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"The important thing is not to stop questioning. Curiosity has its own

reason for existence. One cannot help but be in awe when he contem-

plates the mysteries of eternity, of life, of the marvelous structure of

reality. It is enough if one tries merely to comprehend a little of this

mystery each day."

- Albert Einstein, 1955



Abstract

Transparent conducting films based on novel materials have been laser pro-

cessed on glass and flexible polyethylene terephthalate (PET) substrates in or-

der to increase their electrical conductivity. The goal was to reduce the amount

of indium used in display and photovoltaic applications by printing the in-

dium containing compounds, hence only depositing material where it is re-

quired, or by using non indium-based materials. Two systems were consid-

ered: an ink containing indium tin oxide (ITO) nano particles with a polymer

binder and organic solvent, and an ink containing aluminium doped zinc ox-

ide (AZO) nanoparticles in a titanium dioxide solution.

The conductivity of the as-deposited material was thought to have been im-

proved in two ways: UV-induced photopolymerization of binder material and

the removal of non conductive material from within the inks. The first shrinks

the polymer binder bringing the conductive particles closer together and the

second decomposes or vapourizes the organic components. Consequently,

laser sources covering the UV and the infrared were used. These were the ar-

gon fluoride, xenon chloride, and helium cadmium lasers (193nm, 308nm, and

325nm wavelengths respectively) and the Yb:YAG and CO2 lasers (1030nm

and 10.6µm wavelengths respectively).
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Thermal measurements confirmed low temperature processing in the UV and

each of the ultraviolet lasers increased the electrical conductivity of the films

by at least 3 orders of magnitude. The XeCl laser gave the best result of

∼1.5kΩ/sq. Higher temperature processing with the CO2 laser gave∼250Ω/sq

but substrate damage occurred on temperature sensitive substrates. The cur-

rent state of the art ITO films used in commercial devices are ∼10Ω/sq. Ab-

sorption spectra were used to not only obtain evidence that polymerisation

was occurring (even with the IR laser) but also to quantify the charge carrier

density and band gap.

The intrinsic conductivity of the AZO compounds was found to be very poor

and so fine silver grids were manufactured by laser ablation to provide ad-

ditional current pathways. Carbon dioxide laser irradiation of the AZO films

gave a lowest sheet resistance of 2.3MΩ/sq whereas the use of an underlying

silver grid resulted in 3Ω/sq.
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Chapter 1

Introduction

Transparent, electrically conductive, thin films have seen an increase in inter-

est with the recent market growth of photovoltaic cells, LCD televisions and

smart-phones. Indium tin oxide (ITO) is the most commonly used transpar-

ent conductor in industry having a 93% market share.[1] ITO currently has

the most ideal material properties to be used as a transparent conducting film,

boasting sheet resistances down to 10Ω/sq whilst maintaining greater than

85% transparency in the visible wavelength region. Current methods to pro-

duce ITO films are not ideal however. The conventional methods is sputtering

of an ITO target, which besides requiring a very high vacuum system, also

wastes a lot of the ITO material as much of it does not reach the substrate. In

addition, further patterning of the films to form suitable electrode structures

is necessary, providing further loss of material. Poor usage of ITO is to be

avoided because of the very high price and limited supply of indium. This

problem has encouraged research to be conducted for alternate methods for

the deposition of ITO films. More recently, ITO films have been prepared onto

1
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substrates using so-called ’wet-processing’. This method wastes very little ma-

terial since any lost material can be simply put back into solution and reused.

The wet-processed films do, however, contain a lot of unwanted solvents and

organic compounds that are detrimental to electrical conductivity and there-

fore need to be removed. In this thesis, laser irradiation of wet processed ITO

films to increase their conductivity has been studied as an alternative to con-

ventional furnace treatments. This potentially allows the use of temperature

sensitive substrates, such as polymers, and in turn facilitate the production of

flexible electronics. The ultimate aim of this research was to reduce the electri-

cal conductivity to below 100Ω/sq of wet-processed indium-free transparent

conducting films on temperature sensitive substrates using laser processing.

For this thesis the wet processed ITO films have been optically characterised

and then irradiated under different conditions with the resulting electrical,

optical and morphological effects measured and analysed. The initial optical

characterisation was performed in order to understand which laser systems

can be used to deposit energy into the films. Since the films are transparent in

the visible range, lasers in the infrared (IR) and ultraviolet (UV) parts of the

electromagnetic spectrum have been used. The morphological properties of

the films have been measured using profilometers and microscopy to see how

the surface is changing due to irradiation by the laser. From this we can see if

the films are becoming damaged or cracked, which would negatively impact

the optical and/or electrical properties. The optical properties were measured

after irradiation to make sure transparency is maintained in the visible region.

In addition, observation of the cut-off wavelengths allows quantification of
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the band-gap and plasma edge of the laser modified material. Finally, the

electrical properties of the ITO films were measured. The electrical properties

included Hall measurements which enabled us to determine how the electrical

properties are changing due to laser irradiation.

The structure of the thesis is as follows. Chapter 2 contains the literature re-

view. The literature review describes the current state of the art of ITO pro-

cessing as used in industry to produce commercially available devices. It fol-

lows on to show some of the methods currently used to produce laser pro-

cessed transparent conducting films based on indium-tin oxide, as well as

some indium-free transparent conductors. The literature review also contains

background information on the measurement techniques adopted in this the-

sis that quantify the electrical properties of thin films of various geometries.

In chapter 3 a description of the ITO films provided by the Leibniz Institute for

New Materials (INM) is given, and a brief explanation on how they were man-

ufactured. The ITO films were then characterised before being laser irradiated,

in order to quantify their initial electrical conductivity. The optical properties

were also measured to ascertain the optical transparency throughout the visi-

ble region, as well as being able to determine which wavelengths are suitable

for the coupling of laser radiation into the films. Also presented in chapter 3

is a summary of the laser systems used throughout the thesis. This includes

details of how each of the laser systems was setup and the parameters of the

laser, including any pulse duration and beam size measurements if applicable.

The final parts of chapter 3 include descriptions of the purpose built setups
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for measuring the sheet resistance of thin films in the low and high resistiv-

ity regimes, the Hall voltage measurement system used for the charge carrier

density measurements and the optical system for measuring the haze of the

transparent samples.

In chapter 4 the irradiation of ITO films by ultraviolet laser sources is de-

scribed. The lasers considered include a xenon chloride laser, argon fluoride

laser and a helium cadmium laser. By using ultraviolet radiation, polymeri-

sation reactions were initiated by the high photon energies which densified

the binder material via shrinkage in volume, pulling the ITO nanoparticles to-

gether and increasing electrical conductivity. The ITO electrical and optical

properties were characterised after laser irradiation. By using photochemi-

cal processes in the ITO films, cold temperature processing (∆T < 10◦C) was

achievable and it was possible to increase the electrical conductivity on both

glass and flexible PET substrates without damage.

In chapter 5 the same type of ITO films were irradiated by 3 different CO2

laser sources in the infrared. Processing by the CO2 laser was predominantly

photothermal in nature and large temperature rises in the films and substrates

occurred. Three regimes of laser radiation delivery were examined: continu-

ous wave, low pulse rate with high energy, and finally high pulse rate with

low energy. The ITO films were irradiated with each of the laser regimes and

their resulting properties were measured and reported. Because the primary

process with the CO2 laser was the generation of high temperatures, avoiding

laser-induced damage of temperature sensitive substrates was very difficult.
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In chapter 6 laser-induced conductivity increases in indium free transparent

conducing films were investigated. Using the techniques learned from the ITO

films, indium free AZO films were prepared in a similar way and then laser

irradiated. Both ultraviolet and infrared lasers were used. Due to the intrin-

sically poor conductivity of the AZO nanoparticles used in the films, the use

of a silver grid underneath the film was investigated to improve the electrical

conductivity. To create the silver grids with small enough features so as not to

be visible, laser ablation was used.

In chapter 7 a final summary of the results in the thesis is given, along with

some suggestions for future work.



Chapter 2

Literature Review

2.1 Introduction

Many of the electrical devices used today that require some form of light emis-

sion or absorption rely on a transparent layer on the front of the device that

can carry electrical power whilst also transmitting visible light (400nm - 700nm

wavelength). These thin films are known as transparent conducting coatings

(TCC’s). The most notable of these devices which require a TCC are photo-

voltaic panels and liquid crystal displays. Figure 2.1 shows an example of

when a transparent conductor is required for a device that emits light.

The transparent conductor on top of the device has to have a certain level of

conductivity for the device to work effectively. This level of conductivity re-

quirement changes depending on the type of device in use. For example, a

typical touch-screen requires between 400Ω/sq and 700Ω/sq, whereas a typ-

ical photovoltaic cell will require between 8Ω/sq and 80Ω/sq.[2]. This level

of conductivity can easily be achieved with thin metallic films of gold at a

6
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FIGURE 2.1: A diagram showing a typical cross section of a light
emitting device requiring a transparent conducting contact at the

top of the device that allows transmission of light

thickness of 40nm,[3] but the transparency of metallic films is not high enough

to be used as a transparent conductor unless they are made extremely thin

(<10nm).[4, 5] If the metallic films are made too thin, the electrical properties

degrade, so a trade-off between high transparency and high conductivity is re-

quired. Therefore, the use of thin metallic films is not ideal. Even though they

offer the best conductivity, they are characteristically reflective in the visible

part of the spectrum. Instead of using metallic films thin enough to be trans-

parent, an easier solution is to use a material that is intrinsically transparent

in the visible part of the spectrum. Such a material would have to be a semi-

conductor, having a band gap of at least 3.1eV to allow the transmission of the

shortest wavelength of visible light at 400nm. Ideally, the semiconductor ma-

terial should also allow the transmission of as much near infrared radiation

as possible, which allows photovoltaic devices to take advantage of more of

the solar spectrum. Here lies a problem, however, since a transparent mate-

rial has a completely filled valance band with an empty conduction band.[6]
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With no electrons located in the conduction band, there cannot be any elec-

trical conductivity. For this reason, a transparent conductor can neither be as

conductive as a metal, nor be 100% transparent. Getting the best performance

out of a transparent conducting film is therefore very challenging due to the

complex interplay between both the optical and electrical properties of the

semiconducting material. Even with all the challenges involved, transparent

conducting materials exist, and are used in countless devices.

2.2 Indium tin oxide

The most commonly used transparent conductor is currently indium tin oxide

(ITO) with a 93% market share.[1] ITO is a degenerately doped n-type semi-

conductor, which if deposited in the right way can have electrical conductivi-

ties of the order of 10Ω/sq with a thickness range in the 100’s of nanometres

(corresponding to a resistivity as low as 9× 10−5Ω cm).[7–10] ITO films can

also boast greater than 85% transmission over the visible region, and extend

that transparency into the near infra-red. [11, 12] The composition of typical

ITO films is mainly the element indium, making up around 75% of the mass.

Due to the scarcity of indium, coupled with the rising demand for use in large

screen displays and solar panels, the price is very high with volatile market

prices. [13]

A common method of producing ITO films is to use sputtering, and this is the

method used in the majority of commercial applications. Sputtering is a type

of physical vapour deposition where the material to be deposited is ejected
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FIGURE 2.2: A typical sputtering chamber with an ITO target.
The charged heavy ions are attracted to the oppositely charged
target holder which bombard the ITO. This causes the ITO to be

ejected and redeposited onto the sample and chamber walls.

from a target in vapour form and condenses onto a substrate, as shown in

figure 2.2.

Sputtering, and other physical vapour deposition methods, create very electri-

cally conductive and uniform ITO films but come at a cost. For uniform and

contaminent free deposition, the process must be performed in high vacuum.

Typically, pressure levels below the order of 10−6mbar are required for ac-

ceptable film depositions.[14] When vacuum levels below the 10−6mbar range

are required, great care and attention has to be taken in order to achieve and

maintain such a low vacuum. This equipment is very expensive and requires

regular maintenance to ensure reliable operation of the sputter system in an

industrial process. Another problem with using a sputtering system is wasted

material. As can be seen in figure 2.2, as the material is ejected from the ITO
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target it is not only deposited on the sample, it is also deposited onto the in-

side of the vacuum chamber walls. When we consider that only between 20

and 25% of the ITO sputter target is typically used, coupled with the wasted

material deposited onto the chamber walls, sputtering is a very inefficient use

of an expensive material. [15] Furthermore, it is necessary to pattern the films

post-deposition into the required structures leading to more material loss.

A more economic way to deposit thin films is to use a solution based material,

which can then be deposited onto substrates using a method such as spin coat-

ing, known as wet deposition. This method has been used for the deposition of

ITO in the past, giving uniform films without the need for expensive vacuum

systems and more importantly a reduction in the wasted materials. There is 2

methods to achieve this. A film of ITO can be produced directly from chem-

ical reactions within a solution leaving behind a continuous ITO film,[16, 17]

or, using ITO nano-particles dispersed into a solution leaving discontinuous

films on the substrate. [18, 19]

However, wet deposition of solution based ITO films is not without its prob-

lems. In order to get the solid ITO material into a form that can be spin coated,

it must first be made into compounds that can be dissolved. Putting the ITO

into solution with other non-conducting materials heavily restricts the electri-

cal conductivity, and post processing of the films is required to get the resis-

tivity low enough to be useful in devices that require a transparent conductor.

Typically, the ITO films are heated in a furnace at over 500◦C to crystallize the

films, whist also removing any remaining unwanted material left over from



Chapter 2. Literature Review 11

the reactions. As shown by Jing et al., [20] using indium nitrate and tin chlo-

ride, 100nm ITO films were produced and after annealing at 600◦C a sheet

resistance of just below 2kΩ/sq could be achieved. The change in electrical

conductivity was due to increasing the crystallinity of the films. The optical

transparency was also improved by this heat treatment. Hammad [21] used a

sol-gel method to produce 200nm ITO films, which were first dried at 130◦C

to remove any solvents and organic compounds, then annealed at 550◦C to

reduce the resistivity down to 1.1×10−3Ω cm (55Ω/sq). Again, the resistivity

was shown to reduce because of the increasing crystallinity, but also, it is pre-

sented that the high annealing temperatures give rise to deficiency of oxygen

in the films, which increases the number of charge carriers due to oxygen va-

cancies. [21] Hwang et al., [22] used nanoparticle based ITO inks that could be

ink-jet printed onto substrates directly into the pattern required with zero ma-

terial wastage. After annealing at a temperature of 400◦C the ink-jet printed

ITO reached a sheet resistance value of 500Ω/sq. As well as a reduction in

waste achieved by moving to wet processing, this also opens up the possibility

of printing electrode patterns. This avoids the need for post-deposition pat-

terning and increases utilisation of the material. Development of ITO-based

inks suitable for gravure and ink-jet printing has been conducted as part of

the INFINITY project.

The ITO films used in the INFINITY project were created using ITO nanopar-

ticles suspended in solution containing a polymerisable organic binder. The

organic binder used was 3(Trimethoxysi- lyl)propyl methacrylate (MPTS), and

played a key role for improving the conductivity of the films. As demonstrated
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by Al-Dahoudi and Aegerter [23, 24], under ultraviolet light the MPTS binder

polymerises and can be seen to pull the ITO nanoparticles together under

TEM, increasing the electrical conductivity of the films. Also demonstrated by

Al-Dahoudi [25] is the sintering of the ITO nanoparticles when heated. When

the temperature of the ITO films was increased up to 1000◦C, the crystallite

size of the ITO films increased by 24% when measured by XRD. With SEM

images showing an increase in particle size with higher temperatures, it is

concluded that the ITO nanoparticles are sintering together.

2.3 Alternative TCC’s

With the high cost and scarcity of indium, alternative materials have been in-

vestigated to replace it using cheaper and more available materials. Many of

the potential alternatives are known as transparent conducting oxides (TCOs),

which are based on doped metal oxides. [26] The most common alternative

materials are currently based on cadmium oxide, zinc oxide and tin oxide.

[27]

Tin doped cadmium oxide films deposited via pulsed laser deposition have

been shown to have resitivities as low as 2.38×10−5Ω cm. [28] Using pulsed

filtered cathodic arc deposition of indium doped cadmium oxide also showed

impressive resistivity results which went down to around 7.23×10−5Ω cm.

[29] This level of resistivity is lower than can be achieved by commercially

available indium tin oxide and uses little to no indium in the process, since

indium is either omitted from the process altogether, or used as a dopant in
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small percentages. Even though cadmium oxide has outstanding electrical

properties, the optical properties are not as good. The optical band gap of cad-

mium oxide is relatively low, and with certain dopant levels can be seen to be

as small as 2.5eV. [30–32] This leads the cadmium oxide films to have a poor

transparency in the lower wavelength range below 500nm. The biggest con-

cern with cadmium oxide based films is the toxicity of cadmium. Cadmium

is classified as a carcinogenic to humans, and has been identified as causing

direct problems with the kidney and respiratory systems. [33, 34]

Tin oxide based transparent conductors have also been studied, often doped

with antimony. Antimony doped tin oxide films often have a higher resistiv-

ity when compared with indium tin oxide ranging between 4×10−4Ω cm and

3×10−3Ω cm. [35–37]. The optical properties of tin oxide are very good in

comparison to cadmium oxide however. With a band gap of 3.75eV, which

increases with doping levels, the transparency of tin oxide films is high, and

extends into the ultraviolet range. [38]

Other alternatives include zinc oxide based transparent conductors. Two com-

mon dopants used in zinc oxide are silicon and aluminium. As shown by

Minami et al., [39] using silicon doped zinc oxide (SZO) deposited via mag-

netron sputtering electrical resitivities as low as 3.8×10−4Ω cm can be reached

whilst remaining above 85% optical transparency in the visible range. Using

aluminium zinc oxide (AZO) resitivities down to 1.4×10−4Ω cm have been

measured with the same level of optical transparency. [40, 41]

Transparent conducting films based on graphene have also been investigated
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as an alternative for ITO in commercial devices. Graphene is a layer of carbon

one atom thick, which makes the optical transparency of the layer between

97-98%, making it ideal for use as a transparent conductor. [42] As shown

by P.Nayak [43], using a 4 layer graphene film deposited via CVD shows

sheet resistance values at 40Ω/sq whilst keeping the optical transmission at

90%. Graphene films have also been deposited with additional materials in

an attempt to reduce the sheet resistance down to ITO levels. I.Khrapach et

al.[44] successfully deposited 5 layer graphene films interlaced with ferric chlo-

ride and reached a sheet resistance value of 8.8Ω/sq with a transparency of

84%. The films were only stable in air for up to a year, but demonstrates that

graphene films can be as conductive and transparent as commercially avail-

able ITO films.

2.4 Laser processing of TCO’s

Instead of using the conventional furnace treatments to post process TCO

films, lasers have been used to deliver energy directly into the films to in-

crease electrical conductivity. In order to laser process thin film materials it

is necessary to either deposit the optical radiation directly into the film or to

indirectly heat the film via absorption into the substrate. This requires careful

choice of laser wavelength and consideration of absorption, reflection, scatter-

ing and coherent effects such as thin film interference. In the literature, two

approaches have been used for the laser processing of TCO films. Since by

definition TCO films are transparent in the visible wavelength range, either
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ultraviolet or infrared lasers are used to deposit energy into the films.

In the case of ultraviolet laser irradiation of TCO films, a combination of two

processes can be achieved. Using high repetition rate neodymium-doped yt-

trium aluminium garnet (Nd:YAG) lasers in the third harmonic at 355nm, ul-

traviolet radiation can be absorbed into the films and used to create a photo-

thermal effect. [45–47] Here, the laser radiation is absorbed directly into the

films to create a heating effect. Using this method, the crystallinity of the films

increases which reduces the grain boundary scattering, making the electron

mobility higher and hence reducing the resistivity. The second method is to

use the high photon energies of ultraviolet to create photochemical changes

within the films. Excimer lasers are pulsed and are capable of outputting large

fluences in the ultraviolet. [48] Excimer lasers have been used extensively for

irradiation of transparent conducting films, especially when temperature sen-

sitive substrates are used. [49–54] Pulses from excimer lasers are typically be-

tween 5ns and 35ns in length, and have pulse repetition rates below 100Hz.

[55] This makes them ideal for irradiation of films on temperature sensitive

substrates. The heat affected zone (HAZ) caused by a laser pulse, shown in

figure 2.3, is related to the thermal diffusion length, and is calculated from

equation 2.1 [56, 57]

δ = 2
√

DHτ (2.1)

From equation 2.1, we see that the thermal diffusion length, δ, is related to the

laser pulse length, τ and the thermal diffusivity, DH. This means for short laser



Chapter 2. Literature Review 16

FIGURE 2.3: Heat affected zone of a laser pulse incident onto the
surface of a material. α−1 is the absorption depth of the laser
pulse, and δ is the thermal diffusion length which is related to

the pulse length

pulses such as those from excimer lasers, the thermal diffusion length is going

to be very small. Coupled with the low repetition rates at which excimer lasers

can be operated, the heat accumulation between pulses is minimised, making

them ideal for laser processing of temperature sensitive substrates. [58, 59]

Because excimer laser processing of transparent conductors relies chiefly on

photochemical processes, ultraviolet radiation has to be absorbed throughout

the film, and not just at the surface. The rate at which laser light is absorbed

into a material is given by the absorption coefficient, α. A large α value results

in the deposition of laser energy being located at the surface leaving the bulk

of the film unirradiated by sufficient fluence to affect the film all the way down

to the substrate. [56, 60] The Beer-Lambert law determines how far the optical

radiation will penetrate into the material, and is given in equation 2.2. [61]
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FIGURE 2.4: The Beer-Lambert law for optical absorption. At
one absorption depth, α−1, the irradiance drops to 37% (1⁄e) of the

initial value.

I(z) = I0e−αz (2.2)

The Beer-Lambert law shown in equation 2.2 shows an exponential decay of

the laser irradiance, I(z), as a function of depth, z, starting at the surface

(z = 0). At a depth equal to α−1, the laser irradiance has dropped to e−1

of its surface value as shown in figure 2.4. For indium tin oxide, as the inci-

dent light moves further into the ultraviolet, the absorption depth decreases

dramatically. [62, 63] This makes the choice of ultraviolet laser crucial if the

entire thickness of the film needs to be processed. An example of this can be

seen in figure 5.2, where the attenuation coefficient, α, of the ITO films used in

this thesis is plotted against wavelength in the ultraviolet.
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Using a furnace is the conventional method for curing transparent conducting

films at temperatures often exceeding 500◦C for hours at a time. [20, 21, 64].

Instead, infrared lasers can be used to couple energy directly into the films in a

localised area to create similar temperature rises. The lower photon energy of

the infrared light has no photochemical effect on the films, and acts purely as

a localised heating source. Two commonly used infrared sources are the CO2

laser at λ = 10.6µm and the fundamental wavelength of the Nd:YAG laser at

λ = 1.064µm. The CO2 laser has been used in the literature to process trans-

parent conducting films to make them more conductive, [65–68] along with

the Nd:YAG laser [69–71]. Coupling infrared radiation into transparent con-

ducting films is more challenging than ultraviolet. As the transparent films

become more conductive, they also become increasingly reflective at lower in-

frared wavelengths, until becoming transparent at the plasma frequency. [72–

74] As shown by Hamberg et al., [72] ITO films have a reflectivity greater than

70% at the CO2 laser wavelength and increases with higher charge carrier den-

sities to around 90%. With up to 90% of the energy reflected, high irradiances

are required to process the films, with potentially dangerous levels of reflected

energy coming from the sample. The opposite problem occurs at Nd:YAG laser

wavelengths, where the films are quite transparent. This is shown by Askari

et al., [73] where the transmittance at 1µm is around 80%, making the coupling

of energy into the films low.
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2.5 Electrical measurements on thin films

Measuring the resistivity of bulk materials can be a simple task. If the geom-

etry is known, and total resistance is measured, then the resistivity, ρ can be

found using equation 2.3

ρ = Resistance× Area
Length

(2.3)

When measuring bulk materials the geometries are generally straight forward

to measure, with the length much greater than the height or width. This be-

comes more difficult when measuring thin films which are usually less than

1µm in thickness with large areas in the length and width. In this case, we

cannot simply make 2 contact points on the sample and assume that the cur-

rent will flow through all of the material. An example of this problem is seen

in figure 2.5, leading to incorrect resistivity measurements. From figure 2.5, it

can be seen that the longer you make the length of the probes in relation to the

width, the errors become smaller and smaller until they can be neglected.

One solution to this problem is to force a known geometry for the current path.

This can be achieved in two ways. By using a metal busbar across both ends of

the sample the current will flow across the whole sample uniformly, assuming

there is an ohmic contact with the sample all the way along the busbar. Or

alternatively, by isolating a long thin area of the sample, the errors can be made

to be negligible, at a cost of having to destroy part of the sample.
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FIGURE 2.5: Incorrect resistivity value obtained from unknown
geometry. The current path will be defined by the electric field
and local material properties. Even for a homogeneous film, the
field is non-uniform and consequently the width of the current

path is ill-defined.
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FIGURE 2.6: The arrangement for the linear 4-point probe
method. [75] For the probe used in this work, S1 = S2 = S3

and is referred to as S without a subscript.

These two approaches come with problems other than just potentially damag-

ing the sample however. When using a 2 point probe electrical measurement,

parasitic resistances are present. These include the resistances of the wires and

probes, contact resistance between the probes and the material, and any in-

ternal resistance of the measurement equipment. These parasitic resistances

can be removed by separating the current and voltage measurements through

using 4-probes. The arrangement of a linear 4-point probe setup is shown in

figure 2.6. Since the voltage measurement is made from a separate voltmeter

with an ideally infinite resistance, the parasitic resistance values in the system

become insignificant in comparison, giving a more accurate resistivity read-

ing. The 4-point probe method becomes more useful as the resistance of the

sample being measured becomes lower and more comparable to the parasitic

resistance.

When measuring the resistivity of a sample using the linear 4-point probe
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method, it is traditional to represent the value obtained as Ohms per square

(Ω/sq). Ohms per square is simply the resistivity divided by the thickness of

the film, from equation 2.4, and is known as the "sheet" resistance.

Rsheet =
ρ

thickness
(2.4)

Using the linear 4-point probe method gives the sheet resistance directly. The

sheet resistance can be calculated using equation 2.5, where I14 is the current

flowing through probes 1 and 4, and V23 is the voltage measured across probes

2 and 3, shown in figure 2.6. Equation 2.5 gives the sheet resistance, with

the value of 4.5324 being a correction factor, but this correction factor is only

suitable for sheets which are infinite in size. [76]

Rsheet =
V23

I14

π

ln 2
≈ 4.5324

V23

I14
(2.5)

When infinite films cannot be approximated, other correction factors need to

be used instead, which depend of the geometry of the sample being measured.

Table 2.1 shows the correction factors used when the linear 4-point probe is

used in different geometries assuming the probe spacings are all equal. [76]

For these correction factors to be applicable, it is important that the geometry

constraints of Table 2.1 are observed. There are also further correction factors

needed to be used if the probes are located perpendicular to non-conducting

boundaries, which makes this measurement increasingly difficult. [77]
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TABLE 2.1: Table showing correction factors for various geome-
tries of 4-point probe spacings. The definition of D, S and a are

given in figure 2.6.
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To overcome these issues, a second measurement can be made whilst the 4-

point probe is on the sample. This technique is called the dual configuration

4-point probe method. Here, the first measurement is made as usual in the

4-point probe method as setup in figure 2.6. Then the outer two probes are

swapped, so that the current flows through probes 1 and 3, and the voltage

is measured across probes 2 and 4. [78] The resistance from the two sets of

measurements can then be calculated using equations 2.6 and 2.7.

Rsingle =
V23

I14
(2.6)

Rdual =
V24

I13
(2.7)

Using the above two equations, the sheet resistance of the sample is finally

obtained from equation 2.8. [79]

Rsheet = Rsingle × (−14.696 + 25.173
(Rsingle

Rdual

)
− 7.872

(Rsingle

Rdual

)2

) (2.8)

Using the dual 4-point probe technique removes the need for a correction fac-

tor, and makes the measurement independent of geometrical effects such as

non conducting boundaries. [79–81]



Chapter 3

Methods and Materials

3.1 Methods

3.1.1 Optical

3.1.1.1 Transmission

To measure the optical transmission of the ITO films, two systems were used

to cover the spectrum from the ultraviolet to the infrared. A ThermoScientific

Evolution 220 spectrophotometer [82] was used to measure the transmission

in the wavelength range from 190nm to 1100nm. To measure the transmission

further into the infrared a Bruker IFS 66/S FTIR spectrophotometer [83] was

used, which could measure the transmission in the wavelength range from

700nm to upwards of 20µm. To calculate the transmission of the sample, the

incident intensity, I0, and the intensity after the sample, I, can be substituted

into equation 3.1.

25
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Transmission(%) =
I
I0
× 100 (3.1)

To measure I0, the transmission of the substrate by itself was taken in both in-

struments which takes into account any absorption in the substrate. Then, the

film located on the substrate was measured to find I. In the case for the Ther-

moScientific Evolution 220, a diffraction grating is used to scan through each

individual wavelength, measuring the transmission at each step. The Bruker

IFS 66/S uses a technique called Fourier-transform infrared spectroscopy, in

which all the wavelengths are simultaneously sent through the sample and

then Fourier transforms turn the raw data into transmission data. From the

transmission data it is possible to calculate the absorption coefficient for the

sample, α, as long as the thickness is known. The Beer-Lambert law defined

in equation 2.2 can be arranged into equation 3.2, and the absorption coeffi-

cient can be calculated if the thickness, d, and transmittance, T, is known. The

transmittance is simply the transmission divided by 100.

α =
− ln(T)

d
(3.2)

Following on from the calculation of the absorption coefficient, it is also pos-

sible for a Tauc plot to be created which indicates the optical band gap of the

material, and is explained later on in this chapter in section 3.3.



Chapter 3. Methods and Materials 27

FIGURE 3.1: Haze measurement setup using an integrating
sphere. The reference white or black could be inserted into the
back of the sphere depending on which measurement was been

taken.

3.1.1.2 Haze

Optical transmission measurements are a good indicator of how much light

passes through a material, however, they do not indicate how hazy the mate-

rial is. A hazy material will look foggy, even though the optical transparency

might be very high. One of the main uses for ITO films is in display technolo-

gies. If the transparent conductor in displays exhibited signs of haze, screens

would look foggy, which is undesirable. Haze has two distinctive regimes,

wide angle scattering and narrow angle scattering. For ITO films used in dis-

plays the more important regime is the wide angle scattering, since it will affect

the way the display looks more drastically. Measuring the wide angle haze is

standardised by the American Society for Testing and Materials D1003-13. [84]
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Following the ASTM D1003-13 guidelines, a haze meter was constructed us-

ing an integrating sphere and a unidirectional beam. The light source used

was a helium neon laser of around 1mW of power. From ASTM D1003-13,

the wide angle scattering is defined as scattered light at a greater angle than

2.5° normal from the beam. The setup is shown in figure 3.1. Any light scat-

tered beyond 2.5° from the sample will impinge on the white surface of the

integrating sphere, creating a voltage reading on the photodiode.

In order to calculate the haze, 4 measurements have to be taken with the in-

tegrating sphere. The readings are read as a voltage developed by the pho-

todiode. With the sample removed and the standard white inserted, the first

reading was recorded from the photodiode, T1, making sure that it was not

saturated with too much light. Keeping the sample removed and inserting the

standard black, the second reading, T3, was recorded. Now, inserting the sam-

ple into the setup, with the standard black inserted the third measurement, T4,

is taken. Finally, with the sample inserted as well as the standard white final

reading, T2 was recorded. To calculate the haze, equation 3.3 is used.

Haze =
T4 − T3(T2/T1)

T1
× T1

T2
(3.3)

The end result gives the haze as a percentage, at a wavelength of 633nm. The

hazemeter constructed for use in this thesis could only measure the haze at

a single wavelength (633nm), whereas a commercial hazemeter would have

used a collimated white light source and been able to measure the haze as an

average throughout the visible spectrum. The university did not own such a
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FIGURE 3.2: The Jandel Veeco 4-point probe used for the resistiv-
ity measurements throughout this thesis.

device to measure the haze, and the budget did not allow us to purchase one.

Therefore, an in house constructed hazemeter was used for the measurements

as closely to the ASTM D1003-13 guidelines as possible.

3.1.2 Electrical

3.1.2.1 Resistivity

For the resistivity measurements to be the same for all the samples, a specific

resistivity measuring setup was created for the purpose. Because some of the

measurements required 4 points of contact, a 4-point probe was purchased

from Jandel and can be seen in figure 3.2. [85] The 4-point probe featured

spring loaded tips (so that the pressure on the films was constant through-

out measurements), a tip radius of 100µm, and a spacing of 1mm between

probes. To make sure the 4-point probe was aligned onto the isolated areas,

a long working distance microscope was used so that the points of contact

could be viewed from the side. Using the microscope ensured the probes were
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FIGURE 3.3: View through the long working distance microscope
of the 4-point probe aligned just above an isolated area in an ITO

film.

all situated on the laser irradiated line. Figure 3.3 shows a view through the

microscope. The sample was situated on an XYZ micrometer-controlled stage

beneath the 4-point probe so that fine adjustments were possible.

The 4-point probe setup was used in two different ways depending on the

geometry of the isolated areas. In the case of the long and thin 6x1mm areas,

a more simple approach could be used due to the lack of current spreading

errors. In this approach, seen in figure 3.3, the 4-points are aligned in the centre

of the 6x1mm line. Since the geometry is well defined a simple resistivity

calculation can be performed using equation 3.4.

ρ = Resistance× Width× Thickness
Length

(3.4)
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FIGURE 3.4: Resistivity setup used for samples with resistance
greater than 1kΩ. The inner two probes were not connected in

this case.

The resistance in this case was measured in one of two ways. Firstly, the resis-

tance was measured using a Tektronix DMM4020 in a 2-probe configuration,

shown in figure 3.4. With the DMM4020 set into resistance mode, it directly

measures the resistance between the two probes. In this setup, the resistance

of the wires, probes and any contact resistance is also included in the measure-

ment. If the resistance of the sample was above 1kΩ then the % error caused

is insignificant as the parasitic resistance values were small in comparison.

However, in the case where the resistance of the sample was below 1kΩ the

parasitic resistances stopped being negligible and needed to be accounted for.

In this situation, the resistance was measured using all 4 contacts of the probe.

The outer 2 probes had a known current passed through them and the volt-

age drop across the middle 2 probes was measured with a separate voltmeter.

Using a voltmeter with very high internal resistance makes the parasitic resis-

tances negligible, and therefore any errors due to them are minimised. The

setup used in this situation is shown in figure 3.5.

To validate both the systems, known resistance values were measured. In the

first setup using the 2-point probe system, a 2.4kΩ resistor with a 1% tolerance
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FIGURE 3.5: Resistivity setup used for samples with resistance
lower than 1kΩ. Having a separate current supply and voltmeter
eliminates parasitic resistances and reduces errors, but it takes

longer to make a measurement.

FIGURE 3.6: System validation using the 4-point probe system.
The linear fit gives a resistance of 97.30± 0.03 mΩ. Well within

the tolerances of the resistor.
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was used. For the second setup using the 4-point probe, a 100mΩ resistor

with a 5% tolerance was used. The Tektronix DMM4020 correctly measured

the 2.4kΩ resistor within the tolerance levels at 2403Ω, and the 4-point probe

system results are shown in figure 3.6. Here we see that the 100mΩ resistor

was measured to be 97.30± 0.03mΩ, which is within the tolerance levels of

the resistor and has a small uncertainty equivalent to ∼0.03%.

The second method to measure resistivity was used in the cases of the larger

6x6mm and 12x12mm areas. For these samples, current spreading becomes

an issue and the simple resistivity calculation fails due to unknown geome-

tries involved. For this situation, the setup used is shown in figure 2.6. It

uses the same equipment used in the 6x1mm area measurements, keeping the

4-point probe, current source and nanovoltmeter but different measurements

are taken. In this situation, the dual 4-point probe sheet resistance measure-

ment was employed. As shown in the literature review, this method directly

measures the sheet resistance of a film of unknown geometry using equations

2.6 - 2.8. To test this setup, a known sample had to be used. A commercial

sheet of ITO was chosen for this. The ITO sample itself was not known to a

high degree of accuracy, since it was in a batch with hundreds of other sam-

ples. However, the batch of samples was known to lie between 10 and 15Ω/sq.

To take the measurement, IV curves were plotted for both Rsingle and Rdual

which can be seen in figure 3.7. The values measured for Rsingle and Rdual were

3.20Ω and 2.63Ω respectively. The sheet resistance for the dual configuration

was calculated from equation 3.5.
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FIGURE 3.7: IV curves measured for commercial ITO films. The
corresponding resistance values for Rsingle and Rdual are 3.20 ±

0.04Ω and 2.63± 0.03Ω respectively.

Rsheet = Rsingle × (−14.696 + 25.173
(Rsingle

Rdual

)
− 7.872

(Rsingle

Rdual

)2

) (3.5)

Using the measured resistances and equation 3.5 gave a sheet resistance for the

ITO films of (13.6±0.2)Ω/sq. This value lies within the stated sheet resistance

range for the batch of ITO films we used.

Using this data it was also possible to test for the validity of the dual config-

uration setup by checking what the sheet resistance would be if Rsingle was

measured alone and coupled with one of the correction factors shown in ta-

ble 2.1 in the literature review. The ITO films that were used were 12x12mm
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FIGURE 3.8: Correction factors for single configuration 4-point
probe measurements from table 2.1. With a curve fitted, we can
interpolate values not shown in the table. At a ratio of 12, the

correction factor is 4.304.

square, giving a D/S ratio of 12. From figure 3.8, the correction factor for a

D/S ratio of 12 is 4.304. Using Rsingle multiplied by this correction factor gives

a sheet resistance of 13.7± 0.2Ω/sq. Hence, the dual configuration and correc-

tion factor method agree when used properly.

3.1.2.2 Mobility

To compliment the resistivity measurements, a Hall voltage measurement sys-

tem was constructed. Being able to measure the Hall voltage also enabled

measurement of the charge carrier density and charge carrier mobility. These

values are useful to explore why the electrical properties are changing due

to laser irradiation, and can give insight into what laser-induced processes



Chapter 3. Methods and Materials 36

FIGURE 3.9: Hall voltage setup in the Van der Pauw arrange-
ment. Current flows through opposite corners and the voltage is
measured across the other corners. In the presence of a magnetic
field the electrons will deflect to one side and create a potential,

VH.

are occurring. The setup for a Hall voltage system is similar to the resistivity

measurements. We used the same Keithley constant current source and nano-

voltmeter, and used 4 sprung loaded probes to contact the sample. The probe

arrangement was different however, and can be seen in figure 3.9. The Hall

measurement was setup following the NIST guidelines. [86]

In the Van der Pauw arrangement, the current flows diagonally through the

sample and the voltage difference is measured across the other two corners.

When a magnetic field is applied perpendicular to the direction of current
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flow, electrons will be deflected towards one of the corners and a potential dif-

ference can be measured across the device, known as the Hall voltage. Since

the probes, sample holder and connectors all had to be situated in a magnetic

field greater than 1T, great care had to be taken to ensure non magnetic parts

were used. The Hall effect is very small, creating voltage differences of typ-

ically microvolts or smaller. Due to the small effect, electrical shielding was

necessary. To mount the sample, 4 spring loaded probes spaced in a 12x12mm

square were used and enclosed in an aluminium box. The sample holder

was placed in between two electromagnet poles bigger than the entire sam-

ple holder, making sure a homogeneous magnetic field could be maintained

across the sample. The electromagnet used could generate a maximum mag-

netic field of 1.2T, and could be set to any desired field below this by adjusting

the current supplied to the coils.

To measure the Hall voltage, the sample was placed in a magnetic field, B.

Current, I, was allowed to flow through probes 1 and 3, and the Hall voltage,

VH, was measured across probes 2 and 4. From these values, the charge carrier

density was calculated from equation 3.6, where e is the electron charge. [86]

Importantly, when using equation 3.6 the sheet charge carrier density, ηs, is

calculated in units of cm−2.

ηs =
IB

e|VH|
(3.6)

To test the system, a known calibration sample of ISOTAN was used. ISOTAN

is an alloy of copper and nickel, making the resistivity very low. Having such
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FIGURE 3.10: Measured Hall voltage of ISOTAN against current.
The magnetic field strength in this case was 1T. The red and blue
lines represent the lowest and highest gradient value within er-
rors, with the dashed line the accepted value of the ISOTAN sam-

ple.
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a low resistivity made the voltage drop across the device extremely small. Fig-

ure 3.10 shows the Hall voltage plotted against a range of currents through

ISOTAN. As can be seen, the voltage drops were as small as 500nV even with

400mA of current flowing through the sample. The large errors were due to

fluctuating voltages on the nanovoltmeter, which could not be improved upon

when measuring such small voltages. The measured charge carrier density of

the ISOTAN sample was 3.31± 0.55× 1020cm−2, which just agrees with the

ISOTAN value of 2.8× 1020cm−2. [87] From the sheet charge carrier density,

ηs, we can infer the charge carrier mobility, µe, if we know the sheet resistance

using equation 3.7. [86]

µe =
1

eRsheetηs
(3.7)

Measuring the sheet resistance of the ISOTAN sample using the dual configu-

ration 4-point probe method, gave a value of 4.08mΩ/sq. Using the the values

measured and using equation 3.7 gives a sheet carrier mobility of 4.61cm2V−1s−1.

Consequently, by measuring the Hall voltage, we now have a complete picture

of the electrical characteristics for the material

The ISOTAN sample used was an extreme. The resistivity was very low, and

not comparable to the values expected here. To test the system on a more

realistic sample, the commercial ITO films used to verify the 4-point probe

resistivity system was also used in the Hall voltage setup. The same technique

was used with this ITO sample. A 1T magnetic field was used. The current

flow through the ITO sample was much lower, since the resistivity of the ITO
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FIGURE 3.11: Measured Hall voltage of a commercial ITO films
on glass against current. The magnetic field strength in this case

was 1T.

was much higher than the ISOTAN sample. Figure 3.11 shows the Hall voltage

as a function of current for the ITO sample.

As seen from figure 3.11, even though the current supplied was much lower

than for the ISOTAN sample, the Hall voltage is more easily measured, being

at least 20× higher in comparison. With the lower current and higher Hall

voltage, the measurement became much more stable and a linear graph was

obtained with uncertainties too small to represent as error bars. Again, using

equation 3.6, the sheet charge carrier density is measured to be 14.8± 0.7×

1015cm−2. The sheet resistance of the commercial ITO sample was already

measured in the previous section as being 13.6Ω/sq, and when substituted

into equation 3.7, gives the charge carrier mobility of the ITO as 31.0cm2V−1s−1.
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The commercial ITO films did not have a known carrier mobility, so for an ap-

proximate comparison the mobility values for various ITO films were identi-

fied in the literature. Values from 3 sources put a typical value for the mobility

of ITO films between 20 and 50cm2V−1s−1. [10, 88, 89] Consequently, our mea-

surements are within the range of common values for ITO films.

As with the hazemeter, the device used here to measure the Hall voltage was

built in house. The cost for a commercial Hall voltage measurement system

was high, and was not possible to be purchased, but all the equipment used

within a typical commercial system was available separately. Following the

NIST guidlines, a sample holder with contact probes was designed and built

that was able to be mounted in the 1T electromagnet. The system was then cal-

ibrated against a known sample, and was able to correctly measure the charge

carrier density and mobility to within the errors of the sample.

3.2 Materials

3.2.1 Ink

The ITO films used in this thesis were prepared by the Leibniz Institute for

New Materials in Germany. [90] The films consisted of ITO nano-particles

suspended in a solution containing a polymer based binder, 3(Trimethoxysi-

lyl)propyl methacrylate (MPTS), along with a solvent (isopropoxyethanol) to

achieve the correct viscosity for spin deposition. [91] To make the ITO nano-

particles, a solution of indium(III) chloride and tin (IV) chloride was added
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FIGURE 3.12: SEM picture of the ITO nano-particles suspended
in MPTS on a glass substrate.

to an ammonia solution then dried to leave a powder which was annealed at

250◦C in forming gas (92% N2, 8% H2). [92] The resulting nano-particles have

an average size of 15-20nm. An SEM image of the nano-particles as received

can be seen in figure 3.12. The MPTS binder and solvent mixed in with the

ITO nano-particles act as a dielectric medium between neighbouring nano-

particles, as shown in figure 3.13.

In a typical sputtered ITO film, the conductivity is dependant on the charge

carrier density and the mobility of the electrons in the film as seen in equation

3.8, where σe is the conductivity, ηe is the electron density, µe is the electron
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FIGURE 3.13: ITO nano-particles suspended in a polymer binder.
The binder inhibits electrical conduction with a dielectric barrier

between neighbouring particles.

mobility and e is the electron charge. Sputtered ITO films are continuous, and

hence do not have any dielectric material that can interfere with the conduc-

tivity of them, though grain boundaries can still scatter electrons increasing

the resistivity.

σe = ηeµee (3.8)

In INM’s nano-particle based films, the overall conductivity is dominated by

the electron tunnelling current that can pass through the dielectric barrier

formed by the polymer binder. This severely limits the electrical conductiv-

ity, even if the ITO nano-particles themselves have a very high value.
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FIGURE 3.14: Optical transmission spectra for borofloat 33 sub-
strates in the Left UV to NIR and Right NIR to MIR. Data at
10.6µm could not be measured due to the instrument limitations.

3.2.2 Substrates

3.2.2.1 Borosilicate Glass

The majority of the samples used for irradiation in this thesis were taken on

Schott Borofloat 33 substrates. [93] The borofloat substrates were used over

conventional soda lime glass due to the higher resistance to thermal cracking,

having a coefficient of linear thermal expansion of 3.25×10−6K−1. This meant

higher temperatures could be reached during laser processing of the ITO films

without substrate damage, with the upper temperature limit of 500◦C. The

optical transmission of the borofloat substrates is shown in figure 3.14.

The optical properties show that the borofloat substrates are transparent above

80% from λ = 320nm and above. This make measuring the transmission of the

ultraviolet wavelengths difficult if the films are on borofloat substrates. The

borofloat substrates start to absorb again in the infrared at around λ = 3µm,

meaning the CO2 laser wavelength at 10.6µm will be fully absorbed into the
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FIGURE 3.15: Optical transmission spectra for spectrosil 2000
substrates from 190nm to 1100nm.

substrate if not absorbed into the ITO films. The thermal conductivity of the

borofloat substrates is low at 1.2Wm−1K−1, meaning any energy deposited

into the substrate is not going to spread, concentrating temperature rises into

small areas.

3.2.2.2 Fused Silica

The second type of glass substrate that was used were made from Heraeus

spectrosil 2000 fused silica. [94] The main use for the fused silica substrates

were for the ability to take transmission data further into the ultraviolet. As

can be seen in figure 3.15, the transmission of the fused silica substrates re-

mains above 90% at λ = 190nm. The thermal conductivity and coefficient of
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linear thermal expansion values for spectrosil are 1.4Wm−1K−1 and 5.9×10−7K−1

respectively. The thermal conductivity of the spectrosil is very similar to that

of the borofloat samples, thus, it is expected that the laser treated samples

using the CO2 laser will heat the ITO samples in the same way. The spec-

trosil substrates do have a lower coefficient of linear thermal expansion and

are expected to have a higher tolerance to thermal damage, and the upper

working temperature was higher at 1350◦C. Both the borofloat and spectrosil

substrates absorb heavily in the infrared beyond λ = 3µm and neither sub-

strate are favoured for the transmission measurements taken in the infrared.

The spectrosil substrates would have been the better choice for all the glass

samples due to the superior thermal expansion properties and better ultravio-

let transmission, however, due to the high cost associated with the substrates

it was not possible.

3.2.2.3 PET

For the ITO films deposited on flexible substrates, polyethylene terephthalate

(PET) substrates were used. PET has a melting point of ∼260◦C [95], which

is substantially lower than that of the glass substrates used. Irradiation of the

ITO films on the PET films is expected to be difficult when photothermal pro-

cesses are required due to this low melting temperature. In an attempt to com-

bat this issue, Melinex heat stabilized PET films [96] were used to increase the

upper working temperatures of the substrates. PET has a thermal conductivity

of 0.19Wm−1K−1, which is around a 15% of that seen in the glass substrates.

[97] The PET substrates were not used for any of the optical measurements
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FIGURE 3.16: FTIR spectra for PET from from wavenumbers
4000cm−1 to 450cm−1 showing absorption peaks throughout.

[99]

due to the poor transmission near the ultraviolet [98], as well as absorption

peaks located throughout the infrared parts of the spectrum as seen in figure

3.16.

3.3 Initial Characterisation

The ITO films as received were typically greater than 100Ω cm (2MΩ/sq),

which is over 6 orders of magnitude higher than commercially available sput-

tered ITO films.

The inks were deposited in one of three ways. On Borofloat substrates ink-

jet printed lines were supplied for irradiation and characterisation. The ink-

jet printed films were deposited using a Microdrop AD-P-8000 printer using

nozzle sizes ranging from 70µm to 9µm. [100] Each ink-jet printed line was
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FIGURE 3.17: Surface profile taken across one of the ink-jet
printed lines on a Borofloat 33 glass substrate using the Bruker

Dektak XT stylus profilometer.

500µm wide and 40mm long, and each 50x50mm glass substrate contained 25

printed tracks.

To measure the thickness and width of each line, stylus profilometry using a

Bruker Dektak XT was employed. The thickness and width of one of the ink-jet

printed lines can be seen in figure 3.17.

As can be seen from figure 3.17, the tracks are non-uniform in thickness and

have two spikes in thickness at the edge of the sample. This is known as the

’coffee ring effect’ and is a result of capillary flow caused by varying evapo-

ration rates across the printed track. [101, 102] The coffee ring effect makes
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FIGURE 3.18: Surface profile of 5 different spin coated ITO films
which were scratched using a pair of tweezers to generate a gap

in the film which allowed the thickness to be measured.

the printed tracks very difficult to characterise because of their variable thick-

ness across the width. Another problem with the printed tracks is the small

width. To measure the transmission spectra of the tracks, it would be nec-

essary to align the 500µm wide track to the spectrophotometer optical beam.

This would have been very difficult to achieve perfectly every time, and so it

was decided that the ink-jet printed tracks would not be the best choice for our

experiments.

Spin coated samples were prepared on 50x50mm Borofloat 33 glass substrates,

and measured approximately 520nm thick as shown in figure 3.18. The thick-

ness was measured by scratching the ITO films with a pair of tweezers, and
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then using the Bruker Dektak to measure the profile of the scratch. Care was

taken to not scratch the glass by using a pair of plastic tweezers for this pur-

pose.

The thickness measured across different samples was consistent, as well as for

different areas of the 50x50mm coatings (excluding the very edges). Having

such a large area of continuous film made the spin coated samples suitable for

many measurements including electrical, optical and surface morphology. As

mentioned earlier, the electrical resistivity of our films before irradiation were

of the order of 100Ω cm (2MΩ/sq), although this value could vary from sam-

ple to sample. This was measured using an in-house 4-point probe measuring

setup, details of the equipment and techniques are given in section 3.1.2.

To measure the optical transparency of the films, a ThermoScientific Evolution

220 spectrophotometer was used which has a wavelength range of 190nm to

1100nm. This covers the visible wavelength range required for characterising

transparent conducing films. For the ultraviolet transmission measurements

we used Spectrosil 2000 fused silica substrates in place of the Borofloat 33. Be-

fore irradiation, figure 3.19 shows the transparency of the films in the UV-VIS.

A blank fused silica slide was used as a reference sample, so reflection losses

and absorption from the substrate were accounted for. In order to measure the

transmission further into the infrared, a Bruker IFS 66/S FTIR spectrometer

was used. Using this source, the sample transmission in a wavelength range

from 800nm to beyond 20µm could be measured. Borofloat substrates could

be used up to 2.7µm wavelength since their transparency was in excess of the

films, as can be seen in figure 3.20.
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FIGURE 3.19: UV-VIS transmission spectra of the unirradiated
ITO films. The sample had a fused silica substrate to allow mea-
surement the UV transmission. The grey shaded area represents
the visible spectrum. The oscillation of the transmission is at-

tributed to thin film interference.

FIGURE 3.20: Infrared transmission spectra of the unirradiated
ITO films. Borofloat substrates were used since they were trans-

parent in this wavelength range.
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From the transparency measurements in figures 3.19 and 3.20, a few properties

of the ITO films can be determined. In the visible range of wavelengths, the

ITO films remain greater than 90% transmissive for almost the entire range.

Having greater than 90% visible transmission makes the films ideal for dis-

plays. The oscillation in transmission in the visible range is attributed to thin

film interference, and can be used to measure the refractive index of the films

using equation 3.9

n =
λ1λ2

2d∆λ
(3.9)

Where λ1 and λ2 are the wavelengths of 2 adjacent peaks of the interference

pattern, d is the thickness of the films, and ∆λ is the difference between λ1 and

λ2. Using the first two peaks in the visible part of the spectrum, λ1 = 441nm

and λ2 = 538nm, the refractive index of the ITO films, n, is measured at ∼ 2.4.

Their transparency also continues quite far into the near infrared, remaining

greater than 50% to around 1.3µm wavelength. Being transparent in the near

infrared does not benefit a display, but for photovoltaic devices, the infrared

photons up to around 1.1µm can increase the efficiency of the device by con-

tributing to the generation of charge carriers.

In the ultraviolet, the films start to absorb at wavelengths shorter than 350nm.

From this absorption edge it is possible to create a Tauc plot to find the band

gap of the material. [103] Although the Tauc plot gives the optical band gap,

we are treating this as the same as the transport gap, within measurement
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uncertainty, as the exciton binding energy is of the order of 10’s meV in com-

parison to several eV.

(α× hν)
1
n = A(hν− Eg) (3.10)

In equation 3.10, α is the absorption coefficient, hν is the photon energy, A is

a constant of proportionality and Eg is the optical band gap. The constant n

is dependant on the material being measured. For ITO, a semiconductor with

direct allowed transitions, n = 1
2 . [63, 104, 105] Therefore, a plot of (αhν)2 as

a function of hν will be zero when hν = Eg, and the constant ”A” does not

need to be known. The absorption coefficient as a function of wavelength was

obtained from the optical transmission data via equation 3.11.

T(λ) =
IT(λ)

I0(λ)
= e−α(λ)d (3.11)

Where T is the transmittance, I0 is the incident irradiance, IT is the transmitted

irradiance and d is the sample thickness. Equation 3.11 can be arranged to find

the absorption coefficient, α, as shown in equation 3.2. Finally, the connection

between wavelength (in metres) and photon energy (in electronvolts) is simply

given by equation 3.12.

eV =
hc
λe

(3.12)

Where h is Planck’s constant, c is the speed of light, and e is the electron charge.
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FIGURE 3.21: Tauc plot for unirradiated ITO films on Spec-
trosil2000 fused silica substrates.

Utilizing equations 3.10, 3.11 and 3.12, the transmission graph in figure 3.19

was transformed into the Tauc plot in figure 3.21.

The trend line for the linear portion of figure 3.21 was added by fitting a line

of best fit for just the linear regime of the data, and this was used to find the

intercept of the y = 0 line which tells us the value of Eg for the material. Whilst

the data points in figure 3.21 contain a number of experimental uncertainties,

the linearity of the data near the absorption edge is good, leading to a value

of Eg = (4.38± 0.05)eV. This is slightly higher than published data for the

general band gap of ITO that gives Eg in the range 3.8-4.3eV. [106]

At the NIR end of the spectrum, we see that there is also a transmission edge

lying between 1.2 and 1.4µm wavelength. This is known as the plasma edge, or
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the plasma frequency of the electrons in the ITO films. The plasma frequency

of the electrons can be calculated by equation 3.13 [107–109]

ωp =

√
nee2

mε0
, [rad/s] (3.13)

Here, ne is the electron carrier density, e is the electron charge, m is the effective

electron mass, and ε0 is the permittivity of free space. The plasma frequency

of the ITO films lies between 2.07× 1014 and 2.85× 1014Hz (1.30× 1015 and

1.78 × 1015rad/s). By assuming that the effective electron mass can be ap-

proximated to the rest mass of an electron, we can estimate the charge carrier

density, ne, of the films. The unirradiated ITO films have an estimated charge

carrier density of between 2.8× 1016 and 5.2× 1016cm−2. Typically, sputtered

ITO films have charger carrier densities between 1× 1016 and 6× 1016cm−2.

[110, 111] Hence, even though the spin coated ITO films have very poor over-

all electrical conductivity, the plasma edge indicates that the ITO nanoparticles

have a charge carrier density comparable to commercially sputtered ITO films.

From equation 3.8, the electrical conductivity is proportional to the charge car-

rier density, ηe, and the charge carrier mobility, µe. We must conclude that

because our ITO films have a charge carrier density that is comparable to com-

mercial ITO, that the charge carrier mobility of our ITO films is significantly

lower.

Most of the laser irradiation of ITO was conducted on films deposited on

Schott Borofloat 33 substrates, since borosilicate glass is more resilient to heat

damage as well as being transparent into the near ultraviolet. The ITO films
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were also produced on flexible polyethylene terephthalate (PET) substrates.

Laser irradiation of ITO films on PET substrate without causing damages was

expected to be more difficult, since PET has a melting point much lower than

borosilicate glass. PET also does not transmit light shorter than 300nm wave-

length. [112] This makes transmission spectra of the ITO difficult to take, since

the PET starts to absorb light whilst the films are still transparent. Hence, all

of the optical transmission data were taken on the glass substrates. The ITO

ink that was deposited onto the PET substrates is exactly the same as the one

used on the glass substrates, but instead of using spin coating, the films are

deposited via a gravure printing technique. The ITO ink developed by INM

for use in this project had already been gravure printed onto PET substrates

by Puetz et al.. [113] The as-deposited ITO on PET had the same resistivity

before irradiation as when the glass substrates were used, typically exceeding

100Ω cm. The films were 400nm thick as measured with the Bruker Dektak

XT.
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Laser Systems

4.1 Laser Systems

In this section, the laser systems used throughout this thesis to irradiate the

ITO films are characterised and the beam delivery systems are described. Pho-

tochemical processes were investigated using ultraviolet lasers. Infrared sys-

tems allowed exploration of laser-induced photothermal effects. Therefore, in

the following sections , the lasers are grouped by their spectral characteristics.

4.1.1 Ultraviolet Laser Systems

4.1.1.1 Xenon Chloride Laser

The Lumonics Excimer-500 laser was used is a multigas laser and can operate

with several different excimer mixtures. Here it was filled with helium, hydro-

gen chloride and xenon to generate the XeCl* exciplex. The XeCl laser outputs

light in the ultraviolet at a wavelength of 308nm. This laser is a pulsed system,

57
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FIGURE 4.1: Experimental setup used for measuring the XeCl
laser pulse length. The detector, coaxial cable, and oscilloscope

were all matched at 50Ω.

being able to operate at a maximum repetition rate of 50Hz. The pulse length

was measured by a FND100Q photodetector with a 90V bias applied. [114]

The FND100Q photodetector has a bandwidth of 350MHz leading to a rise

time of around 1ns when coupled into a matched 50Ω load. With the quartz

window on the front of the detector, it has a spectral response between 200nm

and 1150nm making it ideal for the XeCl laser pulse.

Figure 4.1 shows the experimental setup used to measure the XeCl laser pulse.

The laser pulse was incident onto a plano-convex quartz lens, and the 4% re-

flection from the curved face was used to generate a heavily attenuated beam

to measure the pulse length. The FND100Q photodetector was placed in the

diverging beam at a distance to ensure that it was not saturated. Using an

Agilent 3052A 500MHz oscilloscope terminated with 50Ω impedance gave a

system rise time of around 1ns. The measured pulse was averaged 10 times,

and as shown in figure 4.2, has a FWHM of 4.1ns. The pulse contains a tail

which extends to beyond 10ns, but has approximately a third of the intensity

of the main pulse.
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FIGURE 4.2: Measured pulse length of the XeCl laser using the
FND100Q photodetector, 90V reverse bias, and 50Ω termination
Together with the 500MHz oscilloscope bandwidth, this gave a

system rise time of roughly 1ns.
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FIGURE 4.3: Optical setup used with the XeCl laser for irradia-
tion of the ITO films. The beam forming telescope has cylindri-
cal optics to transform the rectangular laser output into a square

profile at the mask.

The transverse irradiance profile of the XeCl laser system was highly multi-

mode, having a 2×1cm cross-section. Because of the large area rectangular

beam, an imaging system as used with a square aperture mask to irradiate the

ITO films. The optical setup used for irradiation with the XeCl laser is shown

in figure 4.3.

The beam forming telescope (Fig. 4.3) consisted of two cylindrical lenses (one

convex and one concave) and a 2x2 lenslet array to transform the rectangu-

lar beam into a square one at the mask. This made more efficient use of the

energy and ensured a flat irradiance profile at the target located in the image

plane. The attenuator in the optical setup comprised of two quartz plates, one

of which has an angle dependent reflective coating. Changing the angle of

the first plate increases the reflection losses, and the second plate corrects for

the beam path deviation. Typically, a 2× or 3× demagnification imaging sys-

tem was used after the attenuator, depending on what fluence was required
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FIGURE 4.4: Projected image from a 2.75mm square mask onto a
piece of thermal paper with a 2× demagnification.

at the sample. Figure 3.11 shows an example of the final projected image into

thermal paper.

4.1.1.2 Argon Fluoride Laser

The argon fluoride (ArF) laser used was a Lambda-Physik LPF202, emitting

light in the ultraviolet at 193nm. The ArF laser has the highest photon energy

of the ultraviolet lasers used here at 6.42eV. As with the XeCl excimer laser,

this is a pulsed system with nanosecond pulse lengths. The same technique
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FIGURE 4.5: Pulse length of the ArF laser as measured with the
FND100Q photodetector. The detector, coaxial cable, and oscillo-

scope were all matched at 50Ω.

and setup was used for the pulse length measurement, where the reflection

from the front of a fused silica lens were measured with the FND100Q pho-

todetector. The pulse length was measured to have a FWHM of 15.4ns, and

can be seen in figure 4.5.

The transverse irradiance profile emitted from the ArF laser is very similar to

the XeCl beam, in that it is a highly multimode rectangular beam of around

2×1cm size. The optical setup was different however, Here, a contact mask

was used that was flood illuminated. This simplified the arrangement as it

was found that increasing the fluence via demagnification was unnecessary.

The setup is shown in figure 4.6.
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FIGURE 4.6: Optical setup used to irradiate ITO samples with the
ArF laser. A direct contact illumination mask was used to define

the irradiated area.

4.1.1.3 Helium Cadmium Laser

The helium cadmium (HeCd) laser used was an IK3552R-G from Kimmon

Koha Co. Ltd. This laser source is of the continuous wave type and emits at

only 325nm, since the 442nm laser line is internally inhibited. The output beam

is circular and highly multi-mode with a diameter of around 1.5mm as it exits

the laser. The output power of the laser was measured to be around 46mW

at the sample after all the optical elements. The power was measured with a

ThorLabs PM100D power meter, with a ThorLabs S350C sensor attached ca-

pable of measuring the power at 325nm wavelength.

With the laser having a small circular beam, the optical setup comprised of a

simple lens and mirror, as seen in figure 4.7. The irradiance of the beam was

controlled by raising or lowering the translational stage, which changed the

size of the laser spot on the film. Typically, the spot was chosen to be 1mm

diameter so that it fit inside the 1mm isolated tracks that are discussed later in
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FIGURE 4.7: Optical setup used with the HeCd laser. A front
surface mirror with a UV enhanced aluminium coating was used.

The plano-convex focussing lens was fused silica.

section 4.1.3.1.

4.1.2 CO2 Laser Systems

For the infrared irradiation of the ITO films, three types of CO2 laser were

used: a radio-frequency excited CO2 laser (RF:CO2), a transversely excited

atmospheric pressure CO2 laser (TEA:CO2) and an Q-switched RF:CO2 laser

(QSW:CO2). All three of the CO2 lasers operated at the same wavelength of

10.6µm, but delivered the laser energy in different ways.

4.1.2.1 RF:CO2 Lasers

For both the RF:CO2 and the QSW:CO2 lasers, the basic operation principle

was the same. They both have narror gas discharges excited by a radio-frequency

AC power supply. The output of the RF supply could be modulated with a
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FIGURE 4.8: Optical setup used to measure the RF:CO2 and
QSW:CO2 laser pulses. The scattering surface used was a
brushed copper plate for the QSW:CO2 laser and steel wool for

the RF:CO2 laser.

TTL signal. The only difference was the addition of an acousto-optic modu-

lator (AOM) just before the output coupler on the QSW:CO2 laser. The AOM

enabled very fast switching of the laser cavity loss (Q-factor) between a high

and low state, generating sub-microsecond pulses from the laser. To measure

the pulse lengths from these two lasers, a Santa Barbara Research Corporation

(SBRC) gold doped germanium detector was used. The SBRC detector had

to be cryogenically cooled with liquid nitrogen, and the 80v reverse bias was

only applied once at approximately 77K as indicated by a very low boil off rate

from the cryostat. The experimental setup is shown in figure 4.8.

To measure the pulse of the RF CO2 laser, the pulse generator was set to gen-

erate a 100µs pulse every second, as this was the shortest pulse the laser could

output on demand reliably at this low repetition rate. The SBRC detector was
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FIGURE 4.9: RF:CO2 pulse measured with the SBRC detector.
The laser was modulated at 1Hz with 100µs pulses via TTL from

the pulse generator.

terminated at the oscilloscope with a 5kΩ resistor. This value was chosen as

a compromise between the magnitude of the signal and the rise time of the

system. The bandwidth of the system was estimated to still be around 100ns

but of the order of 100 times the increase in voltage generation. When the RF

supply was modulated with a pulse of 100µs, the FWHM of the optical pulse

was ≈81µs (fig. 4.9). As seen from figure 4.9, the pulse does contain a tail that

extends the pulse by more than 60µs beyond the FWHM level.

For the QSW:CO2 laser the AOM frequency sets the repetition rate of the out-

put pulses within the TTL pulse from the trigger pulse generator. For example,

if the trigger pulse generator was set to 1Hz with 1ms pulses, and the AOM
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was set to 50kHz, the AOM would output 50 pulses within the 1ms window,

every second. It was noted that for optimal laser operation the AOM should

be set to 50kHz and so the frequency throughout the experiments used this

AOM frequency. The pulse measurement from the QSW:CO2 laser is shown

in figure 4.10. From figure 4.10, the pulses from the laser can be seen to grow

in energy until around 130µs, then halve in intensity. The pulses then remain

at this lower energy until the TTL signal ends, when the pulses increase to

the original energy before decaying back to nothing. It should be noted, for

the pulse measurements made on the QSW:CO2 laser, the termination at the

oscilloscope was switched to 50Ω for the ability to resolve the shorter pulse

widths.

In order to explore the behaviour seen in figure 4.10, the individual pulses

were examined over shorter timescales. Figure 4.11 shows 3 examples of pulses

at various times along the pulse train. Looking at figure 4.11 explains why the

reduction in pulse energy seen in figure 4.10 was occurring. The highest en-

ergy pulse, often the one just before the pulse energy reduction, has a FWHM

of 120ns and is a singular pulse. The following pulse after that, which ap-

peared to have half the energy, was in fact two individual pulses located very

close together in time. Both of the double pulses had increased pulse lengths,

reducing their peak power. However, it was found that later in the pulse train,

the pulses returned to being singular. This can be seen to occur at around

700µs and stays this way until the pulse train stops, and another one begins

from the next TTL signal.

Both the RF:CO2 and the QSW:CO2 lasers had Gaussian beam profiles, and the
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FIGURE 4.10: Pulse train from the QSW:CO2 laser when a 300µs
burst of pulses is requested from the laser. The blue line shows
the trigger pulse of 300µs duration and the black line is the opti-

cal output.
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FIGURE 4.11: QSW:CO2 laser pulses at various times along the
pulse train. a) The pulse with highest energy. b) The first pulse
that separates into a double pulse. c) At around 700µs into the
pulse train where the pulses return into single pulse operation.
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FIGURE 4.12: Scanning aperture setup used to measure the beam
profile of the RF:CO2 laser.

optical setup selected was the same as for the HeCd laser (fig. 4.7). The only

differences were the materials used for the lens and mirror, which were zinc

selenide and gold coated brass respectively. The beam profile of the RF:CO2

laser was measured using a scanning aperture technique, with a 200µm wide

slit. Care was taken to make sure the metal holding the slit was much larger

than the beam, so that no beam could be incident on the detector unless going

through the slit. Also, the slit was made much taller than the beam diameter

to ensure that it was not clipped in the axis of the slit. Figure 4.12 shows the

setup, and figure 4.13 shows the measured beam diameter.

The transverse beam profile of the QSW:CO2 laser had unwanted features aris-

ing from the AOM in the laser cavity. In order to clean the beam shape up, a
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FIGURE 4.13: Data taken from the scanning aperture beam pro-
file technique. The blue line is a Gaussian profile that has been

fitted to the data giving a 1/e2 beam diameter of 3mm.

6mm diameter steel aperture was placed before the lens to block the unwanted

parts. The spot sizes of the RF:CO2 and QSW:CO2 lasers were made to be as

small as possible, with the use of a lens, without damaging the films and/or

substrates.

4.1.2.2 TEA:CO2 Laser

The third type of CO2 laser used, the TEA:CO2 laser, operates in a similar way

to the ultraviolet excimer lasers. It is a pulsed laser system with low repetition

rates (maximum of 20Hz). The laser pulses from the TEA CO2 laser have two

parts. The initial gain switched pulse is around 100ns in length and contains

roughly 50% of the total pulse energy, this is then followed by a tail at much
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less intensity that extends to beyond 1µs containing the remaining 50% of the

pulse energy. [115, 116] The TEA laser pulse energy was measured using a

pyroelectric joule meter placed in the beam where it had diverged sufficiently

such that the fluence did not damage the device. The pulse energy from the

TEA laser was measured to be 2.5J, contained in a beam that was highly mul-

timode in a 2x2cm square. With the laser beam being highly multimode and

large in area, irradiation of the films was carried out in the same way as the

ArF laser setup 4.6. The use of a contact mask was mainly due to the lack of

a translational stage, however, the use of an imaging system that has an inter-

mediate focal point with this laser was also made difficult by the large pulse

energy which could ionize the air when focused into smaller areas.

4.1.3 Ultrafast Laser Systems

4.1.3.1 Titanium Sapphire Laser

The titanium sapphire (Ti:Sapphire) laser used was a Spectra-Physics Hurri-

cane. Being a regeneratively amplified mode locked laser system, the laser

was able to output a maximum repetition rate of 1kHz with each pulse con-

taining 750µJ of energy. The optical bandwidth of the Hurricane laser allows

pulse lengths down to 100fs to be generated. The laser comes equipped with

a variable path length compensator on the stretcher/compressor module in-

side the cavity and by adjusting this the pulse length can be made as short as

possible.However, dispersion in the system means a transform limited pulse
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FIGURE 4.14: Optical setup used for the Ti:Sapphire laser. The
glass window was mounted on a flip down optic holder, and
switched between passing the beam to the sample or the auto-

correlator for pulse length measurements.

is difficult to achieve and, in general, it was found to be longer than 100fs. The

optical setup used for the Ti:Sapphire laser is shown in figure 4.14.

To measure the pulse length of femtosecond length pulses, an autocorrelator

needed to be used. As shown in figure 4.14, a flip down glass window could

be used to direct the beam into the autocorrelator for easy maintenance of the

pulse length. The regeneratively amplified laser pulses have very high peak

power and can damage optical components very easily, so a glass window

was used to reflect only a small amount of the pulse into the sensitive auto-

correlator. Adjusting the compressor module inside the laser cavity gave us

a shortest reading of around 170fs on the autocorrelator. This is the autocor-

relation function, and is
√

2 times larger than the actual pulse length when a

Gaussian temporal shape is assumed. [117] This means that the shortest pulse

obtained from by the laser was 120fs.

The primary use of the laser was to ablate and electrically isolate smaller areas
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FIGURE 4.15: Electrically isolated areas laser ablated into the ITO
films on 50x50mm substrates. a) 6x1mm areas, b) 6x6mm areas

and c) 12x12mm areas

into the large 50x50mm square samples. For the isolation of smaller areas,

the laser was focussed into a small spot, and then the attenuator was used

to reduce the average power until there was a plasma just forming at the focal

point in air. This meant that when the ITO films were placed at this focal point,

the ITO could be ablated, to generate gaps in the film where current could not

conduct through. Figure 4.15 shows the different ablated patterns used and

figure 4.16 shows the surface profile across the ablated edge.

Following isolating the areas, they were irradiated either in the UV ir IR to

change their electrical properties. The area was enclosed by the isolating etch
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FIGURE 4.16: Dektak surface profile across a laser ablated line
in the ITO film on a glass substrate. A depth of 16µm could be
reached, ablating into the glass, with a 70µm width, successfully

electrically isolating the film.

so that the electrical test current was confined to a known part of the film

whilst the ablated "frame" also made it possible to visually locate where the

laser irradiation took place. The latter is important since the films are trans-

parent in the visible range and do not change after irradiation making it dif-

ficult to locate the irradiated area without visual cues. Depending on what

was being measured before and after irradiation, different sized isolated ar-

eas were used. The first areas at 6x1mm were used when only measuring the

electrical properties. The area was small which made irradiation times fast

and the width of 1mm was sufficient for the 4-point probe to be easily placed

within the area. Optical measurements could not be taken with such a small

area, and so the 6x6mm size was used for optical measurements. However,

containing 6 times the area proportionally increased the irradiation times. The
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12x12mm areas were solely used for the Hall voltage measurements, as they

were designed to fit the Van der Pauw probe spacings of 12mm.

4.1.3.2 Ytterbium:YAG Laser

The Ytterbium:YAG (Yb:YAG) laser was a Rofin-Sinar USP-100. Operating

at a maximum repetition rate of 10MHz and outputting a maximum average

power of 120W with pulse durations of the order of 1ps. This laser could be

operated in gated mode or pulse on demand. In the former case, optical output

follows the internal frequency of the laser for the duration of the TTL signal

sent to the laser. For example, a 100µs TTL signal would contain 1000 laser

pulses if the internal frequency was set to 10MHz. In the latter case, the laser

would output a single pulse for each TTL rising edge. It is important to note

that the internal frequency of the laser cavity affected the energy contained in

each pulse. It would be expected that setting the laser to 10MHz would have

10x the average power when compared with the frequency set at 1MHz, how-

ever this is not the case. As seen from figure 4.17, the average power at 1MHz

is roughly the same when compared with 10MHz, i.e. the energy contained

per pulse has increased by 10 times at the lower frequency.

The optical arrangement that was used is shown in figure 4.18. The use of an

optical isolator was necessary to avoid any unwanted reflections going back

into the laser cavity. A rotating half wave plate and a polariser were used as a

continuously variable attenuator. The beam expander was added to increase

the 3mm beam diameter to 10mm so that the irradiance on the galvo mirrors
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FIGURE 4.17: Energy contained per pulse for the Yb:YAG laser.
The percentage output was set by the laser control software, and
the energy was calculated from the average power divided by

repetition rate.

FIGURE 4.18: Optical setup used for the Yb:YAG laser. The ro-
tating half wave plate was used as a variable attenuator with a
polariser reflecting unwanted energy into the water-cooled beam

dump.
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fell below their damage threshold. The galvo scanner was part of an Aerotech

Infinite Field Of View (IFOV) system that could be used simultaneously with

the XYZ translation stage beneath it. However, the IFOV system experienced

various synchronisation problems between the XYZ stages and the galvo scan-

ner, and therefore only the XYZ stages were used in this thesis.

The pulse length of the Yb:YAG laser was measured at the manufacturer and

also confirmed with our autocorrelator. The raw data from the autocorrelator

at Rofin-Sinar UK is shown in figure 4.19. The autocorrelator had a calibration

value of 15.443ps/ms, giving a measurement of 1.19ps. As with our autocor-

relator, this is the autocorrelation function, and so correcting for this gives a

FWHM pulse length of 841fs. In figure 4.20 the pulse bandwidth was mea-

sured at 1.921nm giving a time-bandwidth product of 0.457. An ideal band-

width limited Gaussian pulse gives a time-bandwidth product of 0.441 indi-

cating that the laser was operating at near the transform limit. [118]
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FIGURE 4.19: Plot showing the raw autocorrelator data obtained
from the Yb:YAG laser pulse. The data corresponds to a FWHM

pulse length of 841fs. [119]

FIGURE 4.20: Wavelength of the Yb:YAG laser pulse. Measured
as being 1030nm with a FWHM ∆λ = 1.921nm. [119]



Chapter 5

Ultraviolet Laser Processing of ITO

Films

5.1 Introduction

In this chapter, wet processed ITO films manufactured by INM were irradi-

ated with various ultraviolet laser sources to improve the electrical conduc-

tivity whilst remaining the optical transparency. ITO films on glass substrates

and PET substrates were both irradiated with the laser sources. Initially, the

damage thresholds of the film for a particular laser source was determined for

the ITO films and/or substrate. When a laser regime was determined, prelim-

inary experiments were conducted to ensure the laser energy could effectively

be coupled into the films and improve the electrical conductivity. When it was

confirmed that the laser source could process the ITO effectively and improve

the conductivity, a complete study for the laser source was conducted. This

included more detailed electrical tests, post irradiation optical measurements

80
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from the ultraviolet to the infrared and surface morphology measurements.

Ultraviolet laser irradiation is expected to process the films photochemically,

not requiring any appreciable temperature increase in order to increase the

films electrical conductivity. The high photon energies associated with ultra-

violet light can directly affect the chemical structure of the films to increase

electrical conductivity in two ways. In the literature review, ultraviolet lasers

were mainly used to process ITO films by creating oxygen vacancies within

the ITO itself. Oxygen vacancies in the ITO film contribute two free elec-

trons available for electrical conduction, effectively increasing the charge car-

rier density. In the films considered here, ITO nanoparticles are suspended in

an organic binder, 3-(Trimethoxysilyl)propyl methacrylate (MPTS), which can

be polymerised under ultraviolet irradiation. [25, 120, 121] When MPTS is ir-

radiated with ultraviolet light at sufficiently high photon energy, the double

carbon bond shown in figure 5.1 is broken leaving a free radical. The free radi-

cal is then able to react with other nearby molecules, creating a polymer chain

of MPTS molecules. During the polymerisation step, the MPTS binder densi-

fies and effectively pulls the ITO nanoparticles closer together. When the ITO

nanoparticles are closer together, the non-conductive MPTS barrier between

them becomes smaller, and the probability of electron tunnelling through the

dielectric barrier is greatly increased resulting in higher current flow.
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FIGURE 5.1: 3-(Trimethoxysilyl)propyl methacrylate molecule
with the double carbon bond outlined in red.

FIGURE 5.2: Absorbance and the respective attenuation coeffi-
cient of the ITO films at the wavelengths of the XeCl, HeCd and

second harmonic Ti:Sapphire lasers.
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5.2 XeCl Laser Irradiation

In Chapter 3, the ultraviolet transmission spectra was measured for the ITO

films on fused silica substrates and shown in figure 3.20. From this data, the

absorption depth at the XeCl laser wavelength at 308nm can be calculated.

Shown in figure 5.2, at a wavelength of 308nm the attenuation coefficient is

1.18× 106m−1, which corresponds to an absorption depth of 847nm. As the

absorption depth is slightly longer than the thickness of the films, the entire

film will be affected by the laser energy whilst still being able to absorb a sub-

stantial amount of the energy. For example, for a film 522nm thick (Fig. 3.18),

the percentage of absorbed light is calculated as follows. The extinction coeffi-

cient of the material, k, can be calculated using equation 5.1.

k =
αλ

4π
(5.1)

Where, α, is the absorption coefficient of the material at the wavelength, λ. At

a wavelength of 308nm, the absorption coefficient was measured to be 1.18×

106m−1 (Fig. 5.2). This leads to a value of k = 0.03. The refractive index, n,

of the ITO films is measured to be 2.4, as shown in section 3.3. Equation 5.2 is

used to calculate the reflectivity, R, of the ITO films.

R =
(n− 1)2 + k2

(n + 1)2 + k2 (5.2)

The reflectivity of the ITO films is calculated to be 17%. Finally, using the
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values obtained in equations 5.1 and 5.2, the amount of incident laser energy

absorbed can be calculated from equation 5.3.

Iz

I0
= (1− R)e−αz (5.3)

Setting the thickness, z, at 522nm, leads to a value of 45%. That is, the amount

of incident laser energy absorbed into the films is 45%.

5.2.1 Temperature Measurements

Xenon chloride excimer lasers typically have low repetition rates (<100Hz),

nanosecond pulse lengths and moderate pulse energies (100’s of mJ). As men-

tioned in the literature review in Chapter 1, this makes XeCl, and other excimer

lasers capable of low temperature processing. In the preliminary laser process-

ing trials on PET substrates, no damage to the substrate was observed due to

heating. To measure the accumulative temperature rise of the films under ir-

radiation with the XeCl laser, a FLIR A35SC thermal camera was used [122].

To accompany the thermal camera measurements, COMSOL [123] simulations

were also run to estimate peak temperature rises on nanosecond time scales by

Andrew Clarke. [124]

As the FLIR thermal camera was fitted with a germanium lens, any reflected

ultraviolet laser light could not reach the sensor and cause damage. The FLIR

camera was aligned so as to visualise the surface of the ITO film with the high-

est attainable magnification. This ensured that the image of the laser irradiated
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FIGURE 5.3: Temperature change measurement of the ITO film
with the FLIR camera for XeCl laser irradiation at 50mJcm−2,
50Hz repetition rate and 1mm diameter beam. Accumulative

temperature rises are for 2, 5 and 10 seconds of irradiation.

spot covered as many pixels as possible to improve the spatial average of the

measurement. The projection system of the XeCL laser was also adjusted to

give a large irradiated area, however, this reduced the maximum reachable

fluence to just above 50mJcm−2. To irradiate the sample for temperature mea-

surements, a circular mask with a diameter of 1mm was used with 1:1 imaging

to give a fluence of 50mJcm−2 and the pulse repetition rate was set to 50Hz.

The circular beam was chosen to simplify the COMSOL simulation to match

the experiment. Figure 5.3 shows the temperature increases for the XeCl laser

irradiation.

As can be seen, the accumulative temperature rises on the ITO films are very



Chapter 5. Ultraviolet Laser Processing of ITO Films 86

FIGURE 5.4: COMSOL simulation of the temperature rise for 1
pulse of XeCl irradiation at 50mJcm−2, 50Hz repetition rate and
1mm diameter beam. Three different models were used as indi-

cated in the legend.

small, having less than a 3◦C rise in temperature over 10 seconds of irradiation.

The FLIR thermal camera had a refresh rate of 60Hz, meaning the temperature

rise for each frame was averaged over 17ms. The pulse length of the XeCl laser

has a FWHM of 4ns, so the heating and cooling rates are expected to be much

faster than the 17ms response time of the thermal camera. To estimate the

peak temperature rises of the XeCl laser pulse, COMSOL simulations were run

with 100ps time steps using the same parameters as the experiment. Figure 5.4

show the simulation results for the temperature rise for a single pulse of the

XeCl laser onto the ITO film. [124]

The peak temperature rise of the XeCl laser pulse is around 340◦C, and the ma-

terial returns close to room temperature in 10ms. Due to the low accumulative
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FIGURE 5.5: Dektak surface profiles for ITO films damaged by
the XeCl laser at fluences of a) 100mJcm−2 b) 150mJcm−2. Each

area was irradiated with 10 pulses.

temperature rises of the XeCl laser, irradiation of ITO films on temperature

sensitive PET substrates was possible without damage.

5.2.2 Damage Threshold

To find the damage threshold of the ITO films using the XeCl laser, an ap-

proximately 750µm square was imaged onto the surface of the ITO films. The

ITO films were irradiated in sets of 10 pulses with increasing fluences, then

using the Dektak XT profilometer surface changes which could indicate dam-

age were looked for. Figure 5.5 shows two damage regimes found using this

method. At a fluence of 100mJcm−2 the ITO films begin to delaminate, raising

them above the rest of the unirradiated film. Raising the fluence even higher

up to 150mJcm−2 we see ablation of the ITO films, removing material and

leaving an etched area. With roughly 100 pulses at a fluence of 150mJcm−2

the ITO films could be completely removed. Figure 5.5 shows ∼70nm in 10

pulses. Therefore, in 100 pulses we would expect 700nm to be removed which
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FIGURE 5.6: Sheet resistance measurements on ITO films with
glass and PET substrates at varying fluences with the XeCl laser.
Each fluence was conducted with 1000 pulses per area, laser op-

erated at 50Hz.

is greater than the thickness of the film as expected. The glass substrates could

not be damaged under any fluence attainable by our XeCl laser. The PET

substrates have an ablation threshold of 170mJcm−2 [125] with the XeCl laser,

which is higher than the ITO films so this was not an issue.

5.2.3 Electrical Resistance Measurements

Irradiating the ITO films with the XeCl laser in the preliminary experiments

successfully reduced the resistivity of the ITO films significantly, so further

studies were conducted.

Irradiating the ITO films on glass and PET substrates at varying fluences and
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measuring the corresponding sheet resistances was plotted and can be seen

in figure 5.6. As seen in figure 5.6, two distinct regimes can be seen. On

glass at fluences of 80mJcm−2 and below, a steady change in sheet resistance

can be seen, dropping from 66kΩ/sq to 36kΩ/sq. When increasing the flu-

ence above 80mJcm−2, the sheet resistance starts to drop significantly down to

2.3kΩ/sq at a fluence of 100mJcm−2, then again appears to start levelling off

at 120mJcm−2. The ITO films on PET substrates behave in a very similar way

but have a slightly higher sheet resistance value. This is due to the thinner

ITO films on the PET substrates. It is important to note that by a fluence of

100mJcm−2, the films started to shows signs of damage. The ITO films became

very hazy for the 2 highest fluences, although this did not seem to affect the

electrical properties of the film. This might however explain why the sheet

resistance levels off at 120mJcm−2, with this very close to the ablation point

of the ITO films. When looking at the lowest sheet resistance at 1.53kΩ/sq at-

tained, it is still over 2 orders of magnitude higher than can be achieved with

commercial ITO. Before irradiation of the films, the sheet resistance of the ITO

was measured to be greater than 1MΩ/sq however, so pulsed laser irradiation

at 308nm was still able to reduce the resistivity by around 3 orders of magni-

tude.

Another parameter chosen to be varied was the accumulated fluence, often

termed the "dose" of UV light. This was accomplished by changing the rate

at which the translational stages moved and therefore the pulse overlap per

unit area for a fixed repetition rate. In the preliminary experiments, changes

in electrical resistivity could start having a measurable difference from 500
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FIGURE 5.7: Sheet resistance measurements on ITO films with
glass substrates at varying pulses per area. 3 fluences were used

each varying between 500 and 5000 pulses per area.

pulses per area and above. To try achieve a lower sheet resistance value, a

higher number of pulses per area were used on the ITO films. Fluences of 40,

90 and 120mJcm−2 were chosen, one below damage threshold, one close to it,

and one above it, and the ITO films were irradiated with up to 5000 pulses per

area. The results can be seen in figure 5.7.

Looking at figure 5.7, it can be immediately seen that a fluence of 120mJcm−2

decreases the sheet resistance of the films to a larger extent at lower pulse num-

bers than the lower fluences. With 500 pulses per area, at 120mJcm−2 the sheet

resistance is over an order of magnitude lower than the value for 90mJcm−2.

However, at 1000 pulses per area the sheet resistance appears to saturate and

at 5000 pulses per area starts to increase, probably due to increasing damage

to the film. Another important observation from figure 5.7 is at 90mJcm−2

increasing the pulses per area continuously decreases sheet resistance until
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FIGURE 5.8: UV-VIS transmission spectra of ITO films under var-
ious levels of irradiation with the XeCl laser. The values at a flu-
ence of 120mJcm−2 were not added due to the damage on the

films

becoming lower when compared with 120mJcm−2. This is a good result, since

the films did not appear to become damaged visually in any way at 90mJcm−2,

whilst the optical quality of the films at 120mJcm−2 was reduced.

5.2.4 Optical Measurements

5.2.4.1 Transmission

To measure the optical transmission spectra of the ITO films, the larger isola-

tion areas (6mm squares) were used. Optical transmission data were measured

from the ultraviolet to the near infrared (190-1100nm). Figure 5.8 shows the

transmission spectra for unirradiated and areas irradiated by the XeCl laser.
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FIGURE 5.9: Tauc plot constructed from the transmission spectra
from the ITO films irradiated with the XeCl laser.

As can be seen, the transmission of the ITO films throughout the visible range

remains almost the same over the various irradiation regimes, having over

90% transmission throughout a large proportion of it. There is a small change

in the thin film interference peaks on the 50 and 90mJcm−2 areas with 5000ppa,

which is either due to a change in the thickness of the films or a change in the

refractive index. One of the important things to notice from this data however,

is that the ultraviolet band edge does not change with increasing levels of ir-

radiation. From figure 5.8, a Tauc plot was constructed and is shown in figure

5.9.

The Tauc plot shows that the band gap of the ITO is not changing under in-

creasing of dosage levels. The band gap lies between 4.28±0.04eV for each of
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FIGURE 5.10: Example of the Moss-Burstein shift, where the
band gap, Eg, is increased in energy by EMB

g due to charge car-
riers populating the conduction band. [126]

the various fluences used. This result is useful, since even though the electri-

cal resistivity is reducing by 3 orders of magnitude, the band gap is showing

no changes. A change to the optical band gap of a semi-conductor material

can indicate how the charge carrier density is changing. This is know as the

Moss-Burnstein effect, where the band gap of the material appears to change

as the conduction band is populated or de-populated with charge carriers, an

example of this is shown in figure 5.10. Figure 5.9 implies that the charge car-

rier densities are staying the same under XeCl irradiation, and instead it is the

electron mobility that is increasing.

To further investigate this hypothesis, the plasma edge of the ITO films in the

infrared was measured. As shown in Chapter 3, the plasma edge is related to

the charge carrier density, as shown in equation 3.13.
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FIGURE 5.11: Infrared transmission spectra of ITO films irradi-
ated with the XeCl laser showing the plasma edge.

If the Tauc plot hypothesis that the charge carrier density is correct, there

should not be a change in the plasma edge under irradiation with the XeCl

laser. The FTIR results for the ITO results are shown in figure 5.11. Looking

at the infrared transmission spectra, we see that there is not a change in the

plasma edge under any dosage of XeCl laser irradiation. The plasma edge

from this spectra is very similar to the unirradiated sample shown in Chapter

3, and gives a sheet carrier density between 2.98× 1016 and 6.35× 1016cm−2.

All evidence points towards the charge carrier mobility increasing, whilst the

charge carrier density is staying the same as the sample is irradiated. To get

a definitive value for the charge carrier density and mobility, using the Hall

voltage setup was problematic. Due to the high resistance of the samples after
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TABLE 5.1: Table showing haze measurements for ITO films ir-
radiated with the XeCl laser. Each fluence was incident on the

sample for 1000 pulses per area.

irradiation, a suitable current could not be passed through the ITO films with-

out heating the samples significantly. The high voltages needed to supply this

current also put the very sensitive nanovoltmeter at risk of damage, so Hall

measurements were decided not to be taken.

5.2.4.2 Haze

The haze of the ITO films was measured before laser processing, and again

after irradiation. Note that the haze measurements here are for comparison

within the thesis only. The light source used did not conform to the broad-

band standard, as the measurements were taken at a single wavelength using

a HeNe laser (λ = 632.8nm).
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FIGURE 5.12: View at the edge of a XeCl irradiated track on ITO
at a fluence of 120mJcm−2 with 1000 pulses per area. The dark
brown areas indicate where the ITO film has become hazy, but

did not look brown to the naked eye.

The haze levels of the ITO films under XeCl irradiation stayed very low, typi-

cally below 1% up to a fluence of 90mJcm−2. This value for the haze is the same

as the unirradiated ITO films, and remains unchanged for lower fluences. At

100mJcm−2 fluence and above, the haze dramatically increases making the

films look milky white. A view of the hazy area under the microscope can be

seen in figure 5.12. Despite this visible damage, the films remain conductive.

5.2.5 Surface Measurements

The ITO films start to become hazy when irradiated at and above a fluence of

100mJcm−2, but the electrical conductivity is not affected. Irradiating the ITO

films at 120mJcm−2 and taking a surface profile over the affected area can help
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FIGURE 5.13: ITO film surface profile of XeCl irradiated areas
with fluences at 50 and 120mJcm−2 with 1000 pulses per area.
The shaded area indicates where the irradiated area lies. The

thickness of the films were 520nm before irradiation.

us understand why. This is shown in figure 5.13. After irradiation at 50mJcm−2

which does not cause the ITO films to become hazy, the profile in the irradi-

ated area does not change compared with the unirradiated ITO. When looking

at the area irradiated at 120mJcm−2, the surface profile increases in heigh by

an average of 170nm above the unirradiated area, whilst the surface rough-

ness also increases. The higher surface roughness of the ITO film will create

scattering of any transmitted light, which is the most likely cause of the ITO

films becoming hazy in appearance at higher fluences.

As mentioned earlier, ultraviolet irradiation of the ITO ink containing the MPTS

binder leads to polymerisation of the MPTS along with densification. Tests
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FIGURE 5.14: Sheet resistance and ITO film thickness plotted
against accumulated UV energy. In this case, the UV energy was

deposited by a mercury lamp.

performed by T.M.Amaral at INM showed that for irradiation under an ultra-

violet mercury lamp, the ITO films shrink due to polymerisation. Figure 5.14

shows how sheet resistance and film thickness of the ITO films change under

UV irradiation with a mercury lamp. [127] For the same conditions, the XeCl

laser was used to irradiate the ITO films then the Dektak XT profilometer was

used to check for any film shrinkage at various dosages. For a comparison to

figure 5.14, the accumulative UV energy absorbed into the films per unit area

was calculated from equation 5.4, taking into account reflection and absorp-

tion losses. This integrated fluence is termed the UV dose received.

UVDose(Jm−2) = FN(1− R308)(1− exp(−α308t)) (5.4)
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FIGURE 5.15: Dektak surface profile of a XeCl irradiated area on
ITO film. The accumulated dosage was 1030Jcm−2, relating to
29000 pulses per area at 50mJcm−2. The two deep trenches (at

0.4 and 1.4mm) relate to the ablated edge of the isolated area.

Where F is the fluence, N is the number of pulses per area, R308 is the reflec-

tivity of the film at 308nm, α308 is the absorption coefficient at 308nm and t is

the thickness of the film.

Measuring the thickness change of the ITO film after XeCl irradiation, even

at very high doses, showed no measurable change of film thickness. Shown

in figure 5.15 is the film profile across a laser irradiated area. With the accu-

mulated energy dose at more than 10 times higher than the highest dose seen

with the mercury lamp, there is no change in film thickness. One explanation

for the lack of shrinkage is because of the short pulse nature of the XeCl laser.

With nanosecond pulse lengths, the interaction with the films is very different

from the continuous ultraviolet light that is given out from the mercury lamp.
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In this way, reciprocity, in the sense of photographic exposure is not observed.

5.3 HeCd Laser Irradiation

The HeCd laser used here has a wavelength of 325nm, which from figure 5.2

gives an attenuation coefficient of 5.5×105m−1. This corresponds to an ab-

sorption depth of 1.83µm. Consequently, the HeCd laser will affect the entire

depth of the ITO film, however, it is not as strongly absorbed as the XeCl laser

at 308nm. The longer absorption depth allows more ultraviolet light to pass

through the ITO film. This transmitted energy will either be absorbed by the

substrate or pass straight through into a beam dump.

5.3.1 Temperature Measurements

The HeCd laser outputs continuous wave ultraviolet light. The power reach-

ing the sample after all the optical elements was approximately 46mW. By

focussing to different spot sizes a range of irradiances could be generated. As

with the XeCl laser, the ultraviolet light from the HeCd can induce photochem-

ical changes within the ITO films without the need for a significant increase in

temperature. Using the FLIR thermal camera, the laser-induced temperature

rise of the ITO film on glass substrates during irradiation by the HeCd laser

was measured. In figure 5.16 the temperature rise due to the HeCd laser with

an irradiance of 650kWm−2 has a maximum 7◦C. The HeCd laser irradiation

reached a steady state temperature after ∼5 seconds. This temperature rise



Chapter 5. Ultraviolet Laser Processing of ITO Films 101

FIGURE 5.16: Temperature rise of ITO films on Borofloat sub-
strates under HeCd irradiation. The laser spot size was 300µm
in diameter giving an irradiance of 650kWm−2 [124]. To turn the
laser beam on and off, a solenoid controlled by a pulse generator

opened a mechanical shutter on the laser.
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is higher than the XeCl laser, but still low enough so that no photothermal

processes could be effecting the ITO films.

To support the temperature measurements on the ITO film irradiation via the

HeCd laser, some calculations were made using thermal analysis of the inter-

action. All the data used in this analysis was taken from Andrew Clarke’s the-

sis [124] or from the glass manufacturers data sheet [93]. For the ITO films, the

thermal conductivity, k, was 4.42Wm−1K−1 and the density, ρ was 7120kgm−3,

and the heat capacity, c, was 357.1Jkg−1K−1. From these values, the thermal

diffusivity, D, is calculated from equation 5.5 to be 1.74×10−6m2s−1.

D =
k
ρc

(5.5)

As the heat diffusion length is δ =
√

Dt, then the time taken for the sur-

face absorbed energy to diffuse 520nm is be calculated from equation 5.6 to

be ∼155ns.

t =
δ2

D
(5.6)

Therefore, for CW irradiation, the thermal properties of the substrate will

dominate very early on in the interaction. In addition, the above estimate as-

sumes surface absorption whereas the real physical situation is a distributed

energy loading. This will tend to make the role of the substrate even stronger

in determining the steady state temperature rise. Consequently, for the long
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FIGURE 5.17: Schematic diagram of the steady state heat effected
volume. The black spot in the centre is the laser beam diameter.

time scale (10’s of seconds) laser-induced temperature rises are based on the

Borofloat 33 properties.

For a continuous wave laser absorbed in the glass, the heated volume will be

primarily determined by heat diffusion (Fig. 5.17).

From figure 5.16, the steady state temperature is reached in∼10 seconds, mak-

ing δ >> α−1, where α−1 is the absorption depth, and so the heated volume

is given by V = πδ3. The energy delivered to this volume in time = t , is

E = Pa × t, where Pa is the absorbed laser power. Considering the heat capac-

ity of the borofloat glass, c, the resulting temperature rise is calculated using

equation 5.7.

∆T =
∆E
mc

=
Pa

πk
√

Dt
(5.7)

Applying the simple analysis above to a timescale of 10 seconds, the absorbed

power of the laser was 46mW, the thermal conductivity of the borofloat glass
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FIGURE 5.18: Optical setup used to measure the damage of PET
films caused by the HeCd laser. The PET film was placed at dif-

ferent distances from the lens to change the irradiance.

was 1.1Wm−1K−1, and the diffusion length of the borofloat glass was 2.6mm.

The estimated temperature rise calculated to be ∼5.1◦C. This is closely similar

to the experimental value of 7◦C (Fig. 5.16) and indicates that the hypothesis

that the thermal aspect of the interaction is dominated by the properties of the

substrate is correct.

5.3.2 Damage Threshold

To test whether the films could be damaged by the HeCd laser, ITO films on

glass substrates were exposed to increasing irradiances up to the maximum

at the focal point of the lens. On the glass substrates, the ITO films could not

be damaged at any achievable irradiance with our laser setup. The focal point

was estimated to be 25µm giving an approximate irradiance of 90MWm−2. On

PET substrates, at high enough irradiances, the PET itself could be damaged,

leading to a damaged film. The PET had 2 damage regimes. The first signs

of damage were discoloring of the PET substrate and it turning milky white,

but without signs of catastrophic effects such as holes appearing. The second

stage of damage was melting. The experimental setup is shown in figure 5.18.
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FIGURE 5.19: Photodiode readings from HeCd irradiation of
PET at 3 different irradiances: a) 210kWm−2 b) 610kWm−2 c)
1.5MWm−2. The arrows indicate the moment that the PET was

inserted into the beam.

The experimental procedure was simple. The HeCd laser was incident onto

the photodiode to start with, making sure not to damage or saturate the de-

tector, then the PET foil was put into the laser beam. As the PET was put into

the beam, the photodiode drops in signal measured by the oscilloscope. The

resulting data at 3 different irradiances are shown in figure 5.19.

As can be seen, at the lowest irradiance of 210kWm−2, when the PET is placed

into the beam the photodiode signal falls due to the reflection losses and ab-

sorption of the laser beam. The signal stays at this lower level indefinitely.

From this we conclude that this irradiance was insufficient to cause measur-

able changes in absorption or scattering. Increasing the irradiance to 610kWm−2
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FIGURE 5.20: Temperature measurements using the FLIR ther-
mal camera from HeCd irradiation of PET at 2 irradiances: left

610kWm−2 right 1.5MWm−2.

(Fig. 5.19b) caused the signal drops to around the same level as before, fol-

lowed by a decrease over time before reaching a minimum at 50 seconds. The

decreasing level of signal from the photodiode is because of the increased

scattering of light due to damage within the PET. Increasing the irradiance

even higher to 1.5MWm−2 (Fig. 5.19c) damage occurs much more rapidly. Af-

ter inserting in the PET the signal drops instantaneously to a very low level,

and slowly afterwards an increase in signal can be seen. This is because the

PET films were melting, and light from the laser was able to pass unscattered

through the hole created.

In figure 5.20, the surface temperature rises of PET for two irradiances is shown.

At 610kWm−2 a steady increase in temperature up to 100◦C is seen. This is a

much higher temperature increase that was seen on glass substrates at a sim-

ilar irradiance. This was due to the increased absorption of the UV light not

absorbed or reflected from the ITO films, and also the PET films were only

175µm thick and thus the films did not have as much mass to heat from the
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FIGURE 5.21: Sheet resistance measurements of ITO films irra-
diated by the HeCd laser on glass and PET substrates. The spot

size was 1mm leading to an irradiance of 60kWm−2.

substrate. With the higher irradiance of 1.5MWm−2, the temperature rise is al-

most instantaneous. In under 2 seconds, the temperature of the PET increases

to over 100◦C. The temperature increases to a peak of 120◦C, then starts to

decrease. This was most likely due to the PET melting, and hence less material

available to absorb the laser light.

5.3.3 Electrical Resistance Measurements

In order to be able to compare the pulsed XeCl laser and the C.W HeCd laser,

the concept of integrated fluence or "dose" was used.. The dose was controlled

as before, by changing the translational stage speed. The laser spot size was

chosen to be 1mm so that a single pass could irradiate the entire width of

the 1mm isolated track, as well as keep any possible temperature rises to an
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absolute minimum. The 1mm diameter circular beam gave an irradiance of

60kWm−2. The sheet resistance values after irradiation with the HeCd laser

are shown in figure 5.21. As the translational speed becomes lower, the sheet

resistance values also become lower, as we would expect. The difference be-

tween the glass and PET substrate sheet resistance is similar to that seen with

the XeCl laser irradiation, and is due to the thinner ITO film on the PET sub-

strates. The lowest sheet resistance achievable with the HeCd laser was just

under 30kΩ/sq, which is an order of magnitude higher than achievable with

the XeCl laser. For a better comparison between the two laser systems, using

equation 5.8 we can adjust the absorbed laser dose for each laser system for a

more direct comparison.

PcwDcw

AcwFpNpVcw
=

(1− Rp)(1− exp(−αpt))
(1− Rcw)(1− exp(−αcwt))

(5.8)

Using equation 5.8, it is possible to match the accumulated energy for both

the XeCl and HeCd laser, taking into account the differences in absorption

depth at the two wavelengths. Using the parameters used for the experiment

from figure 5.21, an experiment was conducted using the XeCl to match the

energy dose from the HeCd laser. From the HeCd laser, the power, Pcw, was

46mW, the beam diameter, Dcw, was 1mm, the beam area, Acw, was 0.785mm2

and the velocities, Vcw, were used from figure 5.21. From the right side of the

equation, the absorption coefficients for the HeCd and XeCl, αcw and αp re-

spectively, were used from figure 5.2 and were 5.5×105m−1 and 1.18×106m−1

respectively. The reflection losses, Rcw and Rp, were calculated using refractive
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FIGURE 5.22: Sheet resistance measurements of ITO films irradi-
ated with the HeCd and XeCl laser. Fluence of the XeCl laser was

50mJcm−2 and the irradiance of the HeCd was 60kWm−2

index data provided by INM. For the XeCl laser, the fluence, Fp, was chosen to

be 50mJcm−2, leaving only the number of pulses per area, Np, to be calculated

from the equation to give an experiment with the equivalent dose. Figure 5.22

shows the results from the experiment.

The sheet resistance values from the HeCd laser do not change as quickly as

the XeCl laser. Even when the XeCl laser was set to a lower than maximum

achievable fluence of 50mJcm−2, the sheet resistance values reduce with accu-

mulated energy does at a faster rate, making the XeCl laser the more suited

ultraviolet laser source compared with the HeCd. This effect is provisionally

attributed to the higer photon energy of the XeCl laser being more efficient in

causing photochemical effects such as cross-linking of the binder and photo-

decomposition of the solvents.
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FIGURE 5.23: UV-VIS transmission spectra of the ITO films on
fused silica substrates which were irradiated using the HeCd

laser at 3 accumulated doses.

5.3.4 Optical Measurements

To measure the optical properties of the ITO films after irradiation with the

HeCd laser, the 6mm square isolated areas were used as before. The UV-VIS

transmission spectra were taken for 3 doses following irradiation, and the re-

sults are shown in figure 5.23. The transmission of the ITO films after irradia-

tion with the HeCd laser does not change significantly over the visible range,

and the ultraviolet absorption edge does not appear to alter either. Impor-

tantly though, the interference peaks shift slightly between each different irra-

diation condition, which indicates a change in the thickness of the ITO films

or the refractive index. Constructing a Tauc plot from the transmission spec-

tra, shown in figure 5.24, we see again that the bang gap of the material is not
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FIGURE 5.24: Tauc plot constructed from figure 5.23 to measure
the band gap of the ITO films after various doses from the HeCd

laser.

changing significantly.

5.3.5 Surface Measurements

As mentioned, in figure 5.23 the transmission spectra show the interference

peaks shifting slightly between different doses. To check whether this is due

to a change in refractive index or thickness, the Dektak XT surface profilometer

was used to measure across an irradiated track. Figure 5.25 shows the surface

profile. The film thickness after irradiation with the HeCd laser shrinks by

a maximum value of 40nm in the centre. The film thickness change in the

irradiated area is largest at the centre, shrinking less towards the edges. This

is to be expected because even though the HeCd laser beam has a uniform
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FIGURE 5.25: Dektak surface profile measured across an isolated
area irradiated with the HeCd laser at an accumulated energy

dose of 10MJm−2, at an irradiance of 60kWm−2.

top hat beam profile, it is circular, and as the beam travels along the track the

centre will receive a larger accumulation of laser energy. An example of this is

shown in figure 5.26.

The film shrinkage observed from the HeCd irradiation is similar to that seen

by INM when cured by a mercury lamp under the same conditions (Fig. 5.14).

FIGURE 5.26: Example of the difference in accumulated energy
dose when a circular beam is used. Nearer the edges of the track,

the time exposed by the laser beam is reduced.
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The HeCd laser more closely simulates the conditions experienced by the ITO

films under an mercury lamp by having a continuous output of ultraviolet

light. For the accumulated energy dose of 10MJm−2, the HeCd laser beam was

continuously irradiating the same spot for approximately 7 minutes. The ITO

films at INM were cured for 10 minutes under the mercury lamp. In compar-

ison, for the XeCl laser, the same accumulated energy dose of 10MJm−2 took

29000 pulses per area. Each pulse has a FWHM of 4.1ns, meaning the laser was

only irradiating the films equivalently for a little over 100µs. As we can expect

that any of the photochemical processes will be rate limited, a deviation from

exposure reciprocity is also expected.

The ITO film roughness did not change under any achievable irradiance with

the HeCd laser on glass substrates, and thus the haze did not change. Under

all HeCd irradiation regimes, the haze of the ITO films was measured to be

near the same as the unirradiated ITO, at around 1% when measured with the

HeNe at 632.8nm.

5.4 ArF Laser Irradiation

For the ArF laser at a wavelength of 193nm, figure 5.2 cannot tell us the ab-

sorption depth, as the absorption coefficient is too large to be measured by

this equipment. The standard films on glass used throughout the project at a

thickness of 520nm were too thick, and so, INM supplied ITO films on a fused

silica substrate at a thickness of∼73nm. Taking the transmission spectra of the

73nm ITO films, the absorbance at 193nm was below 1, well within the limits
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FIGURE 5.27: Attenuation coefficient for the ITO films with 73nm
thickness. The absorption depth at 193nm wavelength is 105nm.

of detection as shown in figure 5.27. With a measured absorption coefficient of

9.56×106m−1, corresponding to an absorption depth of 105nm, the ArF laser

will not be able to effectively irradiate the entire thickness of the ITO films, as

illustrated in figure 5.28. The measured sheet resistance of the ITO films was

therefore predicted to be higher than expected, as only a fifth of the depth of

the films was being irradiated.

FIGURE 5.28: A demonstration of the absorption depth of the
ArF laser beam into the ITO films. Only 20% of the thickness is

irradiated.
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FIGURE 5.29: Temperature rise of the ITO films when irradiated
with the ArF laser with a repetition rate of 10Hz and fluence of

50mJcm−2.

5.4.1 Temperature Measurements

The ArF laser behaves very similarly to the XeCl laser, with a shorter wave-

length at 193nm. The maximum pulse repetition rate of the system was limited

to only 10Hz. The accumulated temperature rise with such a low repetition

rate was expected to be very small, and as measured by the FLIR thermal cam-

era in figure 5.29, 15 seconds of irradiation gave a steady state temperature rise

of less than 1◦C. The data taken from the FLIR camera for such small temper-

ature rises was noisy, and so data smoothing was used on the graph to shown

in figure 5.29.
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FIGURE 5.30: Temperature rise of the ITO films when irradiated
with the ArF laser with a repetition rate of 10Hz and fluence of

50mJcm−2.

5.4.2 Electrical Resistance Measurements

Due to restricted access to the laser, a complete study of the ArF laser irradia-

tion of the ITO films was not possible. Therefore, only electrical measurements

were taken on the 520nm ITO films on glass substrates. PET substrates were

not tested, but from the temperature measurements it is highly likely that the

PET substrates could have been irradiated without problems. Potential UV

damage to the PET would also be avoided by the strong absorption of the

laser light by the ITO.

Irradiation of the ITO films on glass with the ArF laser gave some promising

sheet resistance results, shown in figure 5.30. It is important to note, to mea-

sure the resistance for the ArF laser irradiated samples a different setup was
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used. Because of the time restrictions on the laser system, a simple multimeter

and 2 hand-held probes were used to speed up measurements. The multime-

ter had an upper limit of 10MΩ. The sample beforehand was not measurable

on the equipment, i.e. >10MΩ over 3mm. At a fluence of 40mJcm−2, the sheet

resistance became measurable after 100 pulses per area, and reached a mini-

mum sheet resistance of around 20kΩ/sq after 5000 pulses per area. At the

maximum fluence achievable of 82mJcm−2, the sample was measurable after

just 10 pulses per area, and reached a lowest sheet resistance value of 7kΩ/sq.

Importantly though, at a fluence of 82mJcm−2, the sheet resistance started to

saturate after just 100 pulses per area, which is a huge improvement over the

XeCl laser.

Even with the promising results of the ArF laser, the sheet resistance could

not get as low as was achievable with the XeCl laser. This could be due to

the small absorption depth at 193nm. Resistivity is a better measure of the

specific resistance values for materials, which takes into account the thickness.

Resistivity, ρ, is calculated from sheet resistance from equation 5.9

ρ = Rsheet × thickness (5.9)

The XeCl laser at 308nm can irradiated the entire thickness of the 520nm ITO

films. The resistivity of the XeCl irradiated films reach a minimum value of

78mΩ cm. If we consider the ArF irradiated films to only be a thickness of

105nm, the corresponding resistivity of the ITO would then be 76mΩ cm. This

result agrees with the hypothesis that only a fraction of the ITO films is affected
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FIGURE 5.31: Dektak XT surface profile going across an area irra-
diated with the ArF laser at 82mJcm−2 with 100 pulses per area.

by the 193nm wavelength radiation. It also shows that the shorter wavelength

does not decrease the minimum achievable sheet resistance, but does reduce

the amount of time required to reach that minimum compared with the 308nm

radiation.

5.4.3 ITO Damage

As seen with the XeCl laser, at a high enough fluence the ArF irradiation could

start to damage the films, causing them to become hazy. At the highest flu-

ence used with the ArF laser, 82mJcm−2, the ITO films exhibited the same be-

haviour as the XeCl laser. Figure 5.31 shows a Dektak surface profile along a

damaged area of the ITO films. The ITO films become very rough after irradia-

tion, and begin to increase in thickness. The haze measurements from the ITO
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films after ArF irradiation were very similar to those following XeCl irradia-

tion. The films stayed at around 1% haze throughout all the irradiated areas,

except the ones irradiated at a fluence of 82mJcm−2, where the haze varied

between 10 and 20% depending on the number of pulses.

5.5 Conclusions

In this chapter, ITO films containing an ultraviolet curable binder were irra-

diated with 3 ultraviolet laser sources to reduce the resistivity of the material.

The ultraviolet lasers used all had low temperature processing capabilities,

below 10◦C rises form prolonged periods, which made it possible to irradiate

the ITO films on temperature sensitive substrates. Using a continuous wave

HeCd laser, a sheet resistance of 30kΩ/sq could be reached with an accumu-

lative energy dose of 10MJm−2 at an irradiance of 60kWm−2. This level of

sheet resistance is over 3 orders of magnitude higher than commercially avail-

able ITO films. Using pulsed excimer laser sources in the ultraviolet gave im-

proved results. The XeCl laser was able to reduce the sheet resistance down to

2kΩ/sq, which was an order of magnitude better than the continuous wave

HeCd, but still 2 orders of magnitude higher than commercial ITO. The best

result from the ultraviolet laser sources was the ArF laser. Having the highest

photon energy at 6.42eV, the ArF laser was able to reduce the sheet resistance

of the ITO films to around 7kΩ/sq. Due to the short absorption depth of the

ArF laser at 105nm, the corrected resistivity value is very similar to the XeCl

irradiated samples, but the lowest resistivity was achieved with much fewer



Chapter 5. Ultraviolet Laser Processing of ITO Films 120

pulses. Still, due to the low repetition rates of the excimer lasers the process-

ing times on an industrial scale would be very large. A better choice would

possibly be a 4th harmonic Nb:YAG laser at λ = 266nm. This would give a

higher photon energy than that of the XeCl laser, a larger absorption depth

than the ArF laser and a much higher pulse repetition rate. The optical trans-

parency of the ITO films remained above 90% for the majority of the visible

wavelength range throughout irradiation with each laser source and the haze

remained at around 1% with the exceptions of the highest fluences of the XeCl

and ArF lasers which started to induce damage, limiting the transmission and

increasing the haze dramatically.



Chapter 6

CO2 Laser Processing of ITO Films

6.1 Introduction

In this chapter, three different CO2 laser sources are used to irradiate the wet

processed ITO films on glass and PET substrates, investigate laser-induced re-

duction of electrical resistivity. The same approach was used as the ultraviolet

laser processing (Chaper 5). Preliminary experiments were conduced to test if

the laser source was able to reduce the resistivity, and if so, a complete study

was performed for that source.

As the photon energy of the infrared lasers is ∼0.1eV, the interaction with

the ITO is thermal, by inducing temperature rises in the films directly, or in-

directly from heating the substrate. The process by which the ITO films are

expected to increase in conductivity under thermal processing comes in two

steps. First, the MPTS binder will be removed under irradiation of the CO2

laser, followed by sintering of the ITO nanoparticles to form a more continu-

ous film. This means increasing the temperature of the films above the thermal

121
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decomposition temperature of the MPTS binder. This poses a problem for the

ITO films on flexible substrates, since the melting temperature of PET is only

slightly higher than the boiling point of MPTS. [128, 129] To try and minimise

the damage induced to the PET substrates, pulsed laser sources will be used to

keep accumulated temperature rises as low as possible, whilst still achieving

the desired result. It is also possible to raise the temperature above the melting

point of materials without damage, as long as the time scales are short enough.

[130, 131] However, this relies on the processing step of the ITO films to occur

on a faster time-scale than the damage to the substrate.

Measuring the absorption depth at the CO2 laser wavelength of 10.6µm for

the ITO films was not possible. The substrates the ITO films were provided

on were not transparent at 10.6µm wavelength, and hence could not measure

transmitted light of the samples. Without a reflection attachment for the FTIR,

we also could not measure how much of the light the ITO films reflects at

10.6µm due to the low amount of reflected light, so it was assumed all the light

is absorbed into the films and/or substrate for the temperature calculations.

6.2 RF:CO2 Laser Irradiation

6.2.1 Electrical Resistance Measurements

The RF:CO2 laser used was a continuous wave laser having a maximum out-

put power of 12W. Modulation of the laser was possible via a TTL signal, with
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FIGURE 6.1: Sheet resistance measured on the ITO films on glass
after irradiation with the RF:CO2 laser at 12W with an unfo-

cussed 3mm diameter beam.

the shortest response of the laser being around 100µs for a stable output. Ir-

radiation of the ITO films on glass substrates gave very good results. Using

the maximum continuous power of the RF:CO2 laser at 12W, along with the

unfocussed beam with a diameter at 1/e2 of 3mm (Measured in Fig. 4.13), sheet

resistances down to around 250Ω/sq could be reached as shown in figure 6.1.

Translational speeds below 50mm/min resulted in damage to either the films

or substrate. The borosilicate glass started to crack and fracture at 25mm/min,

making the films discontinuous and non conductive over larger distances.

Even though borosilicate glass can withstand thermal stresses better than com-

monly used soda lime glass, cracking can still be observed due to the large

thermal gradient produced by the laser beam.

Measuring the temperature rise of the ITO films under CO2 irradiation was not
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FIGURE 6.2: Blackbody spectrum for temperatures ranging from
273K to 453K. The black dashed line represents the CO2 laser

wavelength of 10.6µm. [132]

possible with the FLIR thermal camera. The FLIR thermal camera used a ger-

manium lens for imaging, which readily transmits the 10.6µm laser radiation

onto the sensor. This posed two problems. The main worry was that the CO2

laser radiation would be too intense for the thermal camera and it would be-

come permanently damaged. The second reason is that the infrared light from

the laser could interfere with the camera temperature measurements, since ra-

diation at 10.6µm is present in the blackbody spectrum for a large range of

temperatures, as seen in figure 6.2. Having a large peak in the blackbody spec-

trum at 10.6µm would interfere with the temperature calculations within the

camera software, causing errors in the measurements.

The temperature rises have been estimated using the parameters used from

the laser with the material properties. Taking the example of the lowest sheet

resistance achieved, the translational speed of the laser was 50mm/min. Using

this, we can calculate the area the beam irradiated in 1 second. Assuming



Chapter 6. CO2 Laser Processing of ITO Films 125

all the laser energy is absorbed into the sample at the surface of the sample,

using equation 2.1 from earlier (also seen below), a heat affected zone can be

calculated.

δ = 2
√

DHτ (2.1)

From the beam area and heat affected zone, a volume that is heated by the laser

is calculated. The ITO films are located on 3mm thick pieces of Schott Borofloat

33 glass substrates, which contribute the vast majority of the sample. For this

reason, the temperature rises are assumed to be controlled mainly by the glass

parameters. Schott Borofloat 33 has a thermal diffusivity of 6.57×10−7m2s−1,

density of 2.2gcm−3 and a specific heat capacity of 0.83Jg−1K−1. [93] From

these parameters, a thermal diffusion length of 0.81mm is calculated, giving an

affected volume of 12.3×10−3cm3. Using the density of the glass, the affected

volume has a mass of 0.028g. Now, using equation 6.1 we can calculate the

temperature rise of the sample. Where, Q, is the energy provided by the laser,

m, is the mass been heated and cp is the specific heat capacity of the glass.

∆T =
Q

mcp
(6.1)

An estimated temperature rise of 520◦C is induced into the sample. From the

literature review, ITO films are typically processed at over 500◦C, so this esti-

mate gives a comparable temperature rise.
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FIGURE 6.3: Sheet resistance measured on the ITO films on glass
after irradiation with the RF:CO2 laser at various TTL duty cycles
with an unfocussed 3mm beam. The modulation frequency was

500Hz, and translational stage at 50mm/min

Irradiation of the films on PET substrates at the maximum power of 12W with

an unfocussed beam melted the substrate at any speed possible with the trans-

lational stages. To try to minimise the damage caused to the substrates, the av-

erage power of the RF:CO2 laser was varied by applying a 500Hz modulation

and lowering the duty cycle of the pulses. Figure 6.3 shows how the duty cycle

affected the sheet resistance of the films on glass substrates. Reducing the duty

cycle of the RF:CO2 laser significantly increased the achieved sheet resistance

value. For the PET substrates, even at a 5% duty cycle with 50mm/min trans-

lational speed, damaged was observed making the RF:CO2 laser an unlikely

candidate for processing the ITO films on temperature sensitive substrates.

Most of the irradiation experiments performed with the RF:CO2 laser were
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FIGURE 6.4: Sheet resistance values measured from multiple
passes of RF:CO2 laser irradiation with a 10 minute cool down
between runs. A 4W beam modulated at 250Hz with a 2mm
beam diameter was used, which was translated at a speed of

180mm/min

completed in a single pass along a 1mm track with the unfocussed 3mm beam.

An experiment was carried out to see how numerous passes over the same

area affected the overall sheet resistance of the ITO films. In this experiment, a

single track was irradiated an increasing number of times with a 4W average

power beam (2mm diameter), which was modulated at 250Hz. Each run con-

sisted of a single pass over the track at 180mm/min, followed by a 10 minute

cool down before measuring the sample. This was repeated 12 times, figure

6.4 shows the results for this experiment.

This experiment gave interesting results. It shows that an accumulative low-

ering of the sheet resistance can be achieved by repeatedly irradiating the ITO

films, even after the films were cooled to room temperature between runs.
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Unfortunately, the decrease in sheet resistance between each run becomes less

as the number of runs increases, before reaching a stable point where further

improvements cannot be made. Whilst the improvements for numerous runs

in this experiment gave an order of magnitude lower sheet resistance over

the single pass irradiation, it was still 2 orders of magnitude higher than the

250Ω/sq that can be achieved by increasing the power of the laser, and in-

creasing the temperature of the films. This indicates that a higher temperature

is required to remove or decompose the binder, and that a lower temperature

for longer times has left dielectric material between the ITO nanoparticles.

6.3 TEA:CO2 Laser Irradiation

The continuous wave RF:CO2 laser was very good at processing the ITO films

on glass substrates, achieving the lowest sheet resistance so far, but was not

successful at irradiating the ITO on the temperature sensitive PET substrates

without damage. Reducing the irradiance of the laser low enough so that dam-

age did not occur, meant that a change in the electrical conductivity could not

be measured. This was likely due to the long pulse lengths of the RF:CO2 laser,

and so a shorter pulse TEA:CO2 laser was used.

6.3.1 Irradiation of ITO on PET substrates

The pulses from the TEA:CO2 laser are less than 1µs in duration with a fluence

of around 750mJcm−2, and thus should induce higher peak temperatures into
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TABLE 6.1: Table showing the sheet resistance of ITO films on
PET substrates after TEA:CO2 laser irradiation at various fre-

quencies. Each spot had 2000 pulses per area at 250mJcm−2

the ITO films, but for shorter periods of time. Putting the ITO films into the

non-imaged beam directly from the laser resulted in ablation of the films with

a single pulse. A magnification of the beam was required to reduce the fluence

of the beam to below the ablation threshold. Visible damage stopped when the

fluence was reduced to around 250mJcm−2, so irradiation of the films was con-

ducted at this fluence. The results are shown in Table 6.1. After irradiation of

the ITO films on PET substrates, the sheet resistance was unmeasurable on the

Tektronix DMM4020, with an upper limit of 100MΩ. This result was not ex-

pected, since the films beforehand had a sheet resistance of around 500kΩ/sq.

With no visible damage to the films, they were viewed under the microscope.

As can be seen in figure 6.5 the films exhibit micro-cracking when irradiated

with the TEA:CO2 laser. At a fluence of 250mJcm−2 the cracks make the ITO

films discontinuous, causing the resistance between the probes too high to be

measured by our equipment. The cracks were too closely packed to be able to

measure the resistance of the islands of ITO films in between the cracks, so it

is unknown if the films became more conductive or not.

Reducing the fluence to 150mJcm−2, the ITO films were again irradiated with
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FIGURE 6.5: Micro-cracking observed in the ITO films on
PET substrates when irradiated by the TEA:CO2 laser at a)
250mJcm−2 and b) 150mJcm−2. Each area was irradiated with

2000 pulses per area.

2000 pulses per area at various frequencies. The electrical results were the

same as seen in table 6.1 and the resistance could not be measured. Under

the microscope, the films were still cracked, but not to the same extent, as seen

from figure 6.5b. Measurements could be made within some of the islands, but

it was inconclusive whether or not the films were increasing in conductivity

due to widely varying readings. The fluence of the TEA:CO2 laser had to be

reduced to a value of 65mJcm−2 before the micro-cracking was not observed,

at which point, even when the repetition rate of the laser was increased to the

maximum of 20Hz no change in the resistance of the films could be measured

following irradiation.
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FIGURE 6.6: View of the ITO films irradiated with the TEA:CO2
laser at a fluence of 250mJcm−2 with 2000 pulses per area. No

cracking is observed.

6.3.2 Irradiation of ITO on glass substrates

Irradiation of the ITO on glass substrates with the TEA:CO2 laser was also

conducted under the same regimes as for the PET. Irradiation of the ITO in

the direct non-imaged beam gave the same results as the PET, ablation of the

films. Using the same magnification of the beam to reach a fluence of around

250mJcm−2, following 2000 pulses per area the films had a measurable resis-

tance that had decreased after irradiation. In figure 6.6, it is clear that the

ITO films on a glass substrate do not experience micro-cracking in the way

observed with the PET substrates.

Further experiments were carried out using the TEA:CO2 laser to try to re-

duce the sheet resistance of the ITO films as low as possible using a fluence of
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TABLE 6.2: Table showing the sheet resistance of ITO films on
glass substrates after TEA:CO2 laser irradiation at various fre-

quencies. Each spot had 18000 pulses per area at 250mJcm−2

250mJcm−2 with 18000 pulses per area at varying pulse repetition rates. The

results are shown in table 6.2.

The TEA:CO2 laser was able to reduce the sheet resistance of the ITO films

down to 4kΩ/sq, at the maximum pulse repetition rate of 20Hz with 18000

pulses per area. At lower frequencies, the sheet resistance reached was not

as low in comparison, even though the films received the same amount of

accumulated energy. This is due to the slower repetition rates of the laser

not being able to achieve a high accumulative temperature rise in the films.

Further tests were conducted with the TEA:CO2 laser, however, over longer

periods of irradiation the laser started to lose more than 90% of it’s output

power even with water cooling. It was decided that for the longevity of the

laser not to continue any further tests.

6.4 QSW:CO2 Laser Irradiation

In the studies presented up to this point, the continuous wave RF:CO2 laser

has given the best results on glass substrates, but caused damage to the films

on PET substrates. The TEA:CO2 laser could irradiate the ITO films on the
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FIGURE 6.7: 6 overlapping Gaussian beams set at 50% 1/e2 spac-
ing, along with the resulting overall profile of the overlapped

beams. A 4% difference in intensity is seen.

PET substrates without melting them, but due to micro-cracking and a low

pulse repetition rate the ITO could not be reduced in resistivity by a measur-

able amount. The QSW:CO2 laser is a pulsed laser like the TEA:CO2, but with

much higher repetition rates (up to50kHz), with shorter pulse durations (be-

low 200ns). The QSW:CO2 laser aims to bridge the gap between generating a

low electrical resistivity, whilst being able to irradiate the films on temperature

sensitive substrates.

To try and keep temperature rises to a minimum amount of time, a spot size

that was small when compared with the thermal diffusion length of the ma-

terial was used. Due to the Gaussian irradiance profile of the laser, the beam

overlap was set at 50% of the 1/e2 beam diameter to make sure the entire film
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FIGURE 6.8: Average energy per TTL signal for the QSW:CO2
laser at various modulation frequencies.

had an even coverage of laser irradiation. As seen in figure 6.7, this gives a 4%

ripple of intensity for the overlapping beams. To make sure the edges of the

irradiated area were evenly irradiated, 500µm outside the isolated area was

also irradiated.

After initially characterising the QSW:CO2 laser, the energy contained per

pulse was assumed to be constant across all modulation frequencies. This

assumption turned out to be incorrect, and as the modulation frequency of

the laser was increased, so did the average pulse energy, as shown in fig-

ure 6.8. Measuring the energy for single pulses was a difficult task, since

the acousto-optic modulator was constantly running at 50kHz even when the

power modulation was turned off. This lead to the acousto-optic modulator
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and the power modulation for the QSW:CO2 laser to be out of sync, since they

had to be set at different frequencies. The result of this mismatch of frequen-

cies was that the number of pulses emitted from the laser was not consistent.

In figure 6.8, 150µs TTL signals applied to the power supply corresponded to

a range of 2 to 4 pulses from the laser, depending on when the TTL signal ar-

rived in conjunction with the Q-switch signal. To measure the energy of the

laser pulses, the average power was measured and divided by the frequency of

the TTL signal. The average power measured over a few seconds gave the av-

erage energy per TTL signal, so the uncertainty due to the different number of

pulses averaged over 105 pulses for each of the measurements was small. The

result is a steady increase in pulse energy as the laser modulation frequency is

increased (Fig. 6.8).

6.4.1 Damage Threshold on Glass

The QSW:CO2 laser has pulse durations less than 200ns, with repetition rates

up to 50kHz. In comparison with the RF:CO2 laser, the peak power in the

QSW:CO2 laser beam is over 2 orders of magnitude higher, which was able to

ablate the films, as well as damage the glass substrates. At the focal point, the

spot size was measured to be approximately 125µm. Irradiating the ITO films

on glass substrates resulted in the films being removed, as shown in figure 6.9.

The QSW:CO2 laser can be seen to ablate the ITO films, as well as marking the

bare glass. Using the Bruker Dektak, the surface profiles of the two damaged

areas were measured. In figure 6.10, the resulting profiles can be seen.
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FIGURE 6.9: QSW:CO2 laser irradiated horizontal tracks. The
vertical strip in the centre of the image is bare glass, previously

ablated with the XeCl laser.

FIGURE 6.10: Dektak surface profiles along the QSW:CO2 laser
damaged areas. left The ITO film and, right The bare glass
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From the surface profile results, it can be seen that the ITO films have been

ablated by the laser, but not the entire thickness of the film is removed. The

bare glass is seen to become raised under the laser irradiation. This phenom-

ena is reported in literature by T.Shiu et al.[133], where CO2 laser irradiation

formed bumps in glass during laser texturing. Due to the damage caused by

the QSW:CO2 laser, the sample was lowered further from the focal point until

visible damage could not be seen. At a beam diameter of around 175µm the

films and glass could be irradiated without damage, and this beam size was

used throughout the following sections unless stated otherwise.

6.4.2 Electrical Resistance Measurements on Glass

For the QSW:CO2 laser experiments, the usual ITO films were provided by

INM with the MPTS binder, along with a set of samples that did not use any

binder. If the CO2 lasers are in fact just removing the MPTS binder to create

a more conductive film, then removing the binder should not make a differ-

ence when photothermal processes are used. Both of the ITO samples, with

and without the binder, were irradiated under the same conditions with the

QSW:CO2 laser. Figure 6.11 shows the sheet resistance results after various

dose levels controlled by translational speed and modulation frequency. As

can be seen, when using the photothermal processing of the CO2 laser the

MPTS binder does not help reduce the sheet resistance lower as compared to

the binder-less ITO films. The films containing no binder still had to have

the ITO nanoparticles suspended in a solution containing solvents as well as
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other organic materials, so material was still been removed with the QSW:CO2

laser irradiation. This is why the sheet resistance results show very similar be-

haviour between the different films.

The ITO films containing MPTS and no-binder both reached the same level

of sheet resistance at the highest doses, at ∼250Ω/sq. At a modulation fre-

quency of 1500Hz, the translational stages could not be operated at a lower

speed without the glass starting to fracture, and if the modulation frequency

was increased to 1750Hz, fractures were induced into the glass at higher trans-

lational speeds. The lowest recorded sheet resistance of 250Ω/sq is the same as

that reached with the RF:CO2 laser before the glass started to fracture, leading

to the conclusion that this is the lowest sheet resistance that can be achieved by

heating the films with CO2 laser sources on borosilicate glass before damage

starts to occur.

As calculated previously with the RF:CO2 laser, the properties of the borosili-

cate glass substrates can be used along with the parameters of the laser beam

to estimate the temperature rise of the ITO films under QSW:CO2 laser irra-

diation. The parameters of the glass have not changed between samples, giv-

ing the same thermal diffusion length of ∼0.81mm for the Schott Borofloat

substrates. For the temperature estimation, the QSW:CO2 laser is assumed to

behave as a continuous source laser delivering the average power measured

from the pulse train. This estimates the temperature rise over a long time

scale, ignoring the peak temperatures induced from the <200ns pulses. The

laser beam was focussed to a beam size of 175µm, and for the lowest sheet re-

sistance value achieved, was operated at 1500Hz with a translational speed of
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FIGURE 6.11: Sheet resistance of the ITO films with and with-
out the MPTS binder after irradiation with the QSW:CO2 laser at
modulation frequencies a) 750Hz b) 1000Hz and c) 1500Hz, with

150µs TTL width.
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2mm/s. From 6.8, we see that at 1500Hz the average energy delivered per TTL

signal is around 1.45mJ, corresponding to an average power of 2.2W. Moving

at a speed of 2mm/s, with a spot size at 175µm gives an irradiated volume

of 2.04×10−3m3. This volume includes the temperature spreading due to the

thermal diffusion length calculated earlier. This results in a mass for the heated

volume of 4.5×10−3g. The specific heat capacity was taken to be 0.83Jg−1K−1

and the average power supplied by the laser to be 2.2W. This data gives us a

temperature rise of 590◦C using equation 6.1, which is similar to the tempera-

ture rise calculated from the RF:CO2 laser near the point of glass damage.

6.4.3 Optical Measurements on Glass

To measure the optical properties of the ITO films after irradiation, the same

procedure was used as for the ultraviolet irradiated samples. Larger area 6mm

squares were irradiated, using the same Gaussian overlapping shown in figure

6.7. Both the ITO films containing MPTS and no binder were irradiated for UV-

VIS optical transmission measurements, and the results are shown in figure

6.12. The transmission spectra in the visible stays above 85% throughout the

various levels of irradiation by the QSW:CO2 laser, however, the UV band

edge appears to be shifting towards higher wavelengths with higher doses.

Constructing a Tauc plot from the UV-VIS transmission data, shown in figure

6.13, confirms that the band gap is reducing.

The band gap shifting towards lower energies was not expected after CO2 laser

irradiation, as this is evidence of a lowering of the charge carrier density, as
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FIGURE 6.12: UV-VIS optical transmission spectra after various
doses of QSW:CO2 laser irradiation. Left ITO films containing

MPTS binder and Right ITO films without a binder.

described by the Moss-Burstein shift shown in section 5.2.4. In the case of the

ITO films considered here, the electrical conductivity is increasing by over 4

orders of magnitude, but the bang gap is becoming smaller indicating that the

number of charge carriers available in the conduction band is decreasing. If

this hypothesis is correct, and the number of charge carriers in the conduction

band is decreasing, the plasma edge in the near infrared should also be shifting

to lower energies too.

Figure 6.14 shows the near infrared transmission spectra of the ITO films irra-

diated with the QSW:CO2 laser. The plasma edge of the ITO films with and

without the MPTS binder do shift towards lower energies with increasing lev-

els of irradiation from the QSW:CO2 laser. This adds further evidence for a

reduction in the charge carrier density of the ITO films under CO2 laser irradi-

ation. To estimate the drop in charge carrier density, the wavelength at which

the transmission spectra fall 50% was measured for the lowest and highest

dosages from figure 6.14. This value was put into equation 3.13 from earlier,
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FIGURE 6.13: Tauc plot constructed from UV-VIS absorption data
for ITO films irradiated with the QSW:CO2 laser. Top ITO films

with MPTS binder, and Bottom ITO films without binder.
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FIGURE 6.14: Near infrared optical transmission spectra after
various doses of QSW:CO2 laser irradiation. Left ITO films with

MPTS binder, and Right ITO films without binder.

also seen below, and an estimated drop in charge carrier density was calcu-

lated.

ωp =

√
nee2

mε0
, [rad/s] (3.13)

For the ITO samples containing the MPTS binder, the charge carrier density

dropped from 4.3×1016cm−2 to 2.4×1016cm−2, a reduction of nearly 50%. The

ITO films containing no binder dropped even more, from 4.4×1016cm−2 to

1.4×1016cm−2, losing almost 70% of the charge carrier density. Consequently,

with a reduction in charge carrier density but an increase in overall conduc-

tivity, it was hypothesised that the mobility had greatly improved. As shown

in Chapter 3, the equation that related the charge carrier density, ηe, charge

carrier mobility, µe and the overall conductivity, σe, is shown in equation 3.8

σe = ηeµee (3.8)
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TABLE 6.3: Haze measurements for various irradiated areas at
different laser parameters for the ITO films irradiated with the

QSW:CO2 laser.

As can be seen, if the charge carrier density of the ITO film is not to be changing

with laser irradiation, but the overall conductivity is increasing, then the only

conclusion is that the charge carrier mobility must be increasing.

To measure the haze of the QSW:CO2 laser irradiated areas, 5 different sites

were chosen and the measurements made. After irradiation, each of the areas

did not appear to have any visual difference in haziness. As can be seen from

table 6.3, throughout a range of irradiation parameters, the haze value for the

ITO films does not change significantly and does not follow a trend. Even at

the highest dose with a modulation frequency of 1500Hz at 2mm/s the haze

stays below 1%. As mentioned before, the haze measurements were only taken

at a single wavelength (λ = 632.8nm) and are only true for this wavelength.

6.4.4 Electron Mobility Measurements

At a sheet resistance of 250Ω/sq, the nanovoltmeter was able to read a voltage

drop across the ITO films on the highest scale, up to 200mV. In Chapter 3,
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the Hall voltage setup seen in figure 3.9 shows current flowing through two

corners, 1 and 3, of the square sample, and the voltage drop measured across

the other 2 corners, 2 and 4. In an ideal setup, when current is flowing through

contacts 1 and 3 on the sample, there would be zero voltage drop across con-

tacts 2 and 4. In our setup, the ITO films irradiated with the QSW:CO2 laser

have an un-even sheet resistance across the sample which varied due to the

fluctuating laser output power and film uniformity. Due to the asymmetric

nature of the resistance, when current flows through the contacts 1 and 3 there

is an offset voltage across contacts 2 and 4, even without the presence of a

magnetic field. The offset voltage varied between irradiated samples, but it

was always large enough so that the highest scale of the nanovoltmeter had to

be used. This made measuring the Hall voltage very difficult. Assuming our

ITO films have the same charge carrier density as the commercial ITO films,

and using the same current flow, a Hall voltage of the order of 20-40µV was

expected. On the 200mV scale, this voltage was within the noise level, making

the Hall voltage measurements inconclusive.

6.4.5 MPTS Binder Heating

As part of the CO2 laser irradiation of the ITO films, the MPTS binder and

other solvents were thought to be removed via heating. Using a hot plate,

pure MPTS binder was heated on KCl substrates, which are transparent to

wavelengths as long as 20µm, as seen in figure 6.15. The FTIR transmission

spectrum was taken for various temperature increases. These measurements
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FIGURE 6.15: FTIR spectra for KCl substrates from 6000 to
400cm−1. The noise seen at 4300 and 2400cm−1 are peaks due

to the air.

were made to ascertain at what temperature changes in the MPTS could be

observed by FTIR.

The MPTS was applied to the KCl substrate by applying a 200µl drop in the

middle of the KCl substrate, and flattening the drop into a thin film with a

piece of glass on top. The film thickness was not measured due to the film

still being liquid, so the thickness for different samples was not known to be

the same. In the experiment, six temperatures were used on the hotplate for

the removal of MPTS ranging from 50 to 300◦C, in 50◦C steps. The results are

shown in figure 6.16.

The FTIR spectra for the MPTS heated on the hot plate showed that the The

peak at 1638cm−1 related to the carbon double bond located on the vinyl group
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FIGURE 6.16: FTIR transmission spectra for MPTS which had
been heated on a hotplate at increasing temperatures between

50◦C and 300◦C.
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decreases significantly with temperature. This represents the polymerisation

of the MPTS molecule. [25] This means that the MPTS is polymerising under

CO2 laser irradiation, and not just the ultraviolet laser irradiation. Between

wavenumbers 800 and 950cm−1 several peaks are disappearing, which could

be solvents or other organic materials been removed or decomposed. The FTIR

spectra do not show conclusive evidence that the MPTS is being removed.

Some of the peaks appear to be lowering in intensity, but this could be due to

the chemical changes within the MPTS.

6.4.6 ITO Irradiation on PET Substrates

Using the short pulses from the QSW:CO2 laser with the high repetition rates

gives an irradiation regime between the continuous wave RF:CO2 laser and

the high pulse energy but low repetition rate TEA:CO2 laser. To irradiate the

ITO films on PET substrates, the same spot size was used as with the glass

samples (175µm) and sites were irradiated with varying modulation frequen-

cies and translational speeds up until damage started to occur. Following this,

the same experiment was run for increasing beam sizes until a suitable regime

was found for the irradiation of the ITO on PET substrates without damage.

Starting at a beam diameter of 175µm, damage to the films was seen at all the

available frequencies and translation speeds. At a modulation frequency of

750Hz, which is where the sheet resistance of the ITO films on glass started

to reduce, the damage done to the PET substrates is severe, as shown in fig-

ure 6.17. Melting of the PET could be seen with the naked eye, and no sheet



Chapter 6. CO2 Laser Processing of ITO Films 149

resistance could be measured for the ITO films with our equipment with an

upper limit of 100MΩ. Damage was observed for laser frequencies as low as

100Hz, also shown in figure 6.17. Although, in between the damaged sites a

continuous path could be seen but the sheet resistance had increased from a

value of around 3MΩ/sq to over 10MΩ/sq.

The beam size of the QSW:CO2 laser was increased until damage could not be

seen with the naked eye, which was at a beam size of around 200µm. At 750Hz

the films started to melt as with the smaller beam size, but at lower modula-

tion frequencies the damage started to stop, as seen in figure 6.18. No visual

damage was seen with the naked eye at a modulation frequency of 300Hz,

however, the resistance could not be measured on our equipment. Looking

at the films under the microscope, micro-cracks can again be observed as was

the case with the TEA:CO2 laser irradiation. The micro-cracks make the ITO

films discontinuous and a measurement could not be made due to the islands

created by the cracks. Reducing the modulation frequency to 200Hz stopped

the micro-cracks from being produced in the ITO films during irradiation, (fig.

6.18), but because the modulation frequency was only at 200Hz the sheet re-

sistance of the ITO films was not measured to be any lower than before irradi-

ation.

6.5 Conclusions

In this chapter, wet processed ITO films were irradiated with various CO2

lasers to reduce the sheet resistance. The CO2 laser irradiation in the infrared
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FIGURE 6.17: ITO films on PET substrates irradiated with the
QSW:CO2 laser. Top Laser spot size of 175µm, modulation fre-
quency 750Hz at 10mm/s. Bottom Laser spot size of 175µm,

modulation frequency of 100Hz at 10mm/s.
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FIGURE 6.18: ITO films on PET substrates irradiated with the
QSW:CO2 laser. Top Laser spot size of 200µm, modulation fre-
quency 300Hz at 10mm/s. Bottom Laser spot size of 200µm,

modulation frequency of 200Hz at 10mm/s.
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induced an increase in temperature in the ITO films to process them pho-

tothermally. On the glass substrates both the RF:CO2 and the QSW:CO2 lasers

were able to successfully reduce the sheet resistance of the ITO films down

to 250Ω/sq. The process by which the ITO films were reduced in sheet resis-

tance was the removal of non-conducting materials such as solvents and other

organic dielectrics. It was found from the FTIR spectra that the MPTS binder

was polymerising with increasing temperatures, but this was not increasing

the overall conductivity of the ITO films with the binder when compared with

the ITO films containing no binder. If the polymerisation of the MPTS binder

was having an effect, the conductivity would have been increasing further

than the binderless ITO films due to the densification of the ITO films, pulling

the ITO nanoparticles together as described in section 5.1.

An interesting result was the apparent reduction of the charge carrier density

under increasing temperatures induced by CO2 laser irradiation, even though

the resistivity of the ITO films was reducing by over 4 orders of magnitude.

Two hypotheses that require further investigation are proposed. Firstly, an

increase in the mobility of the reduced number of charge carriers. This was

unable to be verified by the Hall voltage measurements. And secondly, any

loss of charge carriers due to oxygen vacancy filling via ITO reactions in air at

elevated temperatures.

Irradiation of the ITO films on PET substrates was unsuccessful. The process

that reduces the resistivity of the ITO films relies on temperature increases that

were beyond the steady-state damage threshold of the PET. Using a low rep-

etition rate TEA:CO2 laser, we were able to find a regime in which the films
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were not damaged, but the fluence had to be reduced to the point where a

reduction in sheet resistance was not achievable. The same was found for the

QSW:CO2 laser, where the modulation frequency had to be lowered enough

so that the accumulative temperature increase did not damage the PET sub-

strates, but again stopped the ITO films been successfully processed to lower

sheet resistances.



Chapter 7

Indium-free Film Laser Irradiation

7.1 Introduction

As part of the INFINITY project, indium-free transparent conducting films

were to be developed by the partners. These films were based on aluminium

doped zinc oxide (AZO) materials. AZO nanoparticles were suspended in a

solution containing niobium doped titanium dioxide. The AZO films were

provided on glass substrates and PET substrates, with the same thickness as

the ITO film counterparts discussed earlier in the thesis at 520nm and 400nm

respectively.

Using the techniques learned from the irradiation of the ITO films with ultra-

violet and CO2 laser systems, the AZO films were irradiated in similar ways.

The AZO films were first irradiated in the ultraviolet, to try to polymerise the

binder and pull the nanoparticles closer together and increase the conductiv-

ity. Then the AZO films were irradiated with the QSW:CO2 laser to remove

non conductive material.

154
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FIGURE 7.1: Attenuation coefficient of the AZO films in the UV
to NIR. the absorption depth is approximately 200nm at a wave-

length of 308nm.

A preliminary measurement of the resistance of the AZO films before laser

irradiation showed them to be non-conductive. With the upper limit of the

equipment being 100MΩ, a reading could not be successfully made on the

AZO films, even when putting 2 probes very close (<500µm) to each other.

7.2 XeCl Laser Irradiation

7.2.1 Electrical Resistance Measurements

The XeCl laser gave the best results when irradiating the ITO films with ul-

traviolet radiation, so this laser was used to irradiate the AZO films. From

figure 7.1, the absorption depth is approximately 200nm for the XeCl laser at a
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TABLE 7.1: Table showing the sheet resistance of AZO films on
glass substrates after XeCl laser irradiation at various pulses per

area. Each area used a fluence of 30mJcm−2

wavelength of 308nm. Due to this relatively strong absorption coefficient the

entire thickness of the AZO films will not be affected by ultraviolet radiation

of significant irradiance, but the laser energy will also not reach the substrate.

The ablation threshold of the AZO films was considerably lower than the ITO

films, with visual damage starting at a fluence of ∼35mJcm−2. Reducing the

fluence to a value of 30mJcm−2 stopped damage from occurring, and the AZO

films were irradiated with 3 different doses (Table 7.1). Using this fluence

close to the damage threshold with the highest dose at 5000 pulses per area,

the sheet resistance could not be lowered enough to be measured by our equip-

ment (i.e. >100MΩ). Because the films have such a high resistivity before and

after laser irradiation, we were unable to determine if the electrical properties

were changing.

7.2.2 Optical Measurements

As seen previously in Chapter 5, a change in electrical properties can some-

times relate to a change in the optical properties of the films too. The same
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FIGURE 7.2: UV-VIS transmission results for the AZO films ir-
radiated with the XeCl laser at different doses at a fluence of
30mJcm−2. The vertical dashed line represents the start of the

Borofloat substrate absorption edge.

measurements were taken for the AZO films from the ultraviolet to the in-

frared. Seen in figures 7.2 and 7.3 are the optical transmission results from

the ultraviolet to the infrared for the AZO films under XeCl irradiation at the

highest possible fluence before damage, at 3 different doses.

After the irradiation with the XeCl laser at the 3 irradiation conditions, the

optical transmission of the films did not change across the measured wave-

length range. In figure 7.2, the optical transmission of the AZO films in the

visible part of the spectrum is above 80% from 400nm and longer, and remains

at this level of transparency after irradiation with the XeCl laser at all doses.

This is an excellent level of transparency for a transparent conductor, how-

ever, the electrical properties of the films are very poor. It can be seen that at
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a wavelength of approximately 350nm, that the transmission curve deviates

from a straight absorption edge and exhibits a small bump before reaching ef-

fectively zero transmission. This feature in the transmission curve coincides

with the absorption edge of the Borofloat substrate. The AZO samples were

not provided on fused silica substrates, so it is unknown if this behaviour was

caused by the material or the substrate. In figure 7.3, the near infrared trans-

mission for the AZO films irradiated by the XeCl laser can be seen. Again,

with increasing doses the infrared transmission does not change. Because the

transmission curves are not changing with increasing laser doses, it it not pos-

sible to conclude if the XeCl laser is affecting the electrical conductivity of the

AZO films. One thing that can be learned from figure 7.3 however, is that the

plasma edge does not appear below a wavelength of 3.6µm. This infers that

the charge carrier density of the AZO films must be much lower than the ITO

films used earlier in this thesis, where the plasma edge was at ∼1.5µm. The

plasma edge for the AZO films could not be measured, since the Borofloat

glass substrate becomes opaque at wavelengths longer than 3.6µm obscuring

any transmission data for the films.

The small bump located on the absorption edge made the band gap of the

AZO films difficult to measure. Usually, a Tauc plot shows a linear regime

which can be extrapolated to find the axis intercept, indicating the optical band

gap of the material. In figure 7.4 this is not the case, as the bump causes the

line to deviate away from the ideal situation. Assuming that the Borofloat

substrate was interfering with the transmission data, we can follow the first

small part of the linear section down to the axis intercept. This gives the AZO
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FIGURE 7.3: Near infrared transmission results for the AZO films
irradiated with the XeCl laser at different doses at a fluence of

30mJcm−2.

a band gap of ∼4.15eV. The important result from figure 7.4 is that the band

gap is not changing with XeCl laser irradiation, giving us a similar result to

the ITO films which were irradiated in the same way. Therefore, we cannot

infer whether or not the electrical conductivity is increasing under XeCl laser

irradiation without improving the sensitivity of the resistance measurement

system.
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FIGURE 7.4: Tauc plot calculated from the UV-VIS transmission
data for AZO irradiated with the XeCl laser at various doses at a

fluence of 30mJcm−2.

7.3 QSW:CO2 Laser Irradiation

7.3.1 Electrical Resistance Measurements

Following on from the XeCl irradiation of the AZO films, the QSW:CO2 laser

was used to irradiate fresh samples as this laser gave us some of the most

promising results with the ITO films earlier in the thesis. The experimental

setup used to irradiate the AZO films with the QSW:CO2 laser was the same as

in Chapter 5.4, using the same spot size of ∼175µm, since this didn’t damage

the films in preliminary tests.

Before irradiation with the QSW:CO2 laser the electrical resistivity of the AZO
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TABLE 7.2: Table showing the sheet resistances achieved on the
AZO films using various parameters with the QSW:CO2 laser.

films was measured, and again, the films could not be measured on our equip-

ment giving us a value greater than the upper limit of 100MΩ. When the

laser was modulated at 750Hz, no measurable change in the resistance of the

AZO films was observed at any translational speed. With the laser modulated

at 1000Hz, all of the irradiated areas except for those at a speed of 2mm/s

were not reduced below the 100MΩ limit of the equipment. However, for

the 2mm/s speed at a modulation frequency of 1000Hz, a resistance measure-

ment of 19MΩ/sq was recorded. As can be seen in table 7.2, improvements in

this sheet resistance can be achieved by modulating the laser at a frequency of

1500Hz, with the lowest sheet resistance achieved measured to be 2.3MΩ/sq

when the translation speed was 10mm/s.

This level of sheet resistance is over 4 orders of magnitude higher than is re-

quired for a functional device that is currently based on ITO electrodes. It was

not possible to reduce this resistivity further, since irradiating the AZO films at

any higher doses with the CO2 laser caused damage to the films. In figure 7.5,

the damage to the AZO films can be clearly seen when speeds of 2mm/s and

5mm/s were used at a modulation frequency of 1500Hz. The AZO film cracks
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FIGURE 7.5: Image of an AZO sample irradiated with the
QSW:CO2 laser with various parameters. A) shows an area ir-
radiated at 1500Hz at 7mm/s and B) shows 2 visibly damaged
areas which were irradiated at 1500Hz at 2mm/s and 5mm/s re-

spectively.

and delaminates from the glass substrate under these irradiation conditions,

making the films discontinuous and having effectively infinite resistance.

Interestingly, the area irradiated at a modulation frequency at 1500Hz with

a speed of 7mm/s (fig. 7.5) had a resistance value too high to be measured.

This was unexpected, because the area did not appear to contain any damage

from the laser irradiation, but had been exposed to a larger amount of laser

irradiation than the best result (2.3MΩ/sq). Under the microscope, shown

in figure 7.6, it is seen that the irradiated area contained vertical cracks that

continued the entire width of the isolated area. These cracks originated from
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FIGURE 7.6: Microscope image of the AZO films irradiated at
1500Hz at a speed of 7mm/s. The vertical cracks were caused
by the measurement probes, which can be seen near the origin of
the cracks. The colours were caused by the DIC module on the

microscope to show the irradiated paths.
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FIGURE 7.7: UV-VIS transmission results for the AZO films irra-
diated with the QSW:CO2 laser at different speeds with a modu-

lation frequency of 1500Hz.

the 4-point probe tips that were used to measure the electrical resistivity of the

films. The cracks caused the probes to become isolated from each other, and

giving a reading of effectively infinite resistance. An attempt to measure the

resistivity between the cracks was tried, however, a reading of resistance could

not be obtained without causing further cracking in the area.

7.3.2 Optical Measurements

With a measurable reduction in the electrical conductivity of the AZO films

under irradiation with the QSW:CO2 laser, the optical properties were mea-

sured after irradiation. Figure 7.7 shows the transmission from the ultraviolet
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FIGURE 7.8: Tauc plot constructed from the transmission data
for the AZO films irradiated with the QSW:CO2 laser at various

speeds, with a modulation frequency of 1500Hz.

and visible parts of the spectrum. The transmission curves change slightly be-

tween different translation speeds, but overall stay relatively similar, remain-

ing over 80% transparent over 400nm wavelength. As was seen with the XeCl

irradiation of the AZO films, there exists a small bump within the absorption

edge of the AZO. Using the same assumptions as before, a Tauc plot was cal-

culated from the transmission data and is shown in figure 7.8.

The Tauc plot shows a slight variation in the optical band gap with increasing

CO2 laser dose. The trend with the AZO films is similar to that seen with the

ITO films when they were irradiated with the CO2 laser, where the bad gap

is decreasing as the electrical conductivity increases. The effect is not as pro-

nounced as with the ITO films, but a trend towards a lower optical band gap
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can be seen from figure 7.8. As mentioned in the previous chapter, the lower-

ing of the band gap with increasing electrical conductivity is the opposite to

that expected. This points towards the conclusion that the processes involved

in increasing the electrical conductivity in both the ITO and AZO films is the

same, and is due to the removal of non conductive material from the films.

With the UV-VIS transmission results pointing towards a reduction in the charge

carrier density with increasing laser dose, there should be a visible change in

the plasma edge located in the infrared. The infrared transmission results were

taken, and are shown in figure 7.9. The plasma edge remains beyond the trans-

parency of the glass substrate, however, at around 3.2µm it can be noticed that

with increasing laser doses the transmission is slightly higher. If it is assumed

that this trend continues further into the infrared, it could suggest that the

plasma edge has been pushed further towards longer wavelengths. This is

an extrapolation and to be conclusive, the transmission data would have to

be taken with the AZO films deposited on a substrate that was transparent

further into the infrared so that the plasma edge could be clearly seen.
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FIGURE 7.9: Infrared transmission results for the AZO films irra-
diated with the QSW:CO2 laser at different speeds with a modu-

lation frequency of 1500Hz.
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7.4 Silver grids for increased conductivity

As part of a contingency plan in the INFINITY project, patterned silver grids

were put in place to help improve the electrical conductivity of the AZO films

in the case they were not electrically conductive enough to be used in a demon-

strator device. With the best result reaching a sheet resistance value of 2.3MΩ/sq,

a working demonstrator device could not be made and the silver grids were

implemented to improve this. The idea behind the patterned silver grids was

to add a mesh of highly conductive pathways underneath the continuous AZO

film. This way, the AZO films only have to transport charge to the nearest sil-

ver grid-line. The silver grids are very conductive, so even if the resistance

probes are centimetres away the majority of the conduction is coming from

the silver grid.

The smaller the grid is be made, the less distance current has to flow through

the AZO, making the films appear to become increasingly conductive. The

drawback to using the silver grids is that the silver is not transparent, and

blocks light from being transmitted. For this reason, the grid lines wanted to

be as thin as possible, whist retaining a suitable level of conductivity.

The first attempt at using silver grids was produced by INM in Germany.

These grids were created using a research grade ink-jet printer filled with a

silver-based solution. An optical microscope image of the printed silver grids

can be seen in figure 7.10. The grids are quite large, with 1mm spacing and

200µm wide lines. This made the grid very noticeable by eye, which would

have been very poor if used in any display technology. An example of this
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FIGURE 7.10: Image of the ink-jet printed silver grids by INM.
The grid is measured as having a spacing of 1mm with grid lines

200µm wide.
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FIGURE 7.11: Image of the ink-jet printed silver grids by INM
against a piece of white graph paper to demonstrate the visibility

of the grids.

can be seen in figure 7.11. Furthermore, it was calculated by one of the IN-

FINITY partners that the grid spacings were too large when coupled with the

AZO films to create a working demonstrator device (either LCD display or

photovoltaic panel). The ink-jet printer used to print these grids was already

producing the smallest features it could, and so another method of creating

small grids with silver was required.

The properties of the ink-jet printed films were measured at INM and the sheet

resistance of the silver grids was measured to be 3Ω/sq, which is comparable
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to the ITO films used in the majority of devices today. The visible light trans-

mission was only 69% however, which is 15-20% lower than ITO films. Even

though the ink-jet printed silver grids were too large for use in a display or

photovoltaic device, they demonstrated that the concept of using an underly-

ing highly conductive grid for reducing electrical resistivity is achievable and

can have some very promising results. Consequently, producing finer silver

grids using laser-based techniques was explored

7.4.1 XeCl laser patterned silver grids

In the previous section, the use of silver grids was demonstrated to be a viable

option for increasing the conductivity of the AZO film system, at a cost of a

slightly reduced visible light transmission. To reduce the size of the grids, the

use of laser ablation of silver films was employed. By reducing the size of

the grids, we aimed to achieve two things: reduce the spacings between the

grid lines in order to decrease the distance current has to flow in the highly

resistive AZO film, and secondly to increase or maintain the level of visible

light transmission by making the grid lines thinner. To be able to laser ablate

silver grids, a 70nm uniform layer of silver was sputtered onto glass and PET

substrates at a thickness of around 50nm as measured with the Dektak XT

profilometer.

The first laser used to ablate the silver films was the XeCl laser. This laser

was chosen because of the high level of absorption silver has at around the

wavelength of the laser at 308nm, as shown in figure 7.12. The fact that silver
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FIGURE 7.12: Graph showing the reflectance of silver from
200nm to 1000nm. The vertical dashed line shows the XeCl wave-

length at 308nm.

has a low reflectivity at∼310nm increases the coupling of the laser energy and

significantly reduces the ablation threshold fluence.

The experimental setup for ablating the silver films was the same as used in

chapter 4, but with a 10x demagnification imaging system to achieve a smaller

spot size and higher fluence. With a 1mm square mask, it was possible to pro-

duce a 100µm image on the surface of the silver film. It was found that when

the fluence was set to around 1.5Jcm−2, the silver films were completely re-

moved in two pulses without damaging the underlying glass. To be able to

ablate a grid pattern made from these 100µm square laser generated openings

in the film over an area of 50x50mm, each point would require 2 pulses. If the
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sample translation stages had to stop in between each point then the process-

ing time becomes long. Instead, the laser was synced to the translation stages

using Aerotech’s position synchronised output (PSO) command, which tells

the laser to fire as the stages move a set distance. In this way, the stages could

start at a set co-ordinate and move in lines as fast as they could move and re-

quest a laser pulse as they reach the set distance. Once the sample had been

completely irradiated with single pulses, the stages were put back to the start-

ing co-ordinate, and a second pass was completed using the same parameters

to increase the puse count per area to 2, thus completely remove any remaining

silver from within the grids. The XeCl laser had a maximum pulse repetition

frequency of 50Hz, which was the limiting factor on how fast the patterning

could be achieved. With an image size of 100µm, leaving a grid line width

of 20µm, gave a travel distance of 120µm to travel between pulses. At 50Hz,

it was possible to move at a speed of 6.25mm/s before the laser reaches the

maximum pulse repetition frequency. If we assume the stages have zero accel-

eration time before max speed, and a sample size of 50x50mm, we can expect

one single sample to be completed in a time of around 55 minutes.

After patterning the sputtered silver films with the XeCl laser, it was imme-

diately noticeable that the sample had a higher level of transmission in the

visible but with a dark tint. As shown in figure 7.13, the apertures in the sil-

ver film gave a semi-transparent appearance after patterning with the laser.

Because the grid size had become 10x smaller than the ink-jet printed films,

it was no longer possible to see the structure with the naked eye unless the

sample was very close. Figure 7.14 shows the appearance of the grid under
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FIGURE 7.13: Picture showing a semi-transparent sputtered sil-
ver film after been patterned with the XeCl laser.

the optical microscope. It is shown that with the XeCl laser, it was possible

to create 120µm silver grids having a line width of 20µm. It should be noted

however, that the XeCl laser could have patterned smaller grids than this if

an even higher level of demagnification was used. Unfortunately, the optical

setup used here would not allow us to go to a higher demagnification due to

space limitations. Furthermore, the time requirements for processing would

have been even longer per sample with smaller image sizes.

Another important aspect of the silver grids, was that they had to be as flat

as possible. This had to be ensured because if the roughness of the films was

high, the sharp peaks could pierce through the stacked electronic layers and

create short circuits. To check for surface imperfections, tilted SEM images

were taken of the patterned silver films. An SEM image of the XeCl laser

patterned silver grids is shown in figure 7.15. The silver grids after XeCl laser



Chapter 7. Indium-free Film Laser Irradiation 175

FIGURE 7.14: Optical microscope image taken of the XeCl pat-
terned silver films. On the right is the same area, just at a higher

magnification.

patterning did not appear to have become rough. Apart from spots of debris or

contamination which could be cleaned off, the ablated areas have sharp edges.

Transmission and electrical measurements were made for the grids before and

after the AZO layer was applied by INM in Germany. Before the AZO layer

was applied, the optical transmission of the silver grid itself was measured to

be 47%, and the sheet resistance was measured to be 11Ω/sq. After the AZO

film was applied on top of the silver grid and irradiated with the QSW:CO2

laser with the highest dosage without damaging the films, the transmission

was reduced to a value of 43%, and the sheet resistance reduced to a value

of 2Ω/sq. The reduction in visible light transmission was expected, since the

AZO films is not perfectly transparent, however, the reduction in sheet resis-

tance was not expected.

The XeCl laser patterned silver grids show promising results for creating highly

conductive patterned silver grids. Unfortunately, the visible transmission of
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FIGURE 7.15: Scanning electron microscope image of the XeCl
laser patterned silver grids.



Chapter 7. Indium-free Film Laser Irradiation 177

these films was at best 47%. Whilst the silver grids showed very good elec-

trical conductivity, the low visible transmission would not be ideal for creat-

ing a functional device. Additionally, calculations by the INFINITY partners

showed that the 100µm spacing between grid lines would still not be small

enough for use in their photovoltaic devices when using the poorly conduc-

tive AZO film. The processing times when using the XeCl laser were also very

long, due to low pulse repetition rate.

7.4.2 Yb:YAG laser patterned silver grids

Following on from the success of the XeCl laser, the Yb:YAG laser was used

to pattern the sputtered silver films. The Yb:YAG laser has a maximum pulse

repetition rate of 10MHz, and therefore it was expected to be able to pattern the

silver films at a much higher rate, thus improving on the XeCl laser processing

time. With a pulse length of 841fs, the peak power of the laser pulses from

the Yb:YAG laser was high enough to ablate the silver films even though the

reflectivity of silver is in excess of 98% at a wavelength of 1030nm wavelength.

Experiments were performed on silver films on both glass and PET substrates.

7.4.2.1 Glass Substrates

With a variable energy control for the laser pulses, the ablation threshold for

the silver films was measured with the Yb:YAG laser at the focal point of the

F-theta scan lens. Because the Yb:YAG laser beam shape was Gaussian, by

keeping the beam size the same and varying the pulse energy the diameter
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FIGURE 7.16: Optical microscope image of a small section of the
17 damage sites created by the Yb:YAG at various pulse energies.

of the damage sites squared plotted as a function of pulse energy allowed the

damage threshold of the silver films to be determined. From this analysis,

the spot size of the laser beam through the F-theta lens can also be found. To

continuously vary the pulse energy, a rotating half wave plate and Brewster

plate was used. To measure the average pulse energy, the average power was

recorded over 5 minutes and divided by the pulse repetition rate. Increasing

pulse energies were used to create damage sites with single pulses. An optical

microscope image of the damage sites is shown in figure 7.16.
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FIGURE 7.17: A graph showing the relationship between the
square of the diameter of the damage sites and the log of the
pulse energy. The point where the line of best fit intersects the

x-axis is the damage threshold energy.

To measure the damage threshold for the silver films, equation 7.1 was used.

[134–136]

D2 = 2ω2
0 ln | E

ET
| (7.1)

Here, D2 is the diameter squared of the damage sites, E is the energy of the

laser pulse, ET is the threshold energy for damage, and ω0 is the beam radius

(1/e2 value). To measure the diameter of the damage, a program called ImageJ

[137] was used to automatically measure all of the 25 sites as well as the dif-

ferences between the major and minor axis of the slightly elliptical spots. The

results from this procedure are plotted in figure 7.17.

The damage threshold of the silver films was measured to be 2.12µJ. From
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equation 7.1, we can also measure the spot size of the laser by measuring the

gradient of the line of best fit in figure 7.17. The gradient in this case was

1.77× 10−10± 4× 10−12 m2. This value gives a spot diameter of 18.8± 0.5µm.

The damage threshold for the sputtered silver films with the Yb:YAG laser was

then calculated to be 6.89kJm−2, averaged over the area of the Gaussian beam.

The increasing size of error bars seen in figure 7.17 were due to two reasons:

at larger pulse energies the damage site became increasingly elliptical and the

difference between the major and minor axis of the circle became larger, and

at lower pulse energies the uncertainty was larger were due to the resolution

of the optical microscope.

In order to create grids with the Yb:YAG laser with a Gaussian beam profile,

packing ratios of circles were investigated to find the best way to pattern the

silver films for maximum coverage. We aimed to keep the patterned circles

to a maximum of 15µm in diameter, to gives the best possible success of the

conductivity being high enough with the AZO deposited on top. This meant

that two sized circles in the patterning process could be utilised. Using a dual-

sized circle packing technique, with the smaller disk around 60% smaller in di-

ameter, the maximum packing ratio achievable was approximately 92%. [138]

Alternatively, using the densest packing ratio with a single sized circle, (hexag-

onal packing)∼91% can be achieved. [139] It was decided that the single sized

circle technique would be used, due to the ease of programming the transla-

tion stage movements, not having to change pulse energy during processing

and the negligible decrease in packing ratio lost as compared to the dual-sized

circle technique.
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FIGURE 7.18: Photograph showing a silver film after having been
patterned with the Yb:YAG laser. The array of circular holes in

the silver film gave it a semi-transparent appearance.

After processing the silver films using the Yb:YAG laser, the transparency of

the sample had visually improved over the films processed with the XeCl laser,

as can be seen in figure 7.18. The patterning of the film could not be seen on

the sample because the features were so small. However, diffraction effects

could be seen on light passing through the sample.

The Yb:YAG patterned films as viewed under the microscope are shown in

figure 7.19. Each circle was measured to be ∼13µm, with a gap between adja-

cent circles of 5µm. The silver grids were measured before and after the AZO

layer was put on top. The silver grids by themselves were measured to have

a sheet resistance of 3Ω/sq with a visible transmission of 53%. It is important



Chapter 7. Indium-free Film Laser Irradiation 182

FIGURE 7.19: Optical microscope image taken of the Yb:YAG
patterned silver films. On the right is the same area at a higher

magnification.

to note that because of the diffractive nature of the patterned films, the visible

transmission could have been higher if the measurements were taken closer to

the sample. After the AZO layer was put on top of the silver films, the sheet

resistance was measured to be 11Ω/sq with a visible transmission of 61%. It

is unknown why the visible transmission of the samples increased when the

AZO layer was placed on the silver films. The processing times of the silver

films using the Yb:YAG were greatly reduced. The 50x50mm samples could

be patterned in approximately 8 minutes, and were limited only by the trans-

lational stages.

The silver films were viewed using the SEM at an angle to check the surface

roughness of the films after patterning. As can be seen from figure 7.20, the

roughness of the Yb:YAG patterned silver films was very high. Some features

are seen to be over 3µm high, which would be very detrimental when coating

the films with an AZO layer that is 500nm thick. The high roughness of the
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FIGURE 7.20: Tilted SEM images of the Yb:YAG patterned silver
films. The roughness of the sample is seen to be very high.
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films is likely due to the Gaussian shape of the beam. Since the intensity varies

continuously across the beam, there is no clearly defined edge of processing. It

is thought that the rough edges of the patterned areas are caused by material

which was effected by the laser pulse, but not enough to be completely ablated

and detaches from the substrate leaving behind areas which are very rough.

Despite the roughness of the silver films, an AZO layer was spin coated onto

the samples to see how much the raised areas would effect the AZO layer

on top. In an attempt to make the AZO films as flat as possible, a double

layer of AZO was spin coated onto the patterned silver films. The usual AZO

coating was applied with a thickness of 500nm, then this was followed by

spin coating a much thinner layer on top to try smoothing out any roughness

that may have been present after the first layer. The SEM images of the AZO

double layer are seen in figure 7.22. The underlying patterned silver films can

be seen to be sticking through the AZO films, which would be detrimental

to any electronic devices being applied to the AZO films. Despite been able

to pattern sputtered silver films into grids of the order of 10µm at very fast

rates with sheet resistances as low at 10Ω/sq, the Gaussian nature of the laser

beam makes it unsuitable for use in the production of flat enough films for

electronic devices. This was due to the continuously varying intensity profile

of the Gaussian beam which caused some areas of the beam to be above the

ablation threshold, and some to be below. An example of the intensity profile

across a Gaussian and a top-hat beam can be seen in figure 7.21. What was left

on the surface was half ablated regions of silver which made the roughness

too high for commercial devices to function.
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FIGURE 7.21: The intensity profile across a Gaussian laser beam
(Blue) and a top-hat laser beam (Red).

7.4.2.2 PET substrates

As mentioned earlier, the sputtered silver films were also applied to flexible

PET substrates for laser patterning. As with the glass substrates, the damage

threshold of the silver films was measured on the PET substrates in the same

way. The PET films were put at the focal point of the lens, and damage points

were created with the Yb:YAG laser at different pulse energies. Figure 7.23

shows the damage points created with the laser at 7 different pulse energies.

Only 7 pulse energies could be taken using the Yb:YAG laser due to a loss in

power from the laser itself, as well as a degraded beam shape, as demonstrated

in figure 7.23. Even with the poor beam quality, the square of the damage di-

ameter was plotted against ln(Energy) to measure the damage threshold and
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FIGURE 7.22: Tilted SEM images of the Yb:YAG laser patterned
silver films with a double layer of AZO applied. Peaks of the
underlying silver films can be seen to still be present through the

AZO layer.
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FIGURE 7.23: Optical microscope image of a small section of the
7 damage sites on sputtered silver films created by the Yb:YAG
laser at various pulse energies on PET substrates. A poor beam
quality had developed from the laser when the damage points

were produced.

beam diameter. Due to the large difference in the major and minor axis pro-

duced by the laser on the PET, the uncertainties were quite large as seen in

figure 7.24. Using the line of best fit, the intersect at the x-axis gives a dam-

age threshold of 4.4µJ at the focus of the lens. The spot size of the laser beam

at focus, using the largest and smallest measured gradients, was measured to

be 19.5±2.1µm. The beam diameter of the Yb:YAG laser at focus agrees with

the beam diameter as measured on the glass substrates within experimental

uncertainty. The damage threshold was therefore measured to be a value of

14.7kJm−2, which is over double the threshold measured for the silver films

on the glass substrates. It is possible that the increase in threshold represents

the better adherence of the silver film to the PET leading to an increase in heat

flow to the substrate.

Unfortunately, due to the severe drop in power and beam quality from the
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FIGURE 7.24: A graph showing the relationship between the
square of the diameter of the damage sites and the logarithm of
the pulse energy of the silver films on PET. The red line shows
the line of best fit, with the two black lines showing the highest

and lowest gradient within the errors.



Chapter 7. Indium-free Film Laser Irradiation 189

FIGURE 7.25: Optical microscope image taken of the patterned
silver films on PET substrates. This was only a preliminary ex-

periment to test for the feasibility of the process.

Yb:YAG laser, a complete sample of the patterned PET was not able to be com-

pleted and hence not characterised electrically or optically. An earlier prelim-

inary experiment on the feasibility of patterning the silver films on PET was

completed however, and figure 7.25 shows a patterned silver grid on PET sub-

strates. The results were promising, giving very similar results to the silver

films on glass substrates. The underlying PET did not appear to be damaged

by the single laser pulse, and the silver was completely removed. In figure

7.25 the optimisation of the circle packing had not been performed, and large

areas of silver were left. This could have been easily improved by changing the

spacing between pulses, however, because the beam shape degraded, packing

would have been made very difficult on a full scale sample.
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7.5 Conclusions

In this chapter, indium free AZO films were irradiated with the lasers that

gave the best results for ITO films in the earlier chapters in this thesis, in the

ultraviolet and infrared regimes. The AZO films were intrinsically much lower

in electrical conductivity than the ITO films before irradiation. By taking in-

frared transmission measurements, it was found that this was due to a lack of

charge carrier density within the AZO nanoparticles, which severely limited

the electrical conductivity achievable with the materials.

By irradiating the AZO films with the XeCl laser in the ultraviolet, a mea-

surable change in the electrical conductivity could not be obtained due to the

upper limits of the electrical resistance measurements of our equipment. The

optical transparency of the AZO films was very good, having greater than 85%

transmission throughout the visible region of wavelengths. The band edges in

the ultraviolet and infrared showed no visible change in the charge carrier

density in the films following laser irradiation, and without a value for the

sheet resistance it was not possible to know if the electrical properties of the

films were changing at all.

When the AZO films were irradiated with the QSW:CO2 laser, for the majority

of the irradiation regimes, a value for the electrical conductivity could not be

measured due to the resistance being so large. However, for the highest doses

of irradiation, the sheet resistance values were lowered enough to be mea-

sured. With the QSW:CO2 laser set to a modulation frequency of 1500Hz and
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a translational speed of 10mm/s, a sheet resistance value of 2.3MΩ/sq was ob-

tained. If a higher repetition rate or slower translational speed was used, dam-

age of the AZO films was observed, making the sheet resistance effectively in-

finite due to discontinuities within the films from cracking. The transparency

of the AZO films remained above 85% after laser irradiation throughout the

visible regime. As with the ITO films, the ultraviolet band edge of the AZO

films appeared to decrease with increasing conductivity, which is the opposite

of that expected, since this implies the charge carrier density is reducing. This

conclusion was partially supported up by the infrared plasma edge appear-

ing to shift further into the infrared, however, because the plasma edge lied

beyond the transparency of the glass substrate, this cannot be fully confirmed.

INM performed several experiments on the AZO films alongside the laser

irradiation experiments. It was found that the resistivity could not be mea-

sured (due to equipment limitations) when cured under an ultraviolet mercury

lamp. Treatments in a furnace at 550◦C for an hour also lead to an unmeasur-

able sheet resistance value. Only when the AZO films were heat treated in a

furnace in a reducing atmosphere of forming gas (95% N2, 5% H2) could the

sheet resistance be measured. When baked in a furnace with forming gas at

550◦C for an hour, the sheet resistance measured was 2.28MΩ/sq. [140]

Because the AZO films were not able to be reduced in sheet resistance to a

suitable level, a contingency plan for the INFINITY project was brought into

action. By using a highly conductive underlying silver grid, the AZO films

could be spin coated on top to achieve a better long range sheet resistance

which could lower the resistance enough to be used in a demonstrator device.
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By using an ink-jet printer, INM managed to print silver grids with a spacing

of 1mm with 200µm wide grid lines. With the AZO layer spin coated on top of

the ink-jet printed layer a sheet resistance of 5Ω/sq was measured, which was

a significant improvement over the AZO layer by itself. However, due to the

large size of the ink-jet printed grids, the visibility of the grids was very high

and the distance between grid lines was too large to make a device work with

the poor conductivity of the AZO.

To make smaller grids than that possible with ink-jet printing, laser processing

was used. Patterning the sputtered silver films was explored using two laser

systems to achieve smaller grids. Firstly, the XeCl laser was used in a pro-

jection etching configuration. The UV wavelength of this laser coupled into

the silver easily. Using this laser a 10 times improvement was achieved over

the ink-jet films by creating a square grid with 100µm spacing and 20µm line

thickness. The optical transparency of the patterned silver was ∼43% which,

whilst useable in a device, would be ideal if larger. The sheet resistance of

the patterned silver was measured to be 11Ω/sq. The top hat nature of the

irradiance profile of the beam meant sharp edges were created in the silver,

leaving a flat area to spin coat the AZO layer onto. The downside of using

the XeCl laser was the low pulse repetition rate ot 50Hz, meaning processing

times were very large (∼55 minutes for a 50x50mm sample).

The second laser used to pattern the sputtered silver films was the Yb:YAG ul-

trashort pulse laser. With a pulse repetition rate of 10MHz the processing times

were limited only by the speed of the translation stages. With the Yb:YAG

laser, a Gaussian beam was used to create 13µm holes into the silver films with
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a gap of 5µm between adjacent circles. A single-sized circle packing technique

was used, with a hexagonal structure to try to achieve the maximum possible

transparency. After the AZO layer was added to the patterned films, a trans-

parency of 61% was achieved, along with a sheet resistance value of 11Ω/sq.

By using a Gaussian beam, the edges were no longer sharp as they were with

the imaged XeCl top hat beam. This lead to a very rough surface that affected

the spin coated AZO layer on top, and would not be suitable for the sensitive

electronics in contact with the AZO film. However, the processing times for

the 50x50mm sample had been reduced to only 8 minutes.



Chapter 8

Conclusions

8.1 Conclusions

Laser processing of wet-processed transparent conducting films has been stud-

ied using ultraviolet and infrared sources to create electrically conductive, yet

visibly transparent, films on glass and PET substrates.

The ITO films manufactured by INM were characterised before laser irradi-

ation to get a benchmark for how the films initially compared to commer-

cially available transparent conducting films. The ITO tracks which were ink-

jet printed on glass substrates were measured to be 500µm wide and had

a variable thickness across the track with two spikes of thickness near the

edge caused by the coffee ring effect. Measuring the optical properties of

these tracks would have been difficult due to the small width and variable

thickness, and it was chosen to measure the properties of the ITO films on

spin coated, larger area, samples. The ITO films produced via spin coating

194
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on glass substrates were measured using stylus profilometry to have a thick-

ness of ∼520nm. Measuring the optical transmission of the ITO films showed

promising results, having greater than 90% transparency throughout the visi-

ble range. From the transmission data it was also possible to measure the re-

fractive index of the films via the thin film interference pattern observed. The

value obtained of the visible region was n = 2.4. The electrical resistivity of the

ITO films were measured to be in excess of 100Ω cm, equating to a sheet resis-

tance greater than 2MΩ/sq in this case. The sheet resistance of commercially

available ITO films is typically around 10Ω/sq, making the unirradiated ITO

films over 5 orders of magnitude less conductive. The infrared transmission

spectra was taken via FTIR enabling the discovery of the NIR plasma edge,

which can be used to measure the charge carrier density of the films. Using

the range of values observed for the plasma edge wavelength, a charge carrier

density between 2.8×1016 and 5.2×1016cm−2 was inferred, which lies in the

range for commercially sputtered ITO films. This leads to the conclusion that

the unirradiated ITO films have a high charge carrier density, but a low charge

carrier mobility results in a poor overall conductivity is. The same ITO films

were also provided to us on flexible PET substrates which were deposited via

gravure printing. These films were identical to the ones on glass substrates,

but had a smaller thickness of 400nm. The experiments then followed aimed

at improving the electrical properties of these samples through laser irradia-

tion.

The laser systems use were characterised, and the beam delivery systems were

described. For the pulsed laser systems, pulse durations were measured using
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either photodetectors for pulses greater than 1ns or via autocorrelation for the

ultrafast laser systems having pulse durations less than 1ps. The laser systems

that produced large multimode beams used beam delivery systems containing

an imaging setup to irradiate areas with a known area with uniform energy

distribution. For the lasers generating smaller gaussian or circular beams, a

simple focussing lens was used to deliver the energy to the samples.

The ITO films were irradiated with ultraviolet radiation from three laser sources.

Using a pulsed XeCl laser with a wavelength of 308nm it was possible to re-

duce the sheet resistance of the ITO films down to ∼1.5kΩ/sq (78mΩ cm); a

reduction in sheet resistance of 3 orders of magnitude. The absorption coeffi-

cient of the ITO films at λ = 308nm was measured to be 1.18×106m−1, which

equates to 45% of the incident energy being absorbed throughout the film. Ir-

radiation of the ITO films with the pulsed ArF laser at a wavelength of 193nm

reduced the sheet resistance of the ITO films down to ∼7kΩ/sq (380mΩ cm).

However, as the absorption depth at λ = 193nm was only 105nm, the majority

of the depth of the 520nm thick films were unirradiated. Taking into account

the absorption depth of the laser energy as being 105nm, the resistivity of the

irradiated part of the ITO films is estimated to be ∼76mΩ cm which is simi-

lar to the lowest achievable resistivity with the XeCl laser. Using a CW HeCd

laser to irradiate the ITO films, the best result achieved was a sheet resistance

value of 30kΩ/sq (1.5Ω cm). The higher resistivity value obtained with the

HeCd laser is likely due to the low power of the laser as well as the high ab-

sorption depth at λ = 325nm at a depth of 1.8µm. The optical properties of the



Chapter 8. Conclusions 197

ITO films did not change significantly after irradiation with any of the ultravi-

olet laser sources, staying greater than 85% transparent throughout the visible

range. The ultraviolet laser sources used photochemical processes to reduce

the resistivity of the ITO films, and during irradiation with these sources small

temperature rises were seen. The highest temperature rise was seen using the

HeCd laser with a ∆T = 7◦C on glass substrates, enabling the irradiation of the

ITO films on temperature sensitive substrates such as PET. With the higher ab-

sorbance of the ultraviolet light from the HeCd in the PET substrates, higher

temperature rises were seen, but the PET substrates could still be irradiated

without damage. The mechanism for the reduction in resistivity is thought ot

be shrinkage of the binder in the ink (due to photopolymerisation) causing the

ITO nanoparticles to become more closely packed.

Three types of CO2 lasers were used to irradiate the ITO films with infrared ra-

diation at λ = 10.6µm. Both the RF:CO2 and the QSW:CO2 laser operated un-

der similar conditions, and both were able to reduce the resistivity of the ITO

films on glass substrates down to ∼250Ω/sq (13mΩ cm). This is a reduction

in resistivity of 4 orders of magnitude due to laser irradiation, and an order of

magnitude lower than could be achieved with the best ultraviolet laser source.

The optical properties of the ITO films after irradiation remained very similar

in the visible, however, the UV and NIR absorption edges were changed. With

increasing conductivities achieved, both the optical band gap and the plasma

edge indicated that the charge carrier density was decreasing, which was an

unexpected result. Due to the large temperature increases of the ITO films and

substrates involved with the RF:CO2 and QSW:CO2 laser irradiation, it was
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not possible to reduce the resistivity of the ITO films to a measurable degree

before the temperature sensitive PET substrates were damaged. The TEA:CO2

laser was used due to the low repetition rate of 10Hz and large achievable flu-

ences at up to 750mJcm−2. The ITO films on PET substrates were irradiated

with the TEA:CO2 laser in an attempt to reduce the accumulated tempera-

ture rise of the substrate, whilst still reducing the electrical resistivity of the

films. The irradiation did reduce the ∆T enough so that the PET remained

undamaged, however, the ITO films exhibited micro cracking throughout the

irradiated area, making the resistivity effectively infinite. This behaviour was

not seen when irradiating the films on glass substrates at the same fluence. The

thermal mechanism for increasing the conductivity is thought to be removal of

organic, dielectric, material from the ink. In addition, FTIR absorption spectra

measured here indicate that thermally driven polymerisation is also occurring

resulting in the same mechanism as the UV lasers.

Using the most promising results from the laser irradiation of the ITO films,

indium-free AZO films were laser processed to increase their electrical conduc-

tivity. The films were manufactured in the same way as the ITO films, having

the same thickness and deposited on the same substrates. Initial characteri-

sation of the AZO films showed that they had a very high resistivity, higher

than our instrument could measure. The optical transparency for the AZO

films was high though, having greater than 85% transmission throughout the

majority of the visible spectrum. Irradiation of the AZO films with the XeCl

laser could not reduce the resistivity to a level that could be measured by our

instruments, and the optical data could not provide any insights on whether
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or not the resistivity was reducing or not. Irradiation of the AZO films using

the QSW:CO2 laser at high enough doses of accumulated energy did reduce

the resistivity enough to be measured, and the lowest achievable resistivity

before the films became damaged was 2.3MΩ/sq (120Ω cm). The optical data

suggests that the charge carrier density of the AZO films is very low, with the

plasma edge lying outside the transparency of the glass substrates. Therefore,

it can be concluded that the low conductivity of the films is intrinsic to the

materials used and not the laser processing. This was confirmed by thermal

and UV treatments of the raw materials by a project partner.

Finally, to overcome the poor conductivity of the indium-free AZO films, pat-

terned silver grids were produced via laser ablation. These were to lie beneath

the AZO films and increase the electrical conductivity. Initially, silver grids

were ink-jet printed by INM and proved the concept that they could greatly

reduce the resistivity down to a value of 3Ω/sq. The ink-jet printed silver

grids were quite large however, with 1mm spaced 200µm wide tracks, mak-

ing them undesirable due to the visibility to the eye. Using the XeCl laser, it

was possible to use a 10x demagnification setup to create 120µm spaced 20µm

wide tracks in sputtered silver films. These grids were much less visible to the

eye, but were not small enough to be used due to the poor conductivity of the

AZO films. A Yb:YAG picosecond laser source was used to create smaller grid

patterns, and was able to produce repeatable 13µm circular spots in sputtered

silver films, with the largest gaps at ∼5µm. It was found however, that the

patterned films generated by the Yb:YAG laser were uneven due to partially

ablated areas of silver and were unable to be used for device fabrication.
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8.2 Future Work

The aim of this thesis was to be able to produce transparent electrically con-

ductive films on flexible substrates. Using ultraviolet radiation the electrical

resistivity of as-deposited films was reduced by 3 orders of magnitude on flex-

ible PET substrates without damage, but the resistivity was still too high for

use in displays and photovoltaic devices. The use of CO2 lasers reduced the

resistivity by another order of magnitude, which is encouraging for applica-

tion in some devices, but this was not possible on flexible substrates due to the

laser-induced temperature exceeding the materials upper working limit. One

possible way to solve this problem would be to selectively deposit energy into

the ITO/AZO films and not into the substrate. By selecting a wavelength that

is absorbed into the films but transparent to the substrate, it would be possible

to concentrate the energy in the film, increasing its temperature whilst leav-

ing the substrate at a lower temperature. Some further work has already been

completed on this idea, and was carried out by A.A.Serkov et al.using a filtered

white light laser with picosecond pulses. [141] The ultrashort pulses also limit

the timescale of the interaction and therefore heat flow into the substrate.

It was hypothesised that the roughness of the patterned silver films when us-

ing the Yb:YAG laser was due to the wings of the Gaussian irradiance profile

causing delamination rather than ablation. Consequently, it would be interest-

ing to explore the use of optical systems that transform the irradiance profile

into a flat, top-hat, distribution. A diffractive optic has been purchased for use

with the Yb:YAG laser and will be trialled.
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