PI coated MSF at water flow 

rates of (A) 90 nL/min (B) 72 nL/min (C) 54 nL/min and (D) 45 nL/min at a series of different etch times. 

Results indicate that the tan(a) increases as a function of etch time regardless of the flow rate employed 

during the etching procedure.  

  

 Bachus et al. (2016) also theorized that the post angle, g, is independent of etch time and 

relies solely on the ratio of etching rate constants between the borosilicate (k1) and fused silica 

(k2); as shown in Equation 2-5 below. The results confirmed this hypothesis and indicate that the 

post angle stays constant between 66° and 69° regardless of the etch time or flow rate of water 

(Table 2-6). Important to note, however, is that the etch time has a significant impact on the degree 

of external etching. At lower etch times (e.g. 10 minutes), the silica and borosilicate on the 

periphery of the fiber are largely unaffected, and it is exceptionally difficult to calculate the post 

angle as a result. In contrast, higher etch times (e.g. 17.5 and 20 minutes) allow for more material 

y = 0.0072x - 0.0639
R² = 0.975

0.1
0.12
0.14
0.16
0.18
0.2

0.22
0.24

25 30 35 40 45

TA
N

(⍺
*(

∏
/1

80
))

Etch Time (min)

y = 0.0065x + 0.0689
R² = 0.922

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

25 30 35 40 45

TA
N

(⍺
*(

∏
/1

80
))

Etch Time (min)

y = 0.005x + 0.1194
R² = 0.9999

0.2
0.22
0.24
0.26
0.28
0.3

0.32
0.34

25 30 35 40 45

TA
N

(⍺
*(

∏
/1

80
))

Etch Time (min)

y = 0.0068x - 0.0444
R² = 0.9718

0.2

0.22

0.24

0.26

0.28

0.3

0.32

35 40 45 50 55

TA
N

(⍺
*(

∏
/1

80
))

Etch Time (min)

(A) (B) 

(C) (D) 



 

64 

 

removal and easy angle characterization via ImageJ analysis. This trend is highlighted in Figure 

2-25 below for emitters etched at a flow rate of 54 nL/min, where the 10 minute etch time (A) does 

not exhibit any external etching by HF.  

												𝛾 = 	 𝑐𝑜𝑠<= Q
𝑘=	
𝑘1
R	 2-5 

 

Figure 2-25: Emitters etched at a flow rate of 54 nL/min for (A) 10 minutes (B) 15 minutes (C) 17.5 

minutes and (D) 20 minutes. External etching of the fiber periphery increases with etch time (from left to 

right). Scale bars are 100 µm. 

 

Table 2-6: Post angle data for emitters etched at flow rates of 54 nL/min, 90 nL/min and 108 nL/min for 

10, 15, 17.5 and 20 minutes. Emitters with insufficient external etching (i.e. shallow nozzle profiles) were 

not conducive to calculating the post angle and therefore lack a value designation.   

Flow Rate 

(nL/min) 
Post Angle, g (°) 

10 min 15 min 17.5 min 20 min 

54 - 66.18 67.75 69.74 

90 - 69.64 69.10 69.86 

108 - - - 68.61 
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2.4.3.2. Nozzle Length  

 

The etch time for the PA and PI coated MSF was then optimized for nozzle length at 

various flow rates. Etch times of 10, 15, 17.5 and 20 minutes were conducted for the PA coated 

MSF at three separate flow rates (54, 90 and 108 nL/min). The PI coated MSF was etched for 30, 

35 and 40 minutes at flow rates of 90, 72 and 54 nL/min. In all cases, the nozzle length increased 

with etch time as shown in Tables 2-7 and 2-8 for the PA and PI coated MSF, respectively. Our 

results confirmed that the nozzle length increases with decreasing flow rate; where the 54 nL/min 

flow rate produced the longest nozzles. This is expected as lower flow rates would dilute the 

etchant to a lesser extent, providing minimal protection of the fiber facet while it is immersed in 

HF. In contrast, higher flow rates dilute the etchant more, which curtails the amount of borosilicate 

and silica removal. As a result, we see shorter nozzles at 108 nL/min (Table 2-7) and 90 nL/min 

(Table 2-8) for the PA and PI coated MSF, respectively.  

 

Figure 2-26: Protruding micronozzles etched at a flow rate of 90 nL/min for (A) 10 minutes (B) 15 minutes 

and (C) 17.5 minutes. Nozzle length (depicted by the blue arrow) increases with etch time (from left to 

right). Scale bar is 20 µm. 

 

20 µm 
20 µm 
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Table 2-7: Nozzle length data for emitters etched from the PA coated MSF for 10, 15, 17.5 and 20 minutes 

at three separate flow rates. Results indicate that the nozzle length increases with etch time and decreases 

with flow rate.  

Flow Rate (nL/min) 10 min (µm) 15 min (µm) 17.5 min (µm) 20 min (µm) 

54  15.48 36.77 42.34 51.86 

90 7.660 35.66 40.82 49.70 

108 4.790 25.92 30.05 33.67 

 

Table 2-8: Nozzle length data for emitters etched from the PI coated MSF for 30, 35 and 40 minutes at 

three separate flow rates. Results indicate that the nozzle length increases with etch time and decreases with 

flow rate.  

Flow Rate (nL/min) 30 min (µm) 35 min (µm) 40 min (µm) 

54  26.14 30.30 32.29 

72 10.92 16.18 29.31 

90 4.05 5.63 6.23 

 

2.4.3.3. Flow Rate  

 

While the flow rate is essential for protecting the channel walls during etching, it also 

introduces an etchant concentration gradient that is critical for micronozzle fabrication. The model 

proposed by Bachus et al. (2016) assumes that this HF concentration varies linearly between the 

inner rim of the water filled capillary, [HF]D, and the outer border of the silicate capillary, [HF]C10. 

Given that water flow exits the fiber channel, [HF]D is experimentally expected to be lower than 

[HF]C. Therefore, a higher HF concentration is obtained at the interface between the borosilicate 

and fused silica glass (further away from the channel exit). During the etching process, the post 

angle, g, (found at this interface) remains relatively constant for all etch conditions. The 

micronozzle morphology is therefore defined by the axicon angle, a, which changes according to 
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the etch time and flow rate; where the etchant concentration at the upper section of the lens is most 

sensitive to flow rate variations. The results mentioned in section 2.4.3.2. do not depict a clear 

dependence between the axicon angle and water flow rate during etching; however, the 90 nL/min 

and 108 nL/min flow rate series consistently produced emitters with the largest and smallest axicon 

angles, respectively. The 54 nL/min series then produced emitters with the second largest axicon 

angles values. More work needs to be done to explain these findings in terms of flow dynamics in 

the etchant reservoir.  

The effect of flow rate on nozzle length was also investigated, and it was found that nozzle 

length increases with decreasing flow rates. In the case of the PA coated MSF, this means that the 

54 nL/min series produced the longest nozzles followed by the 90 nL/min series. The shortest 

nozzles were then produced by emitters etched at a flow rate of 108 nL/min. In comparing the 

different volumetric flow rates with respect to axicon angle and nozzle length, a model nozzle 

profile can be made for each flow rate (Figure 2-27). Based on this model, it is expected that 

emitters etched at 54 nL/min will be advantageous for minimizing back-wetting during ESI. Since 

the emitters are composed of a hydrophilic material, they generate a propensity for solvent 

“pooling” at the borosilicate core, which hinders stable Taylor cone formation and MES. It is 

expected that longer nozzles will help overcome this issue by providing a Taylor cone base further 

from the hydrophilic well. In contrast, the shallowest nozzle profile most closely resembles an 

axicon lens (i.e. with a standard base angle of ~10°). The latter suggests that the 108 nL/min series 

may yield the most effective nozzle analogs for focusing light (discussed in section 4.3.).  
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Figure 2-27: Summary of the different nozzle profiles produced by etching the PA coated MSF at 

volumetric flow rates of 54 nL/min (green), 90 nL/min (blue) and 108 nL/min (grey).  

 

2.4.3.4. Reproducibility  

 

The etching procedure implemented in this report is comprised of a number of different 

components and operates on a very small microfluidic scale. As such, the MES emitter fabrication 

is susceptible to a high degree of variability. For instance, discrepancies in the precision cleave (at 

either end of the MSF), debris or air bubbles within the microfluidic channels, differences in tubing  

length and fitting tightness, changes in etchant concentration, and even how the fiber is mounted 

(e.g. if it is slightly off-axis while immersed in HF) will all have an effect on micronozzle 

formation of the produced emitter. The Flow EZ™ nano-pump (Fluigent MicroFluidics, MA, 

USA) is particularly susceptible to slight changes in the supplied flow rate as any of the 

aforementioned parameters may impose pressure variations during an etching process (recall that 

the Flow EZ™ is a gas pressure-controlled system). Flow rate changes during etching are 

particularly detrimental if the deviation is not uniform across all nine channels. The latter is likely 

to result in micronozzles with different morphologies, which would negatively impact the emitter’s 
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performance in ESI testing. In cases where there is no water flow (e.g. with clogged channels or 

air bubbles within the tubing), HF may enter the channel and prevent micronozzle formation 

altogether, rendering ESI unattainable.  

Ideally, the etching procedure would be automated in order to achieve maximal 

reproducibility between etches and increase the number of MSFs that can be etched at one time. 

The emitters fabricated in this report, however, were all done manually with the setup described 

in section 2.3.4. As such, a reproducibility study was conducted for emitters fabricated from the 

PA and PI coated MSFs at the same etch conditions. The results for the PA coated MSF are 

outlined in Table 2-9, where six emitters were fabricated (at a 90 nL/min flow rate and 20 minute 

etch time) and characterized via SEM and ImageJ analysis. Twelve emitters were then etched from 

the PI coated MSF for 35 minutes at a 72 nL/min flow rate and compared again in terms of their 

axicon angle, post angle, nozzle length and coating recession (Table 2-10).  

Table 2-9: Reproducibility study for emitters etched at 90 nL/min flow rate and 20 minute etch time from 

the PA coated MSF. Protective water flow was introduced via the Fluigent Flow EZ™ nano-flow pump. 

Measurements were taken using SEM and ImageJ analysis. Emitters with insufficient external etching were 

not conducive to calculating the post angle and therefore lack a value designation. 

Emitter Axicon Angle (°) Post Angle (°) Nozzle Length (µm) 

A 18.48 67.36 33.17 

B 22.71 67.31 32.04 

C 19.38 66.94 29.82 

D 14.87 - 25.12 

E 16.92 - 21.32 

F 18.24 61.20 30.00 

Average 18.4 65.7 28.6 

STDEV 2.6 3.0 4.5 

RSD (%) 14.2 4.6 15.8 
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Table 2-10: Reproducibility study for emitters etched at 72 nL/min flow rate and 35 minute etch time from 

the PI coated MSF. Protective water flow was introduced via the Fluigent Flow EZ™ nano-flow pump. 

Measurements were taken using SEM and ImageJ analysis. 

Emitter Axicon Angle (°) Post Angle (°) Nozzle Length 

(µm) 

Coating Recession 

(µm) 

A 32.23 66.97 41.71 100.5 

B 30.05 66.60 36.04 118.8 

C 33.69 67.01 36.40 100.6 

D 29.80 68.45 37.81 104.6 

E 34.35 66.04 39.76 68.54 

F 30.98 65.77 32.44 78.78 

G 26.57 65.94 32.68 48.78 

H 30.07 68.05 36.22 114.5 

I 24.23 67.25 32.68 160.0 

J 30.68 66.43 33.84 97.44 

K 30.80 68.75 34.88 108.1 

L 29.15 68.33 35.61 93.17 

Average 30.2 67.1 35.8 99.5 

STDEV 2.8 1.0 2.9 27.6 

RSD (%) 9.2 1.6 8.0 27.7 

 

 Emitters fabricated from the PA coated MSF show reasonable reproducibility in terms of 

their axicon angle, post angle and nozzle length; as indicated by the standard deviation values of 

2.6°, 3.0° and 4.5 µm, respectively (Table 2-9). The percent relative standard deviations (RSD) 

shown in Table 2-9 were also impressive; the RSD was 14.2% for the axicon angle, 15.8% for the 

nozzle length and as low as 4.6% for the post angle measurements. The reproducibility for the 

emitter fabrication of the PI coated MSFs was also decent; where the RSD values were as low as 

9.2%, 8.0% and 1.6% for the axicon angle, nozzle length and post angle measurements, 
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respectively (Table 2-10). Reproducibility in conventional electrospray emitter fabrication has 

been an impediment to consistent and reliable analysis in nano-ESI-MS17. While commercial 

manufacturers have been able to achieve reproducible inner diameters from pulling glass tubing 

within the same batch, there can be inter-batch differences that hinder consistency18.  The chemical 

etching technique performed here offers improved reproducibility because HF etches silica and 

borosilicate isotropically. Moreover, flowing water through the MSF channels avoids enlarging 

the internal diameter3, and, thereby minimizes variability for etches done at the same flow rate. 

2.5 Conclusions  

 

A custom-designed nine channel MSF, composed of borosilicate and fused-silica glass, 

was used as a template for the production of nine micronozzles via wet-chemical etching with HF. 

Each micronozzle may then act as an independent electrospray emitter for nano-ESI-MS, offering 

the sensitivity benefits associated with MES. By altering the etch time, etchant concentration and 

flow rate of water during the etching procedure, a series of MES emitters with different nozzle 

profiles were fabricated and characterized. The PA coated MSF (360 µm I.D., 520 µm O.D.)  was 

etched for 10, 15, 17.5 and 20 minutes at flow rates of 54, 90 and 108 nL/min. The PI coated MSF 

(330 µm I.D., 360 µm O.D.) was etched for 30, 35 and 40 minutes at flow rates of 54, 72 and 90 

nL/min; and the difference between stripping and leaving the PI coating intact was investigated by 

SEM analysis.  

Each MES emitter was characterized by SEM and ImageJ analysis with respect to their 

axicon angle, post angle, nozzle length and flow rate. It was found that higher etch times 

correspond to larger axicon angle values. The post angle, however, remains constant and is largely 

independent of etch time. The nozzle length was found to increase with etch time and decrease 
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with flow rate. All these observations are consistent with a previously developed model. The 54 

nL/min emitter series produced the longest nozzles and moderate axicon angle values, while the 

108 nL/min series produced emitters with the shortest nozzle lengths and smallest axicon angle 

values (i.e. most shallow nozzle profile). The 90 nL/min emitter series produced moderate nozzle 

lengths and the largest axicon angle values. A reproducibility study was also conducted for emitters 

etched from both MSFs and reasonable RSD values were obtained; ranging from 1.55% to 4.58% 

for the post angle, 9.19% to 14.2% for the axicon angle and 8.01% to 15.8% for the nozzle length. 

More work needs to be done in order to effectively correlate the effects of flow rate on the axicon 

angle and image the flow dynamics during the etching procedure.  
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Chapter 3 

MES Emitter Optimization and Performance  

3.1 Introduction  

3.1.1 Objectives  
 

In addition to optimizing the etching parameters for MES emitter fabrication, this thesis 

seeks to identify the optimal conditions for enhanced sensitivity and accuracy of nano-ESI-MS 

data acquisition. As mentioned in Chapter 1, the sensitivity of nano-ESI-MS is determined by its 

ability to produce gas-phase ions from analyte molecules in solution (ionization efficiency) and its 

capacity to transfer these species from atmospheric pressure to the low-pressure region of the mass 

analyzer (transmission efficiency). As shown in Equation 3-1 below, the overall efficiency (e) of 

the process can be determined by comparing the ion flux at the detector (measured in ion counts/sec 

at the m/z of the sample ion) with the flux of sample molecules ejected from the emitter1.  

 

 𝜀 = 	 $%&'/'
')*+,-	*%,-!/,-'/'

  3-1 

 

This work focuses on improving the ionization efficiency of conventional nano-ESI 

designs by altering the emitter geometry and optimizing the electrospray conditions commonly 

employed during experimental analysis (flow rate, voltage, hydrophobic coating and distance 

between the emitter facet and MS orifice). This is done by performing a systematic study based on 

the total ion current via an offline MS setup and LabVIEW software. The impact of light-assisted 

ionization using 1064 nm radiation is also explored (chapter 4) to further enhance sensitivity. It is 

important to note that an increase in spray current does not necessarily correspond to a proportional 
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increase in ion signal in a mass spectrometer, as the latter involves ion transmission efficiency 

from the spray into the mass analyzer as well. At the same time, however, the intensity of the ion 

current is a widely used metric to quantitatively monitor the sensitivity and stability of an ESI 

emitter.  

3.1.2 Electrohydrodynamic Spraying & Variability in ESI Performance  
 

ESI is a complex process that involves multiple steps, each of which have a profound 

impact on the MS spectra acquired2. The ionization efficiency of nano-ESI is affected by a number 

of factors including emitter geometry and orifice design, as well as the solvent composition, 

analyte properties, voltage, flow rate and distance from the emitter tip to the MS orifice. Each of 

the aforementioned parameters plays a significant role in the stability of electrohydrodynamic 

(EHD) spray and directly contributes to the electrospray mode observed under high voltage (2 – 5 

kV). Given the susceptibility of ESI to its experimental environment, it is critical that the emitter 

composition, voltage, flow rate and emitter-to-orifice distance be optimized in order to obtain 

multiple electrospray (MES) and the desired sensitivity improvement from commercial 

alternatives.  

A solvent emerging from the emitter facet displays a range of oscillating and non-

oscillating behaviours under surface tension and accelerating forces (e.g. gravitational and/or 

electrical)3. The particular behavior observed is referred to as an electrospray “mode”. Although 

nano-ESI is a relatively established research field, identifying all the possible modes and 

understanding their underlying physics is an ongoing challenge3. In 1964, Taylor introduced the 

leaky dielectric model to describe the behaviour of droplets in an electric field4. Broadly, this 

model incorporates the Navier-Stokes equations to explain the interaction between electric field 
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and fluid motion (referred to as EHD)5 as well as an expression for the conservation of current 

employing an Ohmic conductivity6.  From here, the spray solvent is considered to be a dielectric 

that allows free charge to exist at the liquid-gas interface (i.e. between the liquid meniscus at the 

emitter facet and atmosphere)7. As illustrated in Figure 3-1, the process of electrospraying is the 

result of many forces that act in numerous directions. The primary force is the electric field 

interaction with the charges on the liquid surface, which act to “pull” the liquid toward the counter-

electrode8. When the surface tension can no longer balance the electric stress, the interface 

becomes unstable and cone-jet formation is induced5. Variations in flow rate, solvent composition, 

applied voltage and emitter-to-orifice distance will cause changes in the magnitude of these forces, 

and therefore, result in different modal behaviours (and varying Taylor cone morphologies). Thus, 

only a certain combination of spray parameters is able to generate a stable cone-jet mode8.  

 

 

 

 

 

 

 

Figure 3-1: Force distribution on the liquid cone-jet based on the leaky dielectric model7. At the liquid-

atmosphere interface, normal electric stress is balanced by surface tension while viscous flow 

counterbalances the tangential component of the electric field7.  

 

Rosell-Llompart et al. (2018)3 has classified the existing known EHD modes as being 

either periodic (cyclic axial emission of liquid fragments) or steady (continuous emission of one 
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or several jets, which are thin compared to the nozzle meniscus). A classification of different EHD 

modes observed are shown in Figure 3-29-13, which correspond to different experimental conditions 

as discussed in section 3.3. A steady cone-jet mode is the ideal electrospray behavior for accurate 

and sensitive MS analysis. This mode is characterized by a conical meniscus (i.e. the Taylor cone) 

that facilitates the continuous emission of liquid from a fine jet at its apex9. The shape of the Taylor 

cone is dependent predominantly on the spraying solvent composition and flow rate. According to 

Rosell-Llompart et al. (2018), as the electrical conductivity of the liquid increases, the flow rate 

decreases and the jet becomes thinner and shorter3. This meniscus morphology is most conducive 

to producing smaller charged droplets, and, thereby, higher ionization efficiencies as they have 

increased surface charge per analyte molecule14. In the following sections, the experimental 

parameters necessary for achieving the most stable, cone-jet mode are identified.  

 

 

 

 

 

 

 

Figure 3-2: Overview of different EHD modes observed experimentally3, 9, 10, 12. Different experimental 

conditions (e.g. flow rate, voltage, solvent composition and emitter-to-electrode distance) correspond to 

different EHD modes, which in turn, translate to a specific ionization efficiency (i.e. current output). 

Periodic EHD modes (yellow) correspond to “failed” electrospray modes, while the testing optimization 
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discussed in section 3.3. corresponds to conditions that facilitate steady EHD modes (red) (specifically 

cone-jet mode) with higher and continuous current outputs3.  

3.2 Experimental  

3.2.1 Offline Nano-ESI 
 

In order to assess the performance of the MES emitters, an offline electrospray setup, 

modeled after that in Fu (2015)14, was used and is shown in Figure 3-3 and 3-4. The spray solvent 

was an 80/20 water/methanol solution with 1% TFA and the flow was generated using a syringe 

pump (Chemyx Fusion 100 Model, Stafford, Texas, USA), wherein flow rates from 100 nL/min 

to 800 nL/min were examined. Standard capillary tubing (SGE Technologies, 250 µm I.D., 360 

µm O.D.) was used to transfer the flow from the pump to the emitter. Electrospray was generated 

using a high voltage power supply (2.0 kV – 3.5 kV) (TriSep 2100 instrument, Unimicro 

Technologies, Pleasantan, CA, USA) coupled to the flow path through a platinum wire electrode. 

An IDEX T-junction (M-540 Micro Static Mixing Tee Assembly, 1588 µm O.D. tubing, 254 µm 

thru hole) was used to couple the platinum wire electrode and liquid solution to the emitter. In tests 

where the effect of light was also examined (Chapter 4), an IDEX cross union (P-891 MicroCross 

PEEK, 1588 µm O.D. tubing, 152.5 µm thru hole) was used in its place. Since these unions have 

similar dimensions, the implementation of using either device is expected to have a minimal effect 

on the current results.  The emitter was held in a horizontal position (by a custom 3D printed 

holder) facing an aluminum block that acted as the ground. Ion current was measured using a 

Keithly picoammeter (Keithley Instruments Inc., Cleveland, OH, USA) and LabVIEW. The 

system was set over an inverted fluorescence microscope to image and analyze the electrospray 

behaviour in tandem with current data acquisition.  
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Instruments Inc., Cleveland, OH, USA) and LabVIEW. inverted fluorescence microscope to image and 

analyze the electrospray behavior in tnt data acquisition.  

Figure 3-3: Offline electrospray schematic to simulate tests with online mass spectrometer. The diagram 

includes (A) the Keithley picoammeter (Keithley 6485, Keithley Instruments Inc., Cleveland, OH, USA) 

(B) a high voltage module (TriSep 2100 instrument, Unimicro Technologies, Pleasantan, CA, USA) (C) an 

inverted fluorescence microscope to image the electrospray mode (D) a 532 nm laser capable of supplying 

1064 nm radiation (E) a syringe pump to supply the spray solvent and (F) a T-junction or cross union to 

couple light, solvent and voltage to the MES emitter (see below).  
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Figure 3-4: Detailed depiction of (F) the stage setup during offline electrospray testing. A custom-made 

3D printed holder houses the T-junction (to couple the spray solvent and voltage to the emitter). The emitter 

sprays at an aluminum block that is coupled to the Keithley picoammeter in order to acquire current data 

using LabVIEW software. The emitter facet is aligned over an inverted microscope to image the 

electrospray mode in situ with data acquisition.  

3.3 MES Emitter Optimization  

3.3.1 Voltage  
 

There are multiple ways to introduce an electric field in an electrospray system (e.g. 

directly to the analyte solution via a metal holder, or directly to the emitter via a stainless-steel 

coating). The most convenient method, however, is providing an electrode in contact with the 

solution upstream of the emitter15. This was done by coupling the solvent, emitter and platinum 

electrode via a cross union or T-junction, which can be employed for any emitter type or design. 

This technique also avoids the susceptibility of electrical discharge commonly associated with 

stainless steel emitters; an issue that causes corrosion and worsens as the emitter matures15.  

In ESI experiments, the relationship between spray current and applied voltage is often 

used to identify the operationally stable cone-jet mode7. Higher voltages are required when the 
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surface tension of the solvent is high, such as with water (72.25 mN/m versus 22.95 mN/m of 

methanol at 20°C) or at longer emitter-to-orifice distances (several centimeters). If the voltage is 

too low for a particular system, there is an accumulation of liquid at the emitter facet and 

electrospray is not observed. Instead, electro-dripping or spindle modes (Figure 3-2) are obtained 

where the liquid meniscus is simply “pulled” towards the aluminum counter electrode. Generally, 

periodic EHD modes occur at lower voltages while steady EHD modes are favourable for nano-

ESI testing and are attained at relatively higher voltages3. Smith et al. (2000)16 also suggest that 

the morphology of the Taylor cone can be directly correlated to the stability of the cone-jet mode. 

Figure 3-5 illustrates the Taylor cone and electrospray modes at (A) 2.0 kV; which consistently 

resulted in electro-dripping and failed cone-jet initiation, (B) 2.5 kV; facilitated an unstable or 

intermittent cone-jet mode and (C) 3.0 kV; which achieved a stable cone-jet mode and single 

Taylor cone formation. Only a small range of Taylor cone angles are stable, which means that only 

a certain range of electric potential values can support stable spray for a given set of conductivities 

at particular solvent flow rates8. With respect to the offline setup, a minimum of 3.0 kV is required 

for there to be enough ions on the Taylor cone surface, and only then are they accelerated at a 

speed capable of initiating an operational stable jet8.  

Figure 3-5: Optical microscope images of a 9-channel emitter etched for 15 minutes at a water flow rate 

of 54 nL/min under high voltage. Spray solvent is 50% MeOH 50% H2O solution flowed at 300 nL/min. 
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(A) 2.0 kV results in electro-dripping (B) 2.5 kV facilitates an intermittent cone-jet mode and (C) 3.0 kV 

successfully initiates a stable, single cone-jet mode.  

 

 The MES emitter is composed of fused-silica and borosilicate glass, and thus, the fiber is 

predominantly hydrophilic. The profile of the emitter facet post-etching also has a large 

borosilicate well, which further promotes a propensity for back-wetting during electrospray. In 

many cases (particularly at lower voltages), we see an accumulation of solvent at the center of the 

emitter facet, which hinders Taylor cone formation and prevents the shift to MES mode despite 

the presence of multiple nozzles. Achieving multispray mode (1:1 Taylor cone to nozzle ratio) 

requires a minimum applied voltage of 3.5 kV. As one expects, the total spray current increases as 

the electric field is increased as shown in Figure 3-6. Average current values (nA) are outlined in 

Table 3-1 where standard deviation (STDEV) values indicate spray stability. Although higher 

voltages result in a greater total spray current and successful MES (at 3.5 kV), they also coincide 

with a slight decrease in spray stability. Figure 3-7 depicts the significant increase in current 

associated with the shift from single mode to MES. Theoretically, we expect a threefold increase 

in ionization efficiency from the single channel to our nine channel emitter as the total spray 

current is proportional to the square root of the number of individual emitters17. In the case of the 

MES emitter etched for 20 minutes at 54 nL/min, we see over a fifteen-fold increase in spray 

current from single to MES mode. This is shown quantitatively in Table 3-2, which also indicates 

a decrease in spray stability during MES compared to single mode (i.e. at higher spray current). 
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Figure 3-6: Total spray current data for an emitter etched for 15 minutes at a water flow rate of 54 nL/min 

at voltages of (A) 2.5 kV (blue) (B) 3.0 kV (red) and (C) 3.5 kV (green). Spray solvent is 80% H2O, 20% 

MeOH with 1% TFA at a flow rate of 800 nL/min, emitter-to-orifice distance is 5-6 mm.  

 

Table 3-1: Spray current data for emitters etched at a flow rate of 54 nL/min for 15 minutes at varying 

voltages. Spray solvent is 80% H2O, 20% MeOH with 1% TFA at a flow rate of 800 nL/min, emitter-to-

orifice distance is 5-6 mm.  

 

Voltage (kV)  Average Current (nA) STDEV EHD Mode  

2.5  5.00 x 10-7 1.74 x 10-7 Intermittent cone-jet 

3.0 2.11 x 10-6 2.22 x 10-7 Single cone-jet 

3.5 3.04 x 10-6 2.58 x 10-7  MES 

 

Table 3-2: Spray current data comparison for an emitter (54 nL/min flow rate, 20 minute etch time) 

spraying under MES and single cone-jet mode. Spray solvent is 80% H2O, 20% MeOH with 1% TFA at a 

flow rate of 800 nL/min, emitter-to-orifice distance is 5-6 mm.  

 

EHD Mode  Average Current (nA) STDEV  

Single cone-jet  1.77 x 10-7 2.483 x 10-8 

MES 2.81 x 10-6 1.355 x 10-7 
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Figure 3-7: Spray current data for an emitter etched at a flow rate of 54 nL/min for 20 minutes. (A) MES 

mode is observed between 300 s and 400 s and (B) single cone-jet mode occurs between 0 s and 300 s and 

again above 400 s. Test conditions: spray solvent is 80% H2O, 20% MeOH with 1% TFA, flow rate is 800 

nL/min, emitter-to-orifice distance is 5-6 mm.  

3.3.2 Hydrophobic Coating  
 

As mentioned above, a common issue with conventional emitters is their inherent surface 

hydrophilicity, which generates a propensity for solvent back-wetting. In nano-ESI, this 

phenomenon results in the formation of a large base for the Taylor cone21 (defined by the outer 

diameter of the nozzle rather than the inner diameter of the channel22); which generates large 

droplet sizes and reduces sensitivity. The formation of the Taylor cone is complex and involves a 

multitude of interactions between the liquid and the emitter facet as well as the liquid and air7. 

Thus, the surface wetting properties of the emitter facet are important in determining the 

morphology of the Taylor cone, which directly impacts the spray performance22. The borosilicate 

“well” at the emitter facet in this report is also problematic in that it promotes the accumulation of 

liquid, which hinders the formation of the stable cone-jet mode and MES.  

In order to minimize back-wetting and prevent the coalescence of individual Taylor cones, 

a hydrophobic coating can be administered to the facet of the emitter. By reducing the degree of 
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“spreading” the solution undergoes as it emanates from the emitter, hydrophobicity also creates a 

narrower and more stable Taylor cone. We use the omniphobic coating Aculon® (Aculon, San 

Diego, CA, USA) that has a water contact angle (CA) of approximately 117° (65.96° for ACN and 

40.55° for MeOH). Although this coating is slightly less hydrophobic, it is robust with respect to 

organic solvents, which is critical for nano-ESI. Moreover, the coating is extremely thin upon 

application (between 50 to 100 nm18) meaning that it is less likely to clog the channels. A dip 

coating technique is employed to coat the emitter facet. This involves submerging the stripped 

segment of the emitter in Aculon AL-A base coat (adhesive surface treatment) for ~ 25 seconds 

and then curing the coating for 5 minutes at ~100°C. This process is then repeated for the top coat, 

Aculon A (omniphobic coating). Coated emitters successfully facilitated MES at voltages of 3.5 

kV. This is illustrated in Figure 3-8 where emitters spraying without a coating operate in single 

cone-jet mode (A(i) and B(i)) and those that are coated with Aculon® (A(ii) and B(ii)) shift to 

MES mode under the same experimental conditions.   

 

 

 

 

 

Figure 3-8: Optical microscope images of electrospray process for (A) an emitter etched for 10 minutes at 

a 90 nL/min water flow rate (i) uncoated and (ii) coated with Aculon®. (B) an emitter etched for 10 minutes 

at a 54 nL/min flow rate (i) uncoated and (ii) coated Aculon®. Experimental test conditions include an 800 

nL/min flow rate, 50% MeOH / 50% H2O spraying solvent, 3.5 kV voltage and 5-6 mm distance between 

the emitter facet and aluminum counter electrode.   

 

A (i) A (ii) B (i) B (ii) 
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Although Aculon® has good compatibility with organic solvents, the extreme conditions 

of nano-ESI result in leaching of the coating as the emitter ages. The latter can contaminate the 

mass spectrometer and further complicate the spectra, making it increasingly difficult to perform 

clear and concise analysis of the desired analyte. As such, a hydrophobic coating with the ability 

to bond covalently to the fused-silica and borosilicate of the MSF is desired. Trichloro(1H, 1H, 

2H, 2H-perfluorooctyl)silane (Sigma-Aldrich, St. Louis, MS, USA) in 0.1% 

tetradecafluorohexane was therefore administered via the same dip coating method to the stripped 

segment of the emitter immediately after etching (Figure 3-10). Emitters coated with the 

fluorinated silane achieved MES, however, the coating self-polymerized and leached off after ~ 3 

hours of electrospraying (Figure 3-9). Thus, although the monolayer is covalently bonded to the 

SiO2, additional multi-layer deposition leads to problems under the extreme conditions of nano-

ESI over long periods of time.  As such, shorter coating times are preferred for maintaining MES 

mode and enhanced sensitivity. This is suggested by Table 3-3, where a higher total spray current 

is obtained for emitters coated for 10 minutes rather than an hour or overnight (12-16 hours). 

 

 

  

 

Figure 3-9: Optical microscope images of the gradual removal of trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane from the emitter facet coated for (A) 10 minutes (B) 60 minutes and (C) 12-16 hours 

after ~ 3 hours of electrospray testing on the offline setup. 

 

 

 

 

(A) (B) (C) 
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Figure 3-10: SEMs of emitters etched for 35 minutes at a water flow rate of 72 nL/min. Emitters shown 

were coated with trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane in 0.1% tetradecafluorohexane for (A) 10 

minutes (B) 30 minutes (C) 60 minutes and (D) 12-16 hours. Scale bars are 100 µm.  

 

Table 3-3: Total spray current data for emitters etched for 35 minutes at 72 nL/min flow rate at varying 

coating times. Test conditions include 800 nL/min solvent (80% H2O, 20% MeOH with 1% TFA) flow rate, 

3.5 kV, emitter-to-orifice distance is 5-6 mm. Hydrophobic coating is trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane in 0.1% tetradecafluorohexane.  

 

Coating Time  Average Current  

(nA) 

STDEV 

(spray stability) 

EHD Mode  

10 min  5.39 x 10-7 8.47 x 10-8 MES 

60 min 1.58 x 10-7 3.01 x 10-8 MES 

12-16 h 6.15 x 10-8 7.89 x 10-9  MES 

 

 

 

 

(A) (B) (C) (D) 
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3.3.3 Solvent Flow Rate  
 

Sensitivity enhancement has been most commonly achieved by reducing the solvent flow 

rate or reducing the emitter tip size to create smaller droplets15, 17, 19. Advantages of employing low 

flow rates can be rationalized by considering the ion production mechanism of the electrospray 

process. It is widely accepted that droplets emitted from the cone-jet decrease in size as they 

migrate towards the MS orifice due to solvent evaporation. As the droplets become smaller, they 

become unstable due to increasing charge density. When the surface tension of the droplet can no 

longer withstand the electrostatic repulsion (due to this elevated charge density), the droplet 

undergoes a Rayleigh fission. Broadly, analyte ions are transferred from solution to gas-phase after 

several solvent evaporation/Raleigh fission cycles20, 21. The presence of an electric field and the 

space-charge complexity of other droplets within an aerosol may induce instability at lower charge 

density21.  

According to the scaling laws of Fernández de la Mora and Loscertales (1994), the current 

supplied by an electrospray is proportional to the square root of the flow rate22. In other words, 

more charge is available to ionize molecules at lower flow rates, given that nano-flow regimes 

produces smaller initially charged droplets14. These smaller droplets require fewer solvent 

evaporation/Rayleigh fission cycles to generate bare, gaseous ions for detection. This is illustrated 

in Table 3-4 below where lower experimental flow rates (80% H2O / 20% MeOH solution with 

1% TFA) resulted in a higher average spray current in every case. Furthermore, Marginean et al. 

(2008)21 also noted that lower flow rates correlate to MS measurements with reduced suppression 

effects19 and higher salt tolerance23. As shown in the tabulated results below, lower flow rates (e.g. 

100 nL/min) were also found to produce more stable electrospray.  
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Table 3-4: Average spray current values tabulated for varying flow rates of 80% H2O / 20% MeOH with 

1% TFA solution using the T-junction, 3.5 kV, 5 mm emitter-to-electrode distance and an emitter etched 

for 20 minutes at a water flow rate of 108 nL/min.  

 

Solvent Flow 
Rate 

(nL/min) 

Average Current 

(nA) 

Average Current 

(Charge/Volume) 

STDEV 

(spray stability) 

Spray 
Mode 

800 5.42 x 10-6 6.78 x 10-9 5.97 x 10-7 Single 

600 5.60 x 10-6 9.33 x 10-9 1.08 x 10-6 Single 

400 6.38 x 10-6 1.60 x 10-8 1.58 x 10-6 Single 

200 6.61 x 10-6 3.31 x 10-8 6.93 x 10-7 Single 

100 6.99 x 10-6 6.99 x 10-8 1.79 x 10-7 MES  

 

3.3.4 Emitter-To-Counter Electrode Distance  
 

As mentioned above, the sensitivity of ESI-MS can be explained by its ionization and 

transmission efficiency. The latter is often defined as the fraction of ES current that enters the mass 

analyzer16 and is significantly affected by the distance from the emitter tip to the MS orifice (or 

the aluminum counter electrode for the purposes of the offline setup) as shown in Figure 3-11. If 

the distance is too far, for instance, this may result in a loss of analyte that reaches the MS inlet, 

thereby decreasing the transmission efficiency and reducing ESI-MS sensitivity. At the same time, 

however, if the tip-to-orifice distance is too small, ions do not have sufficient time and distance to 

form completely bare gaseous ions for detection. The latter results in a lower ionization efficiency 

and a further reduction in sensitivity.  
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Figure 3-11: Visual depiction of the distance between the emitter facet and the MS orifice. At longer 

distances, less bare ions reach the MS inlet and a lower transmission efficiency is observed. At smaller 

distances, a droplet-solvent pair will have less time and space to completely undergo all the solvent 

evaporation/Rayleigh fission cycles to generate a bare ion for detection; a lower ionization efficiency is 

obtained.  

 

In order to maximize transmission and increase sensitivity, MS manufacturers often 

increase the MS orifice size. This method, however, is extremely expensive as it requires much 

larger and higher capacity turbo pumps to maintain vacuum. The trade-off between the 

transmission and ionization efficiency must be considered when optimizing the sensitivity of nano-

ESI testing. Multiple offline tests were therefore conducted at a wide range of emitter-to-inlet 

distances in order to identify the distance for maximal sensitivity. It was expected that a “sweet 

spot” would be observed where both efficiency conditions would be optimized. The results (shown 

in Table 3-5 below), however, indicate that the average spray current (nA) monotonously increases 

with decreasing emitter-to-aluminum block distances.  These findings suggest that the offline 

schematic has difficulty distinguishing between bare ions (in the gaseous phase) and those 

contained within a solvent cage. As such, the stability of the electrospray signal is used as an 

indicator for the optimal distance (Table 3-5, Figure 3-12). Emitter-to-electrode distances below 5 

mm were found to provide a very unstable electrospray current and periodic EHD modes (i.e. 
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failed to achieve stable cone-jet mode). Therefore, a 5-6 mm distance was identified as the most 

optimal length between the emitter and the aluminum block electrode, maximizing spray stability 

and total spray current.   

 

Table 3-5: Average spray current values tabulated for various emitter-to-electrode distances at a flow rate 

of 300 nL/min, 3.5 kV voltage and an 80% H2O / 20% MeOH with 1% TFA solution. The emitter used was 

etched for 20 minutes at a water flow rate of 108 nL/min.  

 

Distance (mm) Average 

Current (nA) 

STDEV (spray 

stability) 

RSD (%) Spray Mode 

8 1.58 x 10-6 1.51 x 10-7 9.5 Single cone-jet 

7 2.51 x 10-6 4.03x 10-7 16.0 Single cone-jet 

6 3.80 x 10-6 6.45 x 10-7 17.0 Single cone-jet 

5 5.85 x 10-6 3.20 x 10-7 5.5 Single cone-jet 

4 9.19 x 10-6 6.68 x 10-7 7.2 Intermittent 

cone-jet 
 

3 1.32 x 10-5 2.18 x 10-6 16.5 Intermittent 

cone-jet 

2 3.64 x 10-5 3.66 x 10-6 10.0 Intermittent 

cone-jet  



 

92 

 

Figure 3-12: Plot illustrating the average spray current and spray stability for various emitter-to-electrode 

distances. Tests were conducted using an 80% H2O / 20% MeOH with 1% TFA solution at a flow rate of 

300 nL/min and 3.5 kV voltage. The emitter employed was etched for 20 minutes at a water flow rate of 

108 nL/min.  

 

3.4 MES Emitter Performance  

3.4.1 Systematic Study to Identify Best Taper  
 
 As mentioned previously, an accepted metric for the sensitivity and stability of a nano-ESI 

device is the total spray current (nA) emitted from an operational cone-jet EHD mode. Using the 

offline ESI setup depicted in Figure 3-3 and 3-4, the current output for various MES emitters 

(fabricated at different etch conditions) was recorded and compared to commercial alternatives. 

Recall that the current readout obtained with the Keithley picoammeter may not translate directly 

to a specific online MS sensitivity, as this involves transmission considerations as well. The offline 
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setup is a cost-effective means of quantitatively measuring stability and boosts in ionization 

efficiency in situ with visually monitoring the EHD mode.  

 Tables 3-6, 3-7 and 3-8 outline average spray current values obtained for emitters etched 

at water flow rates of 54, 90 and 108 nL/min, respectively. In this case, different emitter profiles 

were tested with respect to their ionization efficiency and ability to facilitate MES. It was found 

that emitters etched for longer time periods (i.e. 20 minutes) correspond to a higher current readout. 

Thus, longer nozzle lengths and higher axicon angles, a, (as discussed in Chapter 2) correspond 

to an increase in total spray current. This is reasonable as sharper nozzle profiles mean minimal 

back-wetting, while longer nozzles are more likely to hinder coalescence of individual Taylor 

cones during electrospray. The latter trend is particularly true for the 54 nL/min series (Table 3-6) 

where the taper with the highest etch time (20 minutes), nozzle length (51.86 µm) and axicon angle 

(28.68°) also produced the highest total spray current; followed by the 17.5 minute etch time 

(nozzle length = 42.3 µm, a = 20.66°) and the 15 minute etch time taper (nozzle length = 36.77 

µm, a = 14.02°). The shallowest nozzle profile (10 minute etch time at 54 nL/min flow rate) then 

produced the lowest total spray current while maintaining the shortest nozzle length (15.48 µm) 

and lowest axicon angle value (10.92°). A similar trend is observed for the emitters etched at water 

flow rates of 90 nL/min (Table 3-7) and 108 nL/min (Table 3-8). The proportional relationship 

between etch time (thereby nozzle length and axicon angle) and spray current is further depicted 

in Figure 3-13 for each of the aforementioned flow rates.  
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Table 3-6: Average spray current values tabulated for emitters etched at a water flow rate of 54 nL/min 

and varying etch times. Test conditions include a solvent flow rate of 300 nL/min (80% H2O / 20% MeOH 

with 1% TFA solution), 3.5 kV and 5 mm emitter-to-electrode distance. (*) Indicate emitter profiles that 

were able to achieve MES mode without a hydrophobic coating.  

 

Etch Time Average Current (nA) STDEV (spray 
stability) 

RSD (%) 

10 * 3.16 x 10-6 3.82 x 10-7 12.1 

15 * 4.98 x 10-6 6.10 x 10-7 12.3 

17.5 5.23 x 10-6 3.77 x 10-7 7.2 

20 * 7.78 x 10-6 2.87 x 10-7 3.7 

 

Table 3-7: Average spray current values tabulated for emitters etched at a water flow rate of 90 nL/min 

and varying etch times. Test conditions include a solvent flow rate of 300 nL/min (80% H2O / 20% MeOH 

with 1% TFA solution), 3.5 kV and 5 mm emitter-to-electrode distance. (*) Indicate emitter profiles that 

were able to achieve MES mode without a hydrophobic coating.  

 

Etch Time Average Current (nA) STDEV (spray 
stability) 

RSD (%) 

10 3.78 x 10-6 3.14 x 10-7 8.3 

15 6.81 x 10-6 5.66 x 10-7 8.3 

17.5 5.52 x 10-6 8.00 x 10-7 14.5 

20 * 7.78 x 10-6 8.14 x 10-7 10.5 
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Table 3-8: Average spray current values tabulated for emitters etched at a water flow rate of 108 nL/min 

and varying etch times. Test conditions include a solvent flow rate of 300 nL/min (80% H2O / 20% MeOH 

with 1% TFA solution), 3.5 kV and 5 mm emitter-to-electrode distance. No emitter profiles etched at a flow 

rate of 108 nL/min were able to achieve MES without the presence of a hydrophobic coating.  

 

Etch Time Average Current (nA) STDEV (spray 
stability) 

RSD (%) 

10 3.24 x 10-6 1.91 x 10-7 5.9 

15 5.10 x 10-6 1.94 x 10-7 3.8 

17.5 6.38 x 10-6 4.64 x 10-7 7.3 

20 7.11 x 10-6 8.98 x 10-7 12.6 

 

 The results suggest that higher etch times, and, thereby, sharper nozzle profiles yield more 

effective ionization during ESI testing. The most optimal etch time during emitter fabrication is 

therefore the 20-minute condition. Although the results were less clear in terms of the relationship 

between flow rate and spray current, the 108 nL/min series (most shallow profile) generally 

produced lower ionization efficiencies. Furthermore, no emitters etched at this flow rate were able 

to achieve MES without a hydrophobic coating. In contrast, 25% of the emitters etched at 90 

nL/min (20 minute etch time) and an even higher, 75% for those etched at 54 nL/min (10, 15 and 

17.5 minute etch time) were successful at facilitating MES without Aculon®. In considering these 

effects, the following tapers were identified as the most optimal etch conditions for enhancing 

sensitivity: 90 nL/min and 54 nL/min flow rates at a 20 minute etch time.  

The stability of each emitter profile was also investigated by calculating the standard 

deviation (STDEV) and relative standard deviation (RSD) values as tabulated above. For the 90 
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nL/min and 108 nL/min series, an increase in etch time also corresponds to a decrease in spray 

stability. This suggests that more stable Taylor cones (higher S/N ratios) are achieved at more 

shallow nozzle profiles for these flow rates. A possible explanation for this trend is the fact that 

higher etch times lead to greater interrogation of the emitter facet, and thus, slightly wider channel 

diameters. In contrast, the 54 nL/min series showed the opposite trend where the sharpest nozzle 

profile produced the highest spray stability. As mentioned in Chapter 2, the 54 nL/min flow rate 

produces the longest nozzle profiles, particularly at higher etch times. These morphologies are 

more effective at minimizing back-wetting, and thus, provide a smaller Taylor cone base during 

electrospray. 

 

 

 

 

 
 

Figure 3-13: Representation of the data in Tables 3-6 to 3-8, outlining the relationship between etch time 

(min) and spray current (nA) for the emitters etched for 10, 15, 17.5 and 20 minutes at flow rates of 54 

nL/min (orange), 90 nL/min (blue) and 108 nL/min (grey). Results suggest that ionization efficiency 
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increases with etch time (and therefore with the nozzle length and axicon angle). Each point represents an 

average of the total current measurements taken over a single 15-minute run for each emitter profile. 

3.4.2 Comparative Analysis between MES Emitter and Commercial PicoTip™  
 
 Emitter fabrication typically involves heating and pulling fused silica capillaries to a fine 

tip as small as 1 µm (O.D.)25. Thus, most commercial electrospray emitters consist of a single 

channel capillary, whose internal taper and narrow orifice leads to short lifespans and extremely 

high clogging tendencies (Figure 3-14). Not only is the commercial design problematic in terms 

of longevity, but the fabrication technique is highly irreproducible. Thus, unless suppliers 

implement effective quality control measures at the consequence of higher costs, variability may 

be introduced in analysis. It is for these reasons that this work seeks to confirm and develop the 

design of a new, MES emitter that has the capacity to overcome these issues while simultaneously 

improving the sensitivity of MS data acquisition.  

 

 

 

 

 

 

Figure 3-14: (A) SEM of the PicoTip™ from New Objective (Woburn, MA, USA) illustrating the single-

channel, internal taper and narrow bore orifice. Scale bar is 180 µm. (B) and (C) Aerial SEMs of a clogged 

15 µm PicoTip™ emitter, that is no longer viable for ESI testing. Scale bars are 50 and 10 µm, respectively.  

 

The sensitivity advantage of MES can be best apprehended by the predictable enhancement 

in electrospray current. Theoretically, this increase in ionization efficacy is a result of splitting the 
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flow into smaller streams as written in Equation 3-2 below17. The total spray current, Itotal, is 

proportional to the square root of the number of individual electrosprays, n, when each emitter is 

in the stable cone-jet mode and Is is the spray current of a single emitter. Although this relationship 

is widely accepted in literature, it is largely an empirical observation that lacks substantial 

theoretical basis17, 26. Thus, we expect a threefold increase in spray current for our 9-channel 

emitter compared to the PicoTip™. Average spray current values are therefore compared for the 

best MES tapers and various PicoTip™ emitters as outlined in Table 3-9 and 3-10, respectively.  

 

 𝐼!"!#$ =	√𝑛𝐼%  3-2 

 

Table 3-9: Spray current data for the best MES tapers at an applied voltage of 3.5 kV. Test conditions 

include a 5 mm emitter-to-electrode distance, 80% H2O, 20% MeOH with 1% TFA solution at a flow rate 

of 300 nL/min.  

 

MES Emitter Profile 
(nL/min, min) 

Average Current 
(nA) 

STDEV (spray stability) RSD (%) 

54 20 7.78 x 10-6 2.868 x 10-7 3.69 

90 20 7.78 x 10-6 8.143 x 10-7 10.5 

54 15 4.98 x 10-6 6.103 x 10-7 12.2 
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Table 3-10: Spray current data for various PicoTip™ emitters at an applied voltage of 3.5 kV. Test 

conditions include a 5 mm emitter-to-electrode distance, 80% H2O, 20% MeOH with 1% TFA solution at 

a flow rate of 300 nL/min.  

 

Tip Size (µm) Average Current  

(nA) 

STDEV (spray stability) RSD (%) 

5 3.66 x 10-6 4.664 x 10-7 1.14 

10  2.39 x 10-6 3.048 x 10-7 1.71 

15  3.39 x 10-6 2.367 x 10-7 6.98 

 

In comparing Tables 3-9 and 3-10, the MES emitter produced a higher total spray current 

than the single-channel alternative in every case (regardless of tip diameter). Given that the 

diameter of each channel in the custom-designed MSF is 10 µm, current data was compared 

directly to the PicoTip™ emitter with the 10 µm tip diameter (Figure 3-15). In this instance, the 

best MES taper (specifically the 54 nL/min flow rate and 20 minute etch time) showed a 3.255 

signal enhancement in total spray current, which is consistent with the threefold theoretical 

prediction outlined in Equation 3-2. The latter indicates a significant improvement in ionization 

efficiency, which suggests a successful sensitivity improvement for online nano-ESI testing.  
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Figure 3-15: Plot illustrating the difference in total spray current for the best MES emitters and the 10 µm 

PicoTip™ emitter. Test conditions include 3.5 kV, 5 mm emitter-to-electrode distance, 80% H2O, 20% 

MeOH with 1% TFA solution at a flow rate of 300 nL/min.  

 

 Both emitter designs were also compared with respect to their spray stability (i.e. STDEV 

and RSD values). The results showed that the commercial PicoTip™ emitters were generally able 

to produce a more stable spray and higher S/N ratios (Table 3-10) than the MES design. This is 

particularly true for the MES emitters etched for 15 minutes at 54 nL/min and 20 minutes at 90 

nL/min (Table 3-9), whose RSD values were 10.5% and 12.2% (respectively) compared to 1.71% 

obtained for the 10 µm PicoTip™ emitter. Although the best MES emitter (54 nL/min flow rate 

and 20 minute etch time) showed better spray stability, with a RSD value of 3.69%, this was still 

inferior to the commercial alternative. Furthermore, unlike the MES emitters (that require 3.5 kV 

to initiate MES), the PicoTip™ emitters can operate in stable cone-jet mode at a wider range of 

applied voltages (2.0 kV – 3.5 kV). In the future, more work will need to be done in order to 
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increase the spray stability during MES mode. This may be accomplished by decreasing the 

channel diameter size24 of the custom MSF, which would translate to smaller tip diameters of the 

etched nozzles. Yuill et al. (2013)27 showed that smaller diameters generate higher ion currents 

due to the significantly higher electric field at the smaller tip, which produced greater droplet 

charging. Li and Cole (2003)28 also showed that smaller tip sizes facilitate the shift of ion 

populations to higher charge states; which is advantageous given that most mass spectrometers are 

better suited for these lower m/z ranges29. However, given that changing the MSF design would be 

extremely costly, a more feasible solution would be optimizing the efficacy and robustness of a 

covalently bonded hydrophobic coating.   

3.5 Conclusions  
 

An offline ESI system was designed in-house and employed to identify the optimal 

conditions for electrospray testing. It was found that voltages of 3.5 kV are required to initiate 

MES from the stable single cone-jet mode. Furthermore, a hydrophobic coating (specifically 

Aculon®) is necessary in order to minimize back-wetting, hinder coalescence and facilitate MES. 

Lower flow rates were found to produce higher spray currents (greater ionization efficiencies) and 

300 nL/min was chosen as the most stable experimental flow rate. Investigation into the optimal 

emitter-to-orifice distance indicated that the offline system (LabVIEW current readout) is largely 

unable to distinguish bare ions from those contained within a solvent cage. Distances below 5 mm 

generated very low S/N ratios and periodic EHD modes while 5-6 mm produced the greatest spray 

current with maximal stability (at steady EHD modes). As a result, tests were operated at an 

emitter-to-counter electrode distance of 5 mm. 
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The performance of the MES emitter design was then evaluated for twelve different nozzle 

profiles in order to identify the best fabrication method for enhanced sensitivity. It was found that 

greater etch times (i.e. longer nozzle lengths and higher axicon angle values) produce a greater 

total spray current. The relationship between flow rate and current was less clear, although the 54 

nL/min flow rate (longest nozzle profiles) was the most effective at facilitating MES without a 

hydrophobic coating. Given these trends, the best MES emitters were identified to be the emitters 

etched for 20 minutes at a 54 and 90 nL/min water flow rate. The boost in current associated with 

the switch from single to multiple electrospray was also investigated. The MES emitter was 

experimentally determined to produce a threefold signal enhancement compared to the commercial 

PicoTip™ emitters operating in single cone-jet mode. This is consistent with the anticipated 

threefold increase according to the theoretical relationship established by Tang et al. (2001)17.  

Overall, the MES design presented in this work provides the following advantages over 

commercial alternatives: extensive control in fabrication, higher ionization efficiency (improved 

sensitivity), minimal clogging and greater robustness as well as the potential for optical 

applications (e.g. photochemical transformations such as photopolymerization). The single-

channel PicoTip™ emitters, however, generate greater spray stability. More work is required in 

order to maximize the stability of MES, which can be done by improving the efficacy and 

robustness of a covalently bonded hydrophobic coating. 
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Chapter 4 

Photothermal Considerations: Validating a Sensitivity Enhancement via 

Light-Assisted Desolvation  

4.1 Introduction  

4.1.1 Axicon Lenses & Bessel Beams 

 

An axicon lens is an optical device that resembles a conical prism (Figure 4-1). Typically, 

an axicon consists of one conical surface (rather than the curved surface typically found in lenses) 

and one flat surface. This design is used to transform a plane wavefront (entering the flat side of 

the lens) into a non-diffractive beam that first generates an elongated focal region before increasing 

in diameter. This non-diverging light beam is referred to as a Bessel beam, and has a cross section 

consisting of a large number of concentric rings. The ability to overcome diffraction as well as a 

very large focal depth is extremely appealing for a number of applications including non-linear 

optics1, lithography2, microfabrication3, optical or atom trapping4, optical coherence tomography 

(OCT)5, corneal surgery and telescopes5.  

Diffraction is arguably one of the fundamental concepts of optical physics and has relevant 

implications in many, if not all, optical systems5. The phenomenon is largely related to the wave 

nature of light and occurs when a wave encounters an obstacle that alters the wave’s amplitude 

and/or phase6. Beyond the obstacle, segments of the wavefront that continue to propagate interfere 

with one another to generate a diffraction pattern. The latter process is fundamental to the 

propagation of Gaussian light beams, which can be manipulated to yield tight focusing or to form 

collimated beams depending on the desired application6. In the 1980’s, Durnin et al. (1987) 
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introduced the Bessel beam as a mathematical construct7. By investigating Whitaker’s solution of 

the Helmholtz equation, Durnin observed that a true Bessel beam can contain an infinite number 

of concentric rings. Durnin et al. (1987) further demonstrated that one could experimentally obtain 

an approximation to a Bessel beam7. This quasi-Bessel beam can be expressed by Equation 4-15, 

whose modes are labelled by an integer n (the order of the beam) where 𝜀 is the amplitude and 

Jn(x) is the nth-order Bessel function of the first kind.  

 

 𝐸&	(𝑟, 𝜙, 𝑧) = 	𝜀 ∙ 𝑒$3#4𝐽&(𝑘5𝑟)𝑒±$&7  4-1 

 

 

 

 

 

 

 

 

Figure 4-1: Bessel beam formation through an axicon lens and resulting ring spot distribution (whose 

diameter and width is represented by d and 𝜙/2, respectively). The width of the incident beam is represented 

by 𝜙, which passes through the axicon lens that is defined by the axicon angle, a. The depth of focus is 

represented by a, and the length of the beam is represented by l.  

 

In practice, an axicon lens can transform a laser beam (Gaussian beam or collimated light) 

into a non-diffracting beam. The radial intensity distribution or cross-sectional profile of this 

Bessel-like beam is a set of concentric rings as shown in Figure 4-2 (A)8. Here, a tight focal point 
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is attained in the transverse plane, and the focal volume is elongated along the optical axis. By 

contrast, a typical converging lens focuses a light beam to a single point on the optical axis, where 

the dimensions of the focal region are given by the Abbé diffraction limit. Over a range of 

distances, the beam intensity pattern remains relatively constant (Figure 4-2 (B)), which suggests 

minimal diffraction is present8. For a true Bessel beam of infinite transverse extension, the beam 

would maintain its initial size and shape eternally5. For realistic quasi-Bessel beams, however, 

translational invariance is maintained only to some maximum distance, zmax. As shown in Equation 

4-2 below, the diffractive effects are reduced with R, the initial radius of the beam (which is limited 

by the size of the axicon lens) where a is the opening angle of the propagation cone5, 6.  

 𝑧*)8	 =	𝑅 tan	 α,   4-2 

  

 

 

 

  

 

 

 

 

 

Figure 4-2: (A) Annular intensity profile, which is based on numerical beam propagation. The ring-like 

distribution was produced by the illumination of an axicon using a Gaussian laser beam8. (B) Beam intensity 

pattern, which remains relatively constant over a range of distances. As this expands outwards in the x and 

z direction, however, the optical energy dissipates more and more8.  

 

A Bessel beam is also described by its “self-healing” capabilities, which is best understood 

by viewing the beam as a set of plane waves propagating on a cone (Figure 4-3 (A))6. If an object 
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is placed in the path of the beam, the waves are able to propagate past the obstruction; largely 

because all of the rays (all of the k vectors) exist at the same angle from the axis5. Although this 

casts a “shadow” into the beam (Figure 4-3 (B))6, the waves can ultimately regenerate the original 

intensity profile after a characteristic distance9. This reconstruction capability allows for an 

increased depth of field and penetration depth with minimal diffusion10. As such, Bessel-like 

beams render extremely advantageous for applications such as light sheet-based microscopy in 

thick media (e.g. cell clusters, embryos, skin or brain tissue)11 as well as optoacoustic 

microscopy10, mesoscopy10 and scattering synthetic materials11. Fahrbach and Rohrbach (2012) 

for instance, demonstrate the Bessel beam’s ability to improve axial resolution by nearly 100% 

relative to the standard light-sheet techniques using scanned Gaussian beams11.  

 

 

 

 

 

 

 

 

 

Figure 4-3: (A) Schematic depicting the “self-healing” nature of Bessel-like beams after an obstruction 

(grey). (B) Bessel beam reconstruction showing the cross-section of the beam created by an axicon6. The 

obstruction is approximately one-fifth of the way along the figure from the left6. Beams are propagating 

from the left to the right in both figures.  
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4.1.2 Axicon Fabrication for Quasi-Bessel Beam Generation  

 

Conventionally, axicon lenses have been fabricated by grinding and polishing, a technique 

that is difficult (and tedious) to execute on microscales. Slightly more developed approaches for 

fabricating optical components capable of Bessel beam generation include: diamond turning12, 

femtosecond laser ablation and CO2 laser polishing13. Diamond turning employs a grinding head 

on a diamond-turning machine to very accurately cut away thin layers of surface at a time. At very 

small cutting depths, brittle materials behave in a ductile manner, which allows for fracture-free 

grinding of optical surfaces on materials such as zinc selenide and potassium dihydrogen 

phosphate (KDP)12. Femtosecond and/or CO2 laser-based fabrication of axicon lenses has been 

well documented for the welding of silicon and borosilicate glass13-17. Schwarz et al. (2018) for 

instance, reported on the fabrication of a high-quality axicon by applying a two-step manufacturing 

process; wherein the pre-defined axicon geometry is generated by layer-by-layer ablation (using a 

1030 nm femtosecond laser) followed by a 10.6 µm CO2 laser polishing process. This laser-based 

manufacturing process maintains significant advantages over conventional techniques (i.e. 

grinding and polishing) including a higher degree of freedom in optical design, rapid prototyping, 

as well as time and cost effectiveness13.  

 The fabrication of axicon lenses on the facet of multimode fibers has been typically 

achieved by fiber polishing18 and focused ion beam technologies19. More recently, however, 

fabrication strategies have employed wet-chemical etching with HF using either the Turner20 or 

tube-etching21 method. The former technique involves removing the fiber’s protective coating and 

then etching the fiber between an organic layer and the acid. As etching proceeds and the facet is 

chemically removed, the fiber diameter is reduced, and a tapered structure is formed. The tube-
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etching process leaves the protective coating intact, which operates as a protective layer while the 

material is gradually removed. In 2014, Kuchmizhak et al. demonstrated the ability to produce 

quality microaxicons on the end of optical fibers via tube-etching and ion beam milling22. In this 

work, the fiber was submerged in HF (40%) for several hours and then milled to remove a portion 

of the tapered end. After ion beam milling, the fiber was again exposed to aqueous HF (10%) to 

obtain a microaxicon with quality axial symmetry and tunable angles4, 22.    

 

 

 

 

 

 

 

 

 

Figure 4-4: Overview of the experimental setup employed by Kuchmizhak et al. (2014)  (A) SEM of the 

optical fiber facet (Thor-labs S360-HP) after chemical etching for 10 minutes in 40% aqueous solution of 

HF22. (B)-(D) Schematic illustrating the fabrication process of the high-quality microaxicon on the facet of 

the optical fiber, including SEMs depicting the corresponding stages of manufacturing22.  

 

 This report employs a flow assisted etching procedure to produce nine axicon microlenses 

at the facet of a custom-designed MSF (COPL, Quebec, Canada). Similar to the Turner method, 

the protective coating is stripped, and the uncoated fiber facet is submerged in concentrated HF 

(~40%). The pure silica regions of the fiber are etched at the same rate, while the borosilicate 
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regions are etched faster and result in a deeper plane relative to the silica. Water flow is introduced 

into the channels during etching in order to dilute the HF and introduce an etchant concentration 

gradient (Figure 4-5). As a result, nine micronozzles are formed in the shape of microaxicons (one 

at each channel) in the silica-doped regions of the MSF. The axicon’s alpha, a angle can then be 

controlled during emitter fabrication by altering the etch time, etchant concentration and flow rate 

of water during the etching procedure. Given the two-doped schematic (i.e. TIR capabilities) of 

the MSF and the conical morphology of each nozzle, this chapter validates the MES emitter’s 

ability to guide and focus light.  

 

  

 

 

 

 

 

 

Figure 4-5: (i) Schematic illustrating the etching procedure including the MSF, FEP sleeve, PEEK fitting 

as well as a centrifuge tube containing the etchant (HF) (ii) SEMs of the microaxicons generated from wet-

chemical etching the custom MSF for (A) 12 minutes4 and (B) 17 minutes4 with HF at a water flow rate of 

~80 nL/min. All scale bars are 50 µm. (iii) Microaxicon formation during etching4. (1) and (2) correspond 

to the borosilicate and fused silica regions, respectively. Ro is the distance from the channel wall to the 

borosilicate boundary and R is the width of the upper portion of the nozzle. Each nozzle morphology can 

be described by its axicon angle, a, and post angle, g, as established in Bachus et al. (2016).  
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4.1.3 Ray Optics Model  

 

Previous work by Bachus et al. (2016) has indicated that micronozzles fabricated via wet-

chemical etching with HF are capable of focusing light4. In this case, a single tapered cone was 

fabricated at the facet of a fused-silica capillary (Figure 4-6). Although fused-silica capillaries are 

primarily designed for fluidics applications and not to propagate light, they offer structural and 

chemical properties similar to optical fibers4. The authors suggest that the cone-shaped tip would 

operate similarly to a conventional axicon lens; the central difference being the multimode nature 

of the capillary. For instance, instead of a plane wave interacting with the conical surface, light 

rays would exit the multimode waveguide at a range of angles (given by the numerical aperture of 

the fiber4). 

 

 

 

 

 

 

Figure 4-6: Optical micrographs of the fabricated single tapered cone at the facet of a fused-silica capillary. 

The cone-shaped tips are expected to retain some of the inherent properties of a conventional axicon lens 

with an angle of A) 15 degrees4 and (B) 35 degrees23.  

 

 Bachus et al. (2016) then employed a simply ray tracing approach to illustrate the direction 

of light rays incident on the surface of the axicon microlens. Given the cylindrical symmetry of 

the system, two-dimensional calculations and an Abel transformation were employed to 

successfully model the intensity distribution of light inside and beyond the lens17,18. The 
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calculations involve the following assumptions:  (1) the wave nature of light is neglected (i.e. 

coherence effects are ignored), (2) only a single refraction or reflection is included (rays internally 

reflected inside the axicon lens are not tracked once emitted from the lens), (3) reflections at sub-

critical angles (Fresnel reflections) are ignored (refracted light was therefore assumed to always 

carry the initial intensity), (4) the multimode fiber was assumed to be completely filled, (5) 

absorption and scattering is neglected, and, finally (6) the center hole of the capillary was ignored4.  

In their work, Kuchmisak et al. (2014) modelled the optical properties of microaxicons 

obtained by tube-etching using a finite difference time domain method (FDTD)22. These FDTD 

calculations are favourable for producing accurate interference patterns for coherent light sources 

and single mode fibers. In the case of Bachus et al. (2016), a fully filled (i.e. all internal reflection 

angles in the range permitted by the numerical aperture are assumed to be equally likely4), 

multimode waveguide having thousands of modes is used. Thus, given the refractive indices of the 

core (ncore), cladding (nclad) and the surrounding medium (n0) as well as the cone angle, a of the 

axicon lens, the range of angles (b1 and b2) that can be irradiated from each point on the axicon 

lens can be determined. This raytracing approach is illustrated in Figure 4-7, where each pixel (x,y) 

is calculated by adding light rays that emanate from the two finely incremented lines that form the 

axicon lens profile. The results suggest that a decrease in the axicon angle (a) corresponds to a 

focal point father away from the tip of the lens.  
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Figure 4-7: Schematic drawing of incident light rays on the surface of the axicon microlens. (A) Shows 

two rays that are contributing to the intensity increase at the optical axis4, and (B) shows two rays that 

contribute to the ring pattern observed at large cone angles4.  

 

The authors also provide two-dimensional calculations representing the light intensity 

distribution by performing an Abel transformation17. This is illustrated in Figure 4-8 below, where 

intensity distributions are depicted for axicon lenses with a angles varying between 0 and 50 

degrees. For small axicon angles, a, the region of increased light intensity is expected to be outside 

the nozzle tip (Figure 4-8 (B-E))4. For large axicon angles, a, the guided light in the multimode 

fiber is projected to undergo total internal reflection on the inside of the nozzle. Thus, a region of 

increased light intensity is generated below the tip of the axicon lens (Figure 4-8 (F))4. In the 

following sections, this thesis looks to validate these findings for the nine-channel MES emitter. 

By adjusting the etch conditions (i.e. etch time, etchant concentration and the flow rate of water) 

during emitter fabrication, the axicon angle of each of the nine nozzles can be controlled such that 

light is focused right at the tip of each nozzle.  
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Figure 4-8: Two-dimensional representations of the calculated intensity distribution inside and outside the 

axicon lenses with different cone angles. Angles in the range of about 10-40 degrees produce a bright focal 

region in front of the axicon lens. At larger cone angles, the light is reflected predominantly inside the cone 

and only then exits the lens; these rays are not illustrated in the figure4.  

 

4.1.4 Sensitivity Enhancement via Photothermal Effects   

 

In order to maximize the number of gas-phase ions that are produced in electrospray, 

numerous studies have coupled thermal energy to the pathway of migrating charged droplets.  The 

addition of a coaxial nebulizing gas (e.g. heated nitrogen gas), for instance, has been commonly 
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employed to enhance desolvation efficiencies. In this case, the gas shears around the eluted sample 

solution and induces an elevated source temperature. The charged droplets, which are generated 

from the Taylor cone, experience greater desolvation as a result and the radius of the ion-solvent 

pair is reduced. Thus, the surface charge density for the droplet is amplified, leading to an 

improved sensitivity by the liberation of more analyte ions24. Similar improvements have been 

achieved by the use of a heated capillary25 or a heated metal tube placed a small distance from the 

emitter facet before the MS orifice26. In addition to improving desolvation, these techniques also 

act to enhance the system’s robustness and reduce the degree of cluster ion formation27. 

Desolvation of ions using either heated materials or collisions with hot inert gas are effective, but 

also have a comparably slow response time (milliseconds to seconds). For lock-in detection of ion 

flow (and mass spectrometric signals) one would prefer a much more rapid modulation of the ion 

current. Using an infrared (IR) laser, which is modulated at kilohertz frequencies, one can achieve 

desolvation on sub-millisecond timescales.  

While the custom-MSF has been previously used for microfluidics applications, it also has 

properties similar to that of an optical fiber waveguide. Given the difference in refractive index 

between the borosilicate (n = 1.461) and the fused-silica regions (n = 1.464), the MSF successfully 

promotes light guidance via total internal reflection (TIR)4. This work seeks to confirm the ability 

of the micronozzles (fabricated at the end of the custom MSF (Chapter 2)) to operate as 

independent microaxicon lenses and focus light into the centre of the Taylor cone. The objective 

is to identify the most optimal etch conditions for producing a tight focal point; the location of 

which is directly dependent on the axicon profile. Given the work done by Bachus et al. (2016), it 

is expected that longer etch times (i.e. larger axicon angles) will generate a tighter focus near the 

tip of the lens. This application is anticipated to increase the desolvation efficiency in nano-ESI by 
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heating the solvent at the emitter exit through the absorption of 1064 nm light by water overtone 

vibration and subsequent conversion of the absorbed energy into heat. In section 4.3.2, this thesis 

seeks to confirm a boost in ion current by coupling light from a class IIIB laser, capable of 

providing IR radiation.  

4.2 Experimental  

4.2.1 Optical Characterization of Microaxicons  

 

In order to validate the micronozzles’ ability to focus light, an optical characterization 

system was developed over the stage of an optical microscope. As illustrated in Figure 4-10, a 

three-dimensional printed holder houses a simple input/output union that couples 532 nm radiation 

from a class IIIB laser diode (EVO Laser, Wicked Lasers, Limassol, CY) to the MES emitter. The 

filled emitter is submerged in a solution of rhodamine 6G (R6G) (~ 10-5 M) and DI water, which 

is contained within a petri dish on the microscope stage. The chemical structure and absorption 

spectrum of R6G is depicted in Figure 4-9; its peak absorbance occurs at ~ 530 nm, making it one 

of the most frequently used dyes for fluorescence tracing28. The microscope is equipped with a 

532 nm dichroic filter to image fluorescence exclusively from the emitter facet, which provides a 

real-time depiction of the intensity distribution for various axicon lenses.  
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Figure 4-9: (A) Chemical structure of R6G (479.02 g/mol) and (B) the corresponding three-dimensional 

geometry28. (C) Absorption spectrum of R6G dye in DI water at various concentrations (10-5 to 10-10 M)29.  

 

Figure 4-10: Schematic of the optical characterization system. The emitter is filled with 532 nm radiation 

from a class IIIB laser diode (EVO Laser, Wicked Lasers, Limassol, CY) and is submerged in a ~10-5 M 

solution of rhodamine 6G and DI water. The subsequent fluorescence is imaged at the emitter facet using a 

(A) 

(B) (C) 



 

119 

 

532 nm dichroic filter and optical microscope; which provides a clear depiction of the intensity distribution 

from the corresponding microaxicon lenses.  

 

 The experiments were then repeated using the same setup (Figure 4-10), but with an IDEX 

T-junction (M-540 Micro Static Mixing Tee Assembly, 1588 µm O.D. tubing, 254 µm thru hole) 

rather than the simple input/output union. This allowed for the coupling of a solvent flow (100% 

H2O) through each of the nine channels of the MES emitter in addition to the 532 nm radiation. In 

order to further simulate the ambient conditions of nano-ESI, the same tests were conducted with 

an aerosol of R6G instead of the liquid fluorescent medium employed above. This setup is depicted 

in Figure 4-11, wherein a nebulizer is positioned at the end of the microscope stage to generate a 

fluorescent R6G aerosol. The spray is guided toward the emitter facet by a cuvette, which acts to 

increase the interaction between the 532 nm radiation and the imaging medium.  

 

Figure 4-11: Schematic of the optical characterization system employing an aerosol of Rh6G to simulate 

the ambient conditions of nano-ESI. The emitter is filled with 532 nm radiation from a class IIIB laser diode 

(EVO Laser, Wicked Lasers, Limassol, CY) and is submerged in a 10-5 M solution of rhodamine 6G 

and DI water. The subsequent fluorescence is imaged at the emitter facet using a 532 nm dichroic filter and 
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optical microscope; which provides a clear depiction of the intensity distribution from the corresponding 

microaxicon lenses.  

4.2.2 Offline Nano-ESI Testing with Coupled IR  

 

In order to validate a boost in ion current via light-assisted desolvation, the offline 

electrospray setup modelled after that in Fu (2015)30, was used and is shown in Figure 4-12 and 4-

13. The spray solvent was an 80/20 water/methanol solution with 1% TFA, and a 300 nL/min flow 

rate was generated using a syringe pump (Chemyx Fusion 100 Model, Stafford, Texas, USA). 

Standard capillary tubing (SGE Technologies, 250 µm I.D., 360 µm O.D.) was used to transfer the 

flow from the pump to the emitter. Electrospray was generated using a high voltage power supply 

(3.5 kV) (TriSep 2100 instrument, Unimicro Technologies, Pleasantan, CA, USA) coupled to the 

flow path through a platinum wire electrode. An IDEX cross union (P-891 MicroCross PEEK, 

1588 µm O.D. tubing, 7550 µm thru hole) was used to couple the platinum wire electrode, solvent 

and light to the emitter. The emitter was held in a horizontal position (by a custom 3D printed 

holder) facing an aluminum block that acted as the ground. Ion current was measured using a 

picoammeter (Keithley 6485, Keithley Instruments Inc., Cleveland, OH, USA) and LabVIEW 

software. The entire system is set over an inverted fluorescence microscope to image the 

electrospray behavior in tandem with current data acquisition.  
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Figure 4-12: Offline electrospray schematic to simulate tests with online mass spectrometer. The diagram 

includes (A) the Keithley picoammeter (Keithley 6485, Keithley Instruments Inc., Cleveland, OH, USA) 

(B) a high voltage module (TriSep 2100 instrument, Unimicro Technologies, Pleasantan, CA, USA) (C) an 

inverted fluorescence microscope to image the electrospray mode (D) a 532 nm laser capable of supplying 

1064 nm radiation (E) a syringe pump to supply the spray solvent and (F) a cross union to couple light, 

solvent and voltage to the MES emitter (see below). 
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Figure 4-13: Detailed depiction of (F) the stage setup during offline electrospray testing. A custom-made 

3D printed holder houses the cross union to couple the spray solvent, voltage and light to the emitter. The 

emitter sprays at an aluminum block that is coupled to the Keithley picoammeter in order to acquire current 

data using LabVIEW software. The emitter facet is aligned over an inverted microscope to image the 

electrospray mode in situ with data acquisition.  

4.3 Results and Discussion  

4.3.1 Optical Characterization of Microaxicons  

4.3.1.1 Imaging focusing capabilities via fluorescence intensity using a liquid medium containing the 

fluorophore R6G 

 

In order to confirm the micronozzles’ ability to guide and focus light, we present a three-

dimensional fluorescent microscopy technique using 532 nm radiation (from a class IIIB laser) 

and a rhodamine 6G dye (Figure 4-10). By illuminating the MES emitter, which was submerged 

in the fluorescent liquid, multiple focal lines (from each micronozzle) could be detected using a 

532 nm dichroic filter and optical microscopy. The imaged fluorescence intensity then translates 

to a light intensity distribution, which was anticipated to change for different nozzle morphologies 
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(i.e. different water flow rates and etch times during emitter fabrication). Experiments were 

therefore performed using multiple MES emitters with varying etch profiles and axicon angles. As 

suggested by Bachus et al. (2016), smaller axicon angle values (a < 20°) are expected to produce 

a focal point further from the nozzle facet. At larger axicon angles (a > 40°), however, the 

calculations projected that incident light would be predominantly reflected inside the cone (and 

only then exit the lens)4. These lenses will not be able to generate a Bessel beam, since light is 

rapidly diverging once it has left the lens.  

The fluorescent microscopy technique employed in this report validated the MES emitter’s 

ability to guide light as well as the aforementioned projections established by Bachus et al. (2016). 

The two-doped schematic of the custom MSF successfully facilitates light guidance via total 

internal reflection (TIR); wherein 532 nm radiation is propagated through the fused-silica regions 

of the fiber (n.= 1.464), compared to the lower refractive index borosilicate material (n = 1.461)4. 

This phenomenon is illustrated in Figures 4-15 and 4-16 for MES emitters with an axicon angle of 

12.82° and 8.24°, respectively. Here, the light intensity distribution shows an elongated focal plane 

from each of the nine microaxicons at the emitter facet (indicating that light is propagated through 

the silica doped regions of the fiber). As expected, the lower axicon angle generates a focal point 

further from the nozzle tip. In contrast, microaxicons with angles above 40° were found to produce 

a bright focal point within the nozzle. This is shown in Figures 4-17 and 4-18, where bright focal 

points are observed inside the nozzle tips for MES emitters with an axicon angle of 45.80° and 

40.82°, respectively. In every case, a portion of incident light is also propagated from the large 

borosilicate core. This is particularly evident in Figure 4-17 (E), where a medium-high intensity 

beam is emitted from the center of the fiber and a cone-shaped distribution is observed. As shown 

in the SEMs below (e.g. Figure 4-15 (A)), etching the custom MSF results in a borosilicate “well” 
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at the center of the fiber, which has a “rippled” surface morphology. This surface morphology 

resembles that of a Fresnel lens, i.e. a series of concentric grooves that as individual refracting 

surfaces to bend parallel light rays to a common focal length. A Fresnel lens has other properties, 

however, including an asymmetric (saw tooth) cross section of the ripples, with a well-defined 

changing saw tooth angle (Figure 4-14). Furthermore, a Fresnel lens operates best with collimated 

light, and it is not likely that a Fresnel lens at the end of a multimode fiber would generate a sharp 

focus. Thus, we believe that the cone-shaped ray pattern (visible in Figures 4-15 (E) and 4-16 (F)) 

is likely due to light refraction from the steep circular wall enclosing the rippled centre.  

 

 

Figure 4-14: Schematic of a Fresnel lens array with novel lens element profile. The figure illustrates the 

changing saw tooth angle of each “ripple” on the lens; taken from US20120060920A1 Patent, Fornari et al. 

(2011)31.  
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Figure 4-15: (A)-(C) SEMs of the tested MES emitter illustrating the nozzle and facet profile (24.75 µm 

nozzle length, 65.77° post angle and 12.82° axicon angle). (D)-(F) Optical microscope images depicting 

the light intensity distribution for the emitter illuminated with 532 nm radiation and submerged in a 

fluorescent solution of R6G; (D) front nozzles (E) side nozzles and (F) back nozzles. 
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Figure 4-16: (A)-(C) SEMs of the tested MES emitter illustrating the nozzle and facet profile (12.93 µm 

nozzle length and 8.24° axicon angle). (D)-(F) Optical microscope images depicting the light intensity 

distribution for the emitter illuminated with 532 nm radiation and submerged in a fluorescent solution of 

R6G; (D) front nozzles (E) back nozzles and (F) side nozzles. 
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Figure 4-17: (A)-(C) SEMs of the tested MES emitter illustrating the nozzle and facet profile (54.26 µm 

nozzle length, 66.19° post angle and 45.80° axicon angle). (D)-(F) Optical microscope images depicting 

the light intensity distribution for the emitter illuminated with 532 nm radiation and submerged in a 

fluorescent solution of R6G; (D) front nozzles (E) side nozzles and (F) back nozzles.  
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Figure 4-18: (A)-(C) SEMs of the tested MES emitter illustrating the nozzle and facet profile (52.67 µm 

nozzle length, 69.78° post angle and 40.82° axicon angle). (D)-(F) Optical microscope images depicting 

the light intensity distribution for the emitter illuminated with 532 nm radiation and submerged in a 

fluorescent solution of R6G; (D) front nozzles (E) back nozzles and (F) side nozzles. 

  

In order to further validate that the focusing capabilities (illustrated in Figures 4-15 to 4-

18 above) are unique to the structure of the microaxicons, the experiments were repeated for an 

un-etched emitter facet. As shown in Figure 4-19 (A) and (B), the custom MSF with no 
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micronozzles (i.e. 0 minute etch time) did not exhibit any focusing capacity. The intensity 

distribution for an MES emitter with an axicon angle of 30.12° is also shown (Figure 4-19 (C) and 

(D)) for a direct comparison between the front and back profiles of both fibers. By moving through 

the focus of the optical microscope, it is clear that the generation of multiple focal lines is obtained 

solely by emitters bearing microaxicon lenses. As mentioned above, the pattern of this light 

intensity distribution (i.e. the location of the focal point) is then dependent on the micronozzle 

morphology, where larger axicon angle result in focal points closer to the nozzle tip.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-19: (A) and (B) optical images of a custom MSF with no micronozzles (0 etch time), which fails 

to focus 532 nm radiation from a class IIIB laser; (A) front and (B) back profile. (C) and (D) optical images 

of the light intensity distribution from an MES emitter with an axicon angle of 30.12° (20 minute etch time); 

(C) front and (D) back profile.  
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4.3.1.2 Imaging focusing capabilities with flow coupled through each of the 9 channels  

 

In the previous section, we demonstrated the ability of the novel MES emitter to guide and 

focus light. Moreover, the intensity distribution of the propagated 532 nm radiation is dependent 

on the nozzle morphology. These experiments, however, were conducted with air filled channels 

and in a liquid imaging medium rather than the atmospheric conditions innate to nano-ESI. In this 

section, we investigate the ability of the micronozzles to operate comparably with an “analyte-

containing solution” flowing through each of the nine channels during imaging.  

 The light intensity distributions for a variety of MES emitter profiles were imaged with 

and without solvent flow (DI water at 300 nL/min flow rate). Figures 4-20, 4-21 and 4-22 depict 

the results for smaller axicon angle values (a < 25°), in which emitters were still able to produce 

multiple focal lines even with liquid-filled channels. Figures 4-20 and 4-21 show the light intensity 

distribution for a MES emitter with an axicon angle of 8.24° with air-filled and liquid-filled 

channels, respectively. In comparing the two figures, one can see that similar focusing is obtained 

in both cases and that the central light cone is present even with liquid-filled channels (Figure 4-

21 (C)). At the same time, however, filling the channels with liquid seems to distort the focal lines 

directly at the nozzle exit. This is reasonable given that the fluorescent material (rhodamine 6G) is 

being displaced by the DI water exiting each of the channels, which should not absorb any 532 nm 

radiation. A similar phenomenon is observed for the MES emitter depicted in Figure 4-22, with an 

axicon angle of 16.46°. While the emitter filled with solvent is still able to produce multiple focal 

lines, they are not as clearly defined as those produced by the emitter with air-filled channels.  
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Figure 4-20: (A)-(D) Optical microscope images depicting the light intensity distribution for an MES 

emitter with an axicon angle, a, of 8.24° and no liquid flow. (A) Front view of the emitter profile with no 

light propagating through the fiber; (B) Front nozzles (C) side nozzles and (D) back nozzles of the emitter 

profile illuminated with 532 nm radiation and submerged in a fluorescent solution of R6G.  

 

 
Figure 4-21: (A)-(D) Optical microscope images depicting the light intensity distribution for an MES 

emitter with an axicon angle, a, of 8.24° and 300 nL/min solvent flow (100% H2O solution) through each 

of the nine channels. (A) Front view of the emitter profile with no light propagating through the fiber; (B) 

Front nozzles (C) side nozzles and (D) back nozzles of the emitter profile illuminated with 532 nm radiation 

and submerged in a fluorescent solution of R6G.  
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Figure 4-22: Optical microscope images taken with no external lighting for the MES emitter with an axicon 

angle of 16.46° with (A) empty and (B) filled channels with DI water flown at 300 nL/min. The top figures 

correspond to the front nozzles while the bottom figures show the back nozzles (obtained by scrolling 

through the focus of the optical microscope).  

 

 The same effect was then investigated for emitters with larger axicon angles as shown in 

Figures 4-23, 4-24 and 4-25. Unlike the shallower nozzle profiles, microaxicons that produce a 

bright focal region inside the nozzle tip (a > 40°) showed significantly less change when the 

emitter was filled with either air or solvent. This is evident when comparing the light intensity 

distributions for a MES emitter with an axicon angle of 40.82° that is empty (Figure 4-23) and 

filled with DI water (Figure 4-24). In both cases, the microaxicons exhibit a very similar focal 

region inside the nozzles. Figure 4-25 further demonstrates these similarities by optically imaging 

the light intensity distributions with no external lighting (solely that from the class IIIB laser).  
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Figure 4-23: (A)-(D) Optical microscope images depicting the light intensity distribution for an MES 

emitter with an axicon angle, a, of 40.82° and no solvent flow. (A) Front view of the emitter profile with 

no light propagating through the fiber; (B) Front nozzles (C) side nozzles and (D) back nozzles of the 

emitter profile illuminated with 532 nm radiation and submerged in a fluorescent solution of R6G.  

 

 
Figure 4-24: (A)-(D) Optical microscope images depicting the light intensity distribution for an MES 

emitter with an axicon angle, a, of 40.82° and 300 nL/min solvent flow (100% H2O solution) through each 

of the nine channels. (A) Front view of the emitter profile with no light propagating through the fiber; (B) 

Front nozzles (C) side nozzles and (D) back nozzles of the emitter profile illuminated with 532 nm radiation 

and submerged in a fluorescent solution of R6G.  
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Figure 4-25: (A)-(C) Optical microscope images taken with no external lighting for the MES emitter with 

an axicon angle of 40.82° and empty channels; (A) corresponds to the mid-range view and (C) front view. 

(B)-(D) Optical microscope images taken with no external lighting for the same MES emitter with a 300 

nL/min solvent flow through each of the nine channels; (B) corresponds to the mid-range view and (D) 

front view.  

 

In considering the light guiding properties of the custom MSF, the similar focusing patterns 

between both channel conditions are reasonable. Given the difference in refractive index for the 

fused silica (n=1.464) (which forms the bulk of the microaxicon material) and the surrounding 

borosilicate (n=1.461), the emitter guides light via TIR. This is demonstrated by Bachus et al. 

(2016) in the ray tracing approach for a completely filled MSF (Figure 4-7). In practice, however, 

the MSF employed in these experiments has nine channels in each of the fused-silica doped regions 

of the fiber. The projected light guidance mechanism for the MES emitter is depicted in Figure 4-

26; where the emitter channels may be filled with air (n=1.000) or in the case of the above 

experiments, DI water (n=1.333). In either case, the channel is filled with a low refractive index 

material compared to the surrounding glass. Incident light is therefore expected to propagate 

predominantly through the fused-silica regions of the fiber (n=1.464) according to Snell’s law 
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regardless of the inner-channel material; which is shown in Equation 4-3, where n is the refractive 

index of the respective medium and q1 and q2 correspond to the incident and refracted angles, 

respectively. The subsequent refracted rays (not shown in the figure) are then dependent on the 

morphology of the nozzle, in particular, the axicon angle. Intuitively, smaller axicon angles will 

be most impacted by liquid-filled channels as the anticipated focal point is farther from the nozzle 

tip. By introducing a solvent flow, this solution (especially at higher flow rates) will displace the 

fluorescent dye at the emitter facet during imaging. As a result, we see minimal distortion of the 

expected focal point for larger axicon angles (which show higher intensity within the nozzle itself) 

with the addition of a solvent flow.  

 𝑛=	𝑠𝑖𝑛𝜃= =	𝑛1	𝑠𝑖𝑛𝜃1	  4-3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-26: Two-dimensional schematic representing the light guiding properties of a single micronozzle 

or microaxicon (with angle a) at the facet of the MES emitter; which is composed of fused-silica (light 

grey) (n = 1.464), and borosilicate (dark grey) (n = 1.461). (A) Channel (10 µm I.D.) is filled with air (n = 

1.000) and (B) channel is filled with DI water (n = 1.333) flown at 300 nL/min.  
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4.3.1.3 Changing refractive index of the bulk material to validate independency of the focusing 

phenomenon 

 

In order to provide further confirmation of the micronozzles’ ability to operate as 

microaxicons, the refractive index of the bulk material can also be altered. Imaging the light 

intensity distributions is most easily performed with a denser material (i.e. liquid medium) so as 

to maximize the interaction between the fluorescent component and the 532 nm radiation. Thus, a 

solution of DMSO (n=1.479) (and R6G) was used instead of the DI water (n=1.333). Based on the 

ray model established in Bachus et al. (2016), increasing the refractive index of the surrounding 

medium should theoretically result in a focal region farther away from the tip of each nozzle. By 

implementing a medium with a higher refractive index than the fiber glass (n =1.464), incident 

light bends towards the normal, which is similar in effect to decreasing the axicon angle. The 

results are shown in Figure 4-27, where the same emitter exhibits a much wider focal plane in (B) 

DMSO than in (A) DI water. It appears as if in DMSO the rays are diverging upon exiting the 

microaxicons, as expected. Interestingly, no conical ray pattern was observed at the borosilicate 

core for the higher refractive medium. 

Although a liquid fluorescent medium is most conducive to imaging the light intensity 

distribution, nano-ESI is conducted under ambient conditions (n ≈ 1.00). Thus, in order to mimic 

the electrospray environment, the focusing capability of the MES emitter was imaged using a 

fluorescent aerosol of R6G and DI water. The spray was produced using a nebulizer, which was 

held in the same fashion as a countercurrent gas flow (Figure 4-11). Working with a fine aerosol 

is much more difficult than working with solutions, and, thus, adjustment of the camera parameters 

(exposure, ISO speed, shutter speed etc.) was required for the optical microscope to “see” 

fluorescence. The shutter speed or integration time is particularly important for capturing very 
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rapid phenomena. Unfortunately, however, higher integration times also correspond to more blur 

in the resulting image. The optimal camera settings for imaging the focal lines were found by trial 

and error and are depicted in Table 4-1 below.  

 

 
Figure 4-27: Light intensity distribution for an MES emitter etched with an axicon angle of 13.76°. (A) 

Front and (B) mid-range view of the emitter illuminated with 532 nm radiation and submerged in a solution 

of DI water (n = 1.333) and 10-5 M of R6G. (C) Front and (D) mid-range view of the emitter illuminated 

with 532 nm radiation and submerged in a solution of DMSO (n = 1.479) and 10-5 M R6G.  
 

Table 4-11: Camera settings employed on the optical microscope for imaging the light intensity 

distributions (via fluorescence) of various MES emitters.  

Parameter  Value  

ISO Speed / Gain 3.00 

Shutter Speed / Integration Time 5 s 

Gamma  0.95 

(A) (B) 
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Offset  -8 

Saturation 1.00 

  

In order to compensate for a lower R6G volume, the integration time (500 ms to 5 s) and 

the concentration of the fluorescent dye (~10-5 M to ~10-3 M) were both increased considerably. 

The emitter facet was also placed within a cuvette (with the open-end facing the incoming 

nebulizer spray) to increase the interaction between R6G and the 532 nm radiation (Figure 4-11). 

Results for the sharper nozzle profiles are shown in Figures 4-28 and 4-29 for MES emitters with 

axicon angles of 43.53° and 40.82°, respectively. Both emitters show an increased fluorescence 

intensity at the nozzle tips when the laser is turned on, which indicates a bright focal region inside 

the nozzle itself. The representative light intensity distribution for more shallow nozzle profiles is 

depicted in Figures 4-29 and 4-30, for a MES emitter with an axicon angle of 22.28°. Figure 4-30 

shows the light intensity distribution over time i.e. between 0 and 2 minutes of spraying the aerosol 

at the emitter facet. The increase in intensity from Figure 4-30 (B) to Figure 4-30 (C) suggests that 

droplets from the aerosol are likely depositing on the emitter surface, which skews the focal region. 

In order to mitigate droplet deposition, the nebulizer was moved from its original position 

(countercurrent flow) to be orthogonal to the emitter facet. The experiment was repeated and no 

change in fluorescence intensity was detected over time. Although the focal lines are not as clear 

as those imaged using a liquid medium, the region of fluorescence outside the emitter facet (Figure 

4-31 (B)) further suggests that lower axicon angle values result in focal regions further from the 

nozzle tips. These findings further validate the ray model established by Bachus et al. (2016) and 

show potential for enhancing sensitivity in nano-ESI-MS via light-assisted desolvation.  
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Figure 4-28: (A) Nozzle profile for a MES emitter with an axicon angle of 53.53° (no 532 nm radiation) 

and (B) light intensity distribution for the same emitter using a fluorescent R6G aerosol and 532 nm 

radiation (magnification is 20x on the optical microscope).  

  

Figure 4-29: (A) Nozzle profile for a MES emitter with an axicon angle of 40.82° and (B) light intensity 

distribution for the same emitter using a fluorescent R6G aerosol and 532 nm radiation (magnification is 

10x on the optical microscope).  

 

 

 

 

 

 

 
 

Figure 4-30:  Light intensity distribution for a MES emitter with an axicon angle of 22.28° using a 

fluorescent R6G aerosol and 532 nm radiation. Emitter profile with (A) no aerosol (B) after 1 minute of 

aerosol spraying and (C) after 2 minutes of aerosol spraying (magnification is 10x). Figure suggests that 

countercurrent positioning of the nebulizer leads to droplet deposition on the emitter facet.  

(A) (B) 

(A) (B) 

(A) (B) (C) 
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Figure 4-31: (A) Nozzle profile for a MES emitter with an axicon angle of 22.28° and (B) light intensity 

distribution for the same emitter using a fluorescent R6G aerosol and 532 nm radiation (magnification is 

10x on the optical microscope).  

 

4.3.2 Validating a Boost in Spray Current via Light-Assisted Desolvation  

 

In order to validate a boost in spray current through the addition of light, a class IIIB, 532 

nm, green laser (EVO Laser, Wicked Lasers, Limassol, CY) was coupled to the emitter via a cross 

union (schematic illustrated in Figures 4-12 and 4-13). The laser output was first analyzed, as 

shown in Figure 4-32 below, which confirmed that infrared (IR) radiation at 1064 nm (power: 

approximately 100 mW) is emitted in addition to the 532 nm light generated by second harmonic 

generation. The effect of coupling light was first explored by individually testing the spray current 

with and without the laser at the same conditions (using the MES emitter, emitter-to-orifice 

distance of 5 mm, 300 nL/min flow rate, 3.5 kV voltage and cross union schematic). The boost in 

spray current from the light-assisted desolvation is depicted in Figures 4-33, 4-34 and 4-35 (in 

single cone-jet mode) for three different emitters etched under the same conditions (35 minute etch 

time and 72 nL/min water flow rate).  

(A) (B) 
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Figure 4-32: Spectrum of the corresponding green laser used for offline testing, indicating that wavelengths 

around 532 nm and 1064 nm are both supplied through the system. Analysis was performed using the Cary 

Eclipse Fluorescence Spectrophotometer (Agilent, CA, USA).  

 
Figure 4-33: (A) and (B) SEMs of the MES emitter (10-1: coated with trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane in 0.1% tetradecafluorohexane for 10 minutes) used for testing the effect of light-

assisted desolvation (right); emitter contains an axicon angle of 30.47°, a nozzle length of 26.36 µm and a 

coating recession length of 97.68 µm (evaluated via ImageJ software). (C) Plot illustrating an increase in 

current (nA) when the laser is turned on (yellow) compared to when there is no light coupled through the 

emitter (green).  

(A) 

(B) 

(C) 
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Figure 4-34: (A) and (B) SEMs of the MES emitter (10-2: coated with trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane in 0.1% tetradecafluorohexane for 60 minutes) used for testing the effect of light-

assisted desolvation (right); emitter contains an axicon angle of 31.43°, a nozzle length of 35.38 µm and a 

coating recession length of 156.15 µm (evaluated via ImageJ software). (C) Plot illustrating an increase in 

current (nA) when the laser is turned on (yellow) compared to when there is no light coupled through the 

emitter (green).  

 

 

Figure 4-35: (A) and (B) SEMs of the MES emitter used (10-3: coated with trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane in 0.1% tetradecafluorohexane for 12-16 hours) for testing the effect of light-assisted 

desolvation (right); emitter contains an axicon angle of 35.54°, a nozzle length of 25.10 µm and a coating 

recession length of 134.03 µm (evaluated via ImageJ software). (C) Plot illustrating an increase in current 

(A) 

(B) 

(C) 

(A) 

(B) 

(C) 
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(nA) when the laser is turned on (yellow) compared to when there is no light coupled through the emitter 

(green).  

 

 Figures 4-33 to 4-35 clearly illustrate a well-defined increase in spray current with the 

added light component from the class IIIB laser. The tests conducted under no light (laser off) are 

shown in green and provide an average spray current of 5.38×10-7 nA, 1.58×10-7 nA and 6.15×10-

8 nA for the MES emitters labelled 10-1, 10-2 and 10-3, respectively (Table 4-2). The laser was 

then turned on (as shown in yellow), which resulted in an average spray current of 6.87×10-7 nA, 

4.84×10-7 nA and 8.41×10-8 nA for emitters 10-1, 10-2 and 10-3, respectively (Table 4-3). In 

comparison, the light-assisted desolvation generated a spray current 1.28 (10-1), 3.06 (10-2) and 

1.36 (10-3) times greater than the same tests conducted with no 1064 nm radiation. As shown in 

Tables 4-2 and 4-3, the light-assisted tests also produced a much more stable electrospray with 

respect to the standard deviation (STDEV) and relative standard deviation (% RSD) values.  

Important to note as well is the performance difference between the emitters, which were coated 

for 10 minutes (10-1), 60 minutes (10-2) and 12-16 hours (10-3) with trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane in 0.1% tetradecafluorohexane. As tabulated below, the longer coating times 

correspond to a lower spray current and, thereby, a poorer desolvation efficiency. Although the 

coating mitigates coalescence and facilitates MES, longer coating times are also expected to be 

more prone to self-polymerization due to multi-layer deposition. The latter translates to the coating 

leaching off under the extreme conditions of nano-ESI, which leads to problems during 

electrospray.  
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Table 4-12: Current values for Figures 4-33, 4-34 and 4-35: three different MES emitters etched for 35 

minutes at a water flow rate of 72 nL/min. Data corresponds to the spray current (nA) obtained for each 

emitter with the laser turned off.  

Emitter  Average Current (nA) STDEV RSD (%) EHD Mode  

10-1 5.38 x 10-7 7.98 x 10-8 14.8 Single cone-jet 

10-2 1.58 x 10-7 2.85 x 10-8 18.0 Single cone-jet 

10-3 6.15 x 10-8 7.83 x 10-9 12.7  Single cone-jet 

 

Table 4-13: Current values for Figures 4-33, 4-34 and 4-35: three different MES emitters etched for 35 

minutes at a water flow rate of 72 nL/min. Data corresponds to the spray current (nA) obtained for each 

emitter with the laser turned on.  

Emitter  Average Current (nA) STDEV RSD (%) EHD Mode  

10-1 6.87 x 10-7 2.45 x 10-8 3.6 Single cone-jet 

10-2 4.84 x 10-7 1.27 x 10-8 2.6 Single cone-jet 

10-3 8.41 x 10-8 4.17 x 10-8 5.0  Single cone-jet 

 

The results were confirmed by performing the same experiment whereby current data was 

acquired by turning the laser on and off at regular intervals. This is illustrated in Figure 4-36, where 

an increase in current was obtained in each case the laser was turned on (yellow). The boost in 

spray current visualized in Figures 4-33 to 4-36, however, were all obtained in single cone-jet 

mode. As expected, the switch to multiple spray mode (MES) also corresponds to an increase in 

spray current. This is depicted in Figures 4-37 and 4-38, where a variety of different EHD modes 
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are observed over a 60-minute and 20-minute run, respectively. Figure 4-37 was generated using 

a MES emitter with an axicon angle of 42.71°, a nozzle length of 40.39 µm and a coating recession 

length of 186.86 µm. Each letter (A-E) designation corresponds to a different EHD mode as 

initiated by different laser settings (e.g. off, high or low intensity) (Table 4-4). The test was initially 

conducted with the laser turned off (A), which resulted in an intermittent cone-jet mode and fairly 

unstable electrospray (27.8% RSD). The laser was then switched on to low intensity (B), resulting 

in an increase in spray stability (9.8% RSD) and the generation of a single-cone jet mode. It was 

not until the laser was placed into high intensity mode (C) that MES and a substantial increase in 

spray current was achieved. In this case, the switch to MES from single mode (with no 1064 nm 

radiation) corresponds to an almost fourfold increase in spray current. A near twofold increase was 

observed from single mode under low intensity output to MES (high intensity output). A similar 

decrease in spray current is observed when the laser is returned to low intensity mode (D) and 

finally, when the laser is turned off (E). The spray current, standard deviation and RSD (%) values 

are outlined in Table 4-4 for each of the aforementioned conditions.  

A similar test was conducted for an emitter with an axicon angle of 37.15°, a nozzle length 

of 42.15 µm and a coating recession length of 140.51 µm. As shown in Figure 4-38 and Table 4-

5, high intensity mode of the class IIIB laser resulted in the attainment of MES (9.1% RSD) (A). 

The laser was then turned off (B), which resulted in a substantial decrease in spray current (1.56 

times lower) and spray stability (31.2% RSD), but the maintenance of MES mode. After a short 

period of time (~ 3.5 minutes), the individual Taylor cones collapsed with the laser turned off, and 

an intermittent cone-jet mode was generated as a result (C). This change in EHD mode also 

resulted in a significant decrease in spray current. Overall, both tests (Figures 4-37 and 4-38) 
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indicate that the addition of 1064 nm radiation successfully results in an improved desolvation 

efficiency and, thereby, enhanced sensitivity for nano-ESI purposes.  

 

Figure 4-36: (A) and (B) SEMs of the MES emitter 10-3 used (coated with trichloro(1H, 1H, 2H, 2H-

perfluorooctyl)silane in 0.1% tetradecafluorohexane for 12-16 hours; contains an axicon angle of 35.54°, a 

nozzle length of 25.10 µm and a coating recession length of 134.03 µm). (C) Spray current (nA) data 

obtained for emitter 10-3 wherein the laser was turned on (yellow) and off (green) at regular intervals.  

 

 
Figure 4-37: Current data obtained for the MES emitter 9-2 (axicon angle of 42.71°, a nozzle length of 

40.39 µm and a coating recession length of 186.86 µm); each letter corresponds to a specific spray current 

(A) 

(B) 

(C) 
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initiated by a different laser condition and EHD mode, which correlate to the corresponding optical image 

(left) as detailed in Table 4-4 below.  

 

Table 4-14: Quantitative analysis for the spray current data illustrated in Figure 4-37 (emitter 9-2); 

correlating the EHD mode and laser condition to a specific spray stability and desolvation efficiency.  

Area on 
Current Plot 

Average Current 
(nA) 

STDEV RSD (%) EHD Mode  Laser Mode 

A 4.93 x 10-8 1.37 x 10-8 27.8 Intermittent 
cone-jet 

Off  

B 9.93 x 10-8 9.69 x 10-9 9.8 Single cone-jet Low Intensity  

C 1.88 x 10-7 1.96 x 10-8 10.4  MES High Intensity 

D 1.21 x 10-7 1.57 x 10-8 13.0 Single cone-jet Low Intensity  

E 4.77 x 10-8 5.54 x 10-9 11.6 Single cone-jet Off  

      

 

Figure 4-38: Current data obtained for the MES emitter 9-1 (axicon angle of 37.15°, a nozzle length of    

42.15 µm and a coating recession length of 140.51 µm); each letter corresponds to a specific spray current 
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initiated by a different laser condition and EHD mode, which correlate to the corresponding optical image 

(left) as detailed in Table 4-5 below.  

 

Table 4-15: Quantitative analysis for the spray current data illustrated in Figure 4-38 (emitter 9-1); 

correlating the EHD mode and laser condition to a specific spray stability and desolvation efficiency.  

Area on 
Current Plot 

Average Current 
(nA) 

STDEV RSD (%) EHD Mode  Laser Mode 

A 1.33 x 10-7 1.22 x 10-8 9.1 MES High Intensity  

B 8.54 x 10-8 2.67 x 10-8 31.2 MES Off  

C 1.77 x 10-8 2.91 x 10-9 16.5  Intermittent 
cone-jet 

Off 

  
 

    

 Although MES mode corresponds to an improved desolvation efficiency compared to the 

single cone-jet mode, it generally produces a more unstable signal. This is reasonable given that 

nine Taylor cones spraying simultaneously introduces a number of complexities not observed 

when there is only one cone-jet. For instance, certain Taylor cones may coalescence and then 

separate throughout the course of a run, which would introduce significant variability in the current 

output. Moreover, each nozzle is in very close proximity to each other (~ 85 µm from channel to 

channel). As a result, the presence of multiple cone-jets spraying adjacently to each other may 

introduce electrical interferences, thereby, altering the spray stability. The irregularity of the MES 

signal makes it more difficult to confidently assign the boost in spray current directly to the 

coupling of light, as there are many factors at play compared to a single-cone jet mode. It was 

found, however, that higher flow rates produce more stable MES. Thus, tests were conducted in 

multispray mode at a solvent flow rate of 800 nL/min in order to validate the higher efficiency 
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associated with light-assisted desolvation as shown above. This is illustrated in Figure 4-39, which 

shows an increase in spray current with the light component for two different emitters etched at a 

water flow rate of 90 nL/min for (A) 17.5 minutes and (B) 15 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-39: Data depicting the increase in spray current when the laser is turned on (yellow) and off 

(green) in MES mode for (A) an emitter etched for 17.5 minutes at a water flow rate of 90 nL/min (17.89° 

axicon angle and 37.80 µm nozzle length) and (B) an emitter etched for 15 minutes at 90 nL/min (16.65° 

axicon angle and 32.01 µm nozzle length).  

 

(A) 

(B) 
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A similar test was conducted for a MES emitter etched for 12.5 minutes at 90 nL/min, 

which is shown in Figure 4-40 below. In this case, the incremental increase in spray current from 

single to MES mode and from no light to high intensity output is clearly defined. A quantitative 

analysis of the spray current values is summarized in Table 4-6 for each of the EHD and laser 

modes. Most notably, the high intensity laser setting and MES mode corresponds to 1.42 times 

increase in spray current compared to the single mode with no coupled light. This particular 

increase was generated by the MES emitter 7-1, which has an axicon angle of 14.81° and a nozzle 

length of 29.27 µm. As discussed in Chapter 3, it is expected that sharper nozzle profiles (i.e. 

longer nozzles and higher axicon angles) are more conducive to facilitating MES, and, thereby, 

higher desolvation efficiencies. This is further validated by comparing the results in this section 

for varying nozzle profiles, where the emitter with an axicon angle of 31.43° (Figure 4-34) 

generated a spray current 3.06 times greater than the single-cone jet mode with no light. The 

emitter depicted in Figure 4-37, containing a 42.71° axicon angle and a nozzle length of 40.39 µm, 

generated 3.81 times increase in spray current. Thus, in order to maximize sensitivity in the 

manufacturing stage, emitters should be fabricated at higher etch times to produce sharper nozzle 

morphologies. To confirm that the latter effect is unique to the MES emitter fabricated in this 

report, similar tests were performed for the commercial PicoTip™ emitter from New Objective 

(Woburn, MA, USA). This is shown in Figure 4-41 below for a PicoTip™ emitter with a 15 µm 

tip, single-channel and tapered design (A); wherein no distinct increase in spray current is observed 

with the addition of 1064 nm radiation (B).  
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Figure 4-40: (A) and (B) SEMs of the MES emitter 7-1 (etched for 12.5 minutes at a water flow rate of 90 

nL/min) containing an axicon angle of 14.81° and 29.27 µm nozzle length. (C) Spray current data acquired 

with the class IIIB laser off (green) and on (yellow). Results indicate that different laser conditions (i.e. 

high or low intensity) and EHD modes (single or MES) correspond to different desolvation efficiencies.  

 

 Table 4-16: Quantitative analysis for the spray current data illustrated in Figure 4-40 (emitter 7-1); 

correlating the EHD mode and laser condition to a specific spray stability and desolvation efficiency.  

Area on 
Current Plot 

Average Current 
(nA) 

STDEV RSD (%) EHD Mode  Laser Mode 

A 7.56 x 10-8 3.26 x 10-9 4.3 Single cone-jet Off  

B 8.63 x 10-8 3.84 x 10-9 4.4 MES Off  

C 9.89 x 10-8 1.88 x 10-9 1.9  MES Low Intensity 

D 1.07 x 10-7 2.15 x 10-9 2.0 MES High Intensity  

 

 

 

(A) 

(B) 

(C) 
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Figure 4-41: (A) Optical image of the 15 µm PicoTip™ emitter from New Objective (Woburn, MA, USA) 

and (B) Spray current data acquired with the class IIIB laser off (green) and on (yellow). Results indicate 

no clear difference in spray current (or desolvation efficiency) with light-assisted desolvation. After 

approximately 33 minutes, the emitter clogged and was unable to continue electrospraying (as indicated by 

the significant decrease in current output at ~1,970 seconds).  

 

Although we have confirmed a boost in spray current by adding light, it is not obvious 

where this thermal effect occurs. Three mechanisms have been considered, (1) heating the solvent 

at the emitter tip (or along the individual focal lines as illustrated in section 4.3.1) due to absorption 

of the light by the solvent, (2) heating the solvent within the capillary, again by solvent absorption 

of light or (3) absorption of light by the glass of the MSF and transfer of heat to the solvent. Since 

axicon lenses have the ability to generate Bessel beams, they exhibit a tight focal spot whose 

position depends on the differential etching rates of borosilicate and fused silica glass. The ability 

of the microaxicons to focus light and therefore heat the solvent (either at the nozzle tip or further 

along the focal plane, depending on the etch profile), contributes to increased desolvation 

efficiency. Given that DI water and different fused-silica strains often absorb at 1064 nm, it is 

likely that a combination of the aforementioned mechanisms are occurring during light-assisted 

(A) (B) 
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desolvation. This would indicate that the MES emitter composition in tandem with its design and 

structure are dually favourable for enhancing the sensitivity of nano-ESI-MS.  

4.4 Conclusion  

 

In order to confirm the micronozzles’ ability to guide and focus light, a fluorescent 

microscopy technique using 532 nm radiation (from a class IIIB laser) and a rhodamine 6G dye 

was employed. By illuminating the MES emitter, which was submerged in the fluorescent liquid, 

multiple focal lines (from each micronozzle or microaxicon) could be detected using a 532 nm 

dichroic filter and optical microscopy. The results confirmed the ray model established in Bachus 

et al. (2016), where smaller axicon angles correspond to a bright focal region further from the lens. 

In contrast, larger axicon angles (a > 40°) result in a focal region within the tip of the nozzle. The 

experiments were then conducted with solvent flow through each of the nine channels to mimic 

the practical conditions of nano-ESI. The micronozzles were able to guide and focus light in a 

similar fashion with no substantial change in the light intensity distribution. Given that ESI is 

conducted in an ambient environment, the focusing patterns were then imaged using a fluorescent 

aerosol medium. Although it was more difficult to obtain the intensity distribution using this setup, 

the results also support the aforementioned trend and the model founded in Bachus et al. (2016). 

To validate an increase in spray current through the addition of light, a class IIIB, 532 nm, 

green laser (EVO Laser, Wicked Lasers, Limassol, CY) capable of supplying 1064 nm radiation 

was used. An increase in spray current was established in every case that the laser was turned on 

in both MES and single-cone jet modes. Although this was determined irrespective of nozzle 

profile, it was found that sharper nozzle morphologies (i.e. higher axicon angles and longer 

nozzles) generated a greater increase in desolvation efficiency compared to shorter, more shallow 
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nozzles. Overall, the MES emitter design proposed in this thesis indicates a successful sensitivity 

enhancement via light-assisted desolvation with the offline setup. Moving forward, a more in-

depth comparative study should be performed between the MES emitter in this report and 

commercial, single-channel alternatives (with respect to desolvation efficiency, spray stability and 

longevity).  Furthermore, the experiments conducted in section 4.3.2. should be repeated  using an 

online mass spectrometer to validate the boost in spray current obtained via light-assisted 

desolvation. More work could also be done to confirm the ring-shaped distribution profile of the 

microaxicons, which would provide the possibility of extending the application of the emitters 

beyond mass spectrometric analysis (e.g. optical coherence tomography).  
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Chapter 5 

Conclusions  

 Nano-ESI is a widely used technique for a variety of MS applications because of its ability 

to create intact, multiply charged gas-phase ions. The sensitivity of this method is determined by 

its ability to produce bare, gaseous ions from the liquid sample (ionization efficiency) as well as 

its ability to transfer these ions from atmospheric pressure to the low-pressure region of the mass 

analyzer (transmission efficiency). This thesis focused on enhancing the sensitivity of nano-ESI-

MS data acquisition by fabricating an emitter capable of producing multiple electrosprays (MESs), 

and thus, an increase in spray current from commercial, single-channel tapered emitters. The latter 

was accomplished by (1) fabricating a series of MES emitters and characterizing the resultant 

profiles via SEM image analysis; (2) optimizing an offline nano-ESI setup and testing the 

performance of these emitters with respect to their desolvation efficiency, spray stability and 

longevity; (3) comparing these results to those obtained for a commercial PicoTip™ emitter; and 

(4) validating the ability of the micronozzles to act as microaxicon lenses (guide and focus light) 

in order to achieve a boost in spray current via light-assisted desolvation.  

 Two custom-designed nine-channel MSFs were used as templates for emitter fabrication 

via wet-chemical etching with hydrofluoric acid (HF). A dimensional analysis was performed for 

both the polyacrylate (360 µm I.D., 520 µm O.D.) and polyimide (330 µm I.D., 360 µm O.D.) 

coated MSFs using scanning electron microscopy (SEM). A series of different MES emitters (with 

different nozzle morphologies) were then fabricated by altering the etchant concentration, etch 

time and flow rate of water during the etching procedure. Each emitter facet was characterized via 

SEM image analysis with respect to their axicon angle, post angle, nozzle length and coating 
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recession length (for the polyimide coated MSF). As expected from earlier models, it was found 

that higher etch times correspond to larger axicon angle values. The post angle, however, remains 

relatively constant and is therefore independent of etch time. The nozzle length was determined to 

increase with etch time and decrease with flow rate. All of these findings were consistent with the 

previous developed theory established in Bachus et al. (2016).  

Further characterization of the fabrication procedure demonstrated that different water flow 

rates generate a distinctive nozzle morphology. For instance, the 54 nL/min series produced the 

longest nozzles and moderate axicon angle values while the 90 nL/min series produced the largest 

axicon angles and moderate nozzle lengths. In contrast, the 108 nL/min series produced the 

smallest axicon angle values and shortest nozzle lengths. Each emitter (fabricated at the 

aforementioned flow rates) maintained post angle values between 66° and 69° regardless of etch 

time. During etching, it is expected that higher flow rates will produce more shallow nozzle 

profiles as they dilute the etchant more and, thus, provide greater protection from material 

degradation. A reproducibility study was also conducted for emitters etched from both MSFs. 

Reasonable RSD values were obtained, despite the lack of automation, ranging from 1.6% to 4.6% 

(post angle values), 9.2% to 14.2% (axicon angle values) and 8.0% to 15.8% (nozzle length 

measurements) for the polyimide and polyacrylate coated emitters, respectively. For future work, 

it would be useful to image and model the flow dynamics during etching in order to effectively 

correlate the effects of flow rate on nozzle production and, explain in detail, how material removal 

develops over time. Ideally, the fabrication procedure should also be automated to eliminate 

variability between emitters produced by wet etching.  

An offline nano-ESI system was designed in-house and employed to identify the optimal 

conditions for electrospray testing. Voltages of 3.5 kV and a hydrophobic coating (specifically 
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Aculon®) were required to initiate MES from the stable single cone-jet mode. Lower flow rates 

were found to produce higher spray currents (greater desolvation efficiencies), where 300 nL/min 

was chosen as the most stable experimental flow rate. Tests to identify the ideal emitter-to-orifice 

distance indicated that the spray current measurements (taken with the offline system) were unable 

to distinguish between bare ions and those contained within a solvent cage. Distances below 5 mm, 

however, generated very low S/N ratios and periodic electrohydrodynamic (EHD) modes while 5-

6 mm produced the greatest spray current and maximal stability. The performance of the MES 

emitters was then evaluated for twelve different nozzle profiles in order to establish the optimal 

etch conditions during fabrication. It was found that an increase in etch time (i.e. longer nozzles 

and higher axicon angles) corresponds to a higher total spray current; however, higher etch times 

also resulted in poorer spray stability. Moreover, the 54 nL/min series proved the most effective 

at facilitating MES without a hydrophobic coating. Thus, the optimal etch parameters were found 

to be a 20 minute etch time and 54 or 90 nL/min flow rate.  

A comparative study was also conducted between the MES emitter and the commercial, 

single-channel PicoTip™ emitter from New Objective (Woburn, MA, USA). Using the offline 

setup, the MES emitter was found to produce a threefold signal enhancement (with respect to spray 

current) compared to the commercial alternative operating in single cone-jet mode. This 

improvement is consistent with the empirical relationship established by Tang et al. (2001), which 

states that the total spray current is proportional to the square root of the number of individual 

electrospray emitters. Overall, the MES design presented here offers extensive control in 

fabrication, higher ionization efficiency (greater sensitivity), minimal clogging and greater 

robustness compared to the single-channel PicoTip™. However, more work is required to improve 
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the stability of MES, which can be done by improving the efficacy and strength of a covalently 

bonded hydrophobic coating.  

In order to validate the MES emitter’s ability to guide and focus light, a fluorescent 

microscopy technique was employed using rhodamine 6G and 532 nm radiation from a class IIIB 

laser. By illuminating the emitter, which was submerged in the fluorescent liquid, multiple focal 

lines (one from each micronozzle) could be detected with a 532 nm dichroic filter and optical 

microscopy. The results were consistent with the ray model developed in Bachus et al. (2016), 

where smaller axicon angles correspond to a focal region further from the tip of the nozzle. In 

contrast, larger axicon angles (a > 40°) generate a bright focal region within the nozzle. The 

experiments were then repeated with a solvent flow through each of the channels and under 

ambient conditions in order to mimic the practical requirements of nano-ESI. The results for both 

tests further confirmed the ability of the micronozzles to operate as microaxicons and focus 

incident light.  

A series of different MES emitters were then tested on the offline nano-ESI setup to 

validate a boost in spray current through the addition of light (from a class IIIB laser capable of 

supplying 1064 nm radiation). An increase in spray current was established in every case that the 

laser was turned on in both multispray and single-cone jet EHD modes. Although this was 

determined irrespective of the etching conditions, it was found that sharper nozzle morphologies 

generate a greater increase in desolvation efficiency compared to shorter, more shallow emitter 

profiles. Signal enhancements by factors of 1.4 to 3.8 were obtained for a range of emitters, 

depending on nozzle morphology, under high-intensity 1064 nm radiation. Overall, the MES 

emitter design proposed in this thesis facilitates a successful sensitivity enhancement via light-

assisted ionization with the offline setup.  
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Future work should focus on confirming where this photothermal effect is occurring most 

prominently. Different mechanisms might explain the light-enhanced desolvation process, such as, 

(a) light absorption and heating of the solvent at the emitter tip for larger axicon angles or further 

along the focal plane for smaller axicon values (as demonstrated in section 1.3.1) (b) heating the 

solvent by unfocussed light while flowing through the capillary and/or (c) absorption of light by 

the capillary walls and subsequent transfer of heat from the glass of the MSF to the solvent. Two 

experiments may resolve the role of these competing processes: acquiring spray current data using 

a shortened emitter and, in a separate test, using neat liquid water as the spraying solvent. If there 

is no change in the results (with added light) for the first test, the thermal effect is arguably 

occurring at the focal region. For the test employing a liquid water solution, an increase in spray 

current would be expected, as more 1064 nm absorption would occur through water overtones. If 

no effect is observed, it can be assumed that the glass (predominantly borosilicate) is also 

absorbing light. It is likely, however, that a combination of the three mechanisms is occurring 

simultaneously. If this is the case, the composition of the MES emitter in tandem with its design 

and structure are dually favourable for enhancing the sensitivity of nano-ESI-MS.  

Future work should also include a more in-depth comparative study between the MES 

emitter and commercial, single channel alternatives (with respect to ionization efficiency, spray 

stability and longevity). The experiments conducted in section 4.3.2. should also be repeated using 

an online mass spectrometer to validate the boost in spray current observed using the offline set 

up via light-assisted ionization. Additionally, more work could be done to confirm the ring-shaped 

cross-sectional profile of the light emitted from the microaxicons, which would provide the 

possibility of extending the application of the MES emitters beyond mass spectrometric analysis 

into optical coherence tomography.  


