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Abstract

The purpose of this research was to improve knowledge of the by-products of laser

processing; namely the composition of particles, gases and vapours that are evolved

during laser-material interactions. For IR sources, photothermal processes occur

and thermal degradation products result, whereas UV lasers may additionally in-

duce photochemical effects. The material investigated was an ITO ink (indium

tin oxide nanoparticles in a photo-curable binder and organic solvent) spin-coated

onto glass substrates. Thermogravimetric analysis showed that even for tempera-

tures below the upper working limit of the glass substrate, gas-phase products are

produced. Laser heating of the binder, 3-methacryloxypropyl-trimethoxysilane

(MPTS), in a closed chamber showed that infrared irradiation generates butyl

methacrylate. In order to collect a sample representative of the fume entrained

in a local exhaust ventilation (LEV) system, an isokinetic arrangement was de-

veloped. This balances the volumetric flow rates of the main extraction flow and

a sampling tube so that both experience the same flow velocity. Gases were col-

lected with this system into a Tedlar bag and then adsorbed onto a solid phase

microextraction (SPME) fibre followed by GC-MS analysis. However, contami-

nation from polymers in the sampling system was detected and so a glass/metal

construction was utilized in the final version. The gas phase data were inconclusive

as no peaks above the detection limits of the equipment could be attributed to

laser interactions. The cause of this has been tentatively attributed to excessive

dilution of the analytes. Through SEM and EDXA measurements, particulates

captured following 130mJ/cm2 XeCl laser irradiation were successfully identified



as 40nm ITO particle clusters. It is concluded that the use of a three-stage LEV

system is advisable with pre-filter, HEPA filter, and activated charcoal. A flow

rate of at least 150m3/hr is recommended, and personal monitoring is advised.
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Chapter 1

Introduction

The role of lasers in manufacturing industries is increasing and will continue to

do so [1–3]. It is necessary, therefore, to improve knowledge of laser processing

by-products so as to mitigate any hazards. Laser generated fume is the combina-

tion of substances released from a material during irradiation. Fume consists of

permanent gas phase and condensing emissions, as well as particulate ejecta.

During laser processing, fume is produced at the interaction site by photothermal

and photochemical ablation processes. In the photothermal case, energy absorbed

from the laser irradiation manifests as heat, and causes evaporation via the pro-

duction of volatile species. Alternatively, interaction with irradiation from lasers

that produce photons higher in energy than molecular bonds can induce photo-

induced bond scission, which breaks bonds in the material causing the release of

volatile products. The chemical composition of fume therefore originates from the

decomposition products of materials processed at the interaction site via these ab-

lation processes. It is possible that volatile material produced as gas phase in the

elevated temperatures near the interaction site, can undergo adiabatic expansion

and form condensed droplets as the vapour cools.

It is necessary to develop techniques and processes to capture and analyse gases

and particulates released from the laser interaction site so that potential hazards

can be identified.

1



Chapter 1. Introduction 2

Areas of technological growth are electronic displays and photovoltaic devices that

require flexible, transparent, and conductive electrodes. Commonly used materials

in these devices include transparent conductive oxides (TCO’s) such as indium

tin oxide (ITO). ITO is most commonly used in thin film form, principally as

transparent electrodes for solar cells and liquid crystal displays. ITO is the most

commonly used form of indium, a scarce metallic element. Indium has been classed

as a Critical Raw Material (CRM) leading to substantial price increases over recent

years. It is predicted that the global supply of indium will be exhausted within

the coming decade [4]. Therefore, it is necessary to reduce the use of indium now

and develop indium-free technologies for the future. Methods of reducing ITO

usage include avoiding wastage and streamlining manufacturing processes, such

as ink-jet printing ITO solution-based inks followed by laser sintering. Success in

developing such ink-laser heat treatment procedures will result in large-scale fume

output from device manufacturers.

The objective of this thesis is two-fold. To develop particulate and gas phase fume

sampling techniques, and to analyse the fume composition resulting from laser

processed next-generation ITO inks. In this way, the subsidiary aim of determining

if the fume is harmful will be enabled.

The structure of this thesis is as follows. Firstly, a literature review will discuss

the emissions from various laser-material interactions. Current industrial scale

laser filtration will also be considered and sampling techniques related to the laser

processing of materials will be described. Literature describing the materials that

will be laser irradiated will be explored, and the substances produced from previous
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laser fume analyses reviewed. Finally relevant analysis techniques will be discussed

and described for the laser fume analysis approach.

Chapter 3 introduces and characterises the materials involved in laser irradiation

of wet processed ITO inks. This involves the components of the printed structures

used in this project such as the ITO nanoparticles, 3-Methacryloxypropyltrimeth-

oxysilane (MPTS) binder and isopropoxyethanol solvent.

Chapter 4 describes the premise and development of static sampling. Static sam-

pling encompasses closed cell systems or those with no extraction. This means

fume created via laser processing is not transported in an ambient gas flow and

is therefore accumulated for analysis. Results are discussed for the solid-phase

microextraction (SPME) fume analysis of the radio frequency carbon dioxide

(RF:CO2) (10.6µm) laser-material interactions.

Chapter 5 covers dynamic sampling which involves the sampling of fume from

an extraction flow. The development of this method is shown to be analogous

to extraction systems in the work place and the results are therefore relevant to

sampling in the manufacturing industry. Results will be discussed for the RF:CO2

laser (10.6µm), xenon chloride (308nm), and argon fluoride (193nm) lasers with

regards to particulates and gaseous output from laser-material interactions.

In Chapter 6 a hazard assessment is performed for the substances identified from

sampling techniques in chapters 4 and 5.

Finally, chapter 7 reviews outcomes of earlier chapters and draws further conclu-

sions. Future work is suggested and discussed.



Chapter 2

Literature review

2.1 Introduction

Knowledge of the composition of any fume in the manufacturing work place is

important so as to ensure the safety of the employees. However, the aim of most

literature that has measured gas and particulates has been to investigate the laser

interaction mechanism, whereas little literature has been concerned with health

and safety and hazard assessment in the workplace. In 1995, two thirds of fac-

tories did not measure the quantity of hazardous by-products produced by laser

processing [5]. By monitoring emissions before and after processing, the effects of

enclosure design, extraction and filtration can be ascertained. In order to ensure

that the appropriate extraction and filtration is used, knowledge of the quantity

and type of fume is needed. The forms in which laser-produced fume can occur

include particulates, aerosols, gases, smoke and condensed vapour [5, 6]. It has

been verified that when irradiating plastics, 90% of the particulates produced are

less than 1µm in diameter [5]. The cause is not clear, however, regulations demand

further pre-production testing. This poses serious risks to persons exposed to this

fume as the nanoparticles can be aspirated into the lungs [5]. There is some work

specifically on fume safety in the medical industry [7–9], and from the health and

safety direction of the employees [5, 6, 10].

4
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In this chapter the literature regarding the by-products produced during ultraviolet

(UV) and infrared (IR) laser irradiation of materials will be reviewed. In order

to identify these chemicals they will first have to be collected. Therefore several

techniques to sample both gas-phase and particulates will be described.

2.2 UV laser irradiation

There are many instances of laser fume generation in many experiments such as

laser etching of polymers. Laser ablation of polyimide was completed at both

193nm and 308nm to study the mechanism of this process and perform chemical

analysis of the products via laser-induced fluorescence analysis. The only product

condensible at room temperature was carbon, both diatomic carbon (C2) and

cyanide (CN) were observed along with hydrogen cyanide (HCN). Srinivasan et.

al. deduced that one photon absorbed by one monomer was not sufficient to

produce ejecta, and in fact it takes many photons absorbed per monomer to eject

small products (less than 4 atoms) at supersonic velocities [11]. It follows using

lasers of the same wavelength at a fluence of at least 0.08J/cm2 and pulse duration

of 50ns [11] on polymer films, carbon-based ejecta might be observed. The ejecta

were observed to leave the surface at a solid angle of 30°[11].

Creasy et. al. observed large carbon cluster ions (m/e >800amu) which showed

parallels in the mass spectrometry of soot generation in flames [12]. These were

formed from the irradiation of polyimide and graphite with a laser wavelength of
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266nm and pulse duration of 10ns. The fluence used was 0.5-1J/cm2 and caused

4x1013 atoms of carbon to be ablated [12].

Gotz et. al. found that when irradiating solid indium at 248nm with 15ns pulses,

the ablation threshold was 100mJ/cm2. Neutral indium atoms were found to eject

in a perpendicular direction to the irradiation [13].

2.3 IR laser irradiation

When collecting laser generated fume, it would not be effective to merely have the

collection system in the same laboratory as the laser interaction site. Therefore a

distance must exist from which an adequate sample can be collected. It has been

shown that a fume evacuation system is only effective if situated within a short

distance of the laser interaction site [7]. Smith et. al. [7] used a 30W continuous

wave laser with a spot size 0.5-1.0mm at the surface, to simulate smoke produced

during surgery. The extraction unit used had a nominal flow rate of 1.4 m3/min

with high-efficiency particulate air (HEPA) filters rated for 99.97% capture of

0.3µm particles.

An ‘oblong shaped nozzle’ was used approximately 50mm from the laser interaction

site. They also used aerosol monitors to estimate the fume concentrations at

distances in the region of 1m from the laser interaction site. The assumed area

of the nozzle during their ventilation calculations was approximately 9.5cm2 for

a round opening. They also indicate that further study is needed with nozzles of

different designs [7]. It was found that 100% of fume was captured with the above
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apparatus approximately 50mm from the laser site. The authors did not specify

the particles size but evacuators able to collect particles efficiently down to 0.1µm

are recommended.

In another study, Smith et. al. [8] found that ambient airflow greatly affected

the efficiency of fume collection. If the external flow was in the same direction

as the extraction nozzle flow, very efficient collection occurred, however ambient

flow at any other angle greatly affected the capture of emissions as a function of

distance from the laser site [8]. The laser used was a continuous wave CO2 with

spot size 0.5-1.0mm at the surface. The irradience levels used were between 3.8-

50kW/cm2 [8]. The size of particulates captured was not noted by the authors.

With an increase in laser power, an increase in air flow speed was also needed to

overcome greater fume release velocity, and the nozzle needed to be closer to the

laser interaction site [8]. The highest efficiency of fume collection was found to be

when the nozzle was as close as possible to the laser interaction site [8] however

other literature states that fume will be collected within a distance of 1.5D (fig.

2.1 ), where D is the internal diameter of the nozzle.
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Figure 2.1: Velocity contours of a plain circular opening as a function of
diameter percentage. It shows the velocity decreases inversely with the square

of the distance from the opening [14].

Laser cutting of various plastics was completed and a qualitative report of the

fume produced by Sims et. al. [15]. The production of hydrocarbon aromatic
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rings was found along with evidence of particulate matter. A continuous 1500W

carbon dioxide (CO2) laser was used with a zinc selenide lens of focal length

125mm, and a beam diameter of 1mm. The speed was 4m/min and the laser

power was set to 750W [15]. The particulate material was collected on glass fibre

filters situated 300mm from the interaction site along with thermal and charcoal

adsorption tubes. All the fume collection equipment was situated within a cabinet

surrounding the laser interaction which consisted of a box with one outlet for the

extraction flow, and a 10mm gap for fresh air to enter. The dimensions of the

cabinet were 1.8x1.8x1.9m. The extraction equipment was not turned on until

the fume had dispersed within the cabinet for 2 minutes. After 3 minutes the

cabinet was opened for the next sheet of material to be cut [15]. For analysis, the

filters were weighed before and after sampling to determine the weight gain. The

Tenax adsorption tube was thermally desorbed and the sample flowed through

a gas chromatography-mass spectrometry (GC-MS) instrument with quadropole

mass spectrometer. The sample was solvent-desorbed from the charcoal tube with

methanol and carbon disulphide and then introduced to the GC-MS. The oven

temperature ramp was increased by 5°/min from 50℃ to 250℃. The column used

was non-polar bonded phase column [15]. When laser cutting polyethylene tereph-

thalate (PET) in argon, 8.46mg of particulate material was collected from the glass

filters [15].

Laser processing of 3mm thick polyvinyl chloride (PVC) was undertaken with a

300W continuous CO2 laser at a feed rate of 4m/min. Air was used as an assist

gas at 50psi through a nozzle diameter of 1mm [6]. A fume box was developed
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that encapsulated the laser output, machining table and included a pipe to the

extractor. The main fume components identified were hydrogen chloride, methyl

methacrylate and benzene. Hydrogen chloride (HCl) is dangerous as it can cause

burns to the skin and corrosion of equipment. It was found that 80% of the emis-

sions were particulates 0.02-0.2µm3 in size [6]. The extraction flow was 0.5m3/s

with a velocity of 2.6m/s. The extraction was through a honeycomb mesh 3.2mm

in size with a depth of 40mm. The aim of this set up was to create a laminar flow

within the fume box, however due to the large components within the box, only a

turbulent flow was induced [6].

2.4 Gas sampling techniques

The by-products produced by the UV and IR irradiation of materials can include

gases and/or vapour. The identification of these chemicals is difficult as there

is much dilution of the sample in an extraction flow. Vassie et. al. determined

that the fume must be contained to be analysed [6]. Laser irradiation inside a

chamber is the easiest way to concentrate and collect fume. A material is placed

in an air-tight chamber with an appropriate window (e.g. sodium chloride (NaCl)

window for a wavelength of 10.6µm) and the fume is accumulated during irradia-

tion. However, this method is not analogous to large scale irradiation or processes

involving high pressure assist gases [6]. Conversely, if a sample is collected from

an extraction flow, it may be possible to quantify how much fume it contains by

creating an isokinetic condition.
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2.4.1 The isokinetic condition

In order for fume sampling to be representative of the main extractor flow, it is

advantageous to consider the isokinetic condition [16]. In this way particulates are

entrained and sampled in a controlled way allowing the potential for quantitative

analysis. The general idea is that the sample flow rate in the probe tube (figure

2.2) is balanced to give the same flow velocity as the fume extractor pipe. In figure

2.2 the impact a difference in velocity between the sample pipe and the extraction

pipe will have is illustrated, either collecting too much sample or forcing the flow

around sample pipe opening. Whilst it is not a problem to sample too much fume,

the sample will not be collected isokinetically in this instance.

Figure 2.2: Two figures showing the isokinetic condition and alternatives. If
the flow velocity in the sample pipe is too high, more fume and particulates are
collected. However if the sample velocity is too slow, then not enough fume is

collected and will not enter the sample pipe. [17] [16]

The flow velocity through a pipe is related to the volumetric flow rate via equation

2.1 [18].

Vx =
Qx

π(Dx/2)2
(2.1)
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Where Vx is the flow velocity (m/s), Qx the volumetric flow rate (m3/s), and Dx

the diameter of the pipe (m).

By assuming an isokinetic condition between two flow systems, for example an

extraction system and a fume collection system, you can then determine the isoki-

netic flow rate (equation 2.2)[16].

Qn

Qp

=
D2

n

D2
p

(2.2)

Where Qn and Qp are the volumetric flow rates of the sample pipe and extraction

pipe respectively (m3s−1), and Dn and Dp are the diameters of the sample pipe

and extraction pipe respectively.

Equation 2.2 shows that by altering the pipe diameters, and controlling the volu-

metric flow rates in both systems the isokinetic condition can be achieved.

2.4.2 Sample concentration

In addition to an isokinetic condition through which laser generated fume can pass,

a method for collecting analytes from the flow must be used. As the gas phase

material generated during laser processing may be small in volume, the correspond-

ing concentration of the analytes is expected to be very low. Consequently it is

necessary to choose an analysis technique capable of pre-concentrating the fume.
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Here we have used solid phase microextraction as the analytes are progressively

absorbed to the SPME fibre increasing their concentration. Solid phase microex-

traction is a method that can be employed where substances in vapour form or of

low concentration are involved. SPME is simple, inexpensive and solvent free [19].

Solid Phase Microextraction works via a partition coefficient or distribution ratio

of the analyte between a matrix and a coated silica fibre. The distribution of the

analyte reaches equilibrium when a certain amount has been adsorbed by the fibre.

Due to the concentration of the analyte on the fibre, mass resolution is maintained

and minimum detection limits are improved [20].

Lee et al. [21] used a GC-MS system to study volatile organic compounds in

workplace air. [21] The SPME needle was inserted directly into a polyvinyl fluoride

bag called a Tedlar bag, through a septum. The needle was then removed after

extraction for 15 minutes and the SPME fibre was directly exposed to 250℃ for 5

minutes in the gas chromatography injector. Connected to the gas chromatograph

(GC) was a mass spectrometer detector which scanned a mass range from m/z

35 to 280 amu. This set up involves the use of extra equipment such as gas tight

syringes and the procurement of an SPME coated fibre with plunger function [21].

Before experimental use, the fibre must be conditioned at the recommended tem-

perature [22] in the GC-MS inlet. This removes any substance adsorbed onto the

fibre previously or during storage.

Thermal desorption tubes (Tenax Ta) were used to sample biological and envi-

ronmental volatile organic compounds (VOCs) in the workplace [23] and also to
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sample gas and vapours from IR irradiation of PVC [6]. The tubes were condi-

tioned by passing through 100mL/min of nitrogen at 320℃ and were proven to be

stable for at least 30 days. To transport them, the tubes were capped and stored in

an air-tight jar at 4℃[23]. In ambient workplace air, 26 VOCs were found in con-

centrations lower than 8mg/m3. Thermal desorption tubes are compatible with a

wide range of chemicals and mass ranges, and can be used at different atmospheric

concentrations [23]. The tubes can be input into a thermal desorption instrument

coupled to a GC-MS for quick and simple identification of chemicals.

2.4.3 Sample transfer and Tedlar bag sampling

With an isokinetic condition achieved, a sample can then be collected. In order

to analyse fumes from laser sintering of transparent oxides, gas will be collected

via isokinetic extraction. There is a risk that the sample may have cooled down

and condensed the further it flows from the laser interaction site. Therefore this

method involves filling a polymer Tedlar bag, isokinetically (section 2.4.1). The

Tedlar bag can then be introduced to an oven to volatilize and condensed vapour.

The Tedlar bag consists of a polymer bag with a sampling port containing a

septum, the bag fills as gas is pumped in. Tedlar is the trade name for polyvinyl

fluoride film developed in the 1960s. Tedlar film is tough yet flexible and retains its

properties over a wide range of temperatures. Other advantages to Tedlar include

low permeability to gases, good chemical inertness, good weathering resistance and

low off-gassing.[24] The Tedlar foil is transparent to UV light and so should be kept

out of sunlight to avoid disrupting the samples. Compounds commonly detected
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already in the bags include: methylene chloride, toluene, acetone, ethanol, 2-

propanol, phenol, and dimethylacetamide [24]. These can interfere with the fume

analysis and should be accounted for.

Some substances may be absorbed by the bags with use so it is advised to consider

the data quality objectives before reusing the bags, for example if low ppbv levels

are expected [24]. In order to reduced potential contaminants from the bag itself,

flushing with pure nitrogen or compressed air is recommended before use [25].

There are two methods used to sample with a Tedlar bag: sampling with a rotary

vane pump and sampling with diaphragm pump. The diaphragm pump avoids

contamination as the components which are in contact with the sample are sealed.

The diaphragm pump used must have a small flow rate (0-5L/min) and a piece of

tubing to fill the bag.

Tedlar bags are available with a single polypropylene fitting or dual stainless steel

fittings so can be coupled to polymer and rubber tubing or metal pipes [26].

It is also possible to adsorb laser fume analytes directly onto an SPME fibre.

Seneviratne et al. used laser adsorption with a mid IR laser to irradiate targets

[27]. The sample was drawn into a heated tube suspended 1mm above the laser

target. From this tube the analytes were captured on the SPME fibre, and then

introduced to the GC injector [27]. This research states that combining mass

spectrometry with SPME can detect small amounts of complex mixtures. This

leads to a versatile active fume sampling approach which is also robust and cost

effective. The only drawback of this system is the inability to separate the sample
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before analysis [27]. Laser desorption sampling, collection of gas-phase products

from laser-material coupling, was first demonstrated with a pulsed visible dye

laser and an optical fibre inserted into a GC capillary column [27]. Seneviratne et.

al. determined that an energy of 1.2mJ per pulse was sufficient to produce SPME

detectable results [27]. They also found that less than 200ng of a substance, such as

caffeine, deposited at the laser interaction site did not produce a detectable GC-MS

signal. Therefore the sensitivity and detection limits of the GC-MS determine the

minimum amount of material that can be identified. They calculated the capture

efficiency to be 4% from the ratio of peak intensity of laser ablated substance to

the peak intensity of the headspace analysis of the same analyte. If the capture

efficiency is only 4%, it can therefore be deduced that 96% of the fume is released

into the atmosphere or drawn into an extractor. A low capture efficiency indicates

that a very sensitive technique is necessary, such as SPME which pre-concentrates

the sample. The metal transfer line between the laser interaction site and the

SPME fibre was held at 85℃ by heating tape to avoid condensation of the vapour

[27].

2.5 Particulate capture techniques

It has been determined that particulates produced by laser irradiation can be

smaller than 100nm in size. Furthermore, particulates that are between 20-80nm

can tranfuse through the lungs into the blood stream [9]. Schultz summarised

several particulate capture methods utilising an air flow from an extraction unit.

The methods include a hollow wand with 22.2mm internal diameter (ID) that was
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situated very close to the laser interaction site and had a capture efficiency of 95%

[9]. Also a device was developed that used open cell foam sandwiched between

non-porous plastic which was connected to a 31.75mm (ID) pipe to the extractor.

The capture efficiency of this method was 99.5% and had the advantage of a large

surface area [9]. It was determined that the flow rate required to capture the

fume produced was between 0.48-0.62m3/min [9]. To avoid re-entry of the laser

plume to the manufacturing location, a HEPA filter is advised to collect 99.97%

of particles 0.3µm in diameter or larger [9].

Mirzaee et. al. showed it was possible to capture airborne particles by pumping

the air in the form of microscale bubbles through distilled water [28]. The device

fabricated was called an impinger, and consisted of multiple 68x100µm gas inlets,

40µL of water, and a 2mm diameter gas outlet. The flow rate through the device

was between 0-100mL/min. The experiment undertaken involved air containing

polystyrene latex particles of 0.5, 1, and 2µm diameter. To measure the number

of particles going into and leaving the device, a 200nm pore size membrane filter

was used. From this the capture efficiency was calculated. The values are shown

in table 2.1.

Table 2.1: Capture efficiency as a function of particle size and flow rate of a
microimpinger. Data from [28].

Capture efficiency

Particle size µm Flow rate mL/min
10 15 20

0.5 99.4% 95.4% 95.2%
1 94.2% 96.0% 95.2%
2 100% 99.7% 100%
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The larger particles seem to migrate to the liquid more easily than smaller sizes,

however it is interesting to note that the slowest flow rate does not determine the

highest capture efficiency.

Palanco et. al. were able to capture gold particulates from laser ablation at flu-

ences 10-100J/cm2 on silicon witness plates. These witness plates were situated

perpendicular to the gold sample and horizontal to the incoming laser. Two plates

were used to determine the spatial distribustion of the ablated particles. The sili-

con plates were imaged via scanning electron microscopy (SEM) after irradiation

[29]. Similarly, Tillack et. al. [30] measured the distribution of condensate by

atomic force spectroscopy on metallic coated silicon wafers with a roughness of

approximately 4 Å. They determined that with an increase in laser intensity, the

number density increased but the size of the particulates decreased [30].

2.6 Conclusion

In this chapter, literature concerned with irradiation via UV laser regimes was

reported on. The photodegradation products are caused by direct bond scission

due to the high photon energy of the incoming irradiation. This leads to small

mass fragments that are in the gas phase. Irradiation by IR laser processes was

also reviewed showing thermal decomposition products. These by-products were

comprised of particulates, condensed material, and components that were similar

to the effects of burning. Existing gas sampling techniques were described includ-

ing isokinetic sampling, concentration, and capture of a sample. Also literature
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involving the collection of particulates from an air flow was reviewed. The irradia-

tion and laser cutting of polymeric materials was reviewed as there is a possibility

of fume from polymers originating from two sources in this research. These are

irradiation of the ink and substrate. The ITO ink in this research contains a poly-

mer subcomponent. And future work is to include laser fume analysis of printed

ITO ink on polymeric substrates, as they are ideal for flexible electronics.

From the above literature, SPME seems the most suitable method to collect and

analyse a sample due to its suitability for low concentrations and its ability to

pre-concentrate the analyte. Gas samples should be collected in a Tedlar bag

which would be suitable for workplace sampling. Furthermore, particulates can

be capture via filters (HEPA), bubbling through liquid, or via witness plates.

Witness plates should be chosen as there are no limitations on the size of particle

and flow rate of the system. Also witness plates are simple to visualise via SEM.

In summary, a system comprising of SPME analysis from sample collection in a

Tedlar bag should be utilised. And witness plates should be situated around the

laser interaction site to identify any particulates released from irradiation.
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Materials

3.1 Introduction

The material of interest in this work was an ITO-based ink, comprised of three

materials: ITO nanoparticles, a binder, and a solvent. This ink was developed and

supplied, as a finished product, by the Leibniz Institute for New Materials (INM)

in Germany [31]. Once deposited by spin coating, this ink is laser heated. Raising

the temperature removes any unwanted organic material and increases the density

of the structure so as to improve its electrical conductivity whilst retaining optical

transparency. Therefore, an estimate of the potential laser-induced temperature

rise required for decomposition could be obtained by looking at the characteris-

tics of each component individually. The lasers used in this research were in the

UV and IR spectrum. They include a RF:CO2 laser (10.6 µm), a xenon chloride

(XeCl) excimer laser (308 nm), and an argon fluoride (ArF) excimer laser (193

nm). In this chapter, measurements of the ITO nanoparticles, organic binder, and

the solvent are presented. Particular emphasis is placed on their thermal decom-

position temperatures as this will inform the possibility of laser generated fume.

The substrates used and the thin film deposition technique is also introduced.

20



Chapter 3. Materials 21

3.2 Nanoparticles

In order for the ink to be conductive, nanoparticles must be included. These

consist of crystalline nanoparticles of ITO (In2O3:Sn, 8 mol% Sn) with an average

size of 25 nm [32]. Puetz et. al. suggested a particle of <30nm ensures low light

scattering enabling use for transparent conducting materials [33].

The nanoparticles are dispersed in the binder and solvent. When heated, the

polymer binder is removed and the distance between the nanoparticles reduces,

increasing the conductivity of the film. Shown in figure 3.1 is the unirradiated

surface of an ITO film which highlights the uniformity of the nanoparticles.

Figure 3.1: SEM image of an unirradiated ITO film showing the uniformity
of the nanoparticles surrounded by MPTS binder. [32]

Table 3.1 shows the main characteristics of the ITO nanoparticles.
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Table 3.1: Material characteristics of indium tin oxide nanoparticles dis-
tributed within the ITO ink [34].

Material characteristics

Formula In2O3:Sn, 8 mol% Sn
Molecular weight 428.341 g/mol

CAS number 50926-11-9
Appearance Yellow powder

Size 25nm average diameter

3.3 Binder

The 3-methacryloxypropyl-trimethoxysilane (MPTS) binder is a colourless viscous

liquid that can be dropped onto the substrate to spin-coat. Table 3.2 outlines some

characteristics of MPTS.

Table 3.2: Material characteristics of 3-methacryloxypropyl-trimethoxysilane
(MPTS) used as a binder to incorporate all components of the ITO ink [35].

Material characteristics

Formula C10H20O5Si
Molecular weight 248.35 g/mol

CAS number 2530-85-0
Appearance Colourless liquid

Melting point -19.99 C at ≈ 1,013.0 hPa
Boiling point 190℃

Vapour pressure 0.023 hPa at 25℃

For the MPTS binder in air (Fig. 3.2), the thermogravimetric analysis (TGA)

data shows that mass loss begins at ≈375℃. From the trace it can be seen that

50% of the MPTS thermally degrades by 500℃.
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Figure 3.2: TGA trace for heating the MPTS binder in air. Decomposition
of the material can be seen to occur for temperatures exceeding approximately

375℃.

In order to produce a fingerprint chromatogram for the MPTS binder, headspace

analysis was performed. Firstly, 5ml of the MPTS binder was deposited via micro

pipette into a headspace vial. An SPME fibre that had been conditioned at 270℃

for 30 minutes was inserted through the vial septum and exposed. The fibre and

vial assembly was then placed in an oven at 60℃ for a 60 minute extraction and

was then introduced to the GC-MS and analysed.
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Figure 3.3: Chromatogram of MPTS binder extracted via SPME in an oven
at 60℃ for one hour.

Figure 3.3 is the fingerprint chromatogram for the MPTS binder. As well as the

air peak at approximately 2.5 minutes, there are three significant peaks at 5, 14

and 21 minutes which are (2Z)-2-butenoic acid methyl ester (CAS no. 4358-59-2),

butyl methacrylate (CAS no. 97-88-1), and tributylamine (CAS no. 102-82-9)

respectively.
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3.4 Solvent

The role of the solvent in the ITO ink was to dilute the MPTS and nanoparticle

mixture. Dilution was necessary for uniform deposition via spin coating. The sol-

vent used was 2-isopropoxyethanol (IPE), the characteristics of which are outlined

in table 3.3.

Table 3.3: Material characteristics of isopropoxyethanol used within the ITO
ink. [36, 37].

Material characteristics

Formula C5H12O2

Molecular weight 104.15 g/mol
CAS number 109-59-1
Appearance Clear colourless liquid

Melting point -89.99℃
Boiling point 42 - 44℃ at 17 hPa

Vapour pressure 3.5 hPa at 20℃
Water content 0.06%/553.50ppm

Figure 3.4 shows that mass reduction of isopropoxyethanol during TGA occurs

almost immediately as the temperature increases from 33℃. Observed is a 100%

mass loss occurring by approximately 120℃. The sample size was 45.39 mg and

the temperature ramp began at 25.0℃ and increased by 5K/min to 350.0℃.
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Figure 3.4: TGA trace for heating the isopropoxyethanol solvent in air. Evap-
oration of the material can be seen to occur for temperatures exceeding approx-

imately 50℃.

3.5 Substrates

The substrate used was Borofloat-33 glass [38]. The chemical composition of

Borofloat-33 is as follows: silicon dioxide (SiO2) 81%, boron trioxide (B2O3) 13%,

sodium oxide/potassium oxide (Na2O/K2O) 4%, aluminium oxide (Al2O3) 2% [38].

The dimensions of which were 50 x 50 x 2mm. For some experiments, smaller sub-

strates were required. These samples were produced from larger sheets of glass

that were cut with a diamond tipped glass cutter. Glass substrates were chosen

as they’re relevant to the display industry i.e. transparent in the visible spectrum.
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Flexible polymers would be ideal for flexible electronics however difficulties occur

under heat treatment. Since glass doesn’t damage as easily, it was selected. A

borosilicate glass is preferable due to it’s low coefficient of thermal expansion [38].

For this project’s purpose, it is necessary to use a substrate that is completely

transparent to visible light such as borosilicate glass, however this is not 100%

transparent at UV and IR wavelengths. In figure 3.5 it is shown that the trans-

mittance at 308nm is approximately 70% for a thickness of 2mm. It is necessary

to consider the substrate when choosing the laser regime for laser processing as

the transmittance of the substrate determines how much energy is absorbed. This

can cause damage. If the substrate is damaged it is likely the conductivity of the

film above will be compromised.

Borosilicate-33 can be cleaned with any commercially available glass cleaner [38],

however the samples were kept stored from manufacture to laser processing and

therefore unlikely to be contaminated.
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Figure 3.5: Borofloat-33 transmittance in the UV Range. The glass samples
were 2mm thick and a wavelength of 308nm was used for laser processing of

glass samples [38].

Figure 3.6: Borofloat-33 transmittance in the IR Range. The glass samples
were 2mm thick and a wavelength of 10.6µm was used to laser process glass

samples [38].
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3.6 Ink

The ink comprised of three materials: ITO nanoparticles, a binder, and a solvent.

The percentage composition is noted in table 3.4. This mixture of compounds

was designed to create a printable ink that could be used in processes such as

gravure and ink-jet printing. In order to predict what might happen when a sample

undergoes laser-induced heating, thermogravimetric analysis was completed for

the ITO ink. The TGA was run under air to simulate the laboratory process in

future experiments. Although the heating rate of the TGA instrument is markedly

different to the laser heating rate, it can act as a guide to whether a particular

component of the ink is expected to become volatile during processing. Such an

analysis is shown in figure 3.7 for the ITO-based ink in isopropoxyethanol solvent

and with the MPTS binder.

Figure 3.7: TGA trace for heating the ITO-based ink in air. The initial weight
loss corresponds to the volatilisation of the isopropoxyethanol solvent. There is
also a slight change in gradient between 350 and 400℃ which is related to the

MPTS binder.
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A 72.19mg sample was used. The TGA temperature ramp started at 20℃, in-

creased at a rate of 2K/min to 35℃, then increased by 5K/min to 500℃. Figure

3.7 shows that initially there is a dramatic loss in mass as the isopropoxyethanol

solvent becomes volatile. Figure 3.4 shows that the isopropoxyethanol is removed

up to 120℃ of the temperature ramp which is also observed for the whole ink. This

mass loss accounts for approximately 50% of the mass reduction at temperatures

up to 500℃. In the 325 - 400℃ range there is also a slight change in gradient.

Figure 3.2 shows that MPTS degrades significantly at temperatures above 350℃

which could therefore account for the mass loss observed of the ink.

In order to determine if the components of the ink break down individually in

the same way as they do in the ink, comparisons of the mass loss of each com-

ponent were undertaken. The table below (table 3.4) shows the percentage of

the components present in the ink observed from TGA, versus the actual wt% of

the components. The temperature ranges where the MPTS and IPE mass losses

were observed were 325-450℃ and 40-150℃ respectively. These were used for the

calculations in table 3.4.

Table 3.4: Analysis of figure 3.7 assuming the features are associated with the
corresponding components of the ink.

ITO MPTS IPE Residue

Composition 40% 6.4% 53.6% 0%
TGA loss at

500℃
individual

components

n/a 50% 100% 0%

Predicted
TGA loss

0% 3.2% 53.6% 40%

Ink TGA loss
from figure

3.7
0% 3.07% 45.8% 43%
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Table 3.4 shows that 8.06% of the ink is unaccounted for within the TGA of the

components. The expected percentage of the MPTS and IPE in the ink differs

from the actual value by 3.93% and 16.0% respectively. The value for residue of

the ink is within experimental uncertainty. The two main features of figure 3.7

studied were the immediate mass loss attributed to IPE, and the smaller mass

loss at 350℃ attributed to MPTS. Since the difference in measured mass loss and

mass of the components in the ink was small, the assumptions can be made with

confidence. It is interesting to note that the MPTS is in good agreement whereas

the IPE is less so. This could be due to the IPE being far more volatile and

some mass may already have been lost when the sample was transferred to the

crucible and then to the TGA instrument. This may account for the 7.8% mass

discrepancy between the measured and known mass values.

3.7 Coating techniques

There are several deposition methods available for ITO inks on glass such as ink-jet

printing, gravure printing, and spin coating. There are advantages to each printing

method. Spin-coating is a quick and easy method to manufacture uniform coatings.

Gravure printing is a quick way to achieve high-volume low-cost patterning [39].

Ink-jet printing is the best method to reduce wastage as only the amount of ink

needed to create a printed pattern is used. Therefore, ultimately ink jet printing

will be the preferred method to reduce the amount of ITO used as it is a finite

resource as described in chapter 1.
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3.7.1 Spin-coating

All of the samples used in this work were manufactured by spin-coating. The ITO

ink samples were spin-coated and heat treated at 70℃ for ten minutes by INM, and

the MPTS/isopropoxyethanol films were manufactured in Hull. The spin coater

used for these films was a Laurell WS-650. In preparation, the 50mm square glass

substrates (Borofloat-33) were cleaned with isopropanol solvent to removed dust

and fingerprints. The samples were spin coated within a fume cupboard as the

chemicals used were expected to become volatile. Once dry, the substrates were

secured to the suction plate of the spin coater by a vacuum. The glass was then

rotated at 10000 RPM for 60s, whilst 100µL of MPTS was added immediately

via a micropipette. Previous tests showed that a rotational speed of at least

10000 RPM was required for an even coating. For amounts of MPTS larger than

100µm there was a non-uniform distribution of material. Isopropoxyethanol was

subsequently dropped onto the MPTS and substrate to encourage spreading and

a uniform coating of the glass. When the samples were baked after deposition,

the MPTS appeared to coalesce and form a non-uniform coating. Therefore, the

samples were left in the fume cupboard at room temperature for 60 minutes before

irradiation with a laser.

3.8 Conclusion

As discussed above the materials used in this project have varying properties.

Thermal analysis of the ITO ink showed that isopropoxyethanol was removed
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from the ink up to 120℃, and thermal degradation of the MPTS binder occurred

at temperatures exceeding 375℃. A fingerprint chromatogram was produced of

the MPTS binder in order to compare with chromatograms of laser fume in future

experiments. Characteristics of the ITO nanoparticles were discussed and the

uniformity of the films with 25nm particles was shown in figure 3.1. Finally the

coating techniques used to manufacture the ITO films were discussed.

During processing, if the laser heats the film to 350℃, we would expect to get

decomposition products of MPTS in the fume. The softening point of the borofloat

substrate is 820℃[40]. The chromatograms in chapters 4 and 5 and the TGA data

above, show that below the melting point of glass fume is still produced. The

temperature that the film and substrate reach is not known when irradiated with

the laser, however if we work below the damage threshold of the glass, gas phase

products are still expected to be measured.
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Static Sampling

4.1 Introduction

In this chapter the process of identifying fume products collected by static sampling

of laser fume is developed. Static sampling encompasses closed cell systems or

experiments with no extraction. This means that fume created via laser processing

is not transported in an ambient gas flow and is therefore accumulated for analysis.

Firstly, the nomenclature involved in fume analysis will be discussed including

sampling methods and fume products. The development of the GC-MS method

used for the identification of gaseous fume products will be illustrated. Then the

static method for sampling laser fume will be explained and the GC-MS results

for static sampling of RF:CO2 10.6µm laser irradiation of MPTS and ITO based

spin-coated films will be shown and discussed.

4.1.1 Background to the experimental techniques

To account for the possibility of condensed phase material and also to concentrate

the analytes in preparation for GC-MS, the technique of solid-phase microextrac-

tion (SPME) was used [41]. A schematic of the sampling to analysis process is

shown in figure 4.1.

34
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Figure 4.1: Process diagram from sampling to data analysis.

Substances that contain volatile organic analytes in the gaseous phase can be sam-

pled via SPME. Solid-phase microextraction is a technique using a flexible fused

silica fibre covered in an adsorbent polymer coating. Analytes from the sample ad-

sorb to the fibre if they fulfill certain characteristics, for example compounds that

are non-polar will show a higher affinity for a coating such as polydimethylsiloxane

which is also non-polar [42]. This research used a 2cm, 50/30µm film thickness,

divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) coated fibre

mounted on a 23 gauge needle [43]. The fibre used in this study was chosen due

to having the largest applicable mass range to sample unknown molecules (40-

275g/mol)[44]. When injected into the heated inlet port of a GC-MS instrument,

the analytes de-adsorb into the carrier gas and flow through the system to be

analysed. This leaves the SPME fibre free from adsorbents and ready for further
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use. This is known as a conditioned fibre. The SPME fibre is conditioned until

there is no analyte signal on the GC-MS. The fibre is then removed from the GC

inlet port and used to adsorb laser generated fume samples following which, it’s

re-entered into the GC-MS for analysis of the fume sample.

In the Agilent 6890+ GC used, the vapourised sample is carried by an inert carrier

gas helium, and injected into the chromatographic column. Analytes enter the

Rxi-5ms GC column which consists of a long tube of fused silica of at least 10m.

The length of the column used, which affects the speed of analysis and resolution

of peaks, was not recorded, but the shortest Rxi-5ms column available to buy is

10m. The fused silica tube contains the stationary phase of 5% diphenyl to 95%

dimethyl polysiloxane and has an external protective polyimide cladding [45, 46].

The carrier gas enables transport of the mobile phase through the column but does

not interact with the stationary phase or the molecules of the analyte [45]. The

separation of the sample occurs as a result of a differential distribution between the

mobile and stationary phases in the column, and the fraction of time the sample

resides in the mobile phase [45]. Molecules strongly retained by the stationary

phase will move slowly in the flow of the mobile phase and are observed as a peak

at a later retention time on the chromatogram. On the other hand, molecules

weakly held by the stationary phase move quicker in the mobile phase and appear

as a peak at a shorter retention time. Also as the sample moves through the

column, it dilutes. This means the volume of gas in the column containing the

analytes increases as the mobile phase moves through the column and band or

peak spreading occurs on the chromatogram [45]. The flow rate of the mobile
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phase through the column is low enough to be fed directly into the ionization

chamber of the mass spectrometer (MS) [45].

Analytes from the sample are identified by mass spectrometry. The MS produces

ions and separates them by their mass to charge ratio (m/z). Since most ions

in the spectrometer have a positive or negative charge of 1, their m/z value is

often equivalent to their mass number [45]. A small amount of the sample is

injected into the MS inlet which introduces the sample to the ion source which

forms gaseous ions by bombardment with electrons [47]. Electron ionization forms

positive ions since the charged beam of electrons approaches the sample molecules

close enough for them to lose electrons by electrostatic repulsion [45]. The sample

is then accelerated into the mass analyser whose role is to separate out the analyte

ions by their m/z ratio. A detector then converts the separated stream of ions into

an electrical signal from which the MS software produces a mass spectrum. The

MS process from the ion source to the detector must be completed under vacuum

in order to extend the mean free path of the ions. The MS used in this research,

an Agilent 5973N, includes a monolithic hyperbolic quadrupole mass analyser and

an electron multiplier detector [47].

The quadrupole consists of four parallel hyperbolic (in cross-section) rods which

act as electrodes. Opposing rods are connected to the negative terminal of a

variable direct current (DC) source, and the other opposing rods connected to

the positive terminal. Also, variable alternating current (AC) voltages, which are

180° out of phase, are applied to both sets of rods. Consider a positive ion that

enters the quadrupole. If the ion is heavy it is harder to deflect from a stable
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trajectory and will be less affected by the AC voltage and more so by the DC

voltage. Between the two positively charged rods, a heavy ion is more likely to

have a stable trajectory, be less affected by the AC voltage and consequently pass

through the quadrupole and onto the detector. Therefore the pair of positive

rods act as a high-pass filter for ions with a large m/z ratio. On the other hand,

without the presence of an AC field, all positive ions will be drawn to the pair

of negatively charged rods and will be neutralised. However with the application

of the AC voltage, low mass ions will be diverted and the movement will be

negated, leaving the low m/z ions to travel through the quadrupole. The pair

of negative rods act as a low-pass filter for the low m/z ratio ions. For each set

of DC and AC voltages there is a limited range of m/z ratio values that travel

through the quadrupole unaffected. Once the ion beam exits the quadrupole, it

is accelerated to several thousand electron volts in order to have sufficient kinetic

energy to liberate secondary electrons from the first part of the detector. The

electron multiplier is in the shape of a horn made of a low conductivity material

over which a voltage gradient is applied. Ions from the accelerated beam eject

electrons from where they strike. These electrons are then accelerated to higher

energies further down the horn and can liberate further secondary electrons. At

the end of the electron multiplier a current gain of at least 105 is achieved [45].

As an MS scan progresses the filtered m/z range is increased in value by varying

the AC and DC voltages in the quadrupole at a constant ratio. This results in

a mass spectrum of peaks ranging from low to high m/z ratio values, which have

originated from the vapourised sample and are identified by the MS software. The

resolution of the MS is set to 1amu meaning a MS can resolve analytes of masses



Chapter 4. Static Sampling 39

differing by 1 atomic mass unit [45]. By previously separating the sample by GC,

the resolution can be further improved as each section of the ion beam which enters

the quadrupole will only consist of discrete values of the m/z ratio.

During a GC experiment, the MS scans the masses repeatedly. A quadrupole mass

analyser is useful for this purpose as their scan times can be less than 100ms.

During a GC-MS run, many mass spectra are recorded throughout the chromato-

graphic process. In this research a mass spectra was recorded every three tenths of

a second. This data can be interpreted in three ways. Firstly, the ion abundances

for each spectra can be plotted as a function of retention time to create a total-ion

chromatogram. Secondly, the mass spectra at a particular time during the GC

run can be displayed showing only the analytes which are detected at that point.

Finally, the ion abundance for a specific m/z value can be plotted as a function of

retention time and a selected-ion or ion-extraction chromatogram produced [45].

The ability of GC-MS instruments to analyse mixtures in this way makes it use-

ful in identifying unknown laser fume which may consist of analytes with widely

ranging, or very similar, m/z values.

4.2 Optimisation of the GC-MS method

The headspace data for MPTS in section 3.3 indicated GC-MS might not be sen-

sitive enough to determine individual fume constituents, therefore optimisation of

the GCMS method was completed through extraction and identification of organic

solvent fume.
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Figure 4.2: Direct exposure of a conditioned SPME fibre above a watch glass
containing approximately 2ml of HPLC methanol. This method was intended
to increase the relative abundance of methanol adsorbed and hence allow iden-

tification via GC-MS.

This involved directly exposing a conditioned SPME fibre to solvent fume above

approximately 2ml of high-performance liquid chromatography (HPLC) standard

methanol contained in a watch glass (see figure 4.2). This was expected to increase

the relative abundance of methanol captured on the fibre and therefore increase

the possibility of solvent identification via GC-MS analysis. This was also a test

to make certain that the DVB/CAR/PDMS SPME fibre is suitable for methanol

adsorption since the molar mass of methanol is 32.04g/mol which is slightly be-

low the fibre mass range of 40-275g/mol [44]. Also mass fragments of this size

are possible from laser-induced decomposition of isopropoxyethanol used in the

manufacture of the ITO films.

The conditioned fibre was exposed to the methanol vapour for 5 minutes at an

ambient temperature of 20℃. The SPME fibre was subsequently transferred to the
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injection port of the GC-MS (Agilent 5973N mass selective detector with Agilent

6890+ GC, Rxi-5ms column, splitless) and re-heated in a 1mL/min flow of helium

carrier gas. Using NIST libraries (Rev.D.04.00, October 2002), no methanol peaks

were identified in the resultant chromatogram.

Figure 4.3: Ion extraction chromatogram of 31g/mol and 32g/mol molecular
weights identifying the presence of methanol in the sample adsorbed to the
SPME fibre. The method duration was 40 minutes with a flow rate of 1mL/min.
The peak separation is 0.065 minutes. Ion values of 31.00 and 32.00 were both
plotted to show whole methanol ions and also to account for methanol with a

hydrogen removed which can occur in the GC-MS.

However, the presence of methanol was found with an ion extraction chromatogram

(figure 4.3), from which a peak separation of 0.065 minutes retention time between

the air peak and methanol peak was measured between the two maximum y-axis

values. Methanol was successfully identified which was previously masked by the

air peak which spans between 1 and 2.5 minutes retention time. In order to improve
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identification of solvents, further separation of these peaks was desirable. In order

for this to be achieved the flow rate of the carrier gas through the system was

halved to 0.5mL/min effectively doubling the run duration and spreading out the

retention times. The starting temperature of the GC oven was 40℃ and this was

kept constant for 20 minutes, thereafter the temperature was increased 5℃/min

until 220℃, where it was held for another 20 minutes. The duration of the method

was increased to 60 minutes to account for the lengthened retention times. Direct

exposure of the conditioned fibre to methanol vapour was then repeated and the

retention times of interest plotted (figure 4.4).

Figure 4.4: Ion extraction chromatogram of 31g/mol and 32g/mol molecular
weights following reduction of GC-MS flow rate to 0.5mL/min. The peak sep-
aration is shown to be 0.096 minutes a 47% increase to previously (fig. 4.3).
The total run time was 60 minutes but only the retention times of interest are

shown.
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An increased peak separation of 0.096 minutes was achieved and one more iter-

ation of the GC-MS method was proposed. The oven starting temperature was

reduced by 5℃ to 35℃. The aim of decreasing the starting temperature of the

oven ramp was to reduce the mass range of molecules that have sufficient vapour

pressure at that temperature to desorb and enter the GC column. Analytes with

the lowest mass are generally the most volatile and analytes will boil off when

their vapour pressure equals ambient pressure. Reducing the mass range entering

the column will further separate the peaks identified by the mass spectrometer.

Direct exposure of the conditioned fibre was then repeated in order to compare

the difference in chromatograms (figure 4.5).

Figure 4.5: Ion extraction chromatogram of 31g/mol and 32g/mol molecular
weights following the reduction of oven starting temperature to 35℃. A peak
separation of 0.105 minutes was achieved, a 9.4% increase on the previous iter-

ation.
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Figure 4.5 shows that a further separation between the air and methanol peak was

achieved. The 9.4% increase on the previous method shows that a reduced starting

temperature has improved the identification of low mass organic solvent fume via

SPME analysis and will improve the identification of unknown fume products in

the following experiments.

4.3 Direct chamber sampling

With the GC-MS analysis process outlined in section 4.2, investigations of the

suitability of the system for identifying laser generated fume were then conducted.

In order to increase the concentration and reduce the distance travelled by the

fume, the SPME fibre was injected directly into the laser processing chamber

through a septum, as shown in figure 4.6.

Figure 4.6: Drawing of the experimental set up with the conditioned SPME
fibre inserted directly into the chamber via a septum.
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Due to the thermal analysis shown in section 3.3, thermal degradation of the binder

under laser treatment was expected if the laser-induced temperature is in excess

of 375℃. The thermal analysis also indicated removal of the isopropoxyethanol

solvent between 40℃ and 120℃. To test this hypothesis, a thick coating of MPTS

in isopropoxyethanol was prepared by spin-coating onto borosilicate glass, forming

an uneven coverage that ranged from bare areas to ≈0.5mm thick.

As can be seen in figure 4.6, the beam size at the window limits how far the chamber

can be translated, and this in turn limited the irradiated area to 2.5cm by 3.2cm.

The sample was irradiated (figure 4.7) with the continuous wave RF:CO2 laser,

with a beam diameter of 550µm (minimum beam size) in a rectangular spiral

starting close to the centre of that area. The laser was set to pulse mode with a

repetition rate of 1kHz and 350µs pulse width. The beam overlap was 50% with

a laser power of 7W.

Figure 4.7: Schematic of the irradiation scheme concept. The irradiation path
was created by programming an x-y translational stage with G-code, to move

the sample within the chamber through a configured coordinate sequence.

The SPME fibre was exposed to the fume both during the laser irradiation as

the fume was being generated, and for sometime afterwards as it was left exposed
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inside the chamber. After approximately 15 minutes of irradiation the exposed

fibre and chamber were transported to the GC-MS instrument. The SPME fibre

was retracted into its housing, withdrawn from the septum and injected directly

into the GC-MS inlet for analysis within 10 minutes of irradiation.

4.4 Results

Chromatograms were recorded using the optimised temperature ramping scheme

described in section 4.2. Isopropoxyethanol was detected by GC-MS in its whole

form, and a thermal fragment of MPTS was detected and identified as butyl

methacrylate. Fragments were expected due to laser-induced heating of the sam-

ple as well as GC-MS inlet temperature of 250℃. Figure 4.8 shows that the iso-

propoxyethanol and butyl methacrylate peaks are far in excess of the air peak

and are easily distinguishable. It was expected that both analytes would adsorb

on to the fibre as they have masses of 104.15g/mol and 142.20g/mol respectively,

which is within the mass range of the DVB/CAR/PDMS SPME fibre used (40-

275g/mol).
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Figure 4.8: Chromatogram of borosilicate glass coated in MPTS with iso-
propoxyethanol solvent irradiated with the RF:CO2 laser and the fume collected
directly onto the SPME fibre in the chamber. The presence of butyl methacry-
late [48], a methacrylate monomer, is shown which is a thermal decomposition
product of MPTS [49]. It involves the separation of the silicon and three OCH3

groups and replacement with a CH3 group. This reaction is explained by Si-C
bonds having a lower bond energy than C-C bonds which are therefore weaker

[49].

Following the detection of thermal degradation products from irradiation in a cell

of a spin-coated binder and solvent, an ITO printed structure was irradiated using

the same laser parameters and irradiation method.



Chapter 4. Static Sampling 48

Figure 4.9: Chromatogram of spin-coated MPTS based ITO thin film with
RF:CO2 laser and the fume collected directly onto the SPME fibre in the cham-
ber. No conclusive fume peaks are observed and the main peak identified is most
likely column bleed. Column bleed is when the stationary phase contained in
the column of the GC-MS leaks into the mass spectrometer, producing regular
peaks of similar intensity (see decamethyl-cyclopentasiloxane peak at 19.4 min).

Figure 4.9 shows no conclusive fume peaks for the irradiation of an ITO printed

structure in the chamber. This was the printed sample that was pre-dried by INM.

The only peaks present represent air and column bleed, where the stationary phase

of the the GC column leaks into the detector. The only peaks resolved are located

at 2.007 (air), 2.097 (ethanol), 12.18 (col. bleed), 15.763 (col. bleed), 19.439 (col.

bleed) minutes.
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4.5 Discussion

Figure 4.8 shows thermal fragments from the sample, however, these have been

produced using a laser regime that is above the damage threshold of the printed

material and also on a spin-coated sample prepared with much larger amounts of

binder and solvent. The comparatively large size of the peaks to the air peaks

may be because the environment is more static and there is more time for fume

molecules to adsorb on the fibre, or, that in a closed cell there is a fixed volume

and consequently a higher concentration of fume.

The industrial purpose of laser irradiation of the ink is to increase the conductivity.

Other researchers have shown this is predominantly through the removal of the

MPTS binder [32]. If we increase the laser irradiation to the point where we

remove the ink, then we have generated the worst case scenario of the maximum

amount of fume and products that could be released in manufacture.

The vapour pressure of isopropoxyethanol at 20℃ is 3.5hPa [36]. Laser heating

will increase the vapour pressure so we would expect to find it in the analysis

unless thermal degradation had occurred, which would happen at approximately

100℃ as shown by the TGA in chapter 3. Despite the GC-MS injector being held

at 250℃, isopropoxyethanol was still found in its whole form (figure 4.8).

The data in this chapter is not sufficient to quantify the success of the static sam-

pling method, or conclude that laser heating leads to a higher relative abundance

of alcohols identified during GC-MS. Future work should include a comparison of

ion exchange chromatograms, such as those in figure 4.5, methanol sampled inside
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the chamber with no laser irradiation, and methanol sampled inside the chamber

under IR laser irradiation. This would show if laser heating had a significant ef-

fect on vapour pressure and whether that effect is larger than vapour being SPME

sampled in a closed system.

Both figure 4.8 and figure 4.9 have a similar size and shape of air peak situated

within the first 5 minutes retention time. This shows that SPME sampling reflects

a consistent environment inside the chamber. Each time a spin-coated sample is

placed inside the chamber and closed, there is the same volume and pressure of

laboratory air contained in the chamber. As the chamber is airtight, no more air

can enter after fume generation has started which explains why both air peaks are

similar.

The amount of material prepared on the substrates may have contributed to the

amount of fume produced. The spin-coated MPTS sample had a thickness of

the order of hundreds of microns whereas the ITO thin film sample was 400nm

thick [32]. Samples prepared by INM were dried at 70℃ for 10 minutes and

later irradiated at Hull. The spin-coated films were attempted to be dried but

resulted in non-uniform thickness so they were irradiated wet. The only difference

expected between irradiation of wet as opposed to dry spin-coated samples was a

higher relative abundance of isopropoxyethanol measured in the chromatograms.
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4.6 Conclusions

In this chapter, the GC-MS method was improved in order to increase the res-

olution in the low mass region. This is the first five minutes where the volatile

solvents from the sample have already been removed from the fibre and travelled

through the column. Direct sampling of a known chemical, methanol, was com-

pleted in order to observe the effect of varying the GC-MS parameters to give

greater separation of the signal peaks on the chromatograms. From an original

peak separation of 0.065 min, the GC-MS flow rate was halved which increased

the separation to 0.096 min but doubled the run time. The GC-MS oven starting

temperature was lowered to 35℃ further increasing the peak separation to 0.105

minutes and improving the identification of analytes in future measurements.

Although useful to see the validation of the SPME sampling technique via the

thermal degradation products in the chamber in the laboratory, due to lack of

extraction this method is not analogous to large scale production since it is in a

closed chamber. Although it is likely that the direct chamber sampling method in-

creased the concentration of laser fume surrounding the SPME fibre, increasing the

number of analytes adsorbed, and therefore the relative abundance of substances

via GC-MS, this method is not the most relevant to laser fume in the workplace.

Therefore a dynamic sampling system where fume is collected and analysed from

an extraction flow was developed and is discussed in the next chapter.
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Dynamic Sampling

5.1 Introduction

This chapter extends the work from chapter 4 by introducing flow into the system.

The intention is to better mimic the real conditions of industrial fume sampling.

This chapter covers the development of SPME analysis of laser fume from an

extraction flow which we term dynamic sampling. Firstly, a technique to sample

laser fume after irradiation from a carrier gas flow was developed. This involved

collecting fume generated by laser irradiation in a chamber, followed by drawing it

past an exposed SPME fibre. Secondly, a technique to sample laser fume from an

air flow during irradiation was tested. Thirdly, an isokinetic system was designed

to sample fume with content the same as that experienced by an extraction system

and to collect the fume for analysis after irradiation. Contaminants found in this

system resulted in changes in the choice of materials used that will be described

later. Finally, a technique to sample particulates from a gas flow was used.

The research running parallel to this work was to determine which laser treatment

improved the electrical conductivity of the material, and therefore informed the

chose of lasers used for fume analysis. The choice of both UV and IR lasers for

fume analysis was to determine the distinction, if any, between the fume from

52
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photochemical and photothermal mechanisms. Results will be discussed for irra-

diation with the RF:CO2 laser (10.6µm), XeCl (308nm), and ArF (193nm) lasers

with regards to particulates and gaseous output from laser-material interactions.

5.2 Chamber cross-flow sampling

It has been shown by Chinthaka A. Seneviratne et al. that it is possible to perform

SPME extraction on a gas phase sample moving past the fibre in a T-shaped

connector [27]. This method was adapted to use a cross piece with an additional

pressure gauge for the chamber in which the fume was collected, as shown in figure

5.1. This method follows on from use of the chamber in chapter 4.
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Figure 5.1: Schematic diagram of the cross-flow technique adapted from [27].
In the centre is a cross-shaped pipe connector with a septum in one port. The
SPME fibre is extended past the septum, and fume from laser processing flows
past from the air tight gas chamber. The third port connects to a vacuum
pump used for controlling flow past the fibre and backfilling the chamber with
nitrogen or compressed air, within the safety limits of the chamber windows.
The fourth port connects to a pressure gauge which indicates the pressure within
the chamber which can be compared with the maximum and minimum pressures

of the NaCl windows (0.6-1.3 bar) and is also used for balancing flows.

A NaCl window was chosen for the chamber as salt is transparent to IR radiation,

and the RF:CO2 laser beam can pass through to irradiate the sample within. The

salt windows available were not thick enough to completely evacuate the chamber

without fracturing therefore it was decided to induce a flow of the fume past the

SPME fibre by flushing with bottled (clean) air.

The test material was irradiated in the chamber as shown in figure 4.6. However,

in this configuration, the fume is swept past the SPME by back-filling the chamber

with clean air whilst the pump induces gas flow through the T-shaped connector.
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The literature example was a dynamic sample, meaning the SPME fibre adsorbs

analytes from a moving flow. By first irradiating the printed sample within a

static atmosphere in the chamber, it was possible to control the flow rate past the

fibre and therefore the time available for analytes to adsorb to the fibre. The flow

was controlled by opening or closing the chamber valve to increase or decrease the

flow velocity respectively.

Issues occurred with breaking fibres and bent housing due to insertion through

the septum. Therefore the procedure was developed in accordance with Sigma

Aldrich advice [50]. It is possible to change the length of the needle containing the

fibre (fibre housing needle) that protrudes from the fibre holder. This is to allow

for varying SPME GCMS inlet ports and experimental set-ups. The fibre housing

needle is not rigid and therefore, the further it is extended from the fibre holder, the

higher the risk of the needle flexing enough to damage the fibre within. The length

of the fibre housing needle was reduced before penetration through the septum,

and the range exposed, increased after the needle was securely pushed though

the cross-section of the septum. When the desired extended range was reached,

the 2cm SPME fibre contained within the housing needle was then exposed [43].

Improved septa were also obtained with a needle guide in the centre.

5.2.1 XeCl laser irradiation

The chamber cross-flow system shown in figure 5.1 was used to irradiate a spin-

coated ITO ink sample on borosilicate dried at 70℃ in an oven by INM. Due to the

XeCl laser used, the windows used in the chamber were fused silica. Fused silica is
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transparent to irradiation at 308nm. The spincoated ITO sample on borosilicate

glass was placed in the chamber shown in figure 5.1 situated on top of an x-y

translational stage. The laser beam size was 1.3mm by 1.3mm with a uniform

fluence. Firstly, the chamber was pumped down and refilled with bottled (clean)

air to reduce any contaminants already present in the chamber. The safety limit

of the fused silica windows is higher than the force the vacuum pump could pro-

duce. Therefore the chamber was reduced in pressure by 1 bar, and then refilled

to an absolute pressure of 1 bar. This process was repeated 4 times. The G-code

programme controlling the laser and sample movement exposed the sample for 15

mins at a fluence of 130mJ/cm2 and a pulse frequency of 50Hz. After irradia-

tion, the laser was turned off, the vacuum pump turned on, and the chamber and

pump valves were opened to maintain the pressure at 1 bar. The fume sample and

compressed air were drawn past the 2cm fibre for 30 minutes. The fibre was then

withdrawn into its housing, removed from the septum, and injected into the GC-

MS instrument within ten minutes. Figure 5.2 shows the resultant chromatogram

for the XeCl irradiation of a spincoated ITO ink sample on borosilicate dried at

70℃ in an oven by INM.
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Figure 5.2: a) Chromatogram of background with no laser irradiation. b)
Chromatogram of ITO nanoparticles, MPTS binder and isopropoxyethanol sol-
vent spin-coated sample irradiated with XeCl for 15 minutes with 2cm SPME
fibre extraction for 30 minutes. No fume constituents were identified and the
peak at 16.86 min, identified to be decamethyl-cyclopentasiloxane, is column

bleed.

No peaks attributed to laser fume generation were detected. The only chem-

ical identification was at 16.86 minutes retention time which was decamethyl-

cyclopentasiloxane. This was caused by column bleed.
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5.2.2 RF:CO2 laser irradiation

The chamber cross-flow method shown above in section 5.2.1 was used to irra-

diate borosilicate glass spin-coated with ITO nanoparticles, MPTS binder and

isopropoxyethanol solvent. The SPME fibre was then analysed.

Figure 5.3: Chromatogram of ITO nanoparticles, MPTS binder and iso-
propoxyethanol solvent spin-coated sample irradiated with the 10.6µm RF:CO2

laser within the chamber. The sample was processed with a laser power of 7W,
frequency of 1kHz, pulse width of 467µs, and a duty cycle of 47%. The spot

size at the sample was approximately 1mm.

Following RF:CO2 laser irradiation of dry spin-coated ITO ink films, the chro-

matogram in figure 5.3 was obtained. Firstly, the chamber was filled, emptied

and refilled with compressed air 8 times. The sample was irradiated at 7W, with

a spot size of approximately 1mm at the surface, and an overlap of 50%. The
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sample velocity was 50mm/min. The sample was irradiated twice to ensure suf-

ficient fume production. The flow was balanced using the inlet and outlet valves

of the chamber to give a steady absolute pressure of 1.1bar, as seen on the pres-

sure gauge. The air flow past the fibre had a duration of 30 minutes, after which

the SPME fibre was retracted into its housing and injected into the GC-MS port

within the next ten minutes for analysis.

Only air and column bleed at 19 minutes retention time were detected. This is

probably due to a small proportion of the chamber volume consisting of laser

generated fume. The chamber used in this method was significantly larger than

the chamber used in section 4.3.

5.3 Direct cross-flow sampling

Direct cross-flow sampling involves the laser generated fume being swept directly

past an exposed SPME fibre (figure 5.4), as opposed to the fume being generated

and collected in a chamber first. A spincoated ITO MPTS based sample was ir-

radiated with the 193nm ArF laser. An SPME fibre exposed within a T-shaped

connector was situated in the flow between a 12V diaphragm pump and the irradi-

ated sample. Copper pipe was used to connect the pump and T-shaped connector

and also between the ‘T’ and fume generated from the sample. Copper was chosen

for its inertness. The pump was turned on as irradiation started. Since the sample

was manoeuvred on an x-y stage, the sampling end of the copper pipe was situated

within 5cm of the beam.
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Figure 5.4: Schematic diagram of the direct cross-flow technique. Fume from
laser irradiation of a sample was drawn past an exposed SPME fibre within a
T-shaped connector. The SPME fibre holder was inserted through a septum

and the fibre exposed.

Figure 5.5 shows the chromatogram of the resultant fume.

Figure 5.5: Comparison of UV irradiation of blank borosilicate glass and spin-
coated ITO MPTS sample chromatograms. a) Chromatogram of XeCl (308nm)
irradiation of borosilicate glass. b) Chromatogram of a spincoated ITO MPTS
on borosilicate glass irradiated with the ArF (193nm) laser at 10Hz for 2 min-
utes. This was approximately 1200 pulses at a measured fluence of 65mJ/cm2.
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Although figure 5.5b shows a few small peaks along with the larger air peak, no

conclusive identification was made. This could be due to the laser fume generation

not being undertaken in a chamber and therefore being diluted by air. Dilution did

not occur to this extent when laser processing was undertaken within a chamber.

5.4 Gas capture

In order to collect laser generated fume in the same proportions as an extraction

system, a precise amount of fume and air was collected in a secondary arm. This

is termed isokinetic sampling when the flow velocities of the extraction pipe and

sampling tube are matched, as explained in chapter 2.

In order to calculate the flow rates for isokinetic extraction as theorised in chapter

2, the diameter of the sampling nozzle was required. Therefore, this was measured

using a calibrated optical microscope, (figure 5.6).
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Figure 5.6: Cross-section of the sample nozzle orifice imaged using a calibrated
optical microscope. The diameter was required to calculate isokinetic flow rates.
[16] The image supports the assumption the sample nozzle has a circular cross-

section.

Using equation 2.4.1, a volumetric flow rate of 1.6L/min was necessary to match

velocities with the 50mm extraction pipe. The extraction volumetric flow rate

was 127m3/hr. The velocity in the sample tube therefore needs to be 18m/s in

order for the isokinetic condition to occur. This can be measured with a hot-wire

anemometer.

One other isokinetic condition was used in order to test the lower limits of the

equipment. The fume extractor volumetric flow rate was 79m3/hr, flow meter flow

rate 1.0L/min, and the velocity in the sample tube was verified to be 11m/s.
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5.4.1 Tedlar bag sampling

The collection method first used was a 1L Tedlar bag as shown in figure 5.7.

Figure 5.7: Complete set up of the isokinetic system. Fume generated by laser
irradiation is drawn in through the sampling nozzle [A] by the fume extractor
[F] [51] air flow. The diaphragm pump [C] then isokinetically samples a portion
of fume and air through the isokinetic sampling tube [B], through the flow
meter [D] and into a Tedlar bag [E]. The flow meter controls the air flow of
the isokinetic system with a needle valve. The arrows show the direction of
air flow. A-sampling nozzle, B-isokinetic sampling tube, C-diaphragm pump,

D-flow meter, E-Tedlar bag, F-Purex fume extractor

The isokinetic system was set up with silicone tubing between the isokinetic nozzle,

inlet and exit ports of the diaphragm pump, flow meter, and Tedlar bag. The

sampling nozzle was then held above the laser irradiation target area at a distance

of 10cm. The pump was activated when irradiation started and the resultant fume

collected until the Tedlar bag was 2/3 full. Firstly, a sample was taken without

the laser in order to give a “blank” reference sample. Chemicals that may have

contaminated the gas due to the Tedlar bag were also examined [24].
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In order to concentrate the fume an SPME fibre was used as described in section

4.1.1. A silica coated fibre was inserted into the Tedlar sample bag via the septum

and then exposed. An adsorption time of 15 minutes was first used due to the

literature [25, 52] however this was subsequently changed to 60 minutes adsorption

whilst in an oven at 60℃ in order to prevent condensation of the fume sample

whilst SPME sampling of the analytes.

A sample of air alone was flowed through the system and collected in the Tedlar

bag at a flow meter rate of 0.89L/min and Purex fume extractor [51] rate of

79m3/hr. The 2/3 fill time was approximately 45 seconds. Flow velocities were

verified with the use of a hot-wire anemometer. A conditioned SPME fibre was

then inserted through the valve septum, and the bag with exposed fibre placed in

an oven at 60℃ for 1 hour. The fibre was then analysed in a GC-MS instrument,

as in chapter 4. An example of the resultant control chromatogram is shown in

figure 5.8.
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Figure 5.8: Chromatogram of a blank air sample. The air was collected
through the isokinetic system into a Tedlar bag. An SPME fibre was then
inserted through the septum in the bag, heated for 1 hour at 60℃ for analyte
adsorption, then injected into a GC-MS machine for analysis. The top three
substances found in this analysis were N-dimethyl acetamide(RT 6.88-10.66),
phenol(RT 12.24,13.53), and acetic acid(RT 18.35). These substances have been

labelled.

Three substances were found in this instance and were N-dimethyl acetamide,

phenol, and acetic acid. Both dimethyl acetamide and phenol are substances

found when analysing new tedlar bags [24]. The production of these analytes may

be further encouraged by introducing the Tedlar bag to a temperature of 60℃ for

1 hour in order to avoid condensation of the laser generated fume.

The SPME fibre with the adsorbed sample from the Tedlar bag was directly ex-

posed to the GC injector for 5 minutes. The GC injection port is maintained at

a high temperature and de-adsorbs all analytes from the fibre, this is the same

process as fibre conditioning. The carrier gas, helium, is flowed through the port

to the main GC column, moving the sample. The GC injection port was main-

tained at a temperature of 250℃, as in previous experiments. However in this

experiment the ion source in the mass spectrometer had a increased temperature
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of 195℃. The results were plotted as a relative abundance versus retention time

chromatogram. Lee et al. [21] mentioned that the scanning mode of the mass

spectrometer was not sensitive enough (did not show as sharp peaks) with respect

to environmental monitoring of VOC’s in the workplace, so they used selected ion

monitoring (SIM) instead for all their data. They also found that substances with

low molecular weight e.g. chloromethane, showed poor results with this technique.

The optimisation in section 4.2 showed that it was possible to detect methanol

via SPME and GC-MS which has a molar mass of 32.04 g/mol, and therefore it

is likely that compounds as light as chloromethane, with a mass of 50.49g/mol,

would be possible to detect. Scanning mode was used originally in the project and

results showed the peak sharpness observed was adequate.

In order to establish the accuracy of results, ‘target’ compounds that were pre-

viously identified were selected in order to compare their chromatograms, and

therefore how they varied with laser regime. This is shown in figure 5.9.
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Figure 5.9: Percentage concentration of compounds identified in fume samples
as a function of irradiance. Percentage concentration is calculated by the GC-
MS machine using the integral of the identified chemical peaks. Since this
graph does not contain all chemicals identified, the percentages do not total
100%. This was the first study of ITO under different laser regimes with the
10.6µm RF:CO2 laser. This was using the Tedlar bag system which explains
the presence of phenol. This explains why the percentage of phenol decreases
as the production of other fume becomes more plentiful as the irradiance of the

laser increases.

Fig. 5.9 shows the percentage concentration of fume produced for three different

10.6µm RF:CO2 laser regimes, 63, 73 and 75W/cm2. The amount of fume pro-

duced increased with laser irradiance, confirmed by the increased peak size of the

target chemicals in the GC-MS chromatograms. It is possible to theorise which

substances originated from the Tedlar bag in the fume sample as those for which

the percentage concentration decreases as the irradiance of the laser increases.

This is due to the increased amount of laser generated fume causing a decrease
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in the percentage concentration of constant substances, for example phenol, N-

dimethylacetamide and acetic acid.

5.4.2 Glass chamber sampling

Due to the persistent presence of phenol-related features in the chromatograms

(as seen in figure 5.8 and 5.9), it was suspected that they may be due to contami-

nation originally from the pipework and Tedlar bag. Therefore, a glass and metal

collection system was designed. The system replaced the Tedlar bag with a glass

fume collection chamber (figure 5.10) adjacent to the sample nozzle as shown in

figure 5.11. Furthermore, the system below ensures the fume sample enters the

collection chamber directly and there is no risk of contamination by other com-

ponents that have been in contact with previous samples. In figure 5.7, the fume

was transported through both the diaphragm pump and flow meter before being

collected in the Tedlar bag. The glass chamber system is an improvement in the

sampling process as well as the materials.

Figure 5.10: Glass fume collection chamber of measured volume 0.86L. Poly-
tetrafluoroethylene (PTFE) fittings show no thermal degradation below 300℃.
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Figure 5.11: Isokinetic sampling system used to collect laser fume above the
laser interaction site. The fume extractor creates a constant air flow through
the system. The diaphragm pump matches this volumetric flow rate and draws
a portion of the air and fume into the glass chamber. This chamber is then
removed from the system and put in an oven at 60℃ for an hour with an inserted
SPME fibre. The analytes adsorb onto the fibre which is then inserted into a
GC-MS machine and the analytes are identified. A-sampling nozzle, B-isokinetic
sampling tube, C-glass chamber, D-SPME fibre, E-flow meter, F-Purex fume

extractor, G-diaphragm pump.

In order to test whether this system had now removed contaminants, air was drawn

in and the normal sampling process completed. Nothing but the air peak was

shown on the chromatogram, as shown in figure 5.12, therefore an improvement

was made in removing contaminants.
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Figure 5.12: Chromatogram of laboratory air drawn through the metal-glass
system. Adsorption to the fibre occurred for 20 minutes inside the oven at 60℃
with the fibre exposed inside the glass chamber. A significant air peak can be
seen with a few insignificant peaks at a much lower relative abundance. These
either originate from the solvent used to clean the glass chamber (acetone) or

column bleed within the GC-MS (siloxanes).

No phenol or dimethylacetamide was found in the analysis proving the glass-metal

system was an improvement from the Tedlar bag and compounds that were not

associated with laser fume have been removed.

5.4.2.1 XeCl laser irradiation

The 308nm wavelength XeCl excimer laser was used to irradiate two dried spin-

coated ITO films on borosilicate glass, with isokinetic fume sampling with the

improved glass and metal system.
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Firstly, a 50mm by 50mm spin-coated ITO film sample was irradiated in a rect-

angular spiral starting near the centre of that area by a 1.3mm square beam (at

the surface of the sample) at a fluence of 65mJ/cm2. The sample velocity was

50mm/min. The flow meter flow rate was set to 1.6L/min and the fume extractor

to 127m3/hr. The flow velocity was verified in the sampling tube to be 18m/s.

Assuming an incompressible flow through the system and fume generation imme-

diately with laser irradiation, it was calculated that the glass chamber would be

filled with one volume of fume and air after 32 seconds. However to be certain

fume generation had started the flow was ceased after 90 seconds and the glass

chamber taps were closed. The chamber was then removed from the system, an

SPME fibre inserted through the septum and exposed, and placed in an oven at

60℃ for 1 hour to prevent condensation, in order for the analytes in the fume to

be adsorbed. The SPME fibre was then retracted into its housing, removed from

the septum, and injected directly into the GC-MS. The resultant chromatogram

is shown in figure 5.13.
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Figure 5.13: Chromatogram of XeCl irradiation of a spin-coated dry ITO
film sample on borosilicate glass. The sample was irradiated for 90 seconds at

65mJ/cm2, with a 1.3mm square beam.

The only significant peak is at 16.86 minutes retention time, decamethylcyclopen-

tasiloxane, which is caused by the stationary phase of the GC column leaking into

the mass spectrometer. This is also the case for the peaks at 11.95 and 21.76 min-

utes which are octamethyl-cyclotetrasiloxane and dodecamethyl-cyclohexasiloxane

respectively. No peak attributed to laser-generated fume was detected.

Secondly, a 50mm by 50mm spin-coated ITO film sample was irradiated at approx-

imately twice the previous fluence. Irradiation was undertaken in a rectangular

spiral starting near the centre of that area by a 1.6mm by 1.6mm square beam (at

the surface of the sample) at a fluence of 120mJ/cm2. As above, the flow meter
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flow rate was set to 1.6L/min and the fume extractor to 127m3/hr. The flow ve-

locity was verified in the sampling tube to be 28m/s. The sample was irradiated

for 90s before the glass chamber taps were closed and it was removed from the

system. The SPME fibre was inserted into the chamber via the septum, exposed,

and placed in an oven for 1 hour at 60℃. Once removed, the SPME fibre was

injected into the GC inlet port for analysis. The resultant chromatogram is shown

in figure 5.14.

Figure 5.14: Chromatogram of XeCl irradiation of a spin-coated dry ITO
film sample on borosilicate glass. The sample was irradiated for 90 seconds at

120mJ/cm2, with a 1.6mm square (at the surface) beam.

The only significant peak was at 1.206 minutes retention time which was methane.

This was not thought to be generated by laser fume. Doubling the UV fluence
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applied to the ITO film samples did not appear to generate or increase the level

of detected fume.

5.4.2.2 RF:CO2 laser irradiation

Another 50mm by 50mm MPTS based ITO film was irradiated with the 10.6µm

continuous wave RF:CO2 laser and the fume sampled by the glass chamber isoki-

netic system. The laser output was modulated at a frequency of 998Hz and the

pulse width was set to 463µs. This was a duty cycle of 47%. The laser power

was 11W and the unfocussed beam was used, which was 3.8mm in diameter. This

equates to an irradiance of 97W/cm2. The flow rate was set to the same condi-

tions as in section 5.4.2.1, and irradiation undergone for the same duration. The

resultant chromatogram is shown in figure 5.15.
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Figure 5.15: Chromatogram of a spin-coated dry ITO ink film sample on
borosilicate glass. Irradiated with the RF:CO2 for 90s at a frequency of 998Hz,
and pulse width of 463µs. The beam was unfocussed and had a diameter of

3.8mm at the surface of the sample.

No conclusive matches were found except decamethyl-cyclopentasiloxane and di-

n-octyl phthalate. The former is column bleed and the latter was not judged to

be collected by the SPME fibre. Di-n-octyl phthalate has a molecular weight of

390.56g/mol which is far outside the mass range of the SPME fibre used. It was

determined that this compound was from contamination in the GC-MS, and not

from laser irradiation of the ITO film. The distorted baseline is due to a hydro-

carbon oil coming into contact with the SPME fibre. Since no rotary vane pumps

were used in the system and the fibre was conditioned before the experiment, the

hydrocarbon oil must have originated from the GC-MS inlet from another use.
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Long chain hydrocarbons cannot be resolved into peaks as they are broad. The

hydrocarbon oil can be removed from the fibre by conditioning in the GC inlet

port.

5.4.3 Discussion

Firstly, a sample of laboratory air was collected through the system shown in figure

5.7 into a Tedlar bag. When the adsorbents on the SPME fibre were analysed by

the GC-MS, Tedlar bag sampling was shown to detect elements of the Tedlar bag

itself, as shown in section 5.4.1. Then borosilicate glass samples spin-coated with

ITO nanoparticles, MPTS binder, and isopropoxyethanol solvent were irradiated

at different IR irradiances and the previous unwanted analytes were again detected.

The presence of dimethyl acetamide and phenol were eradicated with the use of a

glass-metal system. This system still did not detect laser-generated fume however.

This could be due to little fume generation, or the system may not be sensitive

enough to detect the fume produced.

With the glass-metal system the XeCl and RF:CO2 lasers were used to irradiate

borosilicate glass samples spin-coated with ITO nanoparticles, MPTS binder, and

isopropoxyethanol solvent. The XeCl showed no conclusive laser generated fume

peaks but did show column bleed. To try and mitigate column bleed, the GC-MS

oven was left at 300℃ overnight to clean the column which did not succeed in

mitigating future column bleed.
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RF:CO2 laser irradiation did not produce conclusive fume peaks. It was not ex-

pected that any conclusive fume peaks would be observed when irradiating the

glass samples with an irradiance of 97W/cm2 since in section 5.2.2, an irradiance

of 891W/cm2 was used and no peak attributed to laser generated fume was found.

The dilution factor between the chamber method in chapter 4 and the isokinetic

system utilised in section 5.4.2 is important to note. During isokinetic sampling,

the material is irradiated for 90 seconds. During that time, approximately 5000

chamber volumes passed through the sampling tube. Also within the sampling

tube, the isokinetic nozzle only accounts for a small proportion of the area. There

is an additional dilution factor of 69:1. Therefore, the likelihood of observing

significant peaks similar to the chamber sampling chromatograms is low. The

advantage of using this set up (figure 5.11) is that it can be incorporated within

an industrial flow line so sampling can occur at any time.

The Tedlar bag reduced the dilution factor of the fume, but the phenol could not

be ignored since it made up up to 45% of samples as shown in figure 5.9.

In summary, the sampling process was improved by the modification of the collec-

tion method. No fume peaks were detected via the isokinetic sampling method.

Since the gas sampled with this technique was similar to an extraction flow during

industrial laser material processing, it is a positive result that laser generated fume

was not detected.
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5.5 Particulate sampling from a gas flow

To sample particulates from a gas flow, adhesive slides called witness plates were

used. A spin-coated ITO ink borosilicate sample was irradiated within a chamber.

Figure 5.16: Schematic of the witness plates surrounding the spin-coated
borosillicate glass sample with the chamber. a) shows the aerial view parallel
with irradiation of the sample. Shown are the four 25mm by 25mm witness
plates made from adhesive coated microscope slides. b) illustrates a side profile
of the sample and witness plates in the chamber. The flow created by opening a
valve between an air cylinder and vacuum pump moves from WP-D to WP-B.

Particulate ejecta from the laser interaction site may result from the ITO nanopar-

ticles or ablation of the substrate. Glass slides coated in adhesive, acting as “wit-

ness plates”, can be used to capture and view particulates. When witness plates

were used in the static sampling method, no laser-induced particulates were ob-

served. Due to the higher fluence involved with irradiation by the XeCl excimer

laser, witness plates 25mm by 25mm in size, were situated on each side of the

spincoated borosilicate glass sample within the chamber. The witness plates were

expected to capture any laser generated particulates that succumbed to gravity
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within the chamber. They would therefore be secured in place when a flow was

created through the chamber for the SPME analysis.

Following exposure, these adhesive slides were subjected to inspection by electron

microscopy and any particles observed analysed for composition by the integrated

energy-dispersive X-ray analysis (EDXA) facility. Figure 5.17 and 5.18 show the

presence of approximately 40nm diameter particulates which were identified by

EDXA as ITO.

Figure 5.17: SEM image of indium and tin particulates approximately 40nm
in size.
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Figure 5.18: SEM image of 40nm ITO particles identified by EDXA. These
particulates were ablated via a 308nm UV XeCl laser from a spin-coated ITO

ink borosilicate glass sample at a fluence of 130mJcm−2.

Figure 5.16 shows the flow moving through the chamber from the valve by WP-D,

to the valve by WP-B. The particulates in figure 5.17 were detected from WP-B.

This witness plate collected the most particulates. This is due to WP-B being

between laser-induced particulate generation and the exit port of the chamber.

The origin of the nanoparticles may also be ITO particles that succumbed to

gravity during irradiation. Particulates of 40nm in diameter were expected to be

released during irradiation due to ITO nanoparticles of that size being used in the

manufacture of the ink [32]. It has been suggested that a reaction with oxygen

can lead to clusters as seen in figure 5.17 [53].

5.6 Discussion

This chapter involved the sampling of laser fume from a flow, after and during

irradiation, collection of gas containing fume for analysis later, and particulate

sampling from a flow.
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The system shown in figure 5.1 has the advantage of increasing the sample con-

centration similar to the Tedlar bag in the early isokinetic system. The closed

chamber method had a considerably shorter duration than the isokinetic method

due to the SPME fibre being immediately ready for GC-MS analysis after the

carrier gas containing the fume was flowed past. This method also had the ad-

vantage of different atmospheres and pressures for laser processing. In the parallel

studies of improving the conductivity of these materials, it was found working

in a controlled atmosphere was advantageous. In this way, SPME sampling and

conductivity improvement can occur simultaneously. Vacuum pressures cannot be

achieved when using the RF:CO2 laser due to the inclusion of salt windows in

the chamber. The pressure differential calculated for the dimensions of the NaCl

windows was ∆P=0.66 bar, moreover the structural integrity of the windows was

uncertain 0.33 bar above or below atmospheric pressure.

The only presence of particulates detected was under 130 mJcm−2 XeCl UV ir-

radiation. These were collected on adhesive witness plates and examined under

SEM, (figure 5.17). It is apparent that laser irradiation under UV makes signif-

icant changes to the structure of the films when comparing with figure 3.1, the

unirradiated film. Figure 5.18 proves the particulates are ITO via EDXA.

5.7 Conclusion

The data in this chapter shows that all gaseous results were inconclusive. More-

over, the laser regimes and sampling methods used did not provide measurable
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outcomes or compound identification of laser generated fume via GC-MS. It’s pos-

sible that gases were produced but they were masked by contaminants from the

Tedlar bag. Therefore the glass chamber method is most appropriate.

Particles that are 40nm in diameter are too small to be captured by any class of

HEPA filter, the smallest filter having a resolution of 0.3µm and an efficiency of

99.97% [54]. The presence of ITO particles shows damage of the ITO film due to

ablation. Since ablation can reduce the conductivity of the films, this result shows

that this laser regime is not suitable for the process under consideration.

In summary, all laser regimes used below the damage threshold of the materials

irradiated did not produce enough laser-generated fume to be detectable by isoki-

netic SPME sampling. However, for fluences higher than the damage threshold of

the ITO films, particulates were observed.

Future work should consist of completing the isokinetic sampling process with

the SPME fibre exposed within the glass chamber, whilst the laser generated

fume and air is drawn past, before the taps are closed. This would combine the

current process with the cross-flow method from section 5.3, which should increase

adsorption onto the fibre.
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Hazard Assessment

6.1 Introduction

This chapter will provide an overview of the chemicals identified from the fume

analysis process, the hazards they present, and their exposure limits. Also, miti-

gation strategies will be suggested for any fume produced in the laser processing

of ITO thin films. Analysis of the hazards presented by the material safety data

was undertaken and the chemicals with the highest toxicity specified. To specify

the type of mitigations that should be in place, such as the filters required, it is

necessary to know the composition of the fume. This was the aim of chapters 4

and 5. Below is a summary of all chemicals used or identified in this research.

Some abbreviations used within this chapter include: STEL - short term exposure

limit, TWA - time weighted average, LD50 - lethal dose 50%, LD0 - maximum

tolerable concentration, LC50 - median lethal concentration, LDLO - lowest lethal

dose. For full definitions see the following references [55, 56].

6.2 Review of MSDS data

This section will give a brief overview of the material safety data for the chemicals

identified via GC-MS in the laser produced fume. The mitigation techniques out-

lined are only suitable for contact with large amounts of the chemicals. Since the

83
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chemicals below were identified in very small amounts, such stringent mitigations

may not be necessary for laboratory scale experiments, but are worth considering

for factory-scale manufacture.

6.2.1 ITO nanoparticles

ITO occurs as a yellow powder containing nanoparticles approximately 25nm in di-

ameter. Mitigations for exposure to ITO nanoparticles include wearing a National

Institute for Occupational Safety and Health/Mine Safety and Health Administra-

tion (NIOSH/MSHA) approved respirator, safety glasses, and impermeable gloves

and personal protective equipment (PPE). Avoid forming dust and use local ex-

haust ventilation with a HEPA filter [57]. The information contained in reference

[57] is summarised in table 6.1.

Table 6.1: Material hazard information for ITO[36, 57].

Material hazards

CAS number 50926-11-9

Classification Specific target organ toxicity - repeated exposure,

category 1

Hazard statements H372 Causes damage to lungs through prolonged or

repeated exposure

Exposure limits Diindium trioxide - TWA 0.1mg/m3, STEL 0.3mg/m3

Tin (IV) oxide - TWA 2mg/m3, STEL 4mg/m3
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6.2.2 Isopropoxyethanol

Isopropoxyethanol was used to dilute the mixture of nanoparticles and MPTS

binder in the ink. It was also identified in the fume analysis in section 4.4. Miti-

gation techniques to avoid exposure include wearing safety glasses and face mask,

a flame retardant laboratory coat, and gloves. Do not dispose of waste down the

drain [36]. The information contained in reference [36] is summarised in table 6.2.

Table 6.2: Material hazard information for isopropoxyethanol.

Material hazards

CAS number 109-59-1

Classification Flammable liquids (Category 3)

Acute toxicity, Inhalation (Category 4)

Acute toxicity, Dermal (Category 4)

Skin irritation (Category 2)

Eye irritation (Category 2)

Hazard statements H226 Flammable liquid and vapour.

H312 + H332 Harmful in contact with skin or if inhaled.

H315 Causes skin irritation.

H319 Causes serious eye irritation.

Acute toxicity LD50 Oral - Rat - 5117 mg/kg

LC0 Inhalation - Rat - male - 4 h - > 3500 ppm

LD50 Dermal - Rabbit - male - 1440 mg/kg

6.2.3 MPTS

The MPTS or 3-Methacryloxypropyltrimethoxysilane, sometimes known as 3-

(Trimethoxysilyl)propyl methacrylate, was used as a binder and along with the

ITO nanoparticles and IPE formed the ink. A thermal fragment of MPTS was

found during the static sampling of MPTS spin coated on glass in figure 4.8. Miti-

gations against exposure include the relevant PPE such as gloves, laboratory coat
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and safety glasses. If spillage occurs absorb with a liquid-binding material such

as sand or sawdust. Use a local exhaust system or work within a fume cupboard

wherever possible [35, 58]. The information contained in references [35, 58] is

summarised in table 6.3.

Table 6.3: Material hazard information for MPTS [35, 58].

Material hazards

CAS number 2530-85-0

Classification STOT SE (Category 3)

Skin irritation (Category 2)

Eye irritation (Category 2)

Hazard statements H315 Causes skin irritation.

H335 May cause respiratory irritation.

H319 Causes serious eye irritation.

Acute toxicity LD50 Oral - Rat - male and female - > 2000 mg/kg

LC50 Inhalation - Rat - male and female - 4 h - > 2.28 mg/l

LD50 Dermal - Rat - male and female - > 2000 mg/kg

6.2.4 Butyl methacrylate

Butyl methacrylate was identified via static chamber sampling of spincoated MPTS

(4.8) in section 4.4. To avoid exposure to the chemical safety glasses, nitrile gloves,

and flameproof laboratory coat. Use local exhaust ventilation (LEV) and work in

a fume cupboard where possible [59]. The information contained in references

[48, 59] is summarised in table 6.4.
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Table 6.4: Material hazard information for butyl methacrylate [48, 59]

Material hazards

CAS number 97-88-1

Classification Flammable liquids (Category 3)

Skin irritation (Category 2)

Eye irritation (Category 2)

Skin sensitisation (Category 1)

Specific target organ toxicity - single exposure

(Category 3)

Hazard statements H226 Flammable liquid and vapour.

H315 Causes skin irritation.

H317 May cause an allergic skin reaction.

H319 Causes serious eye irritation.

H335 May cause respiratory irritation.

Acute toxicity TWA 50ppm

STEL 75ppm

LD50 Oral - Rat - 16000 mg/kg

LC50 Inhalation - Rat - 4 h - 4910 ppm

LD50 Dermal - Rabbit - 10125 mg/kg

6.2.5 N-dimethyl acetamide

N-dimethyl acetamide was identified when dynamic sampling with the Tedlar bag

system. The chemical was also identified when an ITO thin film was irradiated
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with an RF:CO2 laser at fluences between 63W/cm2 and 75W/cm2, also sampled

with the Tedlar bag system. To avoid exposure a face shield and safety glasses

are advised, as well as gloves and a complete suit in case of spillage [60]. The

information contained in reference [60] is summarised in table 6.5.

Table 6.5: Material hazard information for n-dimethyl acetamide [60].

Material hazards

CAS number 127-19-5

Classification Acute toxicity, Inhalation (Category 4)

Acute toxicity, Dermal (Category 4)

Eye irritation (Category 2)

Reproductive toxicity (Category 1B)

Hazard statements H312, H332 Harmful in contact with skin or if inhaled.

H319 Causes serious eye irritation.

H360D May damage the unborn child.

Acute toxicity TWA 10 ppm, 36 mg/m3

STEL 20 ppm, 72 mg/m3

LD50 Oral - Rat - 5680 mg/kg

LC50 Inhalation - Rat - 1 h - 2475 ppm

LD50 Dermal - Rabbit - 2240 mg/kg

6.2.6 Octamethylcyclotetrasiloxane

Octamethylcyclotetrasiloxane was identified when an ITO thin film was irradiated

at 65mJ/cm2 with a XeCl excimer laser. Mitigations against exposure include

safety glasses, gloves, flame retardent laboratory coat, and a LEV system. Gloves
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must be removed without contact with outer surface [61]. The information con-

tained in reference [61] is summarised in table 6.6.

Table 6.6: Material hazard information for octamethylcyclotetrasiloxane [61].

Material hazards

CAS number 556-67-2

Classification Flammable liquids (Category 3)

Reproductive toxicity (Category 2)

Chronic aquatic toxicity (Category 4)

Hazard statements H226 Flammable liquid and vapour.

H361 Suspected of damaging fertility or the unborn child.

H413 May cause long lasting harmful effects to aquatic life.

Acute toxicity LD50 Oral - Rat - > 2000 mg/kg

LD50 Oral - Rat - male - > 4800 mg/kg

LC50 Inhalation - Rat - male and female - 4 h - 36 mg/l

LD50 Dermal - Rat - male and female - > 2400 mg/kg

6.2.7 Phenol

Phenol was a large contributor to the sampled fume when using the Tedar bag

sampling system. During some experiments the fume contained up to 45% phenol

(figure 5.9). Mitigations against exposure must include, butyl rubber gloves for

full contact, safety glasses and face shield, and a complete protective suit [62]. The

information contained in reference [62] is summarised in table 6.7.
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Table 6.7: Material hazard information for phenol [62].

Material hazards

CAS number 108-95-2

Classification Acute toxicity, Oral (Category 3)

Acute toxicity, Inhalation (Category 3)

Acute toxicity, Dermal (Category 3)

Skin corrosion (Category 1B)

Serious eye damage (Category 1)

Germ cell mutagenicity (Category 2)

Specific target organ toxicity - repeated exposure (Category 2)

Chronic aquatic toxicity (Category 2)

Hazard statements H301, H311, H331 Toxic if swallowed, in contact with skin or if inhaled.

H314 Causes severe skin burns and eye damage.

H341 Suspected of causing genetic defects.

H373 May cause damage to organs through prolonged or repeated exposure.

H411 Toxic to aquatic life with long lasting effects.

Acute toxicity TWA 2 ppm, 7.8 mg/m3

STEL 4 ppm, 16 mg/m3

LD50 Oral - Rat - 317.0 mg/kg

LC50 Inhalation - Rat - 8 h - 900 mg/m3

LD50 Dermal - Rabbit - 630.0 mg/kg

6.3 Analysis of the hazards

The most toxic of chemical found from analysis of the above MSDS data was the

ITO nanoparticles. ITO is the most dangerous as the STEL values for diindium
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trioxide and tin (IV) oxide were 0.3mg/m3 and 4mg/m3 respectively. The TWA

values were 0.1mg/m3 and 2mg/m3 respectively. These were the lowest safety

limits for all fume contents identified by GC-MS. The nanoparticles however, are

not expected to be a component of the fume. This is because removal of the ITO

signifies damage to the irradiated tracks on the thin films. This means that the

conductivity would be reduced and a less-than-optimum material produced.

The above values show that a very large amount of irradiation would be need

to produce the amount of fume that constitutes a lethal dose. It is known from

the thermal degradation data produced in chapter 3 that the constituents of the

ink do not remain the same during irradiation (figure 3.7). Also what is left will

be a fraction of the content and is therefore difficult to estimate due to lack of

quantitative results. But imagine irradiating a track 20µm wide and 400nm deep

at a feed rate of 1m/s. If you removed 100% of the material, 40% of which is

ITO nanoparticles, inside a laboratory that was 75m3, it would take 1.6 hours to

accumulate to the STEL value of 0.3mg/m3 and 32.6 minutes to reach the TWA

value of 0.1mg/m3.

Using the above estimates, for ITO, a flow rate of at least 150m3/hr is required to

not broach the TWA safety limit during irradiation which is easily achievable by

industrial LEV units.
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6.4 Conclusion

In this chapter, the hazards for each chemical identified via GC-MS were outlined

and the mitigation techniques described. All of the chemicals produced need PPE

and local exhaust ventilation (LEV) to reduce the risk of exposure. In practice,

it is usual for industrial scale processes to utilise a LEV system to collect any

fume. To specify the type of LEV and filters that it must contain, it is necessary

to know the composition of the fume. The aim here is to guide this process. In

addition, it is a legal requirement that the LEV are regularly inspected for their

effectiveness and so it is important to know the nature of the gases and particulates

in the environment. Since no quantitative comparison can be made between fume

produced in the laboratory and fume produced at factory-scale, local fume should

be sampled and analysed in order to more accurately ascertain the hazards to

workers.

Furthermore, it can be assumed that it is mainly organics in the fume. Nanopar-

ticles are not expected in the fume since that would mean removal from the irra-

diated tracks and therefore lower conductivity in the material. Organics will be

dealt with by the activated charcoal aspect of an LEV filter. It is recommended to

use a LEV unit that can produce flow rates exceeding 150m3/hr, and that contains

a three stage filter system including pre-filter, HEPA filter and activated charcoal.

The exhaust of the LEV should be directed outside to further dilute the fume. It

is also recommended that personal monitoring is employed to check that the LEV

system is successful and that no nanoparticles are present in the fume. This is

especially important since respirators do not protect against nanoparticles.
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Conclusion

The purpose of this research was to improve knowledge of laser processing by-

products so as to inform users and allow them to mitigate any hazards. Chapter

2 showed that other workers have observed particulate clusters, vapour and gas-

phase by-products from laser-material interactions. It was shown that the use

of UV lasers led to photo-degradation products via direct bond scission and the

production of particulate matter. On the other hand, use of IR lasers caused

thermal decomposition of the irradiated material, leading to similar by-products

as observed by burning. This process lead to vapour and gas-phase chemicals

being produced. The by-products observed from these laser-material interactions

showed there is a need to sample gas and particulate phase products to learn their

composition. Techniques to sample gases were described and processes to capture

low concentrations of gases suggested. The SPME fibre approach was used as this

was expected to be the most appropriate method as it is inexpensive and mobile,

and the isokinetic condition was discussed in order to facilitate a quantitative

assessment of the fume. Although particulates can be trapped by HEPA filters

their size and distribution can be difficult to visualize due to the fibrous nature

of the filter medium, therefore witness plates were suggested as a capture method

for EDXA analysis.

Chapter 3 described the materials used in this research such as the components

of the ink (nanoparticles, IPE, MPTS), the substrate and the coating technique
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used to manufacture the thin films for laser irradiation. It was determined from

TGA data that during irradiation, if the laser heats the film to temperatures above

350℃, decomposition fragments of MPTS would be expected in the fume. It was

concluded that although the temperature of the material when irradiated was not

known, if the laser regime was below the damage threshold of the glass, gas-phase

products were still expected in the fume.

Laser fume generated within closed cells and experiments with no extraction were

then sampled and analysed in chapter 4. Firstly, the GC-MS method was opti-

mised to increase the resolution in the low mass region. This was visualized by the

separation of methanol peaks on the resultant chromatograms from SPME sam-

pling of methanol fume. The peak separation was increased from 0.065 minutes to

0.105 minutes. Some of the thermal degradation products of the ITO films were

successfully identified (figure 4.8) within the closed chamber due to the system in-

creasing the concentration of the fume. The static sampling system however was

not analogous to the large-scale irradiation of thin films and therefore a dynamic

sampling system where fume is collected and analysed from an extraction flow was

developed.

A dynamic sampling system was designed that allowed fulfilment of the isokinetic

condition between a fume extraction flow and the flow of a secondary arm that

included a diaphragm pump and flow meter. The fume was sampled via this

secondary arm and collected in a Tedlar bag, into which an SPME fibre was

introduced. The Tedlar bag and fibre were then placed in an oven for 1 hour at

60℃ in order to mitigate any condensation of the fume and collect the analytes
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via SPME. When the SPME fibre was analysed by GC-MS, it was found that up

to 45% of the fume consisted of phenol. It was suspected the phenol originated

from the polyvinyl fluoride Tedlar bag, therefore a new system was designed that

eliminated all polymeric materials. This system still upheld an isokinetic condition

with an extraction flow however it now included a glass chamber and metal piping,

as well as diaphragm pump and flow meter, within which the flow could be isolated

when it was judged to contain fume. Similar to the Tedlar bag, an SPME fibre

was then injected into the chamber and placed into an oven. This new system

eradicated the presence of phenol and was used for the remaining fume analysis

experiments. All the data in chapter 5 was inconclusive and none of the peaks

observed on the chromatograms could be directly attributed to laser produced

fume. It is important to note the dilution factor during laser irradiation, was

that approximately 5000 chamber volumes passed through the sampling tube in

the extraction flow. Also the sampling tube is a small proportion of the whole

extraction flow, accounting for 1:69 of the total area. Therefore, for modest fume

production, the sensitivity of the mass spectroscopy needs to be extremely high.

In order to increase the analyte concentration, a system that involved irradiation

and accumulation of fume within a chamber before being drawn past an exposed

SPME fibre was designed. This not only had the advantage of concentrating the

fume before sampling, but also enabled irradiation under different atmospheres

and pressures. However when irradiating with the IR laser, pressures could not

exceed 0.33 bar above or below atmospheric pressure due to the salt windows

used in the chamber. Particulates were collected and observed when the ITO thin
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films were irradiated under a 130mJcm−2 XeCl laser regime. The particulates

were captured on adhesive witness plates and observed to be 40nm ITO particle

clusters via SEM and EDXA.

The ITO nanoparticles were found to be the most hazardous fume component

in chapter 6. It was estimated that it would take approximately 30 minutes of

irradiation to reach the TWA value in a 75m3 room. In the same room it would

take 1.6 hours of irradiation to reach the STEL value of ITO nanoparticles. A flow

rate of at least 150m3/hr is advised to avoid dangerous exposure to any chemicals.

Exposure to nanoparticles should not occur however as the release of nanoparticles

signifies damage to the conductive tracks of the irradiated material and therefore

would reduce the conductivity. Consequently, the nanoparticle hazard primarily

comes from ablative patterning and not laser sintering. Any organic material

released as fume would be dealt with by the activated charcoal aspect of an LEV

filter.

Originally, the SPME fibre and Tedlar bag system was chosen for sensitivity and

due to preliminary studies. However, as the detection of phenol was attributed to

contamination from the Tedlar bag, a glass and metal system was designed. This

system proved successful in avoiding cross-contamination. Also if on-site fume

analysis was required to detect any hazards in a manufacturing environment, a

Tedlar bag may not be rugged enough to travel to the analysis facility. A system

that is more rugged however and can collect a large mass range of analytes is

thermal desorption tubes as mentioned in section 2.3. These would be stable and

robust enough to be sent by post, and also enable easy comparison of fume data.
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Future work will consider the application of this technique to the problems posed

here.

The overall mitigation plan this research has lead to is a local exhaust ventilation

system with a three stage filter including pre-filter, HEPA filter, and activated

charcoal. The LEV should be capable of a flow rate of at least 150m3/hr which is

easily achieved with commercially available units containing these filters. Personal

monitoring should also be worn to detect any nanoparticles.

The work in this thesis could be taken forward by developing a suitable process

for on-site fume. Laboratory experiments should be undertaken by including the

thermal desorption tubes within the secondary arm of the isokinetic sampling

system in place of the glass chamber. The GC-MS chromatograms could then be

compared for the SPME and thermal desorption tube data. Also analysis of the

air from a Tedlar bag with the thermal desorption tubes should be undertaken to

explore the contamination issue further.
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