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Abstract 

A rapid, mask-less deposition technique for writing metal tracks has been developed. The technique was 

based on laser-induced chemical vapour deposition. The novelty in the technique was the usage of pulsed 

ultrafast lasers instead of continuous wave lasers in pyrolytic dissociation of the chemical precursor. 

The motivation of the study was that (1) ultrafast laser pulses have smaller heat affected zones thus the 

deposition resolution would be higher, (2) the ultrashort pulses are absorbed in most materials (including 

those transparent to the continuous wave light at the same wavelength) thus the deposition would be 

compatible with a large range of materials, and (3) the development of higher frequency repetition rate 

ultrafast lasers would enable higher deposition rates. 

A deposition system was set-up for the study to investigate the ultrafast laser deposition of tungsten 

from tungsten hexacarbonyl chemical vapour precursors. A 405 nm laser diode was used for continuous 

wave deposition experiments that were optimized to achieve the lowest track resistivity. These results 

were used for comparison with the ultrafast laser track deposition. The usage of the 405 nm laser diode 

was itself novel and beneficial due to the low capital and running cost, high wall plug efficiency, high 

device lifetime, and shallower optical penetration depth in silicon substrates compared to green argon 

ion lasers which were commonly used by other investigators.   

The lowest as-deposited track resistivity achieved in the continuous wave laser experiments on silicon 

dioxide coated silicon was 93±27 µΩ cm (16.6 times bulk tungsten resistivity). This deposition was 

done with a laser output power of 350 mW, scan speed of 10 µm/s, deposition pressure of 0.5 mBar, 

substrate temperature of 100 °C and laser spot size of approximately 7 µm. The laser power, scan speed, 

deposition pressure and substrate temperature were all optimized in this study. By annealing the 

deposited track with hydrogen at 650 °C for 30 mins, removal of the deposition outside the laser spot 

was achieved and the overall track resistivity dropped to 66±7 µΩ cm (11.7 times bulk tungsten 

resistivity). 

For ultrafast laser deposition of tungsten, spot dwell experiments showed that a thin film of tungsten 

was first deposited followed by quasi-periodic structures perpendicular to the linear polarization of the 

laser beam. The wavelength of the periodic structures was approximately half the laser wavelength (�/2) 

and was thought to be formed due to interference between the incident laser and scattered surface waves 

similar to that in laser-induced surface periodic structures. Deposition of the quasi-periodic structures 
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was possible on stainless steel, silicon dioxide coated silicon wafers, borosilicate glass and polyimide 

films.  

The thin-films were deposited when the laser was scanned at higher laser speeds such that the number 

of pulses per spot was lower (� ≤11,000) and using a larger focal spot diameter of 33 µm. The lowest 

track resistivity for the thin-film tracks on silicon dioxide coated silicon wafers was 37±4 µΩ cm 

(6.7 times bulk tungsten resistivity). This value was achieved without post-deposition annealing and was 

lower than the annealed track deposited using the continuous wave laser.  

The ultrafast tungsten thin-film direct write technique was tested for writing metal contacts to single 

layer graphene on silicon dioxide coated silicon substrates. Without the precursor, the exposure of the 

graphene to the laser at the deposition parameters damaged the graphene without removing it. This was 

evidenced by the increase in the Raman D peak of the exposed graphene compared to pristine. The 

damage threshold was estimated to be 53±7 mJ/cm2 for a scanning speed of 500 µm/s. The deposition 

threshold of thin-film tungsten on graphene at that speed was lower at 38±8 mJ/cm2. However, no 

graphene was found when the deposited thin-film tungsten was dissolved in 30 wt% H2O2 that was tested 

to have no effect on the graphene for the dissolution time of one hour. The graphene likely reacted with 

the deposited tungsten to form tungsten carbide which was reported to dissolve in H2O2. Tungsten 

carbide was also found on the tungsten tracks deposited on reduced graphene oxide samples. The contact 

resistance between tungsten and graphene was measured by both transfer length and four-point probe 

method with an average value of 4.3±0.4 kΩ µm. This value was higher than reported values using noble 

metals such as palladium (2.8±0.4 kΩ µm), but lower than reported values using other metals that 

creates carbides such as nickel (9.3±1.0 kΩ µm). 

This study opened many potential paths for future work. The main issue to address in the tungsten 

ultrafast deposition was the deposition outside the laser spot. This prevented uniform deposition in 

successive tracks close to one another. The ultrafast deposition technique also needs verification using 

other precursors to understand the precursor requirements for this process. An interesting future study 

would be a combination with a sulphur source for the direct write of tungsten disulphide, a transition 

metal dichalcogenide that has a two-dimensional structure similar to graphene. This material has a 

bandgap and is sought after for applications in high-end electronics, spintronics, optoelectronics, energy 

harvesting, flexible electronics, DNA sequencing and personalized medicine. Initial tests using sulphur 

micro-flakes on silicon and stainless-steel substrates exposed to the tungsten precursor and ultrafast laser 

pulses produced multilayer tungsten disulphide as verified in Raman measurements. 
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Chapter 1 Introduction 

One of the key future characteristics of manufacturing highlighted by Innovate UK in their 2013 Future 

of Manufacturing report (Foresight, 2013) is that manufacturing will be faster, more responsive and 

closer to customers. The main drivers of this change are advancements in technologies that are 

transforming manufacturing such as additive manufacturing (AM), robotics, sensors, big data, and 

machine learning. Developments in these technologies are predicted to enable mass personalization of 

low-cost products, on demand, by reducing the cost gap between cheap mass-produced products and 

more expensive customised products.  

The current resolution of metal laser powder bed melting AM technology is approximately 0.2 mm 

(Roland Berger Strategy Consultants, 2013). For micro-fabrication, there are other AM technologies. 

Focused ion beam (FIB) and electron beam (EB) deposition are AM techniques capable of depositing 

metals, ceramics and insulators with feature sizes as small as 50 nm (Yao, 2007a) without masks. An 

electron and ion beam are focused and passed through apertures to create a spot which is scanned across 

the surface of the sample. By injecting a precursor gas via a needle to the focused spot (Figure 1), the 

collisions between the beam and the molecules of that gas will dissociate the gas molecules and impart 

some kinetic energy to them. Some of these energetic atoms will then impact the surface and are 

deposited. FIB and EB deposition are used for building prototypes of nano-devices, testing material 

properties, and repair works for circuits and photo-lithography masks. Even though FIB and EB 

deposition is capable of creating small features, the deposition rate is very low at 0.001 µm3/s (Morita 

et al., 2003).  

 
Figure 1: Schematic showing the deposition of platinum using a FIB from platinum atoms with organic 

ligands attached (Yao, 2007b). 

Figure 2 shows the capabilities, in terms of resolution and build rate, of various micro-additive 

manufacturing technologies. Macro AM technologies such as laser powder bed melting are capable of 
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achieving high build rates of up to 1012 µm3/s, however the resolution is limited to approximately 

200 µm (Roland Berger Strategy Consultants, 2013). FIB and EB deposition technique can achieve a 

resolution of 0.05 µm, however the deposition rate is limited to approximately 1 µm3/s. Instead of using 

ion and electron beams, a laser can be used cause the dissociation of the precursor and this technique is 

known as laser-induced chemical vapour deposition (LCVD). The resolution in LCVD is that of the 

focused laser beam size at 1-100 µm and the build rate achieved is approximately 1000 µm3/s (Duty et 

al., 2001) thus providing an alternative to FIB and EB deposition when the required resolution is at the 

order of 10 µm. 

 
Figure 2: Graph of volumetric deposition rate against deposition resolution of various direct write additive 
manufacturing technologies (Roland Berger Strategy Consultants, 2013) (Duty et al., 2001) (Yao, 2007a). 

1.1 Motivations for investigating ultrafast LCVD 

Ultrafast laser pulses (<10 ps) are preferred for micromachining because the short intense pulse limits 

the energy within the optical penetration depth. Thus, the heat affected zones (HAZ) on the substrates 

are smaller than when longer pulse laser beams are used. Figure 3 illustrates the difference in using long 

and ultrafast laser pulses for micro-machining. The short intense pulse also encourages absorption in a 

wide range of materials such that numerous materials can be processed. Gattass and Mazur, 2008 and 

Rizvi, 2003, for example, demonstrated the capability of producing neat trenches on metals, glass, 

diamond and polymers.  
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Figure 3: (Left) Illustration of machining with a conventional laser which caused numerous undesired 

defects. (Right) Illustration showing the much neater tracks made using an ultrafast laser (Bado et al., 2011). 

Ultrafast laser pulses have not been thoroughly explored for usage in LCVD. Investigators have explored 

the usage of short wavelength ultrafast pulses for direct dissociation of the chemical precursor. Haight 

et al., 2003, Hitosugi and Mizuno, 2005 and Zhang et al., 2007 explored the usage of 400 nm 120 fs 

laser pulses for the deposition of chromium and tungsten. Due to the nature of the dissociation, a high 

intensity (>1012 W/cm2) was required to achieve deposition. This high intensity limited the substrates to 

materials with high ablation threshold such as sapphire. Investigators have not explored the usage of 

ultrafast pulses for pyrolytic thermal dissociation of the precursor. 

The thermal dissociation of chemical vapour precursors using ultrafast laser pulses is fundamentally 

possible because the temperature damage threshold of the substrate (melting point) at the order of 

1500 ⁰C (metals, silicon, glass) is higher than the dissociation temperatures of most precursors at below 

500 ⁰C (Lai and Lamb, 2000). The repetition rates now offered in commercially available high-power 

ultrafast laser systems are in the order of 1 MHz while custom built research systems are in the order of 

1 GHz (Kerse et al., 2016). Chemical reactions can occur in timescales smaller than 10-12 s (Potter et al., 

1992) thus the pulse repetition rate should be kept as high as possible to achieve a high deposition rate. 

Due to the high temperatures achieved in the ultrafast pulse, the deposition favours precursors with 

moderately high dissociation temperatures. Precursors with high deposition rates are preferred due to 

the short heating time during and after the ultrafast laser pulse. If deposition is possible through ultrafast 

laser thermal dissociation, the heating of the substrate would be minimized and the process should be 

compatible with a wide range of materials.  

1.2 Research questions and objectives of study 

The motivation of investigating ultrafast LCVD led to the following research questions. 

 Can ultrafast laser pulses cause thermal dissociation of chemical vapour precursors for 

deposition?  

 If yes, how does the ultrafast laser pulse parameters and chemical vapour precursor affect the 

deposition and how does the deposition compare with continuous wave (CW) deposition?  



 

4 
 

 What are the strengths and weaknesses of the process, and what are the applications of this 

novel process?  

To answer the research questions mentioned, the objectives of this body of work has been distilled into 

the following: 

 Objective 1: Design, build and test the LCVD system required for ultrafast laser 

deposition. 

At the start of the study, there was no pre-existing LCVD system available for use and there 

were no commercially available LCVD systems, a new deposition system was needed to 

be designed and built before work on ultrafast laser deposition was done. The optimisation 

and tests of this built deposition system will involve CW laser deposition to establish a 

comparison case for the ultrafast laser deposition results. 

 Objective 2: Conduct the ultrafast LCVD experiments and characterise the deposition 

results. 

Once the system has been optimized using the CW laser, the investigation would continue 

with ultrafast laser experiments. The aim would be to characterise the deposition results 

and capabilities with the intention of identifying and exploring potential applications of this 

novel LCVD deposition regime. 

1.3 Publications 

This body of work led to the following publications. 

Journals 

 Ten, J. S., Sparkes M. S. & O’Neill, W. (2018). Femtosecond Laser-induced Chemical 

Vapor Deposition of Tungsten Quasi-periodic Structures on Silicon Substrates. Journal 

of Laser Applications 30, p032606.  

Conferences 

 Ten, J. S., Sparkes M. S. & O’Neill, W. (2017). Femtosecond Laser-induced Chemical 

Vapor Deposition of Tungsten Quasi-periodic Structures on Silicon Substrates. In 

Proceedings of the The 36th International Congress on Applications of Lasers & 

Electro-Optics (ICALEO 2017).  

 Ten, J. S., Sparkes M. S. & O’Neill, W. (2017). Effects of process temperature in the 

high speed, mask-less, precision laser deposition of micro-tungsten tracks on silicon, 

copper and stainless-steel. In Proceedings of the 17th International Conference of the 

EUSPEN. 



 

5 
 

 Ten, J. S., Sparkes M. S. & O’Neill, W. (2017). High speed, mask-less, laser controlled 

deposition of microscale tungsten tracks using 405 nm wavelength diode laser. In Proc. 

SPIE 10091, Laser Applications in Microelectronic and Optoelectronic Manufacturing 

(LAMOM) XXII.  

 Ten, J. S., Sparkes M. S. & O’Neill, W. (2016). High speed mask-less laser controlled 

precision deposition of metals. In Proceedings of the 16th International Conference of 

the EUSPEN.  

The following journal papers are in preparation.  

 Ten, J. S., Sparkes M. S. & O’Neill, W. High Speed Mask-less Femtosecond Laser-induced 

Chemical Vapor Deposition of Tungsten Thin Films on SiO2/Si Graphene. 

 Ten, J. S., Sparkes M. S. & O’Neill, W. Femtosecond Laser-induced Chemical Vapor 

Deposition of Tungsten on Transparent Substrates. 

 Ten, J. S., Sparkes M. S. & O’Neill, W. Direct Write of Three-dimensional Tungsten 

Structures via Femtosecond Laser-induced Chemical Vapor Deposition. 
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Chapter 2 Review of literature 

To understand the LCVD process, one must consider the precursors and lasers along with their 

respective delivery methods to reach the substrate where the dissociation occurs.  

2.1 Dissociation mechanisms in LCVD 

LCVD uses a laser beam to generate solid deposits from vapour reactants by inducing chemical reactions. 

The LCVD processes can be divided based on the dissociation mechanism which is either pyrolytic or 

photolytic. 

2.1.1 Pyrolytic dissociation 

 
Figure 4: Illustration of the pyrolytic LCVD process showing the adsorption of precursor (1), dissociation due 

to laser heat (2), growth of film (3) and desorption of by-products (4).    

Pyrolytic LCVD is derived from the traditional CVD process. In a CVD process the entire substrate is 

heated to the deposition temperature and deposition occurs on the whole substrate. Pyrolytic LCVD uses 

a laser to locally heat the surface of the substrate and cause localised deposition. Figure 4 shows an 

illustration of the pyrolytic LCVD mechanism. In the vacuum, the reactive deposition molecules first 

adsorb onto the surface of the substrate. Here the heat from the laser dissociates the adsorbed molecules 

into deposition particles and volatile by-products. The deposition particles will diffuse to nucleation 

sites to grow into thin films while the volatile by-products will desorb. The earliest works on pyrolytic 

LCVD include that of Allen, 1981 (Center of Laser Studies, University of Southern California) focusing 

on depositing nickel metal and titanium compounds, Baum and Jones, 1985 and Houle et al., 1985 (IBM 

Research Laboratory, San Jose) focusing on deposition of gold and copper, Han and Jensen, 1994 

1 4 

3 
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(Department of Chemical Engineering, Massachusetts Institute of Technology) focusing on the 

modelling the writing process, and various others mentioned in the review of Duty et al., 2001 (School 

of Mechanical Engineering, Georgia Institute of Technology). Most of the investigators used either a 

CO2 laser, an Nd:YAG or an argon ion laser in continuous mode for heating the substrate. To the 

knowledge of the author, no investigator has used laser diodes (section 2.3.1) for pyrolytic LCVD. Laser 

diodes for pyrolytic LCVD are explored in this study in Chapter 4. Pulsed laser operation, especially in 

the nanosecond and ultrafast regimes, reduces the size of the heat affected zone (O’Neill and Li, 2009). 

However, to the knowledge of the author, no investigators have looked at using ultrafast lasers for 

pyrolytic LCVD. The case for using ultrafast lasers for pyrolytic LCVD is explored in section 2.1.4. 

2.1.2 Photolytic dissociation 

 
Figure 5:  Illustration of the laser deposition mechanism via photolysis: (1) the precursor diffuses to a site 

above (left) or adsorbs on the surface (right), (2) the photons cleave the ligands of the molecule, (3) particles 
are deposited, and (4) the volatile by-products remain in vacuum (left) or desorb from the substrate (right). 

For photolytic LCVD, energetic photons from the laser beam directly cleaves the precursor molecule 

(Duty et al., 2001). Most bond energies in molecules used as precursors have an energy of 2-6 eV 

(207-620 nm) (Jackson et al., 1989). Figure 5 shows an illustration of the laser deposition via photolysis 

where the precursor molecule is dissociated by photons from the laser to yield deposition particles and 

volatile by-products. The dissociation can either occur in the gas phase (Figure 5 left) or on the surface 

of the substrate (Figure 5 right). The earliest reported investigation known to the author that used this 

mechanism was that of Deutsch et al., 1979. The work was built upon by Ehrlich and Tsao, 1983 

(Lincoln Laboratory, Massachusetts Institute of Technology), Jones et al., 1985 and Chen, 1987 (IBM 

Research Laboratories) and various others. Most of the investigators used frequency doubled argon ion 

lasers or excimer lasers in continuous mode. A few researchers have investigated the use of ultrafast 

lasers for multiphoton absorption to dissociate the precursor. Haight et al., 2003 and Zhang et al., 2007 

1 4 

3 

2 

1 4 
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deposited chromium and tungsten from carbonyl precursors using this technique, however no 

conductivity results of the deposits have been reported so far.  

2.1.3 Comparison between pyrolytic and photolytic dissociation 

A comparison between the pyrolytic and photolytic LCVD characteristics is listed in Table 1. In terms 

of deposition rate, pyrolytic LCVD typically has a higher deposition rate (Duty et al., 2001). This is due 

to the higher reaction temperature in pyrolytic LCVD that promotes a higher reaction rate. Ultraviolet 

(UV) excimer lasers can be focused to sub-micron radii to produce intense spots for higher dissociation 

rates, however the gas in the path of the laser may dissociate at such intensities. With regards to the 

feature size, photolytic LCVD is capable of producing smaller features. Sub-micron deposited widths 

are possible because the shorter wavelength of the UV laser can be focused down to a smaller diffraction 

limited spot. Features smaller than 2 µm have been reported for photolytic LCVD (Deutsch et al., 1979).  

In terms of material dependence, pyrolytic LCVD is generally less dependent on precursor type while 

photolytic LCVD is less dependent on substrate material. Pyrolytic LCVD dissociates the precursor by 

heating the substrate. Thus, the deposition is more dependent on the substrate material properties. The 

substrate material needs to have low reflectivity and a low thermal diffusivity. A low light penetration 

depth is also needed for surface heating. For example, Han and Jensen, 1994 managed to heat up silicon 

and deposit copper but failed to deposit copper on silicon dioxide substrates, which was transparent at 

the wavelength used. Photolytic LCVD dissociates the precursor by direct photon absorption of the 

precursor thus it is less dependent on substrate material. Ehrlich et al., 1982 managed to use a 257 nm 

laser to deposit zinc on aluminium (absorbing at 257 nm) and silicon dioxide substrates (transparent) at 

the same laser power. However, since the absorption peaks of the precursor varies there is less flexibility 

in choosing the wavelength-precursor combination. In terms of the deposition quality, pyrolytic LCVD 

usually has lower deposition impurities and porosity. This is due to the higher process temperature which 

promotes desorption of the by-products and annealing of the deposits.  
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Table 1: Comparison of pyrolytic and photolytic LCVD characteristics. 
 Pyrolytic LCVD Photolytic LCVD 

Deposition rate Higher (~10-10,000 µm3/s). Lower (~1-1,000 µm/s). 
Smallest feature size ~5 µm. ~1 µm. 

Ideal substrate 
properties 

Low reflectivity. 
Low thermal conductivity. 

Shallow light penetration depth. 
High thermal damage threshold. 

High UV intensity damage threshold. 

Precursor dependency Absorption coefficients may affect 
deposition rate. 

Precursor absorption peaks may have 
narrow wavelength bands. 

Deposition quality Less impurities. 
Less porous. 

More impurities. 
More porous. 

2.1.4 Effect of surfaces and catalysts 

The dissociation of metal organic precursors are surface dependent (Luo and Gladfelter, 2008a). Metal 

surfaces are good catalysts for organic reactions thus a reduction in the activation energy for the 

deposition process and selective deposition on metallic surfaces are expected. On non-metallic surfaces, 

higher activation energies are often required for the nucleation events thus the initial growth rates are 

slower than steady state deposition. In addition, the probability of diffusing to an existing nucleus is 

higher than the formation of new nuclei on non-metallic surfaces. This results in large grain 

microstructures and rough films during metal organic deposition on non-metallic surfaces.  

Metals, such as palladium, are active hydrogenation catalyst, thus residual carbon in the dissociation of 

metal organic precursors may be removed with the addition of hydrogen (Zinn et al., 1994a). Besides 

that, a variety of metal catalyst have been shown to promote the decomposition of host metal alkyls, 

these include TiCl4, TiH2, CrCl3, VCl4 and NbCl5 (Simmonds and Gladfelter, 1994). 

2.1.5 Unexplored dissociation regimes 

A dissociation regime that has not been explored by investigators is the laser-induced plasma 

dissociation. In plasma enhanced chemical vapour deposition, plasmas are used to dissociate the 

precursor over the entire substrate (Alexandrov and Hitchman, 2008). Based on investigations by 

Thiyagarajan and Thompson, 2012, a 1064 nm laser at intensities of 2.5×1011 W/cm2 breaks down dry 

air at atmospheric pressure; 6×1011 W/cm2 at 100 mBar pressure; and around 3×1012 W/cm2 at 10 mBar 

pressure. These energy levels are potentially achievable using ultrafast lasers.  To the knowledge of the 

author, no investigator has explored using laser-induced plasmas dissociation of chemical precursors for 

spatially controlled deposition. 

Another unexplored technique is laser-induced atomic layer deposition. Atomic layer deposition (ALD) 

or epitaxy is used to deposit a layer of material with precise control of the layer thickness (typically one 

atomic layer) over the whole substrate. Olander et al., 2005 explored using a laser to assist the ALD 

process over the whole substrate. However, to the knowledge of the author, no investigator has yet to 

attempt localized laser-induced ALD.  
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Pulsed ultrafast lasers have not been explored for pyrolytic LCVD and here, a few encouraging factors 

are considered. Recent advances in ultrafast chemistry imaging has revealed that dissociation reaction 

occurs at timescale of 100 fs (Zewail, 2000), which is the same order of magnitude as the ultrafast pulse 

duration. Secondly using ultrafast pulses, the total heat input to the substrate is lower thus the HAZ is 

smaller. This will lead to improvements in the deposition resolution and less damage to the substrate. 

Another encouraging reason is that there is a trend towards higher repetition rates for high power 

ultrafast systems. For example, there is the gigahertz system developed and used by Kerse et al., 2016 

for work in ablation cooling. If thermal LCVD works with ultrafast lasers, higher repetition rates will 

likely lead to higher deposition rates. Pulsed ultrafast lasers for pyrolytic LCVD is the focus of this body 

of work. 

2.2 Precursors and deposited materials in LCVD 

The precursors are organic molecules that have the material to be deposited as one or more of the atoms 

attached to other ligands to stabilize the molecule. The required physical and chemical properties of the 

precursor are close to the required properties of CVD precursors. Thus, most of the precursors for the 

LCVD process are originally synthesized for CVD. The most important property of the precursor 

especially for pyrolytic LCVD is that the deposition temperature needs to be higher than the vaporisation 

temperature of the precursor. This is necessary to avoid dissociation of the precursor molecule before 

delivery to the substrate. Other desirable properties of the precursor include:  

 High vapour pressure above sublimation/boiling temperature for high deposition rate. 

 Clean dissociation above deposition temperature for high purity deposits. 

 Stable and not reactive between sublimation/boiling temperature and deposition temperature 

to avoid degradation of molecule during transport to deposition site.  

The ligands of the precursors include fluorides, chlorides, carbonyls and hydrocarbon groups. For the 

hydrocarbon ligands, the chain can be straight or branched and one or more branches maybe substituted 

with other chemical groups such as fluoro-methyls. The substitution in the synthesis of the chemical 

precursors are often done to achieve the desirable properties mentioned previously. 

LCVD has been explored for the deposition of conductive tracks using polysilicon, nickel, copper, 

platinum, chromium, rhodium, tungsten, and gold (Duty et al., 2001). Most of the investigators used 

pyrolytic LCVD instead of photolytic LCVD for the deposition of conductors because the deposition 

purity was higher. Table 2 shows metals deposited and precursors used that have good resulting 

conductivities. Copper deposited from Cu(hfac)(tmvs) has low resistivity however the deposition rate 

was low. Aluminium and gold have good deposition conductivity and high deposition rate. The 

resistivity of the deposits from platinum and tungsten precursors were at least 10 µΩ cm. 
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Table 2: Best results of metal conductors deposited via pyrolytic LCVD from literature. 
Metal and 
precursor 

Properties of 
deposited metal 

LCVD 
investigator 

Deposition rate Resistivity, 
µΩ cm 

Aluminium 
from Al(CH3)3 

Low resistance. 
Self-passivation by 

oxide formation. 

Baum and 
Comita, 1992 

50 µm/s scan. 
11 µm wide. 
0.7 µm thick. 

385 µm3/s volumetric rate. 

3.1-7.8 
(1.2-3 times 

bulk). 

Copper from 
Cu(hfac)(tmvs) 

High conductivity. 
 

Han and 
Jensen, 1994 

20 µm/s scan. 
<100 µm3/s volumetric rate. 

1.7-5.0 
(1-3 times 

bulk). 
Gold from 

(CH3)2(C5H7O2)
Au 

Chemical inertness. 
Good electrical 
conductivity. 

Kodas et al., 
1987 

Stationary. 
3 µm/s vertical growth rate. 

100 µm diameter. 
23,600 µm3/s volumetric rate. 

3.4-24 
(1.4-10 times 

bulk). 

Platinum from 
C10H14O4Pt 

Good elevated 
temperature and 

chemical stability. 
Limited diffusion 

into silicon. 

Braichotte 
and van den 
Bergh, 1987 

1-100 µm/s scan. 
0.1-10 µm thickness. 

10-50 µm width. 
90-280 µm3/s volumetric rate. 

11-74 
(1-7 times 

bulk). 

Tungsten from 
W(CO)6 

Thermal and 
chemical stability. 
Ability to conduct 

high current 
densities. 

Nambu et al., 
1990 

300 µm/s scan. 
5-8 µm width. 

0.1-0.4 µm thickness. 
100-300 µm3/s volumetric 

rate. 

10-30 
(1.8-5.4 times 

bulk). 

Besides conductive metal tracks, LCVD has also been explored for the deposition of ceramics such as 

titanium carbide, titanium nitrite and silicon carbide (Duty et al., 2001); The investigators used pyrolytic 

LCVD and successfully deposited the ceramics below the high melting temperature of the deposits. 

A few nano-materials has also been synthesized using both pyrolytic and photolytic LCVD. For 

pyrolytic LCVD, Longtin et al., 2007 selectively grew carbon nanotube forests on porous alumina 

substrates coated with nickel catalyst. Park et al., 2011 explored pyrolytic LCVD of graphene by 

scanning lines on nickel foils. Yeo et al., 2013 demonstrated the ability to locally grow zinc oxide 

nanowires on gold coated silicon substrates (Figure 6) via laser-induced hydrothermal growth, a 

modification to pyrolytic LCVD where the precursor was in the liquid phase and immersed the substrate. 

One advantage of LCVD for the synthesis of these nano-materials is the higher growth rate in the 

localized area. For example, graphene grown in a 10x10 µm area takes 0.2 s using LCVD but 

conventional CVD over a large area will take 2 hours (Park et al., 2014). The speculated reason for the 

higher growth rate was the rapid heating and cooling rate due to the laser exposure. Another possible 

reason for the higher growth rates in LCVD was the higher diffusion rates to a spot compared to the 

entire substrate from the gas-phase (Duty et al., 2001) or the migration of dissolved carbon atoms from 

the surrounding nickel catalyst on the surface. The quality of the growths is also on par to that of 

conventional CVD methods. For example, the graphene layer produced was single layer (Park et al., 

2011) as proven by Raman inspection. However, it was not clearly stated whether the single layer 

graphene grown into a line was a single continuous crystal. 
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Figure 6: (a) Tilted SEM picture of the ZnO nanowires synthesized using laser induced hydrothermal growth. 

(b) Top view SEM picture and (c) magnified SEM picture (Yeo et al., 2013). 

For photolytic LCVD, Alm, 2007 investigated the synthesis of iron, cobalt and tungsten oxide 

nanoparticles with an excimer laser at 193 nm. The synthesized nanoparticles were spherical in shape 

and had a size distribution of 1-50 nm. The challenge in the synthesis of nanoparticles via photolytic 

LCVD was the impurity levels in the nanoparticles. For example, the attempt by Alm et al., 2005 to 

produce cobalt nanoparticles resulted in carbon coated cobalt nanoparticles where the carbon content 

was more than ten times that of the cobalt.  

2.2.1 Dissociation methods of tungsten hexacarbonyl 

 
Figure 7: UV absorption spectrum of tungsten hexacarbonyl (Wrighton, 1974). 

Tungsten hexacarbonyl was the precursor used in this body of work due to the high deposition rate and 

high conductivity of the deposited metal. In this section, the known dissociation methods of this 

precursor were reviewed. The absorption bands of tungsten hexacarbonyl are in the UV and infrared 

(IR) regions. The absorption in the UV region (Figure 7) was associated with the ligand field absorption 

of the bonds in the tungsten hexacarbonyl molecule (Wrighton, 1974). In the IR region, the absorption 

at 5 µm is linked to the CO ligand stretching vibrations (Au et al., 1984).  There are no other IR 
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absorption bands until approximately > 16 µm, thus there was no overlap of strong fundamental 

absorption bands with IR lasers (HF, DF, CO or CO2 lasers) (Gilgen et al., 1987). 

A few investigators have attempted photolytic dissociation of the tungsten hexacarbonyl using CW UV 

lasers. Ehrlich et al., 1981 deposited tungsten on quartz substrates using a 257 nm CW laser at scan 

speed of 0.9 µm/s and power of 0.9 kW/cm2. Gilgen et al., 1987 deposited tungsten on glass and gallium 

arsenide substrates with a 355 nm CW argon ion laser with a focal spot of 3 µm. The scan speed used 

was 1 µm/s, laser power was 10-70 mW corresponding to an intensity of 0.15 – 1.0 MW/cm2. The high 

laser intensity also heated the substrate therefore the dissociation was a combination of photolytic and 

thermal mechanisms. The resistivity of the tracks on glass were low at 1-2 times bulk however the 

resistivity of the deposits on gallium arsenide substrate was high at 300 times bulk. The difference was 

associated to the lower gallium arsenide substrate temperature of 300 °C compared to 700 °C on glass. 

Temperatures below 400 °C promoted the nucleation of high resistivity granular β-phase tungsten. A 

temperature of at least 400-500 ⁰C was necessary to produce the low-resistivity, � -phase material 

(Deutsch and Rathman, 1984). Deutsch and Rathman, 1984 reported that annealing the high resistivity 

films at 650 °C in hydrogen reduced the resistivity from 32 to 6 times bulk. 

For photolysis in the mid-IR band, investigators have attempted to dissociate tungsten hexacarbonyl 

using pulsed lasers. Au et al., 1984 used 50 ns frequency doubled TEA CO2 lasers at 5 µm to cause the 

dissociation of tungsten hexacarbonyl at a laser intensity of 0.77 MW/cm2 (at focus). The dissociation 

investigated was in a gas cell and detected through the increase in pressure due to the products of the 

reaction, no deposition on substrates were investigated. Windhorn et al., 2002 experimented with 5 µm 

ultrafast pulses for the photolytic dissociation of tungsten hexacarbonyl. The threshold for dissociation 

was 5x1011 W/cm2 using 150 fs pulses. Similar to the previous investigation, no deposition on substrates 

were investigated and the dissociation was measured through IR spectrometry. 

Dissociation of the tungsten hexacarbonyl outside the absorption bands of the molecule have been 

investigated through multiphoton dissociation, ion/electron beam bombardment and thermal 

dissociation. For multiphoton dissociation, investigators have attempted using 400 nm wavelength 

150 fs pulses to direct write tungsten nano-gratings on sapphire, quartz, calcium fluoride, gallium nitrite, 

gold, copper and palladium (Zhang et al., 2007) (Tang et al., 2007). The grating had an average 

periodicity of 170 nm parallel to the laser linear polarization direction and was produced using a laser 

intensity of 7x1011 W/cm2 at a scan speed up to 1 µm/s. The total dissociation energy of tungsten 

hexacarbonyl to ground state tungsten was 11 eV (Venkataraman et al., 1990), thus at least four photons 

at 400 nm (3.1 eV) were required. 

Tungsten has been deposited from tungsten hexacarbonyl on substrates through ion or electron beam 

bombardment. For FIB deposition, (Langfischer et al., 2002) used gallium ion at 50 kV to deposit 

tungsten on SiO2/Si substrates kept at temperature of 25 °C to produce tracks with a resolution of 150 nm 

(Figure 8). The highest deposition rate recorded was 8.4 nm/s or 1.5x10-4 µm3/s. The purity of the 
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deposition was only 87 wt% and there was a large amount of gallium impurity (11 wt%) from the ion 

bombardment and a large amount of carbon (2 wt%) due to the low temperature of the deposition process. 

The resistivity of the deposition was high at 47 times bulk tungsten resistivity due to the high impurity 

and low temperature deposition. Roberts et al., 2013, Fowlkes and Rack, 2010, and Randolph et al., 

2006 have attempted electron beam deposition of tungsten using tungsten hexacarbonyl. The highest 

deposition rate achieved was 9.5x10-4 µm3/s with a resolution of 70 nm (Fowlkes and Rack, 2010). 

However the resistivity of the deposit was high at >3800 times bulk due to a low tungsten purity of 

30 at.%. Roberts et al., 2013 managed to improve the resistivity to approximately 41 times bulk, lower 

than the FIB deposition results, by pulse laser heating during the electron beam deposition. The laser 

power was kept to half the exposure where laser assisted deposition was observed and the deposition 

composition was similar to the EB deposition by heating the substrate to 150-300 °C. 

 
Figure 8: FIB-SEM image of tungsten deposited at a spacing of 300 nm in the vertical direction of this page 

showing that the deposition resolution of 150 nm (Langfischer et al., 2002).  

Thermal dissociation of tungsten hexacarbonyl has been investigated using large area chemical vapour 

deposition (CVD) and CW LCVD. In large area CVD, Lai and Lamb, 2000 deposited tungsten from 

tungsten hexacarbonyl on silicon substrates. Films deposited at 375 °C were �-phase tungsten with a 

high resistivity of >188 times bulk tungsten. The high resistivity was reduced by vacuum annealing at 

900 °C to achieve a resistivity of 3.6 times bulk tungsten. Films deposited at a higher temperature of 

540 °C where of high purity (>95 at. %) polycrystalline �-phase tungsten with a low resistivity of 

3.4 times bulk tungsten. These results were broadly in-line with the temperature-resistivity results 

reported by Gilgen et al., 1987 using UV dissociation. For direct laser writing, Nambu et al., 1990 wrote 

low resistivity (2-6 times bulk) tungsten lines at speeds up to 300 µm/s on silicon substrates. The 

wavelength of the laser was transparent to the tungsten precursor at 515 nm thus substrate heating caused 

the dissociation. The beam spot size was 2 µm and the lowest intensity that produced deposition was 

0.54 MW/cm2. No SEM images or phase measurements of the deposition results were reported but based 

on the low resistivity achieved (2-6 times bulk tungsten), it was assumed that the deposition occurred 

above 500 °C to produce low resistivity �-phase tungsten. 

In summary, investigators have explored photolytic dissociation of tungsten hexacarbonyl through 

exposure to continuous wave UV lasers and pulsed IR lasers. FIB deposition of tungsten from tungsten 
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hexacarbonyl has also been studied. The deposited tungsten was of low purity due to the low deposition 

temperature, this led to high resistivity of the deposits. Large area CVD and CW laser direct writing of 

tungsten from tungsten hexacarbonyl produced low resistivity tungsten tracks and the results of from 

these investigations are used as comparison in this study.  

2.2.2 Precursor delivery 

The chemical precursor can either be in the form of solids, liquids or gases. For gaseous chemical 

precursors such as tungsten hexafluroride, the gas was either fed directly into the chamber or mixed with 

a carrier gas. The carrier gases were used to increase mass transport and dilute the precursor for 

condensation prevention (Chen et al., 1995). These gases were typically inert however hydrogen was 

used as a reduction gas for certain precursors such as tungsten hexafluoride (Zhang et al., 1987). For 

liquid chemical precursors, a carrier gas was bubbled through and vaporises the heated liquid (Mi and 

Lackey, 2009) as seen in Figure 9 (left). The saturated carrier gas can then be further diluted downstream 

before entering the deposition chamber. The liquid precursor can also be heated to cause vaporization 

and diffuse into the deposition chamber without a carrier gas (Maxwell et al., 1999). A liquid delivery 

method that has been used in CVD but not yet explored for usage in LCVD is the direct liquid injection 

method (Gao et al., 2004). In CVD, this liquid delivery system was used to vaporize the liquid precursor 

with a shower head inside the deposition chamber. For solid precursors, the precursor was heated and a 

carrier gas can be used to transport the vapour to the deposition chamber (Zhang et al., 2007). 

Alternatively, the vaporised precursor can also diffuse into the chamber without a carrier gas (Hitosugi 

and Mizuno, 2005) as seen in Figure 9 (right).  

                  
Figure 9: (left) Precursor delivered by bubbling a carrier gas through the liquid precursor (Mi and Lackey, 
2009). (Right) Precursor delivered through diffusion from solid chromium hexacarbonyl powders (Hitosugi 

and Mizuno, 2005). 

When a carrier gas was involved, the pressure of the precursor chamber was controlled by throttling the 

vacuum pump while the mass flow rate of the precursor was controlled by mass flow controllers in the 

flow of the carrier gas. The mass flow controllers were placed before the carrier gas picks up the 

precursor vapour because the precursor can condensate inside the mass flow controller and affect the 

flow measurements. When there was no carrier gas involved in the system, the temperature of the 
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precursor was used to control the precursor vapour pressure. To the knowledge of the author, no 

investigator has directly measured the amount of precursor inside the deposition chamber during 

experiments. All investigators assume that the precursor boils or vaporizes from a liquid or solid 

respectively to form a saturated vapour. An inline UV spectrometer could be used to directly measure 

the amount of precursor vapour. Another method of controlling the precursor amount is to use a 

precursor cell. Here the precursor is sealed in a cell with a small opening of known diameter that limits 

the flow rate. Thus, it can be assumed that inside the cell, the pressure is that of the saturated precursor 

pressure and the flowrate out of the cell is that of a known choked fluid flow-rate. 

A few authors have mentioned employing a needle gas injection apparatus to feed the precursor directly 

to the deposition zone in the deposition chamber. To the author’s knowledge, no investigator has 

reported experiment results confirming the advantage of such an apparatus. Morishige and Kishida, 1994 

mentioned this set-up in their experiment but did not provide evidence that such a system was beneficial. 

A simulation study by Duty et al., 2003 indicated that such a system would increase deposition rate for 

diffusion limited reactions. If the dissociation reaction was not diffusion limited, the deposition rate 

would decrease due to cooling effects from the jet. Furthermore, when the needle system was included 

in their configuration (Lackey et al., 2002), no experiment results were published to confirm the increase 

in deposition rate. The main issue with using a needle injection for the precursor is the uneven precursor 

partial pressure over the substrate especially if the substrate and intended deposition area is large relative 

to the diameter of the needle outlet. In FIB deposition, the needle is always at the focus of the ion beam 

because the substrate is moved by a stage inside the vacuum chamber. However, in most LCVD set-ups 

the vacuum chamber is small, and the motion stages are outside. Thus, to keep the needle outlet at the 

deposition zone, a larger vacuum chamber with a stage inside is required. Alternatively, an actuator can 

be used to move the needle outlet around the substrate surface. However, both solutions will 

tremendously increase the cost of the set-up since the components would need to be vacuum compatible 

and resistant to the precursor vapours.    

A reaction chamber was usually needed to control the deposition environment. Investigators typically 

use windows to let the laser in and charcoal filters or liquid nitrogen cold traps to trap the precursors at 

the exhaust of the vacuum pump. For precursor that do not condense at room temperature, a cold wall 

reactor was used, else a hot wall reactor. A few investigators have chosen not to contain the precursor 

within reaction chambers but to rely on suction systems to collect the by-products and unreacted 

precursors. Such as system is seen in Figure 10 where the chromium hexacarbonyl precursor was 

delivered and sucked back into a jacket around the microscope objective.  
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Figure 10: Schematic of precursor and laser beam delivery system used by (Haight et al., 2003) where the 

organic precursor is delivered from a jacket around the microscope objective. 

2.3 Lasers in LCVD 

The various laser sources used for LCVD include argon ion lasers, CO2 lasers and excimer lasers. Argon 

ion lasers have a low laser power output to the total electrical input ratio (wall plug efficiency) of 

approximately 0.1 % (Paschotta, 2017). The laser emits thirteen wavelengths from UV to green (351 to 

529 nm). Most LCVD investigators used the argon ion laser with wavelengths of 514 nm for pyrolytic 

dissociation of the precursor (Duty et al., 2001) because that wavelength has the highest output power, 

was suitable for coupling heat into various materials due to low reflectance and shallow optical 

penetration depth (section 2.3.4), and was transparent to most chemical precursors. Other investigators 

have used the 351 nm output or halved the 515 nm wavelength to 257 nm for UV photolysis. The argon 

ion laser has a good beam quality with a M2<1.5 and the short wavelength makes the beam suitable for 

focusing to diameters <10 µm. The power output of the laser used by the investigators was in the range 

of 20-5000 mW.  

The CO2 laser is based on a gas mixture (primarily CO2 with He and N2) as the gain medium. A typical 

CO2 laser emits at a wavelength of 10.6 µm and has a power conversion efficiency of 10 % (Steen and 

Mazumder, 2010).  A few investigators have explored the usage of CO2 lasers for pyrolytic LCVD (Cao 

et al., 1995). However, the absorption penetration depth at 10.6 µm was large for most materials and the 

large diffraction limited focal spot size was not suitable for precision localized LCVD.  

Excimer lasers are usually operated in the UV region and the gain medium is a mixture of a noble gas 

and a halogen gas. The wall plug efficiency is low at approximately 2 % or less (Steen and Mazumder, 

2010). Excimer lasers have been used by investigators for photolytic LCVD such as the deposition of 

tungsten using the argon fluoride laser mentioned previously (Deutsch and Rathman, 1984).  

2.3.1 Laser diodes 

A laser source that has not been explored for usage in LCVD are laser diodes. The electrical to optical 

efficiency is typically of the order of 50 % and the device lifetime is very high at the order of tens of 

thousands of hours (Steen and Mazumder, 2010). The cost of semiconductor laser diodes has decreased 

significantly due to technological developments and also mass production (Rothenbach and Gupta, 
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2012). There is also a drive towards higher output power to achieve higher data writing speed in Blu-

ray DVD writers. These developments have encouraged investigators to explore other uses for laser 

diodes. (Rothenbach and Gupta, 2012), for example, explored using Blu-ray laser diodes to pattern 

photoresists. Features as small as 450 nm were created using the SU-8 photoresist coated on silicon 

wafers at a write speed of 15 mm/s. 

To the knowledge of the author, no investigator has explored using high power diodes as laser sources 

for LCVD. For pyrolytic LCVD, the advantage of using a 405 nm wavelength blue laser diode compared 

to argon ion lasers at around 500 nm is the shorter optical penetration depth in silicon at that wavelength 

(section 2.3.4) thus heating will be more localized. A 405 nm laser diode was used for CW LCVD in 

this study (Chapter 4). 

2.3.2 Ultrafast lasers 

 
Figure 11: Drilled holes on steel by 780 nm laser ablation with (left) 200 fs pulse width, 0.5 J/cm2 fluence and 

(right) 3.3 ns pulse width, 4.2 J/cm2 fluence (Chichkov et al., 1996). 

Ultrafast lasers have not been explored for usage in pyrolytic LCVD. Micro-machining with ultrafast 

pulses produced neater trenches and holes compared to longer pulse lasers (Figure 11). The reduction 

in HAZ enables clean machining of low temperature melting point materials such as polymers. For 

example, (Toenshoff et al., 2000) used ultrafast lasers to trim cylindrical polymers to produce stents for 

medical usage (Figure 12). Another advantage of machining with ultrafast lasers was the nonlinear 

absorption induced by the high intensity at the focal spot, which enables the processing of transparent 

materials such as glass  (Gattass and Mazur, 2008). Ultrafast pyrolytic LCVD would use less intense 

pulses compared to ultrafast micro-machining, thus this method would potentially be compatible with 

the numerous materials investigated in ultrafast micro-machining such as metals, glass and polymers.  
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Figure 12: SEM image of bioresorbable polymer medical stent fabricated using ultrafast pulsed lasers 

(Toenshoff et al., 2000). 

Ultrafast laser pulses have been investigated for additive manufacturing. The pulsed near-IR 

photopolymerizing fabrication process through multiphoton absorption was first mentioned by (Maruo 

et al., 1997). Common materials that can be processed using this method include liquid resins, 

photoresists such as SU-8 and SZ2080 (a photoresist based on zirconium propoxide sol-gel) and 

elastomers such as polydimethylsiloxane (PDMS) (Malinauskas et al., 2016). The smallest feature size 

achieved by the technology is 65 nm (Fischer and Wegener, 2011). The typical volumetric built rate is 

low at around 20 µm3/s however the speed can be increased to 720 µm3/s with a loss of resolution to 

5 µm (Rekštytė et al., 2013). The laser intensity required for multiphoton polymerization depends on 

the photochemical used and were typically in the order of > 5x1012 W/cm2. Multiphoton polymerization 

has been explored for use in micro-optics, micro-fluidics and micro-mechanics. An example of 

structures that can be produced by the technique is a photonic crystal (Figure 13) that can be used for 

optical sensing of liquids and gases. Ultrafast lasers have been used in photolytic LCVD and the 

deposition produced laser-induced periodic surface structures (Green and Her, 2013). These results are 

reviewed in section 2.3.5. 

  
Figure 13: (Left) SEM image of 3D woodpile architecture photonic crystals fabricated using multiphoton 
polymerization of SZ2080 photoresist and (right) optical microscopy image of several woodpile structures 

having different lattice parameters thus exhibiting different structural colours (Mizeikis, 2014).   
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2.3.3 Laser beam delivery and scanning methods 

The focused laser spot can be scanned on the substrate through various strategies. LCVD investigators 

have tried depositing dots through fixed exposure times on a stationary spot; growing fibres 

perpendicular to the surface by keeping the focus of the laser on the growing tip (Duty et al., 2001); and 

depositing lines by moving the substrate along the plane parallel to the substrate surface. The depositions 

were done in either single pass or multiple passes (Haight et al., 2003). A few investigators have 

explored a two-step deposition process. For example in Han et al., 1994 a nucleation step was done by 

scanning the beam at a speed of 1000 µm/s. Then the entire surface was exposed to a CVD precursor 

for 30 minutes where deposition only occurred on the nucleated regions. Without the two-step method, 

a slow scanning speed of 16 µm/s was required.  

A scanning strategy that has not been explored by investigators is rapidly scanning the pattern of interest 

multiple times at a high speed to heat the whole pattern area up to the deposition temperature. For 

example, instead of laser scanning a circle pattern at a speed of � for a duration of �, the laser can scan 

the pattern at a speed of 100� for one hundred times for a duration of �. In this manner, the whole circle 

will be heated thus the LCVD deposited track would be smoother. The high-speed scanning could be 

achieved using galvo-scanners.  

A few investigators have included a heater in their LCVD assembly such as in Lackey et al., 2002 and  

Chen et al., 1995. Jean et al., 1999 have explored raising the temperature to just below the deposition 

temperature then using the laser to locally reach the deposition temperature. This was done to reduce 

thermal stress and speed up the heating process. However, no results of this technique have been 

published. Researchers have not explored actively cooling the substrate just above the condensation 

temperature of the precursor. The cooling will dissipate the energy input from the laser and maintain the 

substrate temperature for so that the LCVD process is more repeatable and reliable. 

For the deposition of two-dimensional tracks, there is also the opportunity to investigate scanning the 

beam at an angle (Figure 14 right) compared to the usual configuration which is perpendicular to the 

substrate (Figure 14 left). In this configuration, the growth direction would be closer to the scan. This 

technique would be relevant when depositing thick tracks. 

 
Figure 14: Configurations for depositing 2D tracks on the substrate. (Left) Laser beam perpendicular to the 

substrate and (right) at angle to the substrate surface. 

Besides two dimensional deposition on the surface of the substrate, investigators have grown rods and 

fibres perpendicular to the substrate surface. Wallenberger et al., 1994 successfully synthesized boron, 
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carbon, silicon, SiN and SiC fibres that were amorphous, polycrystalline, glassy or single crystal via 

pyrolytic LCVD. Fibres made were up to 2 m long with diameter as small as 9 µm, while the growth 

rates were 0.3-1.1 mm/s. The high volumetric growth rates achieved, 12x106 μm3/s, were due to the 

growth direction being in the preferential direction which was in the direction of the laser beam; and the 

high pressures used in the reactor chamber (up to 7.5 bar compared with <<1 bar used by other 

investigators (Duty et al., 2001)). There are opportunities to explore high pressure LCVD to increase 

the deposition rate in other LCVD configurations besides growing fibres, such as deposition of two-

dimensional tracks and three-dimensional fabrication. The challenge is finding precursors with high 

vapour pressures to avoid condensation at high pressures.  

LCVD has also been explored for three-dimensional fabrication and all papers found by the author on 

this topic used pyrolytic LCVD. Due to the thermal nature of pyrolytic LCVD, the material deposited 

and substrate needs to have a low thermal conductivity. To the author’s knowledge, no successful three-

dimensional fabrication of good thermally conducting materials such as metals have been reported. At 

best, the investigators only managed to grow straight rods or deposit the thermally conducting material 

on moulds. Materials that have been reported in LCVD three-dimensional fabrication include boron 

(Johansson et al., 1992), aluminium oxide (Lehmann and Stuke, 1994), carbon (Dean et al., 1999), 

tungsten carbide (Maxwell et al., 1998), and silicon (Westberg et al., 1993). For substrate materials that 

have a good thermal conductivity, a larger diameter is expected when the deposit first grows on the 

substrate (Figure 15 left). If the thermal conductivity of the materials is even higher, such as in silicon, 

then a post needs to be etched to start the growth (Figure 15 right). Thus, pyrolytic LCVD for three-

dimensional fabrication is limited to low thermally conducting materials.  

 
Figure 15: The start of LCVD carbon fibre growth with diameter around 10 μm on steel (left) where the 

deposit initially bulges and on silicon (right) where an etched post was necessary (Dean et al., 1999).  

For three-dimensional fabrication, there were four common scanning strategies employed by researchers. 

The first method moves the focal point in the XYZ directions without changing the angle of incidence 

(Westberg et al., 1993) (Figure 16 a). The growth rate was higher in the direction parallel to the beam. 

For example, Westberg et al., 1993 achieved a maximum lateral to vertical growth ratio of 1:3 resulting 

in growth direction 20⁰ perpendicular to substrate. It was difficult to create features that were parallel to 

the surface of the substrate. The next method scans the laser diagonal to the substrate surface while 

moving the focal point in the XYZ direction. For the case shown in Figure 16 (b), a rotary motor was 

used to provide rotation in the XY plane. With this configuration, it was possible to create features that 

were parallel to the surface of the substrate but it was difficult to create features that were perpendicular 



 

22 
 

to the substrate without changing the beam angle. A helical coil was the most suitable shape to create in 

this configuration (Westberg et al., 1993)(Maxwell et al., 1998). A modification to this configuration 

was the LCVD on a mould as seen in Figure 16 (c). After deposition, the mould can either be dissolved 

away (Lehmann and Stuke, 1991) or kept for its functional properties (Williams et al., 1999). The 

limitation of this technique was that the mould needs to be pre-formed before deposition. The final 

variation that was explored by investigators for three-dimensional fabrication was splitting the laser 

beam into two and focusing both on to the same spot (Lehmann and Stuke, 1994) (Figure 16 d). This 

method enables writing free form shapes because deposition only occurs where the laser intensity was 

high in the intersection of the two focal spots.  

  

Figure 16: Scanning strategies employed for 3D fabrication using LCVD. (a) Moving the focal point in the 
XYZ directions while keeping the angle of incidence fixed perpendicular to the substrate (Westberg et al., 

1993). (b) Moving the focal point in a rotation motion along the XY plane and down on the Z direction while 
the beam is slanted with respects to the substrate surface to produce helical springs (Westberg et al., 1993). (c) 
Deposition of 3D structures on a mould (Duty et al., 2001). (d) Free-form direct writing by splitting the beam 

into two and focusing both onto the same spot (Lehmann and Stuke, 1994). 

2.3.4 Light absorption 

Figure 17 shows the reflectivity and absorption depth spectrum of various materials used as substrates 

in this body of work. A low reflectance is required to reduce the total laser power output and prevent 

damage from back reflection of the laser beam. A shallow optical penetration depth is required to 

concentrate the heating to the surface of the substrate for the dissociation. This achieves a higher surface 

temperature with less laser power and reduces volumetric heating that increases the HAZ of the process. 

From Figure 7, a wavelength above 350 nm is required to avoid absorption by the tungsten hexacarbonyl 

precursor, however the optical penetration depth in silicon substrates increases from 0.1 µm to 100 µm 
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when the wavelength is increased from 400 to 1100 nm. Thus, a wavelength of 400-500 nm is the best 

for CW thermal LCVD on silicon substrates.   

 

 
Figure 17: Reflectivity (top) and absorption depth (bottom) spectrum calculated based on data from Filmetrics 

Inc, 2015. 

In the substrate, energy from the electromagnetic wave of the laser pulse is absorbed by electrons which 

then transfer the energy to the lattice through phonon vibrations. The transfer of energy between the 

electrons and lattice is often modelled using the two-temperature model  

 ��
���

��
= � ∙ (��� ��) − ����(�� − ��) +  �̇  [ 1 ]  

 ��
���

��
= � ∙ (��� ��) +  ����(�� − ��)  [ 2 ] 

where the subscripts �, �, and � − � are the electron, lattice and electron-lattice sub-systems respectively, 

� is the heat capacity, � is the temperature, � is the thermal conductivities, � is the energy exchange 

rate between electron and lattice and �̇ is the volumetric heat source from the laser (Rethfeld et al., 2017). 

The two-temperature model allows theoretical prediction for instance of melting and thus ablation 

thresholds of materials.  

The electron cooling time �� =
��

����
 in the two temperature model is at the order of 1x10-13 s (Derrien et 

al., 2011) and the time scale for dissociation reactions are also in the order of 1x10-13 s (Zewail, 2000). 

In the case of thermal LCVD investigated in this body of work, ablation temperatures were typically 
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avoided. Thus, it can be assumed that the electron and lattice were in equilibrium for most of the 

dissociation reaction and the two-temperature model can be simplified to the single temperature heat 

diffusion equation  

 �
��

��
= ∇ ∙ (� ∇ �) +  �̇ [ 3 ] 

For a laser with a Gaussian spatial distribution, the volumetric heat source can be modelled as 

 �̇ = � (1 − ℝ)
�

���  exp �−
��(�����)�����

�� � ∙ � exp(−��) [ 4 ] 

where � is the total laser power input, ℝ is the reflectance, � is the laser beam radius, �, � � are the 

coordinates, �� is the velocity in the �-direction and � is the absorption coefficient. For ultrafast laser 

pulses, the laser heating will stop at the end of the pulse duration therefore there will be no heating 

between the pulses and �̇ = 0 during that time. During the pulse, the laser power peak intensity �� =

� (1 − �)
�

���  is at the order of > 1010 W/cm2. The high intensity allows for non-linear absorption by 

transparent materials. In the regime where the pulse duration is < 10 ps, various non-linear ionization 

mechanisms such as multiphoton absorption, avalanche ionization, and tunnelling become important 

(Ben-Yakar and Byer, 2004). For example, borosilicate glass is transparent (l� =  ∞) at a wavelength 

of 780 nm however using 200 fs pulses, the optical penetration depth measured experimentally was 

238 nm (Ben-Yakar and Byer, 2004).  

To calculate the spatial and temporal temperature distribution, the partial differential heat transfer 

equation 3 can be numerically solved. This is done by discretizing the domain of interest into multiple 

finite computation units. Thus, the numerical solution is more readily adapted for changes in the domain 

shape and laser source compared to an analytical solution. The heat transfer equation  3 can be 

discretized (Wheatley and Gerald, 2004) using finite volume cells through 
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where �� was the control volume, the subscripts �, �, � were the point, west neighbouring cell, and 

east neighbouring cell respectively in the single dimension, � was the time advancing scheme weights, 

� was the face area of the cells and �� was the length of the cell. Here, the equations are only described 

in one-dimension for simplicity but can be expended for implementation in three dimensions. Equation 6 

was used to build a simulation model (section 3.5.7) to determine the temperature during the pyrolytic 

ultrafast LCVD process.  
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2.3.5 Laser-induced periodic surface structures 

Close to the ablation threshold of the substrate, laser induced periodic surface structures (LIPSS) as seen 

in Figure 18 are generally formed. The scattering of the incident light due to surface roughness generates 

surface electromagnetic waves (Polo and Lakhtakia, 2011) which interferes with the incident light and 

produces standing wave patterns on the surface (Zhang et al., 2007). LIPSS are classified based on the 

spatial frequency. Low spatial frequency LIPSS (LSFL) typically exhibit periods close to or slightly 

smaller than the irradiation wavelength while high spatial frequency LIPSS (HSFL) have periods smaller 

than half the irradiation wavelength. For absorbing materials, LSFL orientated perpendicular to the 

electric field direction of the linear polarized laser beam were more common (Buividas et al., 2014). 

    
Figure 18: SEM images of two different LIPSS formed on titanium alloy (TI6Al4V) surfaces after irradiation 
with pulsed laser (30 fs, 800 nm, 1 kHz) at laser intensity and number of pulses of (left) 0.11 J/cm2, 56 pulses 

and (right) 0.08 J/cm2, 560 pulses (Bonse et al., 2017). 

The period of the LIPSS are highly dependent on the wavelength of the laser, exhibiting a linear scaling 

(Le Harzic et al., 2011). This happens because the resonant spatial frequency in the surface 

electromagnetic wave – laser interference is dependent on the laser wavelength. Other factors that affect 

the period of the ripples are the pulse overlap and pulse energy. The period of the ripples reduces with 

increasing pulse overlap (Bonse and Krüger, 2010). On silicon irradiated with an 800 nm wavelength 

130 fs laser, the period of the ripples decreased from 770 nm to 560 when the number of pulses was 

increased from one to a thousand pulses. According to Huang et al., 2009, the decrease in the period 

happens through a grating-assisted surface electromagnetic wave – laser coupling. As the grating-like 

surface relief deepens, the resonant wavelength of the surface electromagnetic wave undergoes a redshift, 

due to a change in the effective refractive index, which leads to the decrease in the spatial ripple period.  

The spatial period of ripples increases with pulse energy. Okamuro et al., 2010 studied the increase in 

period with pulse energy for 800 nm 160 fs laser irradiation on titanium, molybdenum, platinum and 

tungsten. The increase of the period was from approximately 600 nm to 700 nm from the minimum to 

maximum fluence where the periodic structures were observed on those metals Figure 19. The increase 

in the period with laser fluence was attributed to the change in the plasma density formed during ablation. 

The change in plasma density affected the incident wavelength at the air-substrate surface interface thus 

affecting the resonant frequency for LIPSS formation.  
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Figure 19: Graphs of ripple spatial period against laser fluence on metals made using 800 nm 160 fs pulsed 

laser by (Okamuro et al., 2010). 

LIPSS formation are typically associated with subtractive laser ablation or surface modification through 

melting. LIPSS formation in LCVD has been reported for processes that employ non-thermal 

dissociation mechanism such as UV photolysis and multiphoton ultrafast dissociation. CW 257 nm UV 

lasers have been used to deposit metal ripple structures on substrates. (Singmaster et al., 1990) deposited 

chromium and molybdenum, (Brueck and Ehrlich, 1982) and (Osgood and Ehrlich, 1982) deposited 

cadmium while (Wilson and Houle, 1985) deposited copper. In these investigations, the laser intensity 

was less than 104 W/cm2 with laser spots <10 µm. The estimated substrate temperature rise was at most 

50 °C, indicating that the deposition was due to photolysis of the precursor molecules without thermal 

dissociation. The period of the ripples observed were that of LSFL at half to one wavelength size. The 

formation of tungsten LIPSS in LCVD through multiphoton absorption has been reported by 

investigators using 400 nm 100 fs ultrafast lasers (Tang et al., 2007), (Zhang et al., 2007), (Green and 

Her, 2013). These investigators were able to produce highly uniform tungsten gratings through the 

LIPSS (Figure 20) however the scan speed was limited to < 1 µm/s. 
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Figure 20: LIPSS through LCVD of tungsten using 400 nm 100 fs pulsed laser (Zhang et al., 2007). Scale bar 

is 500 nm. 

2.3.6 Laser modification threshold 

For ultrafast pulse duration lasers, the surface modification regions are highly dependent on the local 

laser intensity when the laser power was close to the ablation threshold. For example in silicon (Figure 

21 a, b), the region that was exposed to the highest laser fluence experienced ablation while at lower 

intensities, the surface experienced other surface modifications such as annealing and oxidation (Bonse 

et al., 2002). When the laser power was increased the diameter of the respective regions increased in 

proportion to the increase of the Gaussian beam diameter with that threshold fluence. The Gaussian 

beam equation can thus be modified to achieve a linear plot so that the various modification thresholds 

can be estimated through linear regression. 

 ��� = �� exp �−
���

�� � [ 7 ] 

 ln(��) =
�

���
(2�)� + ln(���) [ 8 ] 

thus at the modification threshold (that is �=0), the threshold fluence would be the peak fluence. Figure 

21 (c) shows this linear regression done to estimate the modification (squares) and melting (circles) 

threshold of silicon. In this study, equation 8 was used to determine the deposition threshold for the 

pyrolytic ultrafast LCVD process and these values are compared to the ablation threshold of the 

substrate. 
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  Figure 21: (a) Fluence against distance across the laser beam and (b) SEM image of laser ablation on 

silicon showing the different effects at various fluence levels. (c) Linear regression to estimate the fluence 
threshold of modification (squares) and melting (circle) on silicon (Bonse et al., 2002).  

2.4 Other deposition methods 

Other deposition methods for conductive materials include photolithography, laser induced forward 

transfer and inkjet printing.  

2.4.1 Photolithography 

Photolithography is a 2D pattern transfer technique from a mask to thin films on substrates which are 

typically silicon wafers (Madou, 2011). This method is widely adopted in the integrated circuit industry 

(ITRS, 2013) and continuous improvements have led to feature size of 14 nm. Microstructures are 

created in a process called patterning (Mack, 2007). The patterning process is either subtractive or 

additive. The subtractive method is more common and involves three steps: (1) deposit a film on the 

wafer; (2) pattern the film via lithography; and (3) etch to transfer the pattern into the film. For the 

additive process, lithography is first done to create the pattern that is desired then selective deposition 

is done into the areas not protected. The deposition technology chosen is based on the material and 

intended functionality of the film. The deposition step can either be direct oxide growth; physical vapour 

deposition (PVD); or CVD. PVD techniques usually require a direct line of sight from the target material 

to the deposition substrate and require a higher vacuum to increase the mean free path (Madou, 2011). 

CVD does not require a direct line of sight as the deposition material is carried in the gas phase. Typical 

deposition rates for PVD and CVD are tens of micrometres per hour. 

Photolithography is used for the fabrication of microchips in industry because the technology is capable 

of meeting demanding specifications; has a low cost per unit in large volume production; and the 

technology is very reliable. Due to the demand for faster, smaller and more power efficient microchips, 

the number of transistors in a microchip has increased while the feature size decreased exponentially 

since 1970s according to Moore’s law (Rothschild et al., 2003). Photolithography is capable of 

producing microchips according to these demanding design specifications at a production rate of around 

50,000 wafers (300 mm in diameter) per month per fabrication plant (Chang, 2014). At a diameter of 

300 mm, each wafer contains around 1000 microchips (Chapman, 2010). Besides meeting the 
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specifications, the cost of producing a high end microchip using photolithography is only around 

USD 5 (Handy, 2014). Furthermore, the failure rate of the fabrication process is very low at less than 

300 ppm microchips (Denes, 2009) thus the technology is very reliable.  

Despite the advantages of photolithography, there are limitations. Photolithography is not suitable for 

low volume production such as for prototyping because fixed costs such as cost of equipment, 

maintenance cost and cost of masks. Lithography equipment for 300 mm wafers costs around 

USD 4 million and the cost to build a semiconductor fabrication plant is around USD 10 billion (Clean 

Room Technology, 2010). The fabrication process is also resource intensive. Each 300 mm wafer uses 

2,200 gallons of clean water (GWI, 2009) and 1 MWh of electrical energy (Branham, 2008). Another 

limitation is that photolithography is not suitable for the deposition of high aspect ratio structures 

because the deposition is done layer after layer. Each subsequent layer requires precise alignment to the 

previous layer thus the alignment errors are compounded. Modifications to the photolithography 

technology allows for creation of high aspect ratio structures in a single layer however these are 

expensive such as the LIGA (Wallace, 2013), or are limited to certain designs cases such as the SOI 

technique and the HEXSIL technology (Keller and Ferrari, 1994).  

2.4.2 Laser induced forward transfer 

Laser induced forward transfer (LIFT) is a micro-deposition process that uses a laser beam to transfer 

material from a “donor” substrate to a “target” substrate (Willis, 2018). The donor substrate is 

transparent to the laser and is in contact or located up to a few hundreds of microns away from the target. 

The laser is focused through the donor substrate unto the metal where it heats and propels the film to the 

target to cause deposition. Patterns are made by scanning the laser. LIFT can transfer a range of materials 

including metals, semiconductors, polymers, superconductors, electronic pastes and biological materials. 

The resolution of LIFT deposition of metals is in the sub-500 nm range. The resistivity of the deposit 

was however poor, for example copper LIFT produced deposits with approximately 3-80 times bulk 

resistivity due to the low deposition temperature and lack of fusion between the deposits (Figure 22). A 

vacuum environment is not necessary for the process, however when done in air there is a higher risk of 

oxidation which contributes to the high resistivity of the tracks (Grant-Jacob et al., 2013). The LIFT 

process can be used to create columnar structures, pillars up to a height of 2.1 mm with a diameter of 

10 µm can be made (aspect ratio 1:210 (Visser et al., 2015)). 
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Figure 22: (a) LIFT deposition of copper tracks on silica substrates at two laser powers (Grant-Jacob et al., 

2013). (b) LIFT deposition of copper to form a tower and (c) a higher resolution image of the tower tip (Visser 
et al., 2015). 

2.4.3 Inkjet printing 

Another method for micro-deposition is inkjet printing. Inkjet printing, which involves the production 

of small drops of liquid and their deposition in precise locations on a substrate, are typically done using 

drop-on-demand systems (Martin and Hutchings, 2012). Conductive tracks are printed using metal 

(silver or copper) nanoparticle inks. Low track resistivities can be achieved by sintering to achieve 

resistivities of 2.4 times bulk silver and 4.5 times bulk copper for silver and copper oxide inks 

respectively (Albrecht et al., 2016). The printed track widths are typically larger than 30 µm, however 

using techniques such as dissolution and redistribution with SU-8, track width can be reduced to 5 µm 

(Chu et al., 2018).  

2.5 LCVD Applications 

Various applications of LCVD have been mentioned by the LCVD investigators. For the deposition of 

conductive metal tracks, investigators have explored deposition of conductors to repair circuits (Han 

and Jensen, 1994), strain dependent resistors to measure deformation and sensors to measure pressure 

(Moilanen et al., 1994). The earliest patent found by the author, for LCVD was that of circuit repair in 

Baum et al., 1993 and Baum et al., 1995 filed for International Business Machines. A patent filed for 

Intel Corporation (Winer and Livengood, 2000) describes a method to combine LCVD with FIB 

deposition for editing integrated circuits (IC).  

Titanium nitride and titanium carbide were deposited through LCVD as protective mechanical coatings 

(Cao et al., 1995). The deposition of ceramics was also used to “weld” ceramic parts together below the 

melting temperature. Harrison and Marcus, 1999 joined two separate silicon carbide tubes via pyrolytic 

LCVD below the melting temperature of 2700 ᵒC. The deposition of semiconductors such as silicon and 

gallium arsenide were also explored. A gallium arsenide waveguide deposited by Boutros et al., 1996 

(a) (b) (c) 



 

31 
 

achieved a loss of 5.4 dB/cm (compared with losses in silicon on insulators 1 dB/cm and glass 0.1 dB/cm 

(Janz, 2004)). LCVD was also used for fabrication of thin film capacitors as filed in a patent by Baeuerle, 

1989. 

The free-form direct writing of helical shapes were proposed to be used in micro mechanical springs, 

micro-solenoids and terahertz antennas (Dean et al., 1999), with a patent filed for terahertz antenna 

fabrication using LCVD by Clark and Jr, 2001. LCVD is also used to synthesize fibres and Maxwell, 

2010 holds a patent for the synthesis of woven fibres using LCVD. Production of fibres was also the 

focus of a commercial spin-off company, Free Form Fibers, which uses pyrolytic LCVD to produce 

various fibres of boron, silicon carbide, tungsten, tungsten carbide and carbon.  

2.6 Metal-graphene contacts through LCVD 

A potential application that has not been explored is direct writing of conductive metal tracks to two-

dimensional nano-materials such as graphene. Graphene is a single atomic layer of graphite with the 

carbon atoms organised into a hexagonal lattice. Graphene has been demonstrated to have room 

temperature mobility as high as 10,000 cm2 V-1 s-1 (Novoselov et al., 2004) which is higher than that of 

expensive high performance III-IV GaAs semiconductors (6500  cm2 V-1 s-1 (Beard et al., 2000)). The 

high mobility values permits the creation of very high frequency devices such as for radio frequency 

circuit applications and low noise amplifiers (Reddy et al., 2011).  Besides those applications, the 

sensitivity of graphene to molecules and atoms enables a plethora of sensor devices including those that 

can detect the analyte at parts per billion (Allen et al., 2010a), gas sensors (Toda et al., 2015), and DNA, 

small molecules and protein detectors (Green and Norton, 2015). The nano-scale size of graphene 

enables high density storage of electrical charge in energy conversion and storage devices (Bonaccorso 

et al., 2015). 

Graphene can be synthesized through mechanical exfoliation, reduction of graphite oxide, and CVD 

(Allen et al., 2010b). For CVD growth, graphene is grown on metal catalyst films such as copper at high 

temperatures (1065ºC) (Braeuninger-Weimer et al., 2016). The graphene films were then transferred to 

280 nm SiO2/Si wafers using a wet transfer method. PMMA, which was used as the sacrificial transfer 

layer, was then removed using acetone and isopropanol. 

Typically once transferred to the substrate, the graphene would be patterned using electron beam 

lithography (Peng et al., 2015) (Watanabe et al., 2012). The patterned micro graphene device requires 

larger and more robust contact pads or wire connections to other micro electronics devices. Usually, 

metal thin film contacts pads or wires would be deposited on the graphene through photolithography,  

evaporation of the metal onto the graphene and lift-off (Wang et al., 2015) (Politou et al., 2015) (Peng 

et al., 2015) (Du et al., 2014).  
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2.6.1 Metal-graphene contact resistance 

In metal-semiconductor junctions, a potential energy barrier for electrons is formed and this is known 

as the Schottky barrier (Tung, 2014). Metal-semiconductor junctions that have large Schottky barriers 

have rectifying properties and act as diodes. Junctions where the Schottky barrier is too low form Ohmic 

contacts that are not rectifying. The height of the Schottky barrier depends on the difference between 

vacuum work function of the metal and the vacuum electron affinity of the semiconductor. If the work 

function of the metal is close to the vacuum electron affinity of the semiconductor, the Schottky barrier 

will be low and Ohmic junctions with low contact resistance are expected.  

However for metal-graphene contacts, the difference between the work function of the metal and 

graphene (4.89–5.16 eV (Song et al., 2012)) is not the only determining factor for contact resistance 

(Giubileo and Di Bartolomeo, 2017). The metal-graphene contact resistance is determined by chemical 

bonds, electronic structures and geometry of the interface. For example, palladium, gold and nickel all 

have approximately the same work function of 5.1-5.15 eV (Michaelson, 1977), however their metal-

graphene contact resistance are different. Palladium forms weak carbide bonds with graphene, has good 

graphene wettability (Song et al., 2012), and has the lowest contact resistance of 2.8 kΩ µm (Politou et 

al., 2015). Gold has no carbide formation with graphene has a contact resistance of 3.9 kΩ µm (Politou 

et al., 2015). Nickel forms nickel carbide with graphene and has the highest contact resistance of 

9.3 kΩ µm. 

The contact resistance in metal to CVD grown graphene is typically at the order of 1 kΩ µm (Politou et 

al., 2015), however the contact resistance can be reduced by cleaning of source/drain contact areas 

before the metallization (Li et al., 2014), creating double contacts geometry (Franklin et al., 2012), and 

patterning of contact region (Franklin et al., 2012). 

2.6.2 Laser deposition 

For pyrolytic LCVD writing on graphene, the main concern is the thermal damage threshold of graphene 

with respect to the required deposition temperature. In vacuum, single layer graphene can survive 

temperatures above 2000 ᵒC (Table 3). This temperature was higher than the estimated peak temperature 

reached in the ultrafast laser deposition mentioned in section 5.1.4. In reducing environments, the 

highest temperature reached was 700 ᵒC and in air, it was 500 ᵒC.  
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Table 3: Thermal stability of graphene in air, reducing atmosphere and vacuum conditions.  
Graphene growth 

method 
Substrate Heating environment Maximum stable 

temperature (⁰C) 
Reference 

CVD grown on 
copper. 

Suspended. Joule heating in 
vacuum inside TEM 

platform. 

2327 Kim et al., 
2010 

Mechanical 
exfoliation and CVD 

grown graphene. 

Suspended. Vacuum (<10-4 mBar). 2527 (Kim et al., 
2015) 

CVD grown on 
nickel. 

SiO2/Si. Reducing atmosphere 
(6 sccm H2, 144 sccm 

Ar at 1 Bar). 

700 (Kahng et 
al., 2012) 

Mechanical cleavage 
and CVD grown on 

copper. 

SiO2 300 nm 
on Si. 

In air at atmosphere. ~500 (Nan et al., 
2013) 

The next consideration is the optical properties of graphene (Table 4). For a single layer of atoms, the 

absorption of a single layer of graphene in the range of 400-2480 nm is large at 2.3 %. Overall however, 

the absorption is small and the heating of the substrate would mainly rely on the laser absorption of the 

SiO2/Si layer below. Graphene has a high thermal conductivity of approximately 5000 W/m·K 

(Balandin et al., 2008) compared to copper 400 W/m·K. However, the laser heating would be localised 

due to the ultrafast time duration of the ultrafast laser pulse used in this study. 

Table 4: Optical reflectivity, absorption and transmission spectra of graphene. 
Graphene growth 

method 
Substrate Wave-

length 
(nm) 

Reflectivity, absorption, 
transmission spectrum 

Reference 

Mechanical 
exfoliation. 

SiO2/Si. 1033-
2480 

9% increase in reflectance over 
base substrate. 

Absorption is wavelength 
independent at around 2.3%. 

Mak et al., 2008 

Mechanical 
cleavage. 

None 
(suspended). 

400-
750 

2.3% per layer of graphene. Nair et al., 2008 

2.6.3 Advantage of laser metal deposition 

The processes involved in the conventional and laser-based graphene patterning and metal deposition is 

seen in Figure 23. The first advantage is the reduction in the number of process steps. This leads to a 

reduction in the process time and the process cost, enabling rapid prototyping of graphene devices. 

Another advantage in the laser-based graphene patterning is the elimination of alignment errors. In the 

conventional process, the patterned graphene would need re-alignment for the lift-off exposure phase. 

In the laser-based process, the patterning and laser deposition would be done in the same system without 

the need for re-alignment. 
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Figure 23: Process steps for (left) conventional and (right) laser-based graphene patterning and metal contact 

deposition. Adapted from (Feng et al., 2012) (Wang et al., 2015) (Politou et al., 2015). 

2.6.4 Raman analysis 

To assess the quality of graphene before and after the laser patterning and deposition processes, Raman 

spectroscopy would be used. Raman spectroscopy is a versatile tool for graphene research due to the 

ability to determine the number (Ferrari et al., 2006) and orientation of layers (Cancado et al., 2008), 

the quality and type of edges, doping (Beams et al., 2015), and disorder in graphene (Lucchese et al., 

2010). The presence of graphene and the number of graphene layers can be inferred from the Raman 2D 

peak at approximately 2700 cm-1 as seen in Figure 24 (a). Single layer graphene exhibits a sharp 2D 

peak and the width of the peak increases and the peak blue shifts with increasing number of graphene 

layers. Amorphous carbon, for example from candle soot, does not have observable 2D peaks but has D 

and G peaks (Figure 24 b). The presence of edges can be deduced from the disorder-induced D and band 

as seen in Figure 24 (c, d). The Raman signal taken at the edge (square symbol) of the single layer 

graphene has D bands which were not observed in the signal taken at the centre (circle spectrum). The 

effect of increasing defect density in the single layer graphene can be deduced from the D and G peak 

(Figure 24 e). As the number of defects increased, the D peak rose while the G peak declined and 

broadened. The doping in graphene can be gauged from the ratio of the 2D to G peak (Figure 24 f). The 

ratio of the 2D to G peak decreases with increasing dopant amount. 

Conventional graphene patterning and metal 
contact deposition Laser patterning and metal contact deposition 

Graphene on SiO2/Si substrate 

 

E-beam lithography, plasma etching with mask  

 

Spin-coating resist layer 

 

UV exposure with mask or e-beam exposure 

 

Chemical development 

 

Metal deposition through CVD/PVD 

 

Lift off 

 

Graphene on SiO2/Si substrate 

 

Ultrafast laser patterning 

 

Ultrafast LCVD 
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Figure 24: Raman spectrum of: (a, b) single and few layer graphene, graphite and amorphous carbon (candle 
soot) as reported in (Ferrari et al., 2006) and (Escribano et al., 2001); (c, d) single layer graphene at the edge 
and in the middle of the sample (Cancado et al., 2008); and (e) pristine and Ar+ ion bombarded single layer 

graphene (Lucchese et al., 2010).  (f)   Ratio of Raman 2D peak to G peak intensity at various levels of doped 
graphene (Beams et al., 2015). 

 

2.7 Summary 

This chapter has given an overview of the theories involved in LCVD and the work of other investigators 

in this field. There are two main dissociation mechanisms in LCVD. In pyrolytic LCVD, the laser 
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indirectly dissociates the precursor by heating the substrate. In photolytic LCVD, the laser directly 

dissociates the precursor by cleaving chemical bonds. Pyrolytic LCVD achieves higher deposition rates 

and deposition purity but is more substrate dependent compared to photolytic LCVD. The precursors 

used in LCVD are generally precursors used in CVD. Various metals, such as aluminium, copper, gold, 

platinum, and tungsten can be deposited in LCVD. Other materials that can be deposited include 

ceramics and nano-materials.  

The literature survey has showed that ultrafast lasers have only been explored for photolytic LCVD, and 

not pyrolytic LCVD. Due to the potentially low reaction time when using ultrafast pulses, the repetition 

rate of the laser should be set to the maximum to observe deposition in the pyrolytic ultrafast LCVD 

experiments. The literature survey also showed that tungsten hexacarbonyl would be a good precursor 

for this study due to the high deposition rates and good resistivity of 1.8 to 5.4 times bulk tungsten 

resistivity achieved by investigators. This precursor is transparent to the laser above the wavelength of 

350 nm and below 5 µm, making it suitable for pyrolytic LCVD using lasers between those wavelengths. 

This precursor has also been extensively studied in pyrolytic LCVD, photolytic LCVD, CVD, FIB 

deposition and electron beam deposition thus there would be good comparison cases. The use of high 

wall plug efficiency laser diodes for CW pyrolytic LCVD has not been explored in the literature. Laser 

diodes from Blu-ray DVD drives have been used to develop photolithography resists. This study will 

explore using these laser diodes for CW pyrolytic LCVD and the results will be used as comparison to 

the pyrolytic ultrafast LCVD results. 
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Chapter 3 Experiment materials and methods 

This chapter explains the materials, laser sources, precursor delivery components, experiment set-up, 

experiment procedures and analysis methods used in the experiments of this study.  

3.1 Materials 

The two main groups of materials used in this study were the substrates and precursors. Substrates from 

various groups of materials were used in this study including metals, semiconductors, glass, and 

polymers. Stainless steel grade 304 (SS304), from Cutting Technologies Ltd. UK, was used due to the 

low thermal diffusivity which was ideal for pyrolytic LCVD. Silicon was the main substrate material 

investigated in this study due to its prominence in micro-electronic devices and graphene electronic 

devices (Ferrari et al., 2015). The silicon substrate used in this study has a 280 nm thick thermally grown 

oxide layer and is referred to as SiO2/Si substrate in this thesis. The insulating oxide layer on the 

substrate was necessary so that the conductivity of silicon did not affect the resistivity measurements. 

The deposited metal in this study, tungsten, has a very high melting point of 3422ºC. This indicates 

strong metallic bonds which are difficult to overcome for the metal atoms to diffuse into dielectrics such 

as silicon oxide (He and Lu, 2012). The stability of tungsten on silicon oxide is evidenced by its usage 

as gate metal-oxide-silicon capacitors (Shang et al., 2001) and tungsten plug diffusion barriers (Luoh et 

al., 2008).   Glass was studied because it was transparent to CW light but opaque to ultrafast laser pulses. 

The glass used in this study was Pyrex 7740 borosilicate glass. Polymers have low thermal damage 

thresholds and would likely be damaged by the pyrolytic LCVD process. Polyimide (3M Kapton tape) 

was used in this study because it has one of the highest thermal damage thresholds for polymers. All 

substrates were cut into rectangles smaller than 20 mm on each side. The SS304 substrates were cut to 

size using a Struers Secotom 10. The silicon wafers were cut to size by first making a small scratch with 

a diamond tip then cleaving the wafer. After cutting to size the substrates were cleaned using by an 

isopropanol ultrasonic bath for 5 minutes and blown dry with filtered compressed air or nitrogen.  

The precursors used in published works are compared in Table 5 in terms of costs and handling details. 

Although the aluminium precursors were low cost and produced good conductive metal tracks in Table 

2, there was difficulty in handling the precursors due to spontaneous ignition behaviour in air and water. 

To avoid air and water, these precursors need to be loaded into the deposition system inside a glove box 

filled with inert gas. Due to leakages into the vacuum system, the whole system would need to be kept 

and operated inside the glove box to avoid degradation of the precursor. This requirement was difficult 

to meet in terms of resources available.  
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Table 5: Precursors, deposited metals, costs, deposition temperatures and important details regarding the 
stability and handling of these precursors. 

Chemical precursor name 
and Chemical Abstracts 

Service code 

Deposition 
metal 

Cost per gram 
(GBP) and 

product code 

CVD deposition 
temperature (⁰C) 

and literature 

Precursor stability and 
hazards 

Trimethylaluminium 
Al(CH3)3 

 

Al 2.50 
(Sigma 
Aldrich 
257222) 

 

NA Spontaneously ignites in 
air and water. 

Causes severe skin 
burns and eye damage. 

Triisobutylaluminium 
[Al(CH2CH(CH3)2)2H]3 

 

Al 1.11 
(Sigma 
Aldrich 
257206) 

200-400 
(Luo and 

Gladfelter, 2008b) 

Spontaneously ignites in 
air and water. 

Causes severe skin 
burns and eye damage. 

Copper(II) 
hexafluoroacetylacetonate 
Cu(CF3COCHCOCF3)2 

14781-45-4 

Cu 99.00 
(Strem 29-

2928) 

340-390 
(Temple and 

Reisman, 1989) 

May be fatal if 
swallowed. 

Causes severe skin 
burns and eye damage. 

Copper(II) acetylacetonate 
Cu(CH3COCHCOCH3)2 

13395-16-9 

Cu 0.78 
(Strem 93-

2968) 

180-200 
(Griffin and 

Maverick, 1994) 

Requires hydrogen 
carrier gas. 

Causes skin and eye 
irritation. 

Dimethyl (acetylacetonate) 
gold(III) 

(CH3)2(C5H7O2)Au 
14951-50-9 

Au 3080.00 
(Strem 79-

1500) 

200-300 
(Larson et al., 

1987) 

Handle and store in inert 
gas. 

Dimethyl 
(trifluoroacetylacetonate) 

gold(III) 
(CH3)2Au(CF3COCHCOC

H3) 
63470-53-1 

Au 3080.00 
(Strem 79-

1600) 

200-300 
(Larson et al., 

1987) 

Fatal if inhaled. 
Handle and store in inert 

gas. 
 

Platinum(II) 
hexafluoroacetylacetonate 
Pt(CF3COCHCOCF3)2 

65353-51-7 

Pt 522.00 
(Strem 78-

1550) 

NA Causes skin and eye 
irritation. 

Platinum(II) acetylacetonate 
Pt(CH3COCHCOCH3)2 

15170-57-7 

Pt 99.00 
(Strem 78-

1400) 

500-600 
(Zinn et al., 

1994b) 

Causes skin and eye 
irritation. 

(Trimethyl) 
methylcyclopentadienyl 

platinum(IV) 
(CH3)3(CH3C5H4)Pt 

94442-22-5 

Pt 256.50 
(Sigma 
Aldrich 
645605) 

90-180 
(Zinn et al., 

1994b) 

Requires hydrogen 
carrier gas. 

 

Tungsten hexacarbonyl 
W(CO)6 

14040-11-0 

W 19.00 
(Strem 74-

2202) 

375-540 
(Lai and Lamb, 

2000) 

Toxic if swallowed. 

Vinyltriethylsilane 
(hexafluoroacetylacetonato) 

silver(I) 
Ag(CF3COCHCOCF3)(C8

H18Si) 
177279-28-6 

Ag 47.00 
(Strem 47-

8000) 

>180 
(Gao et al., 2004) 

Causes skin and eye 
irritation. 

Palladium(II) 
hexafluoroacetylacetonate 
Pd(CF3COCHCOCF3)2 

64916-48-9 

Pd 73.30 
(Sigma 
Aldrich 
401471) 

353-473 
(Garcia and Goto, 

2003) 

Requires hydrogen 
carrier gas. 

Causes skin and eye 
irritation. 

Both the gold precursors and platinum(II) hexafluoroacetylacetonate used in literature were relatively 

costly for this initial study but may be considered in the future. Tungsten hexacarbonyl was chosen as 
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the precursor because it was stable in air, the deposition results were good (Table 2), and the cost of the 

precursor was relatively low. The tungsten hexacarbonyl used in this study was of 99% purity and 

supplied by ACROS Organics. 

A few precursors required hydrogen as a reducing gas (trimethyl methylcyclopentadienyl platinum(IV), 

palladium(II) hexafluoroacetylacetonate, and copper(II) acetylacetonate). These precursors can be tested 

in the future since the set-up was designed to work with hydrogen. The platinum precursor, platinum(II) 

acetylacetonate required a comparatively high deposition temperature of 500-600 °C. This precursor 

would be interesting to investigate with the ultrafast LCVD since high deposition temperatures of over 

1000 °C were achieved in this process (section 5.1.4). 

3.2 Laser sources 

In pyrolytic LCVD, the focused laser spot is used to heat the substrate to the deposition temperature. A 

405 nm CW laser diode was used for pyrolytic CW LCVD experiments and a 1030 nm ultrafast laser 

was used for pyrolytic ultrafast LCVD experiments. 

3.2.1 405 nm continuous wave laser 

Most pyrolytic LCVD researchers have used a wavelength of around 500 nm from argon ion lasers 

(section 2.3), however as mentioned previously, a wavelength closer to 370 nm is more suitable to 

achieve a shallow optical penetration depth in silicon.  

Based on simulations of the substrate temperature exposed to a focused laser (section 3.5.6), 250 mW 

of power with a focused spot diameter of 8 µm (1/e2) at a wavelength of 405 nm was required to raise 

the temperature of a silicon substrate to 527 ⁰C at the laser spot (section 4.1). This temperature was 

above most deposition temperature of the precursors of interest in this study (Table 5). Based on these 

requirements, quotes from commercial provides were sought and the details of their laser specifications 

is seen in Table 6. The cost was at least GBP 5,000 and the output power was at least 200 mW. The 

Vortran Stradus 405-250 laser was the best commercially available laser for use in pyrolytic LCVD with 

silicon based substrates because it has the lowest wavelength with the highest maximum power output. 
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Table 6: Cost and specifications of relevant commercially available blue diode lasers. 
Laser type Vortran Stradus 

405-250 
Coherent Sapphire 

488-200 CW 
Melles Griot 

56 CRN 
Cost from quotations Nov 2015 (GBP) 6,500 10,000 4,676 

Wavelength (nm) 405 488 405 
Maximum output power (mW) 250 200 200 

M2 value <1.25 <1.2 <1.5 
Beam asymmetry /circularity ratio 0.9 0.9 0.95 

Beam diameter (mm) 1.4 0.7 ± 0.05 0.69 - 1.09 
Focused spot diameter with 10 mm focal 

length objective (µm) 
4.6 10.7 8.9 

 

 
Figure 25: Diagram of CW 405 nm laser diode set-up. 

Instead of purchasing the Vortran Stradus 405-250 laser, a blue laser diode from a Pioneer BDR-

209DBK Blu-ray disc writer was removed and connected to a 12 V power supply with a LM317T 

regulator in current adjust configuration with several other diodes to protect the diode laser against 

reverse and excess current exposure. The laser diode was then mounted in a housing, which was fixed 

inside a block of aluminium that acts as a heatsink (Figure 25). Using a Spiricon LBA-FW SCOR 20 

beam profiler, the beam divergence of the laser diode was measured to be 14.0 ° and 7.6 ° respectively 

in the fast and slow axis. An Odicforce Lasers 405 nm AR coated NA 0.5 aspheric lens with a focal 

length of 4.02 mm and a transmission of 99.1 % was used to collimate the output of the laser diode to a 

1/�� beam diameter of 3.0 and 1.4 mm respectively in the fast and slow axes. The collimated beam was 

focused down using a Comar Optics 20 DQ 10 objective that has a focal length of 20 mm and a 

transmission of 87.1 %. The 1/�� focal spot diameter was measured to be 5.4 ± 0.4 and 9.4 ± 0.4 µm 

respectively in the fast and slow axes (Figure 26) using the Spiricon LBA-FW SCOR 20 beam profiler. 

A 4.2 mm focal length lens was used to magnify the laser focal spot and the beam profiler field of view 

was calibrated using a microscope grating. There was no difference in the measured beam diameters 

when a 3 mm thick glass window was placed in between the focal point and the objective, however the 

focal distance from the objective to the focal point increased. 

Diode laser  

Laser housing 

Mechanical shutter 

Focusing objective 

Collimating lens 

Aluminium heat sink 
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Figure 26: Measured intensity profile of focused beam spot. 

The output power of the collimated beam was measured using a Coherent LM-3 air-cooled thermopile 

against the input current measured using a Fluke 83III Multimeter. The output power to input current 

relationship is seen in Figure 27. Even though the power output to current relationship is linear at 0.5 A 

input current, it is not advisable to run the diode laser at that operating point because heat from the diode 

is not dissipated well enough and a diode was broken after 20 mins at 0.5 A. The laser diode, collimating 

and focusing optics were mounted on an Aerotech AGS10000 XYZ stage that has a movement 

resolution of 1.0 µm and position repeatability of 3 µm.   

 
Figure 27: The output power to input current relationship of the laser diode, measured after collimating the 

beam. 

3.2.2 1030 nm ultrafast laser 

Table 7: Ultrafast laser parameters 
Laser model Amplitude Systemes Satsuma 
Wavelength 1030 nm 

Pulse duration 300 fs 
Pulse repetition rate 502 kHz 

Beam radius 2.2 mm 
M2 1.1 

Maximum pulse energy 10 µJ 
Maximum average power 5 W 

Calculated focused 
diameter 

6.6 µm (20 mm focal length) 
33 µm (100 mm focal length) 
 

For the ultrafast pulsed laser dissociation of the precursor, an Amplitude Systemes Satsuma laser was 

used. The parameters of the laser are in Table 7. The pulse duration was measured using an APE 
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PulseCheck autocorrelator while the laser output power was measured using a Thorlabs S121C power 

meter. The experimental setup using this laser is schematically shown in Figure 28. The linear 

polarization angle of the laser beam was controlled by rotating a half-waveplate and circular polarization 

was obtained by replacing the half-waveplate with a quarter waveplate. Motion of the focal point on the 

substrate was achieved using a XYZ Aerotech stage and fixed number of pulses control was attained 

through pulse synchronized output of the Aerotech controllers. The position repeatability of the XYZ 

Aerotech linear stages that was equipped with air-bearings was 1 µm. 

 
Figure 28: Schematic of the ultrafast laser setup used in the experiments.  

3.3 Vacuum system 

The main components of the vacuum chamber were the deposition chamber, precursor container, heaters, 

valves, pressure measurement devices, vacuum pipes and the vacuum pump.  

3.3.1 Deposition chamber 

A vacuum deposition chamber was designed and machined using SS304 with a low aspect ratio to 

accommodate the short focal length of the objectives used in this study (CAD in Figure 29). The laser 

was focussed through a 3 mm thick transparent glass window (UQG FVI-503C AR coated fused silica 

window or UQG WSC-503 sapphire window) to reach the substrate. A K-type thermocouple was placed 

externally, in a drilled hole, 1 mm under the substrate to monitor the substrate temperature. Vacuum 

compatible ports for connecting the thermocouple inside the vacuum system were not used because the 

required size of commercially available ports was too large for the required low aspect ratio design 

mentioned previously. Threaded pipe adapters, Pfeiffer KF to BSPP ISO G adapter with O-rings, were 

used to link the deposition chamber to the precursor container, pressure gauge and vacuum pump. 
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Figure 29: CAD cross-section of deposition chamber. 

3.3.2 Precursor container 

An early version of the vacuum deposition system used a non-refillable cylinder from Sigma Aldrich 

that was pre-filled with 25 g of tungsten hexacarbonyl. However, only approximately 200 mg of material 

was needed for each batch of experiments. Repeated heating of the precursor for each experiment, even 

below the dissociation temperature, could potentially contaminate and degrade the precursor. A custom 

designed precursor container was machined using SS304 (CAD in Figure 30). A 2 ml glass vial loaded 

with approximately 200 mg of tungsten hexacarbonyl fits inside the container. This vial was refilled 

with tungsten hexacarbonyl for each experiment. A thermocouple was placed inside a drilled hole where 

the wall thickness was only 1 mm to achieve temperature reading of the precursor.  

 
Figure 30: CAD cross-section of the precursor container. 

3.3.3 Heaters 

A total of five Omega Engineering CN 7800 PID controllers were wired-up (schematic and picture seen 

in Figure 31) to control the surface temperature of the precursor container and the deposition chamber. 

The precursor container heater heats the precursor to the vaporization temperature to sublime the 

precursor. The other heaters heat the vacuum pipes and deposition chamber to prevent condensation of 

the precursor on the internal walls. The heating tapes used were Omega Engineering DHT series high 

temperature, dual-element heating tapes that can withstand 760⁰C and supply heat at a power of 2 W/cm2. 

These tapes were wrapped around the external walls of the vacuum system and covered with crumpled 

aluminium foil that served to reduce heat loss.  
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Figure 31: (left) Wiring schematic for the PID controller of the tape heater. (Right) Picture of two assembled 

temperature controllers panel mounted to an electrical enclosure. 

3.3.4 Valves 

The ball valves used in this study were Pfeiffer Vacuum ISO-KF ball valves which were specified for 

operating in the pressure range of 10-5 – 500 mBar, has a seal tightness of 10-6 mBar l/s and can be heated 

to 80 °C. The ball valves were used to shut off the flow and open the flow without adding any 

constriction to the pipe because the diameter of the channel through the opened ball valve was equivalent 

to the vacuum pipe diameter. The other type of valve used in this study were needle valves. These valves 

have conical regulator to control the size of the opening and flow-rate. For this study, Swagelok H series 

bellow sealed needle valves were used. These needle valves have been helium leak tested by the 

manufacturer to have a maximum leak rate of 4 x 10-9 cm3/s. 

3.3.5 Pressure measurement devices 

Two types of pressure gauges were used in this study. The first was a Bourdon gauge from Kurt J Lesker. 

This gauge was a bent tube that deformed with a change in pressure. The deformation was amplified by 

levers to give the pressure reading. The measurement range for this gauge was between 10 – 1000 mBar 

of absolute pressure. This gauge was used to detect rough vacuum and atmosphere pressure especially 

when bleeding in nitrogen into the vacuum chamber to reach atmosphere. The second pressure gauge 

was a Pirani type gauge from Edward Vacuum, APG100-XLC. This gauge measures pressure by 

measuring the heat flux from a hot wire to the surrounding inside vacuum. The measurement range of 

this type of gauge was from 10-3 to 10 mBar. This was the main vacuum pressure gauge used in this 

study and the deposition pressure was measured using this gauge. 

3.3.6 Vacuum pumps 

The deposition pressure in the experiments were from 0.1 – 5 mBar. Due to the increase in pressure 

from the vacuum pipes and filter, the vacuum pump must reach a pressure one or two orders of 

magnitude lower than the pressure in the deposition chamber. A Leybold Trivac D4B rotary vane 

vacuum pump was used because these pumps can achieve pressures of 10-4 mBar. This model was also 

ATEX (European Directives for controlling explosive environments) rated to Category 3 meaning that 

under normal operation, there were no ignition sources inside the pump. Thus, hydrogen can be used in 

the vacuum system if necessary. A hose was connected to the exhaust of this vacuum pump for venting 
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out of the building. This was done to ensure that any precursor vapours that escapes the filter placed 

before the vacuum pump was vented out of the building.  

3.3.7 Overall system 

A plan view and picture of the vacuum deposition system is seen in Figure 32. There were two precursor 

containers however only precursor container #1 was used in this study. Precursor container #2 was 

incorporated in the final set-up for future work. Nitrogen flowed to precursor container #1 through a 

needle valve. Precursor container #1 was linked to the deposition chamber. The output of the deposition 

chamber branched to the Pirani pressure gauge and the activated carbon and HEPA filter. The Pirani 

pressure gauge can be shut-out using a ball valve if gases capable of damaging the gauge were used in 

the system.  

 
Figure 32: (left) Plan view schematic and (right) picture of vacuum deposition system.  

In one of the previous set-up arrangements, there was a ball valve between the deposition chamber and 

precursor container #1 to shut-out the precursor from the system. During experiments, the deposition 

system would first be pumped down to 0.1 mBar then this ball valve was closed while the precursor 

container was heated to vaporise the precursor at 45-85 °C for 20 mins. When the ball valve was opened, 

the precursor vapour would expand adiabatically into the deposition chamber and condense the 

precursor vapour into microscopic powders seen in Figure 33. To avoid the condensation due to pressure 

differences, this ball valve was removed and the vacuum system was filled with nitrogen after pumping 

down to 0.1 mBar. Then the precursor container was heated to sublime the precursor and the vacuum 

system was pumped to the desired deposition pressure. 
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Figure 33: SEM image of the precursor condensed into powders on the substrate after the ball valve to the 

precursor container, heated to 85 ⁰C, was opened.  

3.4 Deposition procedure 

Before the deposition experiment, the system was outgassed by heating the walls to 70 °C and vacuum 

pumping to 0.01 mBar for a few hours. Once the system was purged, it was filled with nitrogen to 0.5 bar 

above atmosphere and the precursor container was left to reach room temperature while the rest of the 

system was kept at 70 °C. With the nitrogen flowing, a vial with 200±20 mg of tungsten hexacabonyl 

was placed into the precursor container. The sample substrate along with a sacrificial focus finding 

substrate was placed in the deposition chamber. For the ultrafast laser, the sacrificial focus finding 

substrate was typically silicon wafers. However, the 405 nm CW laser does not have sufficient power 

to machine most materials except polyimide. Thus, a 40 µm Kapton polyimide film was placed onto 

another sacrificial sample and used as the focus finding material. The focus height was found by 

inspecting the tracks ablated by the laser at various height settings. The middle height where ablation 

was observed was taken as the focal point with adjustments for difference in height between the sample 

substrate and the sacrificial focus finding sample. 

After finding the focus, the deposition system was pumped down to 0.1 mBar absolute pressure. Then, 

nitrogen gas was bleed into the chamber to approximately 0.5 bar above atmosphere. The precursor 

container was then heated to 45 – 85 °C for a heating time of 20 mins. After the heating, the valve 

connecting the system to the vacuum pump was gradually opened to pump the system to 0.32 mBar. 

Once reaching that pressure, this valve was throttled to keep the pressure inside the system at the desired 

deposition pressure. The laser was then scanned in focus on the sample substrate at the desired laser 

settings. All experiments were kept to a maximum of 30 mins because the 200 mg precursor was known 

to be depleted after 30 mins. 

After the experiment, the valve throttling the flow to the vacuum pump was closed and the system was 

filled with nitrogen. The precursor container was turned off and a heat sink was placed on top of the 

container to aid cooling to room temperature. After 20 mins of cooling, the system was vented and 

refilled with nitrogen then the samples and precursor vial were removed from the system. 

20 µm 
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3.5 Analysis methods 

This section explains the details of the analysis methods employed to evaluate the LCVD process and 

deposition results. 

3.5.1 Optical microscope 

The quickest analysis method was to use an optical microscope to view the LCVD written track. Almost 

all the sample substrates with LCVD written tracks were viewed using bright-field illumination on an 

Olympus BX51 optical microscope. A rough estimate of the track width can be inferred from the bright-

field illumination image. If the deposits were more than a micro-meter tall, the height could be estimated 

by measuring the distance between the focus point at the top and bottom. The optical microscope image 

was also used to measure the distance of the track between two conductive pads for the resistivity 

measurements (section 3.5.4).  

3.5.2 White light interferometry 

The second most frequently used analysis method in this study was white light interferometry (WLI). 

For this method, a Veeco Wyko NT3300 WLI was used to vertically scan a broad-spectrum light source 

over the track to produce interference fringes which were interpreted by a computer to provide surface 

height information. This device is classified as a non-contact coherence scanning interferometry 

instrument under International Standard ISO 25178. The device has a vertical resolution of 0.1 nm 

however the accuracy is highly dependent on the surface being measured (Leach, 2011). The digital 

lateral resolution of the instrument is 80 nm however the lateral resolution is limited by the Rayleigh 

criterion to 700 nm. The areal height measurements were taken based on procedures recommended by 

the National Physical Laboratory Measurement Good Practice Guide (Petzing et al., 2010). A cross-

section profile of the deposited track provides height, width and cross-section area information necessary 

to gauge the speed and quality of the deposit. A single cross-section profile (Figure 34 c) does not 

provide a statistically good representation of the track cross-section. Therefore, the cross-section profiles 

were averaged for at least 50 µm length of track. During measurements, errors in tilt was reduced by 

following procedures in the National Physical Laboratory Measurement Good Practice Guide (Petzing 

et al., 2010). However, misalignments and errors in tilt (Figure 34 a) were still present in the 

measurements and these were corrected (Figure 34 b) in MATLAB before the averaging process. The 

alignment was done by aligning the deposited track to the vertical axis of the page since the averaging 

was done in the vertical direction. The tilt correction was done by tilting the plane until the background 

substrate appeared flat. During this adjustment, the height colormap was limited to 0 - 100 nm to 

emphasise the tilt of the substrate, if any.  
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Figure 34: (a) Raw data and (b) tilt and rotation corrected surface height profiles measured through WLI. 

(c) Single and averaged cross-section height profiles of the raw and corrected data.  

For some of the LCVD written tungsten tracks, a layer with a colour gradient was deposited outside the 

dark central region where the laser spot was scanned as seen in Figure 35 (a). This deposition outside 

the laser spot seemed to affect the WLI measurements. When the tracks were sputter coated with a thin 

10 nm layer of chromium, gold and palladium to give a uniform reflective coating, the WLI 

measurements changed (Figure 35 b). To confirm that the coated WLI measurements were accurate, a 

WLI coated cross-section profile measurement was compared to two atomic force microscopy (AFM) 

measurements (Figure 35 c). The AFM used in this study was an Oxford Instruments Asylum Research 

MFP-3D AFM. The WLI coated cross-section profile gave a slightly lower surface height reading 

however the maximum profile height differences were within the ± 8 % uncertainty of the WLI 

measurements. On average, a single WLI surface area measurement of the deposited track took an 

acquisition time of 30 s while the AFM measurements took approximately one hour. Thus, WLI 

measurements were taken after coating for the bulk of the tracks deposited in this study. The coatings 

were done with an Emitech K575X sputter coater with chromium first at a current setting of 85 mA for 

ten seconds followed by gold and palladium at 65 mA for twenty seconds. 
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Figure 35: (a) Optical microscope image of a LCVD written tungsten track between two contact pads. (b) 
Average cross-section height profiles of a LCVD written track measured using a Veeco Wyko WLI system 

before and after the track was sputter coated with chromium, gold and palladium. (c) Comparison of average 
cross-section profiles for a LCVD written track measured using WLI and AFM. 

Two weaknesses of WLI measurements are data dropout due to high surface gradient (Petzing et al., 

2010) and the optical lateral resolution of 700 nm mentioned earlier. Due to these weaknesses, the 

surface height measurements of the quasi-periodic structures measured in Chapter 5 were not accurate 

because the structures were almost vertical, and the length periodicity was less than 500 nm. Only height 

data at the top of the periodic structures where obtained while the bottom of the periodic structures were 

missing data. Due to interpolation from neighbouring measurement points, the missing data was filled 

with data from the top of the periodic structures. Thus, the surface measured in the WLI for the quasi-

periodic structures were that of an outer surface encompassing a porous volume filled with the quasi-

periodic structures. 

3.5.3 Scanning electron microscope and energy dispersive X-ray spectra 

The microstructure of the deposit was observed using a Zeiss Gemini 1540 XB scanning electron 

microscope (SEM). The bulk of the imaging was done using an accelerating voltage of 5 kV which 

provided the best resolution images. For the aperture, the standard aperture of 30 µm was used. The 

aperture was aligned and stigmation was adjusted each time the SEM was used to ensure sharp images. 

To get cross-section views of the LCVD written track, the FIB column of the Zeiss Gemini 1540 XB 
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was used to mill the deposited track. Before the milling was done, the field of view of the SEM and FIB 

were aligned. Rectangle shaped mills were used with a milling for depth setting of one micro-meter. 

The substrate setting in the FIB software was set to silicon and the current was set to 500 pA.  

The elemental composition of the deposit was analysed using an Oxford Instruments X-MaxN 80 energy 

dispersive X-ray spectroscope (EDX). The software retrieved SEM images and parameters from the 

Zeiss Gemini SEM and from there element analysis of specific locations or the entire SEM image can 

be processed. The beam energy was set to 20 kV to achieve a more accurate elemental analysis since 

more elemental peaks were detected in the broader energy spectrum. However, the high beam energy 

increased the penetration depth of the electrons thus the detection volume was larger than one micro-

meter in diameter (Goldstein et al., 2003) and penetrated the substrate when the deposition was thin. 

This created inhomogeneity in the detection volume and inaccuracies in the measurement. Thus, the 

elemental composition results were not absolute and were only used for detection of the deposited 

tungsten and impurities, and comparison between different track compositions. 

3.5.4 Resistivity measurements 

The total resistance of the track (Schroder, 2006), � depends on the contact resistance, �������� and the 

deposited track resistance, ����� where  

  � = 2 �������� + �����  [ 9 ] 

The resistance of the track depends on the resistivity of the deposit, �, the length of the film, � and the 

cross-section area of the film, � where 

  ����� =
��

�
 [ 10 ] 

Thus, the resistivity of the deposited track and the contact resistance can be measured by fitting a straight 

line to the total resistance against length over area of the tracks i.e.  

  � =
��

�
+ 2�������� ≡ �� + � [ 11] 

where � ≡ �, � ≡
�

�
, and � ≡   2��������. This measurement technique is known as the transfer length 

method or transmission line method (TLM). Another track resistance measurement technique used in 

this study was the four-point probe method. In this configuration, a known current was fed through a 

pair of source connections and the voltage drop was measured by another pair of connections. Since 

there was no current flow in the voltage measurement connections, there was no voltage drop due to the 

contact and lead resistance. The contact resistance can be calculated by taking the difference between 

the usual two probe resistance and the four-probe resistance.   

The deposited tracks were thin films of around 1 µm thick and at least 5 µm wide, thus, these tracks 

were too fragile for direct contact with macro-measurement probes. Instead, silver paste was used to as 
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contacts. A track approximately 10 mm long was written on the substrate, then silver paste (Alfa Aesar 

silver conductive adhesive paste) was applied across the track to attach copper wires (Figure 34). The 

silver paste was spaced at a varying distance from one another to achieve the different lengths for the 

TLM. There were four to six terminals on each track to achieve three to five measurements in the TLM 

and one to three four-probe measurements. Once dried, electrical clips were attached to the copper wires 

and the two and four-probe resistance was measured using a Keithley 2000 multi-meter. A control set-

up consisting of the substrate and the silver paste with two copper wires was made to account for the 

resistance in the leads, electrical clips, copper wires, silver paste, and contact resistance between those 

components. The resistance of this control set-up was measured to be less than 1 Ω, at least two orders 

of magnitude lower than typical track resistance measured in this study. From the track resistance value, 

the resistivity was calculated using the track length, which was measured using the optical microscope 

(section 3.5.1) and the cross-section area, which was measured using WLI (section 3.5.2).  

 

Figure 36: Schematic of substrate, deposited track, silver paste and copper wires made to measure the 
resistivity of the tracks. 

3.5.5 Measurement uncertainty and linear regression analysis 

Fitting data to a linear equation (Coleman and Glenn Steele, 2009) 

  � = �� + � [ 12 ] 

was done to find the laser modification thresholds (section 2.3.6) and resistivity (section 3.5.4). The best 

fit using least squares regression would give the following for the slope and �-intercept 

   � =
� ∑ ����

�
��� �∑ ��

�
��� ∑ ��

�
���

� ∑ ��
��

��� ��∑ ��
�
��� �

�   [ 13] 

  � =  
∑ ��

��
��� ∑ ��

�
��� �∑ ��

�
��� ∑ ����

�
���

� ∑ ��
��

��� ��∑ ��
�
��� �

�  [ 14] 

The standard error for the slope would be  

   �� = �
��

�

���
�

�/�

  [ 15 ] 

    ��� = ∑ ��
��

��� −
�

�
(∑ ��

�
��� )�  [ 16 ] 
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     �� = �
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 [ 17 ] 

And the standard error for the intercept is 

  �� = ���
� �

�

�
+

�∑ ��
�
��� �

�

�����
��

�/�

  [ 18 ] 

For data that had multiple sources of error in the measurement, the combined uncertainty was calculated 

by the summation of quadrature. For the summation of multiple independent errors the combined 

uncertainty would be 

  �� =  �∑ ��
��

���   [ 19 ] 

For uncertainties in products or quotients the combined uncertainty would be 

  
��

�̅
=  �∑ �

��

��
�

�
 �

���   [ 20 ] 

This equation was used to combine the uncertainty in the slope and intercept values with the uncertainty 

in the measurement of the � and � values. For averaging multiple independent results with different 

uncertainties, the inverse variance weighted average was used where the weighted average was (Hartung 

et al., 2008) 

   �̅ =
∑

��
��

�
�
���

∑
�

��
�

�
���

  [ 21 ] 

and the uncertainty of the weighted average would be 

  �� =
�

∑
�

��
�

�
���

  [ 22 ] 

Table 8 shows the uncertainty level of various measurements involved in this study. Most of the 

uncertainty in measurements were lower than ±10 % except the pressure measurements using the Pirani 

pressure gauge. 

Table 8: Combined uncertainty of measurements. 

Measurement Approximate uncertainty 

Optical, track length ending with silver paste ±10 µm 

Optical, track width ±(Maximum-minimum reading)/√3 

(Bell, 2001) 

WLI ±8% 

Resistance ±5% 

Pressure measurements ±20% 

Substrate temperature measurements ±5% 

Laser power measurements ±7% 



 

53 
 

3.5.6 CW laser deposition temperature simulation 

To understand the temperature in the pyrolytic CW experiments, a temperature model was built in 

COMSOL Multiphysics 5.0. The laser heating was simulated as a moving volumetric heat source in a 

solid heat transfer model (COMSOL, 2013) governed by the heat equation 3 with the moving volumetric 

heat input of equation 12. The simulation model domain is shown in Figure 37 along with the coordinate 

system and the moving laser spot. The domain was a 3D symmetrical model with dimensions of 

10×5×0.3 mm and tetrahedral dominant mesh elements. For the top surface, swept prismatic elements 

with growth factor of two and total swept depth of 3�  were used to capture the shallow optical 

penetration depth of the laser. The bottom surface temperature was fixed at the vacuum deposition 

chamber temperature of 100 °C. Radiative and convective losses were included in the simulation. 

       
Figure 37: (Left) Simulation domain, coordinate system and laser heat spot that was used in the COMSOL 
heat transfer simulation. (Centre) Meshed domain with tetrahedral dominant elements and (right) close-up 

view of swept prismatic elements used to capture the shallow optical penetration depth of the laser. 

3.5.7 Ultrafast laser deposition temperature simulation 

The ultrafast pulse duration and micro-meter focal spot size of the focused ultrafast pulse made 

measurement of the laser spot temperature technically challenging. Instead, a heat transfer model was 

written in Matlab to understand the surface temperature during deposition with the pulsed ultrafast laser. 

This simulation could not be done in COMSOL because the author could not find a way to insert the 

sudden temperature rise of the ultrafast pulse and control the time step size in the software. The Matlab 

model numerically evaluated the heat transfer in the material through the heat diffusion equation 3 with 

the heat source modelled as a stationary Gaussian beam with intensity 

 � = �� exp �−
���

�� � exp(−��)   [ 23 ] 

where �� =
��

�����������
 is the peak intensity, �  the pulse energy, �  the 1/��  beam radius, 1/�  the 

absorption penetration depth, ������ the pulse duration, � the distance from the centre line of the beam 

and � the depth into the material. This source equation was turned on during the pulse and turned off 

between the pulse where the material cools until the next pulse. Only one pulse was simulated at a time.  
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The heat transfer equation was discretized using finite volume equation 14 of section 2.3.4. The 

simulation domain was the same size as that of the COMSOL model (Figure 37). However, rectangular 

cuboids elements were used instead of tetrahedral mesh elements. Melt phases were simulated as fixed 

temperature cells kept at the melting temperature, accumulating latent heat during the laser pulse. 

Outside the pulse, the total heat loss to surrounding cells was taken from the latent heat accumulated 

and when a negative latent heat value was reached the cell temperature was adjusted to the corresponding 

temperature below melt. Radiation heat losses were not accounted for because the losses were negligible, 

and this assumption was backed by the model results. For example, in the simulation results in Figure 

79, the energy loss due to radiation was at most 2.1×10-3 nJ per pulse while the input pulse energy was 

11.5 nJ. Convection heat losses was expected to be <1.7×10-4 nJ per pulse and were also not included 

in the simulations. 

A few time advancing schemes were tested out by adjusting the value of � in the previous equation such 

as 0 (explicit, backwards time scheme), 1 (implicit, forwards time scheme) and 0.5 (Crank-Nicolson 

combination of explicit and implicit) (Crank and Nicolson, 1996). The time step size could be increased 

for the implicit models to reduce the computing time. However, the implicit models were not stable 

when there were melt phases because at the end of the melt phase the cell temperature was adjusted 

based on the negative value of the latent heat. To improve the accuracy of the explicit model, the heat 

transfer gradients were first evaluated at half a time step. Then the temperature change was evaluated at 

the full time step based on these gradients.  

The model was tested against two analytical test cases. The first test case was to compare the response 

of the model to a step change in temperature. The model was tested against a one dimensional analytical 

solution of exposing a rod to a step change in temperature, ����� at both ends. The partial differential 

heat diffusion equation 3 can be solved through separation of variables to give rise in temperature as 

 ∆� = ����� −  ∑
������

(����)�
exp �− �

(����)��

�
�

�
�� sin �(2� − 1)

�

�
���

���  [ 24 ] 

where � was the length of the rod (Kreyszig, 2010). By having a rod length, � of one metre and a step 

change in temperature, ����� of 1000 °C, the temperature response at a point 1.1 µm from the edge was 

calculated for various finite values of the upper summation limit of equation 32. As the upper limits 

were increased (Figure 38), the solution converged and does not change significantly from 10,000,000 

to 100,000,000. An upper limit of 100,000,000 was used for the rest of the calculations.   
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Figure 38: Temporal temperature at location 1.1 µm from the edge of a rod exposed to 1000 °C step change in 

temperature at �=0 s. 

To simulate the rod using the Matlab model, a rectangle cuboid silicon simulation domain with a length 

of one metre and a face area of five by five millimetres was used. The step temperature rise of 1000 °C 

was applied to the two end faces at time �=0 s. It was assumed that there were no heat losses through 

the other surfaces of the cuboid. Figure 39 shows the temporal temperature from the simulation and 

analytical results at a few points near the edge of the rod exposed to the temperature step. Initially, there 

was a large error in temperature at the node 1.1 µm from the edge, however as the simulation progressed 

the error reduced and all nodes accurately simulated the temperature rise. 

 
Figure 39: Temporal temperature at a few nodes <21 µm away from the edge of the rod exposed to 1000 °C 

step change in temperature at �=0 s for both the Matlab simulation and analytical model. 

Another comparison test was the change of the steady state temperature distribution when exposed to a 

point heat source. This was done to demonstrate the ability of accurately simulating the spatial 

propagation of the heat from the laser point. For a semi-infinite plane, the partial differential heat 

diffusion equation 3 can be solved by superposition of impulse responses through Green’s function 

(Cline and Anthony, 1977) to give the temperature distribution 
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where the ′ superscript denotes the location of the multiple heat sources. For the case where the laser 

source was a single continuous point source, the integrals can be solved to give 
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This equation was compared with the Matlab simulation case where the domain was a cube, five 

millimetres long on each side. A point source could not be simulated, instead the laser spot radius of 

3.3 µm was used. The input power was 500 mW and the material was silicon. The spatial temperature 

distribution for the analytical and simulation model is seen in Figure 40. A higher temperature was 

reached in the point source due to the higher energy density near the singularity of the analytical solution. 

The simulation model had a broader temperature profile due to the finite Gaussian laser heat source. The 

rest of the simulation result was close to the analytical solution.  

 
Figure 40:  Comparison between steady state spatial temperature distribution between a point heat source 

from an analytical solution and a small Gaussian heat source from the Matlab simulation model. 

3.6 Summary 

In this chapter, the experiment materials, system and methods were detailed along with the analysis 

methods. SS304, SiO2/Si, borosilicate glass and polyimide films were used as the sample substrates 

while tungsten hexacarbonyl was chosen as the precursor. The laser source for the CW control 

experiments was a laser diode extracted from a Pioneer BDR-209 Blu-ray disc writer and powered with 

a custom-made current regulator. The laser diode output was collimated and focused to an elliptical spot 

measuring 5.4 by 9.4 µm, with a maximum power of 850 mW and 405 nm wavelength. The laser source 

for the pulsed ultrafast experiments was an Amplitude Systemes Satsuma at a wavelength of 1030 nm 

and pulse duration of 300 fs that was focused to a calculated spot diameter of 6.6 µm. The vacuum 

system was custom built consisting of a deposition chamber, a precursor container, heaters, valves, 

pressure measurement devices, filters, pipes and vacuum pumps. The deposition chamber had a low 

profile to allow for the short focal length of the microscope objectives used in this study. The precursor 

container was built to fit a 2 ml glass vial so that the precursor can be easily refilled and safely handled 

using the vial. Before the experiments, the deposition system was heated to 70 °C and left to out-gas 
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and reach a base pressure of 0.01 mBar. For each experiment, the focal position was verified by ablating 

sacrificial substrates of known height difference to the sample substrate. These steps ensure repeatability 

of experiment results. For analysis of the deposits, an optical microscope, WLI, SEM and EDX was 

used. For the WLI surface height measurements, a 10 nm layer of chromium, gold and palladium was 

used to coat the surface. This created a uniform reflective surface for accurate surface height 

measurements as verified using AFM measurements. The elemental composition analysis done via EDX 

would not be accurate because the analysis software assumes a homogenous detection volume. 

However, the results can be used for the detection of tungsten deposits and for comparison between the 

different experiments. Resistivity measurements were done using both TLM and four-point probe 

measurements. To achieve better contact to the deposited track, silver paste was used to connect the 

track to copper wires. A heat transfer model was built in COMSOL to evaluate the temperature 

distribution during CW deposition experiments. Another heat transfer model was built in Matlab to 

understand the temperature distribution during the pulsed ultrafast experiments. This model was checked 

against analytical solutions to ensure the accuracy of the model. 
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Chapter 4 Continuous wave LCVD 

In this chapter, CW deposition using the 405 nm laser (section 3.2.1) and tungsten hexacarbonyl 

precursor is explored on SiO2/Si and SS304 substrates. The aim was to optimize the deposition 

parameters such as laser power, scanning speed, deposition pressure and substrate temperature to 

produce the best deposition results in terms of track resistivity, track resolution, deposition purity, and 

deposition rate. The best results from this chapter will then be used for comparison with the deposition 

done using the pulsed ultrafast laser that will be presented in the next chapter.  

4.1 Temperature simulations 

A starting point for the deposition parameters was found in the published work of (Nambu et al., 1990) 

which used the same precursor, tungsten hexacarbonyl for deposition of tungsten tracks. In that work, a 

515 nm argon ion laser with a maximum power of 100 mW was focused to a spot diameter of 2 µm for 

scanning at a minimum speed of 100 µm/s on SiO2/Si substrates. No measurements or simulations of 

the temperature at the laser spot were mentioned in the work. Based on the experiment details available, 

the temperature distribution on the substrate was simulated in the COMSOL model mentioned in section 

3.5.6 (Figure 41). The peak temperature achieved was 500 °C, which corresponds to the temperature 

required for deposition of low resistivity �-phase tungsten mentioned in section 2.2.1. For the system 

built in this study, the CW 405 nm laser at a power of 350 mW and a scanning speed of 100 µm/s 

achieves a theoretical peak temperature of 533 °C. The width of the temperature distribution was wider 

than that of (Nambu et al., 1990) because the laser spot size was larger at 6.6 µm compared to 2 µm. 

There was no significant differences in the temperature distribution when the speed was increased until 

above 100 mm/s. Thus, a laser power of 350 mW was used for most of the experiments in this chapter. 

This study focused on tungsten hexacarbonyl, however there are a variety of other precursors available 

for LCVD processes (Table 5). At maximum power of 650 mW and scanning at a speed of 100 µm/s, 

the centre of the laser spot can reach a temperature of 651 °C on silicon and 1300 °C on stainless-steel. 

This temperature was enough to break down various other CVD precursors such as silver, gold, copper, 

palladium and platinum, thus the laser diode should be able to write these materials on silicon and 

stainless steel. 
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Figure 41: Temperature distribution parallel (left) and perpendicular (right) to the scanning direction 

showing that peak temperatures above 500 °C were achieved in both the settings used in (Nambu et al., 1990) 
and the CW setup used in this study. 

4.2 Line deposition 

Tungsten deposition from tungsten hexacarbonyl was attempted on SiO2/Si substrates. Figure 42 shows 

SEM images of the deposited tungsten track. The track was made with a laser scanning speed of 

10 µm s-1, power of 350 mW and deposition pressure of 1 mBar. The width of the central deposition 

region was approximately 5 µm, comparable to the laser spot size of 6.6 µm. The high-resolution SEM 

image of at the centre of the track in Figure 42 (right) shows that the track consisted of circular grains 

that were around 100 nm in diameter. The elemental composition at this central region, discounting the 

Si from the substrate, was 84 wt% tungsten, 5 wt% oxygen and 11 wt% carbon. 

 
Figure 42: SEM images of tungsten deposited track with a laser power of 350 mW, a scanning speed of 

10 µm s-1 and a deposition pressure of 1 mBar. 

Figure 43 shows the FIB milled cross-section of the deposited track. A layer of platinum was FIB 

deposited on top of the track to achieve a flat cross-section during the milling. No swelling or damage 

to the underlying substrate was observed in the cross-section. However, there was significant deposition 

on the substrate outside the centre of the track. 
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Figure 43: SEM image, at 54 ° to the substrate surface, after the track was milled using a FIB. 

At higher magnification, Figure 44 (left), the deposition outside the centre of the track could be seen to 

consist of grains with diameters in the order of 10 nm. The EDX composition of the region was 31 wt% 

tungsten, 23 wt% oxygen and 46 wt% carbon (excluding silicon). This region was thought to be the 

deposition of partially broken-down precursors and reaction by-products. In comparison, on the 

substrate 1 mm away from the track, Figure 44 (right), the surface of the substrate was clean.  

 
Figure 44: High resolution SEM image at a spot (left) 5 µm from the middle of the track; and (right) 1 mm 

away from the centre of the track. 

An average WLI height profile of the deposited track is shown in Figure 45 (left). The sharp peaks and 

troughs in the WLI measurements (circled in red) were artefacts of the measuring technique and these 

peak and troughs were not seen in the FIB cross-section of Figure 43. The full width half maximum 

(FWHM) of the track, as measured from the WLI profile, was 5 µm. This width covers the whole central 

deposition region and was smaller than the effective spot diameter of 6.6 µm. For the deposition outside 

the central region, the height profile tapered down from a height of 150 nm to cover a width of 150 µm. 
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Figure 45: (left) Averaged WLI profile height measurements of the same track with the artefacts of the WLI 

measurement circled. The uncertainty in the height measurements was ±8 %. (right) Graph of resistance 
against length per unit cross-section area used to estimate the resistivity and contact resistance of the track 

via TLM. 

The resistivity of the track was measured to be 207.6±50 µΩ cm through the TLM seen in Figure 45 

(right). This value at 37.1 times bulk tungsten resistivity was high due to the significant gaps between 

the grains seen in Figure 42. In the following sections, the effect of scanning speed, substrate 

temperature, precursor temperature and pressure, laser power, background gases, and post deposition 

treatment were investigated to optimize the deposition results especially in terms of track smoothness, 

reduction of deposition outside the laser spot and electrical resistivity of the track. 

4.2.1 Effect of scanning speed  

Having achieve a deposition result, the scan speed was varied to study the effects on the deposition. For 

these experiments, the laser was fixed at a power of 350 mW and deposition pressure at 4 mBar. Figure 

46 shows the geometry of the track from various experiments at different scan speeds. The maximum 

height of the track decreases with increasing scanning speed as seen in Figure 46 (a). At a scanning 

speed of 50 µm/s, the scanning speed was too fast and the deposition barely nucleates such that the 

maximum recorded height was only 5 nm. The linear height growth rate can be estimated from the 

formula 

  ℎ =  ℎ̇
��

��
  [ 27 ] 

where ℎ is the maximum height and ℎ̇ is the linear height growth rate. A growth rate of 3.8 µm/s 

vertically gives the best fit for the experiment data and is marked as the black dotted line in Figure 46 (a). 

This vertical growth rate was much higher than in CVD at 5 nm/s (Lai and Lamb, 2000). The three order 

of magnitude difference was due to the higher transport of the precursor in the LCVD configuration. 

The transport was higher due to the three dimensional diffusion pathway as opposed to the one 

dimensional path in the large area CVD configuration (Mazumder and Kar, 1995).  
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Figure 46: Deposited track (left) heights and (right) widths and (c) volumetric deposition rate at various 

scanning speeds done with a laser power of 350 mW and deposition pressure of 4 mBar. 

Similar to the track height, the track width also decreased with increasing scan speed (Figure 46 b). The 

decrease in maximum height when the scanning speed was increased from 5 to 40 µm/s was 

approximately two orders of magnitude. For the track width, the decrease in width was less than one 

order of magnitude when the scan speed was increased over the same range. This happened because 

there was no significant change in the temperature profile perpendicular to the scan direction as 

confirmed by the temperature simulations in section 4.1. 

 

Figure 46 (c) shows the volumetric deposition rate against scanning speed. The highest volumetric 

deposition rate was 10860 µm3/s when the scan speed was 5 µm/s. The volumetric deposition rate 

decreased when the scanning speed was increased from 5 to 15 µm/s. In the range of 15 to 40 µm/s, the 

volumetric rate stays approximately constant at 1000 µm3/s. This region provides a window for stable 

deposition. At a scanning speed of 50 µm/s, the deposition was barely nucleating and the deposition rate 

was low at 5 µm3/s. The temperature simulations in section 4.1 showed that there was no significant 

reduction in the peak temperature when the laser scan speed was increased from 10 µm/s to 100 mm/s. 

Thus, the reduction of volumetric deposition rate against scanning speed was likely due to a finite 

deposition nucleation time and/or a higher built rate on pre-deposited surfaces compared to the built rate 

on a clean substrate surface.  
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Figure 47: Cross-section height profiles, linear (right) and logarithmic (left), of the tracks made with a laser 
power of 350 mW and deposition pressure of 4 mBar at various scanning speeds. For all scan speeds, there is 

significant deposition outside the laser spot of 7 µm.  

Figure 47 shows the averaged cross-section height profiles of the deposition at the investigated scan 

speeds. The height profiles appeared to consist of two profiles: a narrow Gaussian profile in the middle 

of the track and a wider Gaussian profile outside the laser spot. The two profiles were observed for all 

laser scanning speeds. The amount of deposition outside the laser spot covers a width of 200 to 400 µm 

and reduced with increasing scan speed. 

 
Figure 48: SEM images of the middle of the deposited track at various scanning speed showing the 

microstructure of the deposition. (a) 40, (b) 20, (c) 10, and (d) 5 µm/s. 

The microstructure of the deposition in the middle of the track is seen in Figure 48. The deposition 

consists of grains that grew with reducing scan speed. At a scan speed of 40 µm/s the grains were 

approximately 200 nm in diameter and at a scan speed of 5 µm/s the grains were approximately 1 µm. 
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As the grain grew, cracks started to form within the grain, seen in the microstructure images at scan 

speed of 5 and 10 µm/s. 

Table 9 shows the elemental composition at the middle of the track for various scan speeds measured 

using EDX. The purity of tungsten increased slightly with scanning speed from 77.1 % at 5 µm/s to 

81.8 % at 20 µm/s. The carbon impurity stayed approximately constant at 10-13% while the oxygen 

impurity dropped from 10.0 % at a scanning speed of 5 µm/s to 6.2 % at a scanning speed of 40 µm/s.   

Table 9: Elemental composition at the middle of the track measured using EDX. 
Speed, µm/s Excluding silicon Silicon, 

wt% Tungsten, wt% Carbon, wt% Oxygen, wt% 

5 77.1 12.9 10.0 1.04 

10 78.9 10.6 10.6 1.22 

20 80.6 11.4 8.0 1.20 

40 81.8 12.0 6.2 6.75 

Clean substrate 0.0 23.2 76.8 74.00 

4.2.2 Effect of substrate temperature 

Other than the scanning speed, the substrate temperature would affect the pyrolytic LCVD results. For 

variation of the substrate temperature experiments, the laser was fixed at power of 350 mW, scanning 

speed of 10 µm/s, and deposition pressure was fixed at 2 mBar. Figure 49 (left) shows the change in 

maximum cross-section profile height when the substrate temperature was increased from 80 to 110 °. 

The maximum height increased with substrate temperature because the deposition rate increased with 

temperature. Based on the substrate temperature in the experiment, the peak temperature of the laser 

spot was simulated. When the maximum track height was plotted against the inverse of the peak 

simulated temperatures Figure 49 (right), a linear fit was observed. This indicated that the growth was 

limited by the substrate temperature rather than transport of precursor to the substrate (Smith, 1995). 

   
Figure 49: Maximum height against substrate temperature (left) and inverse of peak simulation temperature 

(right). 

Figure 50 (left) shows the FWHM against substrate temperature. At a set substrate temperature of 80 °C, 

the FWHM of the deposition was close to the laser spot diameter of 6.6 µm. However, as the substrate 
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temperature was increased to 110 °C, the FWHM increased to 20 µm, approximately three times the 

laser spot diameter. As seen in Figure 50 (right), the volumetric deposition rate increased with substrate 

temperature. The deposition rate at 110 °C, 600 µm3/s, was six times higher than the deposition rate at 

80 °C. 

   
Figure 50: FWHM (left) and volumetric deposition rate (right) against substrate temperature. Both FWHM 

and volumetric deposition rate increased with substrate temperature. 

At a substrate temperature of 80 °C, the deposition inside the laser spot appeared Gaussian in height 

profile while the outer deposition region was triangular (Figure 51). Reducing the substrate temperature 

dramatically reduced the deposition outside the laser spot. This reduction is seen in Figure 51 (right) 

where the width for deposition over one nano-meter thick reduced from approximately 300 µm when 

the substrate temperature was set to 110 °C to less than 80 µm at 80 °C.  

 
Figure 51. Cross-section height profile, linear (right) and logarithmic (left), of deposition on silicon at various 

stage temperatures.  

Figure 52 shows SEM images of the tungsten track deposited at stage temperature of 80 °C and 110 °C. 

The deposits were granular, with larger granules at the centre of the track and smaller denser granules 

in the outer region. When the stage temperature was increased from 80 °C to 110 °C, the size of the 

grains at the centre of the track increased from ≈200 nm to 500 nm leading to a rougher surface. The 

elemental composition at the centre of the track were ≈84 wt% tungsten, ≈8 wt% carbon and ≈8 wt% 

oxygen (excluding silicon) with no significant variation with the stage temperature. The percentage of 

impurities increased in the outer region. At FWHM, the tungsten percentage for the deposit with stage 
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temperature of 80 °C was 52 wt% (excluding silicon). When the stage temperature was increased to 

110 °C the tungsten purity at FWHM was lower at 31 wt% (excluding silicon). 

 
Figure 52. SEM image of tungsten deposited with stage temperature at 80 °C (left) and 110 °C (right) 

showing granular microstructures. 

Figure 53 shows the FIB milled cross-section of the tungsten track. At 110 °C, the porosity at the top 

and bottom of the deposited track increased. There was no noticeable damage to the underlying silicon 

substrate at both stage temperatures. 

 
Figure 53. FIB milled cross-section of tungsten deposited with stage temperature at 80 °C (top) and 110 °C 

(bottom). Visually, there was higher porosity in the track deposited at a stage temperature of 110 °C. 

The electrical resistivity of the tracks was measured through four probe measurements and the results 

are shown in Table 10. The lowest recorded resistivity of 892±45 µΩ cm was achieved at a substrate 

temperature of 80 °C. The electrical resistivity increased with substrate temperature. This was expected 

because the porosity and impurities in the deposition outside the laser spot increased with substrate 

temperature.   
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Table 10: Electrical resistivity of track deposited at various substrate temperatures. 

Substrate 
temperature, °C 

Resistivity, 
µΩ cm 

Multiple of bulk 
tungsten resistivity 

Resistance per unit 
track length, Ω/mm 

70 518±26 92 625 

80 892±45 159 685 

90 1296±65 231 724 

100 2731±137 488 704 

110 3990±200 713 663 

4.2.3 Effect of deposition pressure 

Another variable in the pyrolytic LCVD process was the deposition pressure. To investigate the effect 

of changing the deposition pressure, the laser was set at power of 350 mW and a scan speed was fixed 

at 10 µm/s while the deposition pressure was varied from 0.2 to 4.0 mBar. Figure 54 shows the 

geometrical effects of the change in deposition pressure on maximum height and FWHM. The maximum 

height changed two orders of magnitude while the FWHM changed one order of magnitude in the 

pressure ranged investigated. 

   

 
Figure 54: Graph of maximum track height (a), FWHM (b) and volumetric deposition rate (c) against 

deposition pressure. 

Similar to the rise in the maximum profile height, the volumetric deposition rate seen in Figure 54 (c) 

increased with deposition pressure, with a rise of three orders of magnitude over the pressure range 

investigated. A power curve provided good fit to the data with a power of 2.25. This implied that the 
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effective deposition rate was approximately proportional to the square of the concentration and the 

collision of two precursor molecules was likely the rate determining step of the deposition process. 

The cross-section profile of the track is seen in Figure 55. There were two deposition regions: one at the 

middle of the track and the other outside the laser spot. The deposition outside the laser spot reduces 

significantly with deposition pressure. At a pressure of 0.5 mBar, the deposition outside the laser spot 

reduced to a width of approximately 100 µm while at a pressure of 0.2 mBar the deposition width outside 

the laser spot was only approximately 50 µm. 

 
Figure 55: Cross-section height profiles, linear (right) and logarithmic (left), of the tracks made with a laser 
power of 350 mW and scan speed of 10 µm/s. The deposition outside the laser spot significantly reduced with 

deposition pressure. 

Figure 56 shows the effect of changing the deposition pressure on the deposition microstructure. The 

size of the deposition grains and the gaps between the grains increased with deposition pressure.  

 
Figure 56: SEM images of tungsten deposition on SiO2/Si substrate at a scanning speed of 10 µm/s 
and laser power of 350 mW at deposition pressure of 4 mBar (a), 0.5 mBar (b) and 0.2 mBar (c). 

Table 11 shows the effect of decreasing the deposition pressure on the elemental composition in the 

middle of the track measured using EDX. The highest tungsten purity was measured at ta pressure of 

1 mBar at 83.8 wt%. At a low deposition pressure of 0.2 mBar, the tungsten purity drops significantly 

to 42.8 wt% and the level of carbon impurities rised to 43.7 wt%.  

Table 11: Elemental composition at the middle of the track measured using EDX. 
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Deposition pressure, 
mBar 

Excluding silicon Silicon, 
wt% Tungsten, wt% Carbon, wt% Oxygen, wt% 

4.0 79.1 10.1 10.8 0.6 

2.0 83.2 8.3 8.5 1.2 

1.0 83.8 10.7 5.4 7.1 

0.5 81.4 13.7 4.9 18.1 

0.2 42.8 43.7 13.6 58.3 

Clean substrate 0.0 23.2 76.8 74.1 

 

The resistivity of the tracks is seen in Table 12. The deposition pressure significantly affects the 

resistivity with the optimum resistivity achieved at a deposition pressure of 0.5 mBar at 93±27 µΩ cm 

or 17 times bulk tungsten resistivity. However, the lowest track resistance per unit length was the track 

deposited with a pressure of 2 mBar. This was due to the higher cross-section area of the track deposited 

at that pressure. 

Table 12: Track resistivity at various deposition pressures. 
Deposition 

pressure, mBar 
Resistivity, 

µΩ cm 
Multiple of bulk 

tungsten resistivity 
Resistance per unit 

track, Ω/mm-1 
Contact 

resistance, Ω 
4 6630±3167 1184 201 42±136 

2 205±71 37 65 35±31 

1 208±50 37 247 13±38 

0.5 93±27 17 181 132±92 

0.2 146±25 26 4366 819±260 

4.2.4 Effect of laser power 

The effect of increasing the laser power was investigated by keeping the scanning speed constant at 

5 µm/s and deposition pressure at 0.5 mBar. The laser power was increased from 350 mW to 550 mW. 

Table 13 shows the geometrical results of the tracks done with the various laser power settings. The 

maximum track height, FWHM and cross-section area increased with laser power. The volumetric 

deposition rate with the laser power of 550 mW was more than double the deposition rate with the laser 

power of 350 mW. 

Table 13: Geometry and rate of track deposition for the various laser powers settings. 
Laser power, 

mW 
Maximum track 

height, µm 
FWHM, 

µm 
Cross-section 

area, µm2 
Volumetric 
rate, µm3/s 

350 0.349 7.28 9.67 48.37 

450 0.521 9.36 16.31 81.53 

550 0.482 15.26 19.69 98.47 

Figure 57 shows the cross-section height profile of the tracks written with the various laser powers. 

Although the maximum height of the tracks increased, the deposition outside the laser spot increased 

significantly with laser power.  



 

70 
 

 
Figure 57: Cross-section profile for the tracks written with the laser powers of 350 to 550 mW.  

Figure 58 consist of SEM images of the microstructure in the middle of the deposited track. There were 

no significant morphological differences in the microstructure of the deposits albeit the increase in grain 

size and gaps in between the grains when the laser power was increased.  

 
Figure 58: High resolution SEM images of the microstructure in the middle of the track for the deposition 

written with a laser power of 350 mW (a), 450 mW (b) and 550 mW (c). 

Table 14 shows the elemental composition at the middle of the track done at the various laser powers. 

The tungsten purity increased with increasing laser power. The increase in tungsten purity was followed 

by a decrease in carbon impurities. The detected silicon substrate decreased with increasing laser power 

due to the increase in deposited track thickness. 

Table 14: EDX elemental composition at the middle of the track deposited at various laser powers. 
Laser power, mW Excluding Si Silicon, 

wt% Tungsten, wt% Carbon, wt% Oxygen, wt% 
350 85.3 9.8 5.0 16.4 
450 88.8 7.1 4.1 4.8 
550 91.7 4.7 3.6 3.4 

Clean substrate 0.0 23.2 76.8 74.1 

4.2.5 Effect of background gases 

In all the previous experiments, the deposition chamber was back-filled with nitrogen while the tungsten 

hexacarbonyl precursor was heated. In this section, the effect of using hydrogen to back-fill the chamber 

was investigated. The precursor was fixed at a temperature of 80 °C, the substrate at 100 °C, the laser 

scanning speed at 10 µm/s, laser power at 350 mW and the deposition pressure was fixed at 1.5 mBar. 

Table 15 shows the geometry of the deposited tracks, while Figure 59 shows the cross-section profile of 

the tracks. The track produced in hydrogen background gas has a larger cross-section area and taller 
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maximum height. However, both track profiles were similar in terms of profiles in middle of the laser 

spot and deposition outside the laser spot. 

Table 15: Comparison of track geometry between using nitrogen and hydrogen as the background gas. 
Background gas Cross-section area, µm2 Maximum height, µm FWHM, µm 

Nitrogen 40.70 1.12 22.47 
Hydrogen 47.71 1.35 15.92 

 

  
Figure 59: Cross-section height profile, linear (right) and logarithmic (left), of the track for using nitrogen 

and hydrogen background gas during the deposition.  

Figure 60 shows SEM images of the microstructure in the middle of the deposited tracks. Both tracks 

consist of large grains with gaps in between the grains. However, the size of the grains for the track 

deposited in hydrogen background gas was larger.  

  
Figure 60: Comparison of microstructure for the deposition with nitrogen (left) and hydrogen (right) as 

background gases for deposition. 
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4.2.6 Post deposition treatment and annealing 

 
Figure 61: LCVD track on silicon that was left in the as-deposited state (left) and one which was 

ultrasonically cleaned for 16 mins in acetone (right). 

To remove the deposition outside the laser spot, a post deposition treatment was attempted. A sample 

was made using a deposition pressure of 1 mBar, laser scanning speed of 10 µm/s and laser power of 

350 mW and cleaved into two pieces. One was placed in an ultrasonic bath for 16 mins with acetone 

and blown dry, while the other was left in the as-deposited state. Figure 61 shows the optical images of 

both pieces. There was no significant visual difference in the samples especially in terms of deposition 

outside the laser spot. 

 
Figure 62: Optical microscope images of the as-deposited track (left) and the track annealed in hydrogen at 

650 °C for 30 mins (right).  

In another attempt, a sample was made and after the deposition the sample was annealed in the hydrogen 

at a flow-rate of 200 sccm at a temperature of 650 °C for 30 mins. These conditions were chosen because 

an investigation by Deutsch and Rathman, 1984 showed that annealing at 650 °C in hydrogen reduced 

the resistivity from 32 to 6 times bulk for tungsten deposited from tungsten hexafluoride. Figure 62 

shows the optical images of the as-deposited track and that of the track after annealing. The annealing 

turned the middle of the track from a dark colour to a metallic surface. There was also reduction in the 

deposition outside the laser spot and the original pink colour of the SiO2/Si substrate was visible. 

100 µm 100 µm 

20 µm 20 µm 
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Figure 63: Cross-section profiles, linear (right) and logarithmic (left), of the as-deposited track (black) and 

the annealed track (red) showing a removal of deposits outside the laser spot. 

Figure 63 shows the cross-section profile of the as-deposited track and the annealed track. There was no 

significant reduction in the track height inside the laser spot. However, there was a drastic reduction in 

the deposits outside the laser spot.  

 
Figure 64: SEM images of track as-deposited (a, c) and after annealing with hydrogen for 30 mins at 650 °C 

(b, d) in the middle of the track (a, b) and 8 µm from the centre of the track (c, d). 

Figure 64 shows SEM images of the as-deposited (left) and annealed track(right) at the centre of the 

track (top) and 8 µm from the centre of the track (bottom). The SEM images show that in the middle of 

the track, the annealing reduced the size of the grains and outside the laser spot, the annealing left a 

porous surface on the substrate.  

Table 16 shows the EDX measured element composition of the as-deposited and annealed track in the 

middle of the track and 10 µm outside the middle of the track. Annealing increased the purity of the 

tungsten in the middle of the track from 83.3 to 90.6 wt%. A reduction in carbon impurities was observed 
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in the middle and outside the track. The element contents outside the annealed track was close to that of 

the clean substrate.  

Table 16: EDX measured element weight percentage for the as-deposited and annealed track. 

Track Location Excluding silicon Silicon, 
wt% Tungsten, wt% Carbon, wt% Oxygen, wt% 

As-deposited Track middle 83.3 13.4 3.3 5.8 

Annealed Track middle 90.6 8.2 1.2 8.0 

As-deposited 10 µm off-middle 0.0 53.2 46.8 62.0 

Annealed 10 µm off-middle 0.0 31.3 68.7 73.7 

Clean substrate 0.0 23.2 76.8 74.1 

Table 17 shows the electrical resistance measurements of the as-deposited and annealed track. There 

was a reduction in resistivity after annealing from 16.6 to 11.7 times bulk tungsten resistivity. There was 

a reduction in resistance per unit track length due to the reduction in the cross-section area of the track. 

A significant reduction in contact resistance between the silver paint and the deposited track from 132 

to 2 Ω was observed. This was likely due to the annealing process removing the carbon impurities on 

the surface of the track as evidenced from the element composition measurements in Table 16. 

Table 17: Comparison between electrical properties of the as deposited track and the annealed track. 

Condition Resistivity, 
µΩ cm 

Multiple of bulk 
tungsten resistivity 

Resistance per unit 
track, Ω/mm-1 

Contact 
resistance, Ω 

As deposited 93±27 16.6 180.8 132±92 

Annealed 66±7 11.7 218.1 2±32 

4.2.7 Optimum results  

In terms of track resistivity, the best result was achieved when the track was scanned at a speed of 

10 µm/s, laser power set at 350 mW, the substrate temperature 100 °C and the deposition pressure 

0.5 mBar. These settings produced a track with a resistivity of 93±27 µΩ cm or 16.6 times bulk tungsten 

resistivity (section 4.2.3). At a deposition pressure of 2 mBar, the track resistivity was shown to drop 

when the substrate temperature was reduced from 110 to 70 °C (section 4.2.2). However, when a track 

was deposited at a substrate temperature of 70 °C compared to 100 °C, the resistivity increased to 110 

from 16.6 times bulk tungsten resistivity.  

The study done by (Nambu et al., 1990) used the same tungsten hexacarbonyl precursor at the same 

deposition pressure of 0.5 mBar. However, the resistivity measured in their study was in the range of 2-

6 times bulk tungsten resistivity. This difference in resistivity measurement was attributed to the method 

used for calculating the cross-section area of the track. In the work of (Nambu et al., 1990), the track 

cross-section was obtained by assuming a triangular cross-section with the maximum height measured 

using a stylus profilometer and width measured using an optical microscope. From Figure 62, the width 

measured from the optical microscope image for the deposition done at to produce the best as-deposited 

track resistivity would have been 10.3 µm. Assuming a triangular cross-section, as done by (Nambu et 
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al., 1990), the cross-section area of the track would have been 1.73 µm2 instead of the 

5.14 µm2 measured by taking the average cross-section area of the track including the deposition outside 

the laser spot. This lower cross-section area would imply that the resistivity of the track was 5.6 times 

bulk tungsten resistivity, which was within the range measured by (Nambu et al., 1990). There was no 

optical or electron images in the work of (Nambu et al., 1990) and there was no mention of deposition 

outside the laser spot. Thus, it is assumed that if the deposition outside the laser spot was accounted for, 

(Nambu et al., 1990) would have measured a higher resistivity value similar to that achieved in this 

chapter. Given that the deposition outside the laser spot contained high impurities, the tracks deposited 

by the CW LCVD cannot be treated as traditional thin film deposition and only the cross-section area 

of the deposition inside the laser spot should be used for the effective track resistivity calculations. 

In the previous section, the as-deposited track resistivity was improved by annealing in hydrogen at 

650 °C. After the annealing, the resistivity of the track reduced from 16.6 to 11.7 bulk tungsten 

resistivity (93±27 to 66±7 µΩ cm). This was the lowest track resistivity achieved in this study through 

deposition using CW laser deposition. In terms of resolution, the annealed track was the best with the 

least amount of deposition outside the laser spot. The thickness outside the laser spot was at maximum 

only 13 nm and tapered off to cover a width of 90 µm (Figure 63). 

4.2.8 Deposition on other substrates 

Besides deposition on SiO2/Si substrates, deposition was successful on metal substrates such as copper 

and stainless steel. For these experiments, the laser power was fixed at 350 mW, the deposition pressure 

at 2 mBar and substrate temperature at 110 °C. The track on stainless steel had the largest cross-section 

area, tallest track height and fastest volumetric deposition rate (Table 18). This was due to the thermal 

diffusivity of stainless steel at 4.2 mm2/s being the lowest, followed by silicon at 88 mm2/s and copper 

at 111 mm2/s being the highest. The low thermal diffusivity allowed a higher temperature in the laser 

spot and thus a higher deposition rate on stainless steel.  

Table 18: Geometrical comparison between the track deposited on copper, SiO2/Si and stainless steel. 
Material Scanning 

speed, µm/s 
Cross section, 

µm2 
Max height, 

µm 
FWHM, 

µm 
Volumetric deposition 

rate, µm/s 
SS 10 98.02 2.48 18.78 980.19 

SiO2 10 57.07 1.34 21.52 570.74 

Cu 10 17.06 0.60 14.34 170.63 

Figure 65 shows the cross-section profile of the track deposition on the various substrates. For all the 

materials, there were significant deposition outside the laser spot.  
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Figure 65: Cross-section height profiles of tracks deposited on stainless steel, SiO2/Si and copper at a 

substrate temperature 110 °C.  

Figure 66 are SEM images of the microstructure in the middle of the deposited track on the various 

substrate materials. The deposition on all substrate materials were granular with the biggest grains 

formed on stainless steel, followed by SiO2/Si and the smallest grains were on copper. The size of the 

grains was largest on stainless steel because the laser spot temperature was the highest on that material. 

This relationship was demonstrated previously in section 4.2.2. Deposition was also attempted on 

transparent materials such as borosilicate and fused silica glass. However, no deposition nor damage to 

the glass was observed at the maximum power of the laser at 600 mW. Deposition was also attempted 

on polyimide, however ablation was observed at the lowest power of the CW laser at 50 mW. 

 
Figure 66: SEM images of the microstructure in the middle of the deposited track on stainless steel (a), 

SiO2/Si (b) and copper (c).  

4.3 Three-dimensional growth  

In this section, the growth of spherical, conical and vertical columnar structures on the substrate was 

investigated. The growth of such structures has not been reported for metal based LCVD. To prevent 

the heat from spreading during the long dwells on a spot, SS304 substrates were used due to the low 

thermal diffusivity of the material. Thermal simulations were done based on the observed growth 

structures to provide an insight to the temperature distributions during laser exposure and possible 

explanations to the observed growth. In these simulations, only heat transfer from the laser was 

simulated, no mass transfer and actual growth were simulated. 
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The growth of the deposit when the laser was dwelled on the stainless-steel substrate at a stationary spot 

followed a few stages. The first stage observed was nucleation, which is seen in the SEM image of 

Figure 67 (left). At this stage, only a fine deposition layer was visible through the contrast of the SEM. 

As the deposited layer was only a few hundred nanometers thick, the temperature distribution on the 

surface was determined by the heat transfer properties of the stainless-steel substrate. Figure 67 (right) 

shows the cross-section temperature distribution of the simulated laser dwell. Due to the low thermal 

diffusivity of stainless-steel, 4 mm2/s, the heat was concentrated within the laser spot.  

 
Figure 67: (left) SEM image of deposition nucleation after 5 s dwell time with a laser power of 200 mW. 

(right) Cross-section simulation temperature distribution of the spot dwell. 

After nucleation, thin layer growth was observed. This stage occurred after approximately twenty 

seconds of laser exposure at a power of 200 mW ( Figure 68 left). As the thickness of the deposit grew, 

the thermal properties of the deposit determined the temperature distribution. Bulk tungsten has a higher 

thermal diffusivity, 69 mm2/s, compared to stainless-steel. The cross-section temperature distribution 

from simulation is seen in Figure 68 (right). Due to the higher thermal diffusivity, the peak temperature 

at the laser spot was lowered from 910 to 529 °C and the temperature gradient along the radial direction 

reduced. As a result, the deposition grew in the radial direction to form the thin layer.  

 

 
Figure 68: (left) SEM image and (right) simulation of the cross-section temperature distribution for the layer 

growth stage which was observed after twenty seconds of exposure to a laser at a power of 200 mW. 

After the thin layer growth, spherical growth was observed. Figure 69 (left) shows an SEM image of the 

spherical deposit after ten seconds of exposure to the laser at a power of 300 mW. During the thin layer 
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growth stage, growth in the radial direction started to slow down once the temperature at the 

circumference of the spot was below the threshold deposition temperature of 375 °C (Lai and Lamb, 

2000). As the thickness of the deposit increased, the temperature within the deposit became more even 

as seen in the simulated cross-section of the deposit in Figure 69 (right). The even temperature 

distribution encouraged uniform growth rates perpendicular to the surface of the deposit resulting in a 

spherical structure. 

 
Figure 69: (left) SEM image and (right) temperature simulation of the cross-section of the spherical deposit 

produced after ten seconds of laser exposure at 300 mW of power. 

Conical growth was observed after spherical growth as seen in Figure 70 (left) where the laser at a power 

of 300 mW was dwelled for 50 s. Growth in this shape was believed to be due to the deposition outside 

the laser spot that extends to a width of 100 µm in the line track deposition seen in the previous section 

(4.2). As this secondary deposition zone increased in thickness, more heat would conduct from the 

primary growth region, resulting in conical growth. 

 
Figure 70: (left) SEM image and (right) simulated temperature distribution of the cross-section for the 

conical growth.  

After conical growth, column growth was observed as seen in the SEM images of Figure 71. The cross-

section for the temperature distribution from the simulation is seen in Figure 71. As the size of the cone 

increased, the temperature at the base of the cone was no longer above the threshold deposition 

temperature. Thus, growth was concentrated on the tip of the cone, producing a column structure. 
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Figure 71: SEM images of cone (a) and column (b) after a dwell time of 100 and 200 s respectively using a 
laser with 300 mW power. EDX analysis shown in Table 19. (c) Cross-section temperature distribution in a 

cone-shaped deposit from simulation. 

As the column grows taller, the diameter in the middle of the column increased, resulting in bulb-like 

growth. This is seen in the SEM image of Figure 72 (left). Figure 72 (right) shows the cross-section 

temperature distribution from the simulation. When the column increases in height, the aspect ratio 

increased. This resulted in an increase in the peak temperature at the laser spot and a rise of the 

temperature in the middle of the column above the threshold deposition temperature. Thus, as the tip 

continued to grow, the diameter in the middle of the column increased to form a bulb-like structure. 

 
Figure 72: (left) SEM image of bulb-like growth formed after 500 s of laser dwell at a laser current 

of 300 mW and a deposition pressure of 3 mBar. EDX analysis shown in Table 19. (right) Cross-section of 
temperature distribution from simulation results. 

Other than the growth stages mentioned previous, the contamination level of the substrate surface also 

affected the geometry of the deposits. When the substrate was not cleaned, there was less deposition 

outside the laser spot and higher aspect ratio structures were deposited as seen in Figure 73 (left). When 

the substrate was cleaned ultra-sonically for 5 mins with IPA and blown dry, a deposit with a wide base 

as seen in Figure 73 (right) was more prevalent. 
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Figure 73: Deposition with a dwell time of 200 s on (a) an uncleaned substrate and (b) a substrate cleaned 

ultra-sonically for 5 mins in IPA. 

EDX elemental analysis was done on column and bulb-like growth of Figure 71 and Figure 72 

respectively and the results are seen in Table 19.  Due to the higher temperature at the tip during column 

and bulb-like growth, there was a higher purity of tungsten at the top of the column. At the tip of the 

structure, the tungsten purity was as high as 93.5 wt% (excluding substrate elements). 

Table 19: EDX elemental composition of the locations in Figure 72 and Figure 72. 

Location Excluding Fe, Cr, Ni, Si, Mn Fe, 
wt% 

Cr, 
wt% 

Ni, 
wt% 

Si, 
wt% 

Mn, 
wt% W, wt% C, wt% O, wt% 

EDX A1 92.3 5.2 2.5 2.4 0.7 0.0 1.7 0.0 

EDX A2 90.8 4.8 4.4 5.5 1.7 0.0 1.8 0.0 

EDX A3 85.4 6.9 7.7 10.7 3.3 1.1 1.8 0.0 

EDX A4 84.1 6.7 9.2 7.8 2.3 0.0 1.8 0.0 

EDX B1 93.5 5.9 0.6 0.5 0.2 0.0 1.9 0.0 

EDX B2 91.1 7.8 1.2 1.0 0.3 0.0 2.0 0.0 

EDX B3 89.5 8.8 1.7 1.7 0.5 0.0 2.0 0.0 

EDX B4 83.8 13.0 3.2 5.7 1.7 0.0 2.0 0.0 

EDX B5 63.0 27.2 9.8 24.7 7.6 0.0 1.4 0.0 

EDX B6 77.8 9.3 12.9 13.9 4.4 0.0 2.0 0.0 

Substrate 0.0 100.0 0.0 68.9 19.0 9.0 1.0 2.0 

4.4 Summary 

In this chapter, track deposition on SiO2/Si substrates was optimized based on laser scanning speed, 

substrate temperature, deposition pressure and laser power to achieve the lowest track resistivity and to 

reduce the deposition outside the laser spot. In terms of the microstructure of the written track, the 

deposit consisted of circular grains with diameters at the order of 100 nm to 1 µm. This morphology did 

not change with the laser scanning speed, substrate temperature, deposition pressure and laser power. 

However, the size of the grains increased with deposition pressure and temperature, leading to rougher 

and higher resistivity tracks.  Deposition outside the laser spot also increased with deposition pressure 

and temperature. Through EDX element analysis, the deposition outside the laser spot was identified to 

consist of low purity tungsten with high carbon impurities. This was thought to be the deposition of 

partially broken-down precursor and reaction by-products. The lowest recorded as-deposited track 
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resistivity achieved was 93±27 µΩ cm or 16.6 times bulk tungsten resistivity for the track deposited at 

a laser power of 350 mW, scan speed of 10 µm/s, deposition pressure of 0.5 mBar and substrate 

temperature of 100 °C. This resistivity value was calculated based on the cross-section area including 

deposition outside the laser spot. If a triangular cross-section was assumed similar to in the work 

reported by (Nambu et al., 1990), then the calculated resisitivity would have been 5.6 times bulk 

tungsten which was within the 2-6 times bulk tungsten range reported by (Nambu et al., 1990) using a 

CW laser, same precursor and similar silicon substrates. Through COMSOL simulations of the laser 

heating, the temperature at the laser spot was estimated to be 533 °C, which was slightly higher than the 

estimated temperature at the laser spot for the parameters used by (Nambu et al., 1990) at 500 °C. The 

highest volumetric deposition rate achieved for CW deposition was in the order of 3,000 µm3/s, however 

this included deposition outside the laser spot and the track resistivity was high at 1184 times bulk 

tungsten resistivity. The volumetric deposition rate for the lowest as-deposited track resistivity of 16.6 

times bulk tungsten was 29.8 µm3/s, 30,000 times the FIB deposition rate of the same precursor. The 

tungsten purity measured through EDX in the middle of that track was 81.4 wt% with 13.7 wt% carbon 

and 4.9 wt% oxygen excluding the measured silicon content detected from the substrate.  

The usage of hydrogen instead of nitrogen gas as the background gas during the deposition did not 

change the deposition track geometry, microstructure morphology and amount of deposition outside the 

laser spot. However, by annealing in hydrogen at 650 °C for 30 mins, removal of the deposition outside 

the laser spot was achieved. Optical microscope images and EDX element analysis showed that the 

region outside the laser spot returned to the substrate composition levels after the annealing. The 

microstructure of the track still consisted of circular grains after the annealing, however the size of the 

grains reduced and larger gaps appeared between the grains likely due to removal of material during the 

annealing process. The annealing process increased the tungsten purity from 83.3 % to 90.6 % 

(excluding silicon) and reduced the resistivity from 93±27 to 66±7 µΩ cm (16.6 to 11.7 times bulk 

tungsten resistivity). There was also a significant reduction in the contact resistance between the 

deposited tungsten track and the silver paste from 132±92 to 2±32Ω. This was thought to be due to the 

removal of carbon impurities on the surface of the track during the annealing process that previously 

created an insulating barrier between the silver paste and the tungsten track. 

Also explored in this chapter was growth of three dimensional structures on the substrate when the laser 

was dwelled on a spot. Stainless-steel substrates were chosen due to the low thermal diffusivity of the 

material and would thus concentrate the thermal energy on a small spot on the substrate surface. The 

morphology of the deposit changed from a thin layer, to a sphere, then a conical shape, a column and 

then a bulb-like shape. The change in morphology was attributed to the thermal diffusivity of tungsten 

which was approximately 17 times that of stainless-steel, resulting in a more uniform temperature 

distribution within the deposit. 
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Chapter 5 Ultrafast LCVD 

The LCVD of tungsten using the 405 nm CW laser diode of the previous chapter produced deposition 

with significant deposition outside the laser spot. In this chapter, the deposition of tungsten using a 

pulsed ultrafast laser is studied. Most of the results were produced using a laser spot of 6.6 µm, pulse 

repetition rate of 500 kHz and deposition pressure of 0.5 mBar. 

5.1 Spot dwell deposition and temperature simulation 

The nucleation of the deposition through LCVD was investigated in this section by exposing the 

substrate to a fix number of pulses. For dielectrics like SiO2/Si and borosilicate glass, a thin film first 

nucleates and on top of that the quasi-periodic structures start to form. On metal substrates like stainless 

steel, no thin film is formed and quasi-periodic structures grow on the surface from the start. 

5.1.1 Deposition on SiO2/Si 

To understand the growth process of tungsten deposited with the ultrafast laser, the laser was set to dwell 

on a spot at a fix number of pulses on SiO2/Si substrates at a pulse repetition rate of 500 kHz. The SEM 

images of the spot deposition are seen in Figure 74. At a peak fluence of 36 mJ/cm2, nucleation affecting 

an area of 500 nm was only observed after 50 000 pulses. At 100 000 pulses, a thin film was formed on 

the substrate with periodic structures starting to form on top of it.  At the edges of the thin film, a periodic 

pattern that was perpendicular to the linear polarization of the laser beam was observed. The observed 

period of approximately 300 nm (~�/3) was shorter than the period of the quasi-periodic structures that 

grew on it at 500 nm (~�/2). After 200 000 pulses, the diameter of the thin film and the height of the 

quasi-periodic structures increased. The walls appeared curvy and forked into two in certain locations. 

After 500 000 pulses, the quasi-periodic structures grew even higher and short branches with random 

orientation appeared at the edges of the quasi-periodic structure.  
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Figure 74: Spot dwelling of the laser at a peak fluence of 36 mJ/cm2 for a length of (a) 50 000, (b) 100 000, 

(c) 200 000, and (d) 500 000 pulses.  

Figure 75 shows the height growth of the spot deposition at three different power levels for SiO2/Si 

substrate. There was a threshold number of pulses required to nucleate the thin film and this threshold 

reduced with increasing laser power. For a peak fluence of 36 mJ/cm2, deposition required 50,000 pulses 

to nucleate. When the peak fluence was increased to 188 mJ/cm2, the threshold number of pulses 

decreased to 5000 pulses.   

 
Figure 75: Height growth for spot dwell experiments at two laser powers on SiO2/Si measured using white 

light interferometry.  
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5.1.2 Deposition on borosilicate glass 

Other than SiO2/Si substrates, deposition of tungsten using ultrafast laser pulses was also possible on 

borosilicate glass. The substrate was transparent at the wavelength of the laser and absorption was due 

to high intensity non-linear laser-material interaction at the laser spot (Ben-Yakar and Byer, 2004). 

Figure 76 shows SEM images of the spot dwell tungsten deposition on borosilicate glass. Similar to that 

seen on SiO2/Si, a thin film formed first followed by quasi-periodic structures on the thin film.  

 
  Figure 76: SEM images of spot dwell deposition on borosilicate glass. (a) Peak fluence of 110 mJ/cm2 with 
100,000 pulses, (b) 110 mJ/cm2, 200,000 pulses, and (c) 80 mJ/cm2, 500,000 pulses. A thin film was formed 

before the quasi-periodic structures started to grow on the thin film.  

5.1.3 Deposition on stainless steel 

For the spot dwells on stainless steel, a laser peak fluence of 56 mJ/cm2 was used. Deposition was 

observed in the SEM images after 20 000 pulses (Figure 77).  In the image, two ridges with a width of 

approximately 110 nm and separation of 150 nm were formed. After 40 000 pulses, the ridges grew to 

a width of 190 nm and the separation between the ridges were approximately 320 nm. At 60 000 pulses, 

the ridges continued to grow in width to 370 nm and the separation between the ridges increased further 

to approximately 500 nm. At 80 000 and 100 000 pulses, the width of the ridges was approximately 

400 nm and there were clumps of larger width sections. The wavelength of the periodic structure was 

approximately 500 nm. The increase in the wavelength during growth was likely due to the increase in 

surface roughness. During nucleation, the nanoscale roughness of the stainless steel substrate promoted 

high spatial frequency LIPSS (Bonse et al., 2017) to form. The growth of the ridges increased the 

roughness of the surface such that lower spatial frequency ridges were preferred such as the dominant 

wavelength of 500 nm (~�/2). Further growth in height of the ridges caused the periodicity to be 

unstable such that the ridges became wavier. Branching was also observed in the structures. This 

happened because localized hot spots were also created on the flanks instead of just at the top of the 

structures. This phenomenon is similar to the LIPSS structures created when the incident laser was 

placed at an angle to the substrate (Buividas et al., 2014).  
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Figure 77: SEM images of spot dwelling of the laser at a peak fluence of 56 mJ/cm2 for a duration of (a) 

20 000, (b) 40 000, (c) 60 000, (d) 80 000, and (e) 100 000 pulses on stainless steel substrate. 

Figure 78 shows the height growth of the tungsten deposit on stainless steel substrate. Similar to the 

growth behaviour on SiO2/Si, a threshold number of pulses was required before a constant height growth 

rate was achieved. The threshold number of pulses also decreased with increasing laser power. The 

growth rate after reaching the threshold number of pulses increased with increasing laser power.  

 
Figure 78: Height growth for spot dwell experiments at three laser powers on stainless steel substrate 

measured using white light interferometry. 

5.1.4 Temperature simulation 

The spatial and temporal temperature profile during deposition was simulated using the MATLAB 

model described in section 3.5.7. Figure 79 (left) shows the temperature at the centre of the laser spot 

on the surface of stainless steel exposed to a single laser pulse with peak fluence of 67 mJ/cm2, pulse 

energy of 11.5 nJ and beam diameter of 6.6 µm. The temperature rose to the melting temperature of 

approximately 1500 °C and stayed at melt temperature for around 2 ns. After that, the temperature 

cooled back down to the initial temperature of 70 °C before the next pulse.  Figure 79 (right) shows the 

spatial temperature profile at various times after the laser pulse. Due to the short laser pulse, the 
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temperature rise on the surface of the substrate was limited to a 6 µm radius and the rest of the substrate 

stays cool. 

 
Figure 79: (Left) Temperature at the centre of the laser spot between pulses with energy of 11.5 nJ and peak 
fluence of 67 mJ/cm2 on stainless steel showing that the peak temperature stays at melting temperature for 

around 2 ns. (Right) Spatial temperature profile on the surface of the substrate at various times after the laser 
pulse.  

The deposition height growth rate can be modelled using the Arrhenius equation  

 ℎ̇ = � exp �−
�

ℛ�
�  [ 28 ] 

where the constants �  and �/ℛ  can be estimated from the best fit of the height data and �  is the 

temperature. The actual peak height on stainless steel can be compared to the predicted peak height from 

the Arrhenius equation by integrating the temporal peak temperature profile 

 ℎ������� =  � × ∫ � exp �−
�

ℛ�
�  ��

�����������

�
  [ 29 ] 

where � is the number of pulses and ����������� is the time between the laser pulses, to estimate the 

constants � and �/ℛ. The best fit between the actual and predicted peak height (Figure 80) gave the 

values of � =2731 µm/s and �/ℛ =789 K.  

 
Figure 80: Graph of predicted height based on the Arrhenius constants that gave the best fit against the 

measured height used to estimate the Arrhenius constants. 
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Using the best estimate of the constants, the height profile on the surface of the substrate can be predicted 

in the simulations. The spatial Gaussian profile of the laser was modified to include the observed 

interference periodicity of 500 nm. Figure 81 shows the comparison between SEM images of the dwell 

results and the predicted height of the deposition using the Arrhenius constant mentioned earlier and the 

simulated surface temperature from the MATLAB model. The simulation could predict good 

resemblance of the actual results in terms of deposition area and approximate number of ridges. Slight 

coalescence due to the width of the ridges increasing and touching one another was also predicted. 

However, the waviness of the ridges was not predicted because three-dimensional light interference 

between the incident laser light and reflected light off the deposited structure were not included in the 

model.  

 
Figure 81: SEM images (a, c, e, g) along with the predicted deposition height (b, d, f, h) based on the fitted 

Arrhenius constants to peak height data and simulated surface temperature from the Matlab model. (i) 
Colour scale bar for the surface height profiles (b, d, f, h). 

5.2 Track deposition on SiO2/Si  

Deposition tracks were produced by scanning the laser on the substrate. Figure 82 shows SEM images 

of the quasi-periodic tungsten structures deposited on the silicon wafers at a scanning speed of 30 µm/s, 

peak fluence of 56 mJ/cm2 and pulse repetition rate of 502 kHz. The orientation of the periodic structures 

formed in LIPSS was affected by the direction of the laser beam linear polarization (Bonse et al., 2017). 

For strong absorbing materials, such as semiconductors and metals, the structures were orientated 

perpendicular to the laser beam polarization. From the images, the periodicity of the structures was 

around 500 nm (~�/2) and the wall thickness was approximately 200 nm. Also visible was deposition 

outside the laser spot which was also observed in tungsten LCVD with CW 405 nm lasers. The width 

of this thin film reduced with increasing laser scan speed and decreasing laser power. 
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Figure 82: SEM image of quasi-periodic tungsten structures deposited on silicon dioxide coated silicon 

wafers with linear polarization perpendicular (left) and parallel (right) to laser scan direction. 

Figure 83 shows a SEM image of the deposited track when the laser beam was circularly polarized with 

a scanning speed of 30 µm/s, peak fluence of 67 mJ/cm2 and pulse repetition rate of 502 kHz. Instead 

of quasi-periodic grooves, short nano-wires with no specific orientation were observed. There was also 

more branching in the structures compared to that made with linear polarized laser beam. 

 
Figure 83: Plan view SEM image of tungsten structures deposited with circular laser polarization.  

A 45° tilted SEM view of the cross-section of the track with laser linear polarization perpendicular to 

the scan direction is seen in Figure 84 (left). The track was deposited on a piece of silicon wafer and 

then the wafer was cleaved to reveal the cross-section. Figure 84 (right) shows the cross-section after 

the cleaved substrate was moulded in polymer and polished. There were significant branches in the 

quasi-periodic walls. The small grains in the polished sample were likely the 40 nm silica particles used 

in the polishing process. No damage to the underlying substrate was observed in the cross-section.  

 
Figure 84: (left) 45° SEM tilt view of the quasi-periodic tungsten structures on substrate cleaved after 

deposition. (right) SEM image of track cross-section after polymer moulded and polished.  
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5.2.1 Deposition thresholds and regimes 

 
Figure 85: Plot of fluence against ablation diameter squared to measure fluence thresholds. 

The threshold for ablation and tungsten deposition on silicon dioxide coated silicon wafers at various 

scanning speeds are shown in Figure 85 and summarized in Table 20. The ablation threshold 

experiments were done without the tungsten precursor with nitrogen at atmospheric pressure and the 

linear polarization was perpendicular to the scan direction. Up to a scan speed of 100 µm s-1, the 

deposition threshold of tungsten on silicon was lower than the ablation threshold of silicon. This was 

expected because the minimum deposition temperature of tungsten, 350 °C (Lai and Lamb, 2000),  was 

lower than the melting temperature of silicon, 1414 °C (Kun Li et al., 2014). The lowest deposition 

intensity threshold (≈1010 W/cm2) was two orders of magnitude lower than the threshold reported for 

400 nm ultrafast multi-photon dissociation of the same precursor (Green and Her, 2013).  

Table 20: Ablation and deposition threshold at various scan speeds on silicon. 
Regime Scan speed, 

µm/s 
Pulse fluence threshold, 

mJ/cm2 
Intensity threshold, 

1011 W/cm2 
Pulse energy threshold, 

nJ 
Deposition 10 26±7 0.864 4.43 
Deposition 30 31±12 1.04 5.34 
Deposition 100 64±46 2.12 10.90 
Ablation 10 100±44 3.34 17.13 
Ablation 30 141±50 4.70 24.11 
Ablation 100 174±71 5.79 29.72 

 The spot growth experiments of section 5.1.1 showed that a thin film grew on the silicon substrate first 

followed by the quasi-periodic structures growing on top of it. It may be possible to limit the deposition 

to thin films by increasing the scan speed so that the thin film was deposited with negligible quasi-

periodic structures on top of it. 
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Figure 86: Plot of pulse fluence against scanning speed experiment points explored for the deposition of 

tungsten on silicon along with the resultant modification regimes achieved. Uncertainty of 7% in peak fluence 
measurements was not displayed. 

The results of increasing the scan speed with various power levels are plot in Figure 86. In the 

experiments, a continuous ablation track without the tungsten precursor and in nitrogen was observed 

at an approximately constant fluence value of 190 mJ/cm2 for scan speeds of 10 to 1000 µm/s. When 

the substrate was exposed to the tungsten precursor at 190 mJ/cm2 and above, ablation in the middle of 

the track flanked by deposition at the sides was observed (Figure 87 a). The minimum fluence for 

observable deposition of quasi-periodic structures increased with scan speed, narrowing the window 

where deposition without ablation was observed. At low power levels, the deposition was erratic and 

consisted of discontinuous patches of thin film deposition with and without the quasi-periodic structures 

on top of them (Figure 87 b). At 300 µm/s and above, no quasi-periodic structures were observed 

however deposition with slight ablation in the middle of the track was observed (Figure 87 c).  

 
Figure 87: SEM image of (a) ablation in the presence of tungsten hexacarbonyl precursor and (b) erratic 

deposition with discontinuous patches of thin film deposition with and without the quasi-periodic structures. 
(c) SEM image of deposition at a scan speed of 300 µm/s and pulse fluence of 190 mJ/cm2 showing slight 

ablation and balling of the deposits in the middle of the scanned track 

5.2.2 Elemental composition  

The elemental composition of the deposition was analysed in EDX to confirm the tungsten composition. 

A track was made by scanning the laser at speed of 15 µm/s and EDX analysis was done perpendicular 

to the scanned track (Figure 88). On a blank silicon wafer that was exposed to the same cleaning methods 

used in all samples in this study, the elemental composition measured was 73.8 wt% silicon, 

20.1 wt% oxygen and 6.0 wt% carbon. The high content of oxygen on the blank samples was from the 
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280 nm thick thermally grown silicon dioxide layer on the surface of the wafer while the carbon content 

may be due to contamination from the cleaning procedures. At approximately 40 µm from the centre of 

the deposited track, the elemental composition was approximately 70 wt% silicon, 18 wt% oxygen and 

12 wt% carbon. The increase in carbon content compared to the blank samples was likely due to 

deposition of precursor dissociation by-products. No tungsten was detected outside the laser spot. The 

tungsten composition in the middle of the track was at least 80 wt% and discounting the detected silicon 

the maximum measured value was 90 wt%. This tungsten content was similar to that reported in large 

area constant temperature CVD growth (Lai and Lamb, 2000) and FIB deposition (Langfischer et al., 

2002) using the same precursor. 

 
Figure 88: (Top) SEM image and (bottom) EDX element analysis of a track deposited at a scanning speed of 

15 µm/s. The analysis points of the EDX were along the yellow line on the SEM image.  

5.2.3 Resistivity measurements of quasi-periodic structures  

For the resistivity measurements, tracks were made at a scanning speed of 30 µm/s with the linear 

polarization set perpendicular to the track to produce quasi-periodic structures parallel to the track. This 

was done to promote electrical conductivity along the deposited track. The peak fluence of the laser 

during the scan was 56 mJ/cm2. The linear fit to the plot of total resistance of the track (Figure 89) 

estimated the resistivity of the track to be 290±60 µΩ cm, 51.8 times bulk resistivity of tungsten. This 

resistivity value was lower than that reported in large area CVD tungsten deposition using the same 

precursor at 375 °C (Lai and Lamb, 2000) and similar to the reported value from FIB 

deposition (Langfischer et al., 2002). The cross-section area used for the resistivity calculation included 

porous regions of the structure, thus resistivity of the track excluding the porous regions would have 

been lower.  
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Figure 89: Plot of total resistance of the tracks deposited at 30 µm/s scanning speed, and 56 mJ/cm2 peak 

laser fluence. 

5.2.4 Effect of laser scan speed and power 

The laser scan speed and peak intensity was varied to study the effects on the deposition. Figure 90 

shows the maximum track height and FWHM when the laser peak fluence was fixed at 110 mJ/cm2 

while the scanning speed was increased. The track height decreased two orders of magnitude while the 

when the scanning speed was increased from 3 to 100 µm/s. The linear height growth rate based on the 

equation 35 that gave the best fit to the maximum height data was 5.5 µm/s. The linear height growth 

rate in these ultrafast experiments was higher than that measured in the CW experiments at 3.8 µm/s 

(section 4.2.1) likely due to the higher temperature at the laser spot (section 5.1.4) and porosity of the 

quasi-periodic structures. The FWHM stayed closed to the beam diameter of 6.6 µm when the scan 

speed was increased. 

 
Figure 90: Maximum cross-section average height and FWHM against scanning speed for ultrafast LCVD 

on SiO2/Si substrates at a laser peak fluence of 110 mJ/cm2. 

Figure 91 shows the cross-section profile of the track at the various scan speeds. There was deposition 

outside the laser spot covering a width of approximately 60 µm. The deposition outside the laser spot 

reduced with increasing scan speed. 
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Figure 91: Average cross-section profile, linear (right) and logarithmic (left), for ultrafast LCVD  on SiO2/Si 

substrates at a laser peak fluence of 110.4 mJ/cm2. The uncertainty in the height measurements was 8 %. 

Figure 92 shows SEM images of the track at various scanning speeds. As the scanning speed was 

reduced, the thickness of the periodic structures increased and clumps of material were visible in the 

middle of the track at scanning speeds of 10 and 30 µm/s. At a scanning speed of 3 µm/s, there was 

significant branching in the quasi-periodic structures and some of the branches were orientated parallel 

to the linear polarization direction. 

 
Figure 92: SEM images of deposited tracks using a laser peak fluence of 95 mJ/cm2 at a scanning speed of 

(a) 3, (b) 10, (c) 30, and (d) 100 µm/s. 

Figure 93 shows the cross-section track profile at various laser powers for a scan speed of 10 µm/s. The 

deposition outside the laser spot increased with laser power. At a laser peak fluence of 36 mJ/cm2, there 

was negligible deposition outside the laser spot at a laser peak fluence of 95 mJ/cm2 the width of the 

deposition outside the laser spot was approximately 60 µm. 
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Figure 93: Average cross-section profile, linear (right) and logarithmic (left), for ultrafast LCVD on SiO2/Si 

substrates at scanning speed of 10 µm/s at various laser peak fluence levels. 

Figure 94 shows SEM images of the deposited track made at the various laser power levels. As the laser 

power was increased, the thickness of the quasi-periodic structures increased and clumps of material 

were visible in the middle of the track. 

 
Figure 94: SEM images of deposited tracks made using as scanning speed of 10 µm/s with a laser peak 

fluence of (a) 36, (b) 56, (c) 95, and (d) 167 mJ/cm2. 

5.2.5 Effect of pulse repetition rate 

The effect of pulse repetition rate on the deposition was investigated by comparing the deposition at 

500 kHz with that of a lower repetition rate at a comparable number of pulses per spot. The settings for 

these experiments are seen in Table 21. The number of pulses per spot was calculated as  

  � = 2��/�  [38] 
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where 2� was the focal spot diameter, � was the laser pulse repetition rate and � was the scanning speed. 

Three pairs of samples were prepared.   

Table 21: Laser parameters for the experiments to investigate the effect of frequency. 
Label in 

Figure 95 
Frequency, 

kHz 
Number 
of pulses 

Scanning speed, 
µm/s 

Peak fluence, 
mJ/cm2 

a 500 330,000 10 56 
b 100 220,000 3 56 
c 500 33,000 100 147 
d 20 44,000 3 147 
e 500 11,000 300 212 
F 5 11,000 3 212 

Figure 95 shows SEM images of the deposition at a repetition rate of 500 kHz (top) and deposition at a 

lower frequency (bottom) that has the same order of magnitude for the number of pulses, �. There was 

similarity in terms of widths of the lines and deposition morphology showing that the formation of the 

quasi-periodic structures was independent of pulse repetition rate.  

 
Figure 95: Tracks produced with a lower frequency (top) and tracks produced with the standard frequency of 
500 kHz with comparable pulse overlap values (bottom). The details of the laser parameters are in Table 21. 
The morphology of the tracks produced at the lower frequency was similar to that produced at the standard 

frequency of 500 kHz at a comparable pulse overlap. 

The measured geometrical profiles of the tracks are seen in Table 22. The track made at a frequency of 

100 kHz and scan rate of 3 µm/s was compared with the track at 500 kHz and 10 µm/s, where the 

number of pulses was at the order of 220,000-330,000 pulses. Similarly, the track made at 20 kHz 

repetition rate 3 µm/s scanning speed was compared to the track made at 500 kHz 100 µm/s, where the 

number of pulses was at the order of 33,000-44,000 pulses. For both comparison cases, the cross-section 
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area and the maximum track height of the lowered frequency deposition was higher than the results of 

the standard 500 kHz deposition. The volumetric deposition rate of the lowered frequency deposition 

was of the same order of magnitude compared to the volumetric deposition rate of the standard 500 kHz 

deposition even though the frequency was lowered by at least a factor of five. Thus, the deposition 

process was likely limited by the transport of the precursor to the laser spot at higher frequencies.  

Increasing the pulse repetition rate above 500 kHz may not achieve significant increases in volumetric 

deposition rates unless the precursor pressure and flow-rate were increased.   

Table 22: Comparison between deposition at 500 kHz and lower repetition rates. 
Label in 

Figure 95 
Frequency, 

kHz 
Scanning 

speed, 
µm/s 

Number 
of pulses 

Cross-
section 

area, µm2 

Maximum 
track height, 

µm 

FWHM, 
µm 

Volumetric 
deposition 
rate, µm3/s 

a 500 10 330,000 4.95 0.8 5.2 49.45 
b 100 3 220,000 18.84 3.1 4.8 56.52 
c 500 100 33,000 0.39 0.1 3.5 39.31 
d 20 3 44,000 6.61 2.2 1.9 19.84 

5.2.6 Thin film tracks with larger 33 µm focal spot 

The previous study of scanning the beam on the SiO2/Si was done using a focal spot diameter of 6.6 µm. 

With this beam size, it was not possible to write consistent thin-film tracks with no quasi-periodic 

structures on SiO2/Si substrates. However, experiments with a larger focal spot of 33 µm (5 times larger) 

produced thin-film tracks (Figure 15) without ablation at high speeds (≥1500 µm/s). At low speeds, 

quasi-periodic structures were produced.  

 
Figure 96: Microstructure of tracks deposited using a larger focal spot of 33 µm with a laser peak fluence of 

80 mJ/cm2 scanning at a speed of (a, b) 150, (c, d) 500, and (e, f) 1500 µm/s. 
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The results of using the 6.6 µm beam spot and the 33 µm are compared in Figure 97. Instead of scanning 

speed, the chart is plot using number of pulses, �. Due to the conversion from scanning speed to pulse 

overlap, the graph plotted with the number of pulses in the x-axis appears flipped about a vertical axis 

compared to the graph plot with the scanning speed in the x-axis seen in Figure 86. As the pulse overlap 

number was decreased (or scanning speed increased), the lowest fluence for observable deposition with 

both the 6.6 and 33 µm spot increased. However, the increase in minimum fluence for observable 

deposition with 33 µm spot was less than the increase with using the 6.6 µm spot. For example, the 

lowest intensity for observable deposition at a pulse overlap of 33,000 pulses was 42 mJ/cm2 using a 

33 µm spot and 110 mJ/cm2 using a 6.6 µm spot. At a pulse overlap of 11,000 pulses, no deposition 

without ablation was observed using a 6.6 µm spot however using a 33 µm spot, thin-film deposition 

was observed at a fluence of 60 mJ/cm2.  

 
Figure 97: Plot of pulse fluence against pulse number experiment points explored for the deposition of 

tungsten on SiO2/Si along with the resultant deposition morphology achieved for beam size of 6.6 and 33 µm. 

The lower threshold for the deposition using the larger beam was attributed to the higher overall average 

power. When the spot size was increased five times from 6.6 to 33 µm, the energy per pulse increased 

25 times to achieve the same peak fluence. This led to a longer time above the temperature being above 

the deposition temperature threshold of approximately 375 °C (Lai and Lamb, 2000) for longer as seen 

in Figure 98.  
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Figure 98: Simulation of peak temperature at laser spot for the 6.6 and 33 µm laser spot at peak fluence of 

110 mJ/cm2. For the 33 µm spot, the temperature stays above the 375 °C deposition temperature threshold for 
12 ns compared to 6 ns for the 6.6 µm spot. 

Figure 99 compares the microstructure of the quasi-periodic structures made with 33,000 pulses using a 

6.6 µm (left) with that using 33 µm (right) laser spot. The spatial periodicity and directionality of the 

structures created by the larger focal spot appeared more regular. A periodicity parallel to the laser beam 

polarization was also observed in the tracks produced by the larger beam spot. 

 
Figure 99: Comparison between tungsten tracks written with a focal spot size of 6.6 µm, peak fluence 

110 mJ/cm2 (left) and 33 µm, 51 mJ/cm2 (right) at 33,000 number of pulses. Lower aspect ratio quasi-periodic 
structures were observed when with the larger beam spot. 

Figure 100 compares the microstructure of the quasi-periodic structures made with 110,000 pulses using 

a 6.6 µm (left) with that using 33 µm (right) laser spot. Due to the high number of pulses and high laser 

power, the quasi-periodic structures thickened into clumps in the middle of the track.  

0

200

400

600

800

1000

1200

1400

1E-12 1E-11 1E-10 1E-09 1E-08 1E-07 1E-06

Te
m

p
er

at
u

re
, 

°C

Time, s

6.6 µm

 33 µm

 2 µm  2 µm 



 

99 
 

 
Figure 100: Comparison between tungsten tracks written with a focal spot size of 6.6 µm, peak fluence 
95 mJ/cm2 (left) and 33 µm, 51 mJ/cm2 (right). Clumps in the middle of the track were due to the high 

number of pulses of 110,000 and high laser power.  

Thin films were deposited with the 33 µm spot when the number of pulses was 11,000 or lower (scan 

speed of 1500 µm/s or higher). Figure 101 shows charts of maximum height, FWHM and volumetric 

deposition rate against peak pulse fluence for the thin-film deposition. The maximum height and 

volumetric deposition rate increased with peak pulse fluence however the FWHM stayed approximately 

constant at 8 µm. The highest volumetric deposition rate recorded was 2925±234 µm3/s. Based on the 

maximum height values, the linear growth rate on the substrate can be calculated based on equation 35 

of section 4.2.1. The average linear growth rate using the peak pulse fluence of 133 and 152 mJ/cm2 

were 0.112 and 0.133 µm/s respectively. These linear growth rate values were lower than that of the 

quasi periodic structures (5.5 µm/s from section 5.2.4) and CW deposition (3.8 µm/s from section 4.2.1), 

but higher than the linear growth rates in CVD at 5 nm/s (Lai and Lamb, 2000). 

 2 µm  2 µm 
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Figure 101: Graphs of maximum height (a), FWHM (b) and volumetric deposition rate (c) against peak pulse 

fluence for the thin films deposited at 1500 µm/s and 5000 µm/s. 

Figure 102 shows SEM images that demonstrate the effect on the track microstructure of the thin-films 

when the laser peak fluence was increased. At the low laser peak fluence of 73 mJ/cm2, the deposited 

track consisted of circular grains approximately 100 nm in diameter. Grooves spaced 1 µm (~�) were 

visible that were orientated perpendicular to the linear polarization direction. As the laser power was 

increased, the circular grains grew and the periodic grooves became thinner.  

 
Figure 102: SEM images for the deposition using a scanning speed of 1500 µm/s at a peak fluence of (a) 73, 

(b) 100, (c) 133 mJ/cm2. 

Figure 103 shows SEM images of the deposition done at a laser peak fluence of 100 mJ/cm2 and 

scanning speed of 5000 µm/s (left) and 1500 µm/s (right). As the scanning speed was reduced, the size 

of the circular grains increased, creating a rougher deposited track.  
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Figure 103: SEM images of the deposition at a peak fluence of 100 mJ/cm2 at a scanning speed of 5000 µm/s 

(left) and 1500 µm/s (right). 

Table 23 shows the elemental composition of the tracks made using the larger laser spot of 33 µm. The 

track made at a scan speed of 500 µm/s produced quasi-periodic structures with a tungsten purity of 

85.9 wt% (excluding silicon). The highest tungsten purity for the thin film tracks was 64.6 wt%, written 

at a scan speed of 1500 µm/s and laser peak pulse fluence of 133 mJ/cm2. The low measured tungsten 

purity of the track made with the lower pulse fluence of 73 mJ/cm2 and that of the track made with a 

higher scanning speed of 5000 µm/s was due to the track being thin. Therefore, the high carbon and 

oxygen impurities may be that of the substrate especially since there was a high silicon content detected 

in the EDX measurements (>65%).  

Table 23: EDX elemental composition for the track deposition using the larger laser spot of 33 µm diameter. 
Deposition type Scanning 

speed, 
µm/s 

Peak pulse 
fluence, 
mJ/cm2 

Peak pulse 
intensity, 

1011 W/cm2 

Excluding silicon Si, 
wt% W, wt% C, wt% O, wt% 

Quasi-periodic 500 61 2.0 85.9 8.3 5.8 34.8 

Thin-film 1500 73 2.4 28.3 39.8 31.9 66.6 

Thin-film 1500 133 4.4 64.6 24.1 11.3 37.2 

Thin-film 5000 152 5.1 20.7 35.1 44.2 65.4 

(substrate before deposition) 0.0 37.5 62.5 74.0 

Table 24 shows the electrical resistance measurement results of the tracks made using the larger laser 

spot of 33 µm. The quasi-periodic structure track had a resistivity value 525±52 µΩ cm (93.8 times bulk 

tungsten). This value was higher than the resistivity of the quasi-periodic track made using the standard 

laser spot of 6.6 µm in section 5.2.3 at 51.8 times bulk tungsten. The thin film tracks all had a low 

resistivity value with the lowest resistivity of 37±4 µΩ cm (6.7 times bulk tungsten) for the track written 

at a scan speed of 1500 µm/s and peak fluence of 73 mJ/cm2. However, the contact resistance between 

the thin film track and silver paste was high at 482 Ω. The track written using the same scan speed but 

at a higher laser peak fluence of 133 mJ/cm2 had the lowest contact resistance of 9±2 Ω. 
 

5 µm 

 

5 µm 
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Table 24: Resistivity measurements of the tracks deposited using the larger laser spot of 33 µm diameter. 
Deposition 

type 
Scanning 

speed, 
µm/s 

Peak 
pulse 

fluence, 
mJ/cm2 

Peak pulse 
intensity, 

1011 W/cm2 

Resistivity, 
µΩ cm 

Multiple 
of bulk 

tungsten 

Resistance 
per unit 
length, 
Ω/mm 

Contact 
resistance, 

Ω 

Quasi-
periodic 

500 61 2.04 525±52 94 637 50±10 

Thin-film 1500 73 2.43 37±4 6.7 564 482±93 

Thin-film 1500 133 4.44 53±5 9.5 515 9±2 

Thin-film 5000 152 5.05 70±6 13 3489 68±178 

5.2.7 Effect of multiple passes 

 
Figure 104: SEM images of track deposition results using peak fluence of 100 mJ/cm2 for (a) one, (b) three, 

and (c) ten passes. The scan speed was 1500 µm/s using a beam spot of 33 µm. 

Besides changing the frequency while keeping the number of pulses per spot constant, the track could 

be scanned multiple times while keeping the total number of pulses per spot constant. Figure 104 shows 

SEM images of the deposit tungsten tracks using peak fluence of 100 mJ/cm2 for a single, triple and ten 

passes. For a single pass, the track consisted of granular structures. After three passes, there was 

evidence of the quasi-periodic structures. After ten passes, the track was covered with quasi-periodic 

structures with clumps that appeared to have a periodicity perpendicular to the scan direction.  

Table 25: Measured track geometry of line deposition done at a speed of 1500 µm/s and peak laser fluence of 
100 mJ/cm2 for one, three and ten coatings. 

Number of 
coatings 

Maximum track height 
per coating, µm 

FWHM, 
µm 

Average cross-section 
area per coating, µm 

Volumetric deposition 
rate per coating, µm3/s 

1 0.050 7.8 0.377 566 

3 0.084 16.0 1.890 2835 

10 0.103 22.2 3.672 5509 

Table 25 shows the geometry measurements of the track deposited while Figure 105 shows the cross-

section profile of the tracks. The maximum track height per coating and average cross-section per 

coating increased with number of coatings because the deposition rate was higher on already-coated 

substrates compared to the pure substrate. The FWHM of the tracks increased approximately three times 

when the number of coatings increased from one to ten. However, the FWHM was still smaller than the 

beam spot diameter of 33 µm. As the number of coatings increased, the deposition outside the laser spot 

increased significantly as seen in Figure 105. This unwanted deposition increased the cross-section area 

and led to the significant increase in volumetric deposition rate per coating seen in Table 25. 
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Figure 105: Averaged cross-section profile, linear (right) and logarithmic (left), of the deposition done at a 

speed of 1500 µm/s for one, three and ten coatings. 

Table 26 shows the comparison between the resistance measurements of the single coated track and the 

track with ten coatings. The single track has a low resistivity value of 37±4 µΩ cm. The track with ten 

coatings has a higher resistivity value of 137±15 µΩ cm. This was due to the porous quasi-periodic 

structures forming on the track as seen in Figure 104 and the large amount of deposition outside the 

laser spot as seen in Figure 105. The contact resistance between the silver paste and the deposited track 

decreased significantly when the number of coatings was increased from one to ten. This was likely due 

to the increase in the width of the track and the larger surface area available from the quasi-periodic 

structures formed on the track. 

Table 26: Comparison between resistance measurements for the tracks with a single coating and ten coatings. 
Number of 

coatings 
Cross-section 

area, µm2 
Resistivity, 

µΩ cm 
Multiple of 

bulk tungsten 
Resistance per unit 

length, Ω/mm 
Contact 

resistance, Ω 
1 0.66 37±4 6.65 564.0 482±93 

10 11.81 137±15 24.44 115.8 2±12 

The morphology of the deposit for the same total number of pulses in single and multiple passes were 

compared using the laser parameters seen in Table 27.  

Table 27: Laser parameters for single and multiple passes at the same total number of laser pulses per spot.   
Label in 

Figure 106 
Number of 

passes 
Total number of 
pulses per spot 

Scanning 
speed, µm/s 

Peak fluence, 
mJ/cm2 

a 3 33,000 1500 51 
b 1 33,000 500 51 
c 10 110,000 1500 33 
d 1 110,000 150 33 

Figure 106 shows SEM images that compares the microstructure of the results. The formation of thin 

films was favoured in the multiple coating tracks while the formation of quasi-periodic structures was 

favoured in the single coating tracks. 
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Figure 106: SEM images comparing tracks made with the laser through multiple passes (left) and a single 
pass (right). The other laser parameters are in Table 27. The track made using multiple passes favours the 

formation of thin film while the single pass favours the formation of quasi periodic structures.   

5.2.8 Nanolines 

  
Figure 107: High resolution SEM image of two thin film tracks written by ultrafast LCVD. Each track has a 

width of approximately 500 nm.   

A few attempts with deposition using a shorter focal length objective were done. For these, the objective 

used was a Mitutoyo M PLAN APO HR NIR 50x that has an effective focal length of 4 mm. The 

calculated spot diameter using this objective was 1.3 µm. However, due to aberration through the 3 mm 

thick window, the beam diameter was expected to be larger. By scanning the laser at a speed of 30 µm/s 

and energy per pulse of 17 nJ, a thin-film track was deposited. At certain regions of the track, two sub-

micrometer lines were deposited (Figure 107). The irregularity of the line thickness may be due to 

instability of the laser output power. These results show that it is possible to write sub-micrometer thin 

film tracks using this ultrafast LCVD technique. 
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5.2.9 Optimum track resistivity 

The lowest resistivity tungsten track written on SiO2/Si substrates was the thin film track with electrical 

properties measured in Table 24. At a scanning speed of 1500 µm/s and peak laser fluence of 73 mJ/cm2, 

the lowest track resistivity achieved was 37±4 µΩ cm (6.7 times bulk tungsten resistivity). However, 

the contact resistance between the track and the silver paste pads was measured to be 482±93 Ω. When 

the laser peak fluence was increased to 133 mJ/cm2, the resistivity increased to 53±5 µΩ cm (9.5 times 

bulk tungsten) but the contact resistance was reduced to 9.0±2 Ω. Both thin film tracks have a lower 

resistivity than the optimum results produced using the 405 nm CW laser in the previous chapter (11.7 

times bulk tungsten resistivity after annealing). 

5.3 Track deposition on glass 

For CW, borosilicate and fused silica glass are transparent at 1030 nm. However, using an ultrafast 

300 femtosecond pulse, the high intensity of the laser pulse is absorbed in the glass. The effective 

absorption penetration depth of borosilicate glass is in the order of 240 nm for an ultrafast pulse (Ben-

Yakar and Byer, 2004). Figure 108 shows plan view SEM images of the tungsten track on borosilicate 

made at a laser peak fluence of 128 mJ/cm² at a scanning speed of 1000, 300, 100, and 30 µm/s (� =  

3300, 11 000, 33 000, and 110 000 pulses respectively). At the higher speeds of 300 and 1000 µm/s the 

deposition with grains of the order of 100 nm were observed. These tracks appeared smooth in the 

optical microscope and were considered as thin-film deposition. The size of the grains increased with 

decreasing scanning speeds. At the lower scanning speed of 30 and 100 µm/s, the grains grew into quasi-

periodic structures. The linear polarization direction of the laser was perpendicular to the scanning 

direction therefore the nano-structures were aligned parallel to the laser scan direction. At the lowest 

scanning speed of 30 µm/s the quasi-periodic structures were taller, and had more branching in the walls.  
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Figure 108: Deposition of quasi-periodic structures on borosilicate glass at a pulse peak fluence of 

128 mJ/cm² and scan speed of (a) 1000, (b) 300, (c) 100, and (d) 30 µm/s. 

Figure 109 show higher resolution SEM images of the nano-structure in the thin film deposited with the 

scan speed of 1000 and 300 µm/s. At a scan speed of 1000 µm/s the grains were approximately 50-

100 nm in diameter and when the scan speed was decreased to 300 µm/s the grain sizes grew to 

approximately 100-200 nm in diameter.  

 
Figure 109: Plan view SEM images of nano-structure in the thin film tungsten tracks deposited with a laser 

peak fluence of 128 mJ/cm2 at scanning speed of (left) 1000 and (right) 300 µm/s. 

Figure 110 (a) shows the averaged cross-section profile measured using white light interferometry for 

the laser at scanning speed of 1000 (thin-films), 300 (thin-films),  100, and 30 µm/s at laser peak fluence 

of 128 mJ/cm2. Generally, the maximum height of the cross-section and the FWHM of the track reduced 

with increasing scan speed. Figure 110 (b) shows the averaged cross-section profile for a scanning speed 

of 100 µm/s at various power levels. At that scanning speed, deposition was first observed at fluence of 

 

5 µm 

(a) 

 

5 µm 

(b) 

 

5 µm 

(c) 

 

5 µm 

(d) 

 

1 µm 

 

1 µm 



 

107 
 

67 mJ/cm2. When the fluence was increased to 95 mJ/cm2, the maximum height of the track increased. 

However, further increases in power reduced the maximum height and at a peak fluence of 167 mJ/cm2, 

a trough was observed in the middle of the track. This was similar to the phenomenon reported in (Duty 

et al., 2001) where the deposition at the laser centre decreased at high laser powers due to high 

temperatures discouraging adsorption of the precursor onto the substrate. For the scan speed of 300 µm/s, 

the lowest power where deposition was observed was at a fluence of 110 mJ/cm2 (Figure 110 c). No 

troughs were visible at this power level. However, as the laser fluence was increased to 128 mJ/cm2, the 

profile height decreased and higher at 167 mJ/cm2 a trough was visible in the middle of the track.  

 
Figure 110: Averaged cross-section profile measured using white light interferometry of the tungsten track on 

borosilicate glass at various laser scanning speeds and laser intensities. (a) Constant laser power of 
128 mJ/cm2, and constant laser scan speed of (b) 100 µm/s, and (c) 300 µm/s (thin-films). 

Figure 111 shows graphs of maximum profile height, FWHM and volumetric deposition rate based on 

the white light interferometer measurements. For the maximum height graph, the height reduces with 

laser scanning speed. This was because the effective dwell time and thus deposition time reduces with 

increasing scanning speed. For increasing laser power, the maximum height increased until laser peak 

fluence of 110 mJ/cm2, then the maximum height started to decrease. This was because the higher 

temperatures caused by the higher laser power discouraged adsorption and encouraged desorption of the 

chemical precursor from the substrate as mentioned previously. For the FWHM, the widths increased 

with laser power because a wider area was above the threshold deposition intensity. The volumetric 

deposition rate increased with laser power until 110 mJ/cm2 where the deposition rate remains constant 
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and a drop in deposition rate was observed at peak fluence of 212 mJ/cm2. The highest deposition rate 

achieved was 106 µm3/s for scanning at a speed of 100 µm/s. The average deposition rate was 

approximately 60 µm3/s. At the peak fluence of 128 mJ/cm2, the linear height growth rate of the deposit 

was 3.1 and 2.2 µm/s for the quasi-periodic structures and the thin-film deposition respectively. The 

quasi-periodic structure growth rate on borosilicate glass was lower than that on SiO2/Si substrates (5.5 

µm/s from section 5.2.4). However, the thin-film deposition rates on borosilicate glass were higher than 

that on SiO2/Si substrates (0.112 µm/s from section 5.2.6). 

 
Figure 111: Maximum height (a), FWHM (b) and volumetric deposition rate (c) graphs at various scanning 

speeds summarized from the WLI measurements for the deposited tungsten tracks on borosilicate glass.  

The deposition results of scanning the laser on borosilicate glass is summarized in Figure 112. 

Borosilicate glass has a higher ablation threshold compared to SiO2/Si, thus no ablation was observed 

at the higher laser intensities investigated in this study. Quasi-periodic structures were produced at a 

scan speed of 100 µm/s and below (� ≥ 33,000). At a speed of 300 µm/s and above (� ≤ 11,000), thin 

film tracks were produced. The minimum laser power for observable deposition increased with scanning 

speed. Besides illumination from the front or top of the substrate, deposition was also observed when 

the laser was focused at the back surface of the substrate. For back illumination, thin film tracks were 

produced at all speeds tested. Deposition at the bottom surface was also observed when the glass was 

placed above another substrate such that the gap between the surfaces was less than a hundred microns. 
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Figure 112: Plot of pulse fluence against scanning speeds experiment points explored for the deposition of 

tungsten on borosilicate glass along with the resultant modification regimes achieved. The uncertainty of 7 % 
for the pulse fluence was not displayed on the figure. 

Figure 113 and Figure 114 shows SEM images of the microstructure of the tracks written with back-

illumination on fused silica. The track consists of circular grains however there a less gaps in the thin 

compared to that of the track deposited through front-illumination in Figure 103. Generally, the 

occurrence of large grains increased with increasing laser power and decreasing scan speed.  

 
Figure 113: SEM image of the tungsten deposition on borosilicate glass through back-illumination done at a 

speed of 30 µm/s and laser peak fluence of (a) 36, (b) 45, and (c) 67 mJ/cm2. 

 
Figure 114: SEM image of the tungsten deposition on borosilicate glass through back-illumination done at a 

speed of (a) 300, (b) 100 and (c) 30 µm/s and laser peak fluence of 67 mJ/cm2. 

Figure 115 shows the cross-section profiles of the thin film tungsten tracks deposited through back-side 

illumination and measured through white light interferometry. The general shape of the cross-section 

was Gaussian except when the laser power was too high, troughs in the middle of the profile started to 

appear. The maximum height of the track increased with decreasing scan speed and increased with laser 

power before the trough in the middle of the track appeared. 
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Figure 115: Averaged cross-section profile of the tungsten track on borosilicate glass deposited through 

back-illumination at various laser scanning speeds and laser peak fluences. 

Figure 116 shows the maximum track height, FWHM and volumetric deposition rate for the back-side 

illumination configuration. The maximum track height increases with laser peak power until troughs or 

ablation in the middle of the tracks were observed. The maximum track height decreases with increasing 

scan speed and this was expected because the dwell time decreases. The FWHM of the tracks increased 

with laser peak fluence for all speeds investigated. The widths of the tracks were of the same order of 

the beam diameter of 6.6 µm. For the volumetric deposition rate, the deposition rate increases with laser 

power until troughs or ablation was observed in the middle of the tracks. The linear height growth rate 

at a laser peak fluence of 128 mJ/cm2 was 1.5 µm/s, which was slightly lower than the growth rate 

achieved through front illumination (2.2 µm/s). 

 
Figure 116: Maximum height (a), FWHM (b) and volumetric deposition rate (c) graphs summarized from the 

WLI measurements for the deposited tungsten tracks on borosilicate glass through back-illumination. 

Table 28 shows the electrical resistance measurement results of the tracks written through back-

illumination configuration on fused silica and borosilicate glass. The lowest resistivity was achieved on 

fused silica and borosilicate glass when the laser fluence was 63.9 mJ/cm2. The track resistivity 

increased when the laser fluence was decreased and increased.   
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Table 28: Electrical track resistance of the tracks written on glass via back-illumination. 
Substrate Scan 

speed, 
µm/s 

Peak 
fluence, 
mJ/cm2 

Peak 
intensity, 

1011 
W/cm2 

Resistivity, 
µΩ cm 

Multiple 
of bulk 

tungsten 
resistivity 

Resistance per 
unit track 

length, Ω/mm 

Contact 
resistance, 

Ω 

Fused silica 30 63.9 4.3 50±10 8.8 533.7 14±9 

Fused silica 30 131.1 8.7 92±11 16.5 555.7 27±22 

Borosilicate 
glass 

30 40.1 2.7 559±41 99.7 6221.9 93±90 

Borosilicate 
glass 

300 63.9 4.3 40±4 7.2 1177.6 121±300 

Borosilicate 
glass 

3000 239.9 16.0 369±44 66.0 52771.0 150±80 

5.4 Track deposition on polyimide 

Tungsten LCVD using the ultrafast laser was also attempted on polyimide films. A 40 µm thick 

polyimide adhesive thin was pasted on a copper substrate and exposed to the laser at increasing laser 

power levels. The track width squared was plot against the laser peak fluence for threshold estimation 

as seen in Figure 117. The scanning speed was 30 µm/s. The ablation threshold was measured as 

67±15 mJ/cm2 while the deposition threshold was lower at 37±13 mJ/cm2. Deposition on polyimide 

without ablation was not possible using the 405 nm CW laser in the previous chapter. 

 
Figure 117: Graphs of track width squared against peak fluence for ablation and deposition threshold 

estimation of tungsten deposition on polyimide. 

Figure 118 shows the microstructure of the tungsten track deposition on the polyimide substrate. The 

substrate was sputter coated with Au/Pd after the deposition to avoid charging in the SEM. At a laser 

fluence of 45 mJ/cm2, quasi periodic structures were observed. The orientation of the structures was 

perpendicular to the linear polarization of the laser. When the laser power was increased, the width of 

the periodic structures increased until clumps of material was found in the middle of the track. 
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Figure 118: SEM images for the ultrafast LCVD on polyimide done with a focal spot of 6.6 µm, scanning 

speed of 30 µm/s and a laser power of 45, 55, and 80 mJ/cm2. 

5.5 Large area deposition 

Large area deposition was attempted by scanning the successive tracks close to each other at a fixed 

hatch spacing. Figure 119 shows such a deposition on stainless-steel substrate by scanning the 6.6 µm 

laser spot at a hatch spacing of 5 µm. There was no observable change in the deposition morphology 

between each successive line scans. 

 
Figure 119: Large area deposition on stainless steel substrate made by scanning the 6.6 µm beam at 30 µm/s 

(55 mJ/cm2 peak fluence) at a hatch spacing of 5 µm. Scan directions were labelled with red arrows. 

Figure 120 shows SEM images of the large area deposition on SiO2/Si substrates with the 33 µm laser 

spot. The sample on the left was made with a hatch spacing of 25 µm while that on the right has a hatch 

spacing of 21 µm. When the hatch spacing was reduced, the subsequent tracks became coarser due to 

clumping of the periodic structures. This was thought to be the due to the deposition outside the laser 

spot contaminating the substrate and the subsequent tracks got progressively worse. 
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Figure 120: SEM images of large area deposition on SiO2/Si at a hatch spacing of 25 (left) and 21 µm (right). 

As the hatch spacing was reduced, successive deposited lines become rougher. 

The degradation of the deposition quality for subsequent track also affected the thin film deposition. 

Figure 121 shows an optical image of multiple successive thin film track deposition on borosilicate glass 

through the back-illumination configuration. The first track of the left image had a straight edge, 

however the fourth track had a wavy edge. The first track also appeared darker than the subsequent 

tracks. These observations were likely due to successive deposition outside the laser spot from the 

previous tracks. When the scanning speed was increased from 30 (left) to 300 µm/s (right), the deposited 

film was thinner and the effect of the deposition outside the laser spot was reduced. 

 
Figure 121: Multiple thin film tracks on borosilicate glass deposited through the back-illumination 

configuration at a scan speed of 30 µm/s (left) and 300 µm/s (right), peak fluence of 45 mJ/cm2 (left) and 
67 mJ/cm2 (right), and hatch spacing of 8 µm. 

5.6 Columns 

Dwelling the laser on a spot for more than two seconds promoted the growth of the quasi-periodic 

structures into porous columns (Figure 122). After approximately 20 µm of column height, the 

periodicity and alignment of the structures became more random such that it was no longer generally 

aligned perpendicular to the laser linear polarization direction.  These columns retained diameters close 

to that of the focused laser spot at 7 µm and grew vertically until approximately 32 µm tall at a dwell 

time of 50 s. Beyond this height, the aspect ratio of the column prevented cooling to below the threshold 

deposition temperature between the laser pulses. Thus, non-porous deposition was observed near the tip 

of the column. Through non-porous deposition, the height continued to increase until approximately 
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60 µm tall at a dwell time of 100 s. Beyond that height, the tip of the column grew to form a cone 

previously seen in the column deposition using the 405 nm CW laser (section 4.3). 

 

 
Figure 122: SEM images, at 45⁰ angle to the substrate, of tungsten porous fibres on stainless steel by dwelling 
the laser at a peak fluence of 30 mJ/cm2 on a spot for (a) 1, (b) 5, (c) 50, and (d) 500 s. (e) Higher resolution 

image of (c) at the top of the column. 

There were no significant differences between using linear polarized and circular polarized laser beam 

for the column growth experiments. Figure 123 shows the column grown by dwelling the laser on a spot 

for 10 s for both linear and circular polarized laser. Both columns consisted of short nanowires and 

quasi-periodic walls. Both had similar diameters and heights after 10 s of growth. The column produced 

by linear polarized light had more features orientated to perpendicular to the linear polarization direction 

while the column produced by circular polarized light had more features pointing in random directions.  

 
Figure 123: SEM image of column grown by dwelling the laser on a spot for 10 s using (left) linear and 

(right) circular polarized laser beams. 
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Figure 124 shows the columns after a certain time dwell using a laser peak fluence of 80 mJ/cm2. 

Compared to the deposition using a lower power in Figure 122, the non-porous growth started earlier at 

20 s instead of 50 s. The height of the non-porous section for the growth with the higher laser power 

was also shorter at 22 µm compared to 32 µm for the growth using the lower laser power. The height 

growth rate for the deposition with the laser power was higher than the lower laser power. After 50 s of 

deposition time, the height of the column with the lower laser power was 45 µm while the height of the 

column grown with the higher laser power was 89 µm. The columns widths for both laser powers were 

approximately the same. The width for the porous section was approximately 10 µm while the width for 

the non-porous section was approximately 20 µm.  

  
Figure 124: SEM images, at 45° angle to the substrate, of deposition using laser peak fluence of 80 mJ/cm2 
for (a) 10, (b) 20, (c) 50, and (d) 100 s. Compared to the deposition using a lower power in Figure 122, the 

non-porous growth started earlier at around 20 s compared to 50 s. (e) Higher resolution image of (b) at the 
top of the column. 

5.6.1 Height growth rate 

Figure 125 shows a graph of the column heights against time for both the laser powers mentioned in the 

previous section. The height growth rate appears the same for the first 20 s. Then the growth rate using 

the higher laser peak fluence of 80 mJ/cm2 stays high at approximately 1.5 µm/s however the growth 

rate using the lower laser peak fluence of 30 mJ/cm2 drops to approximately 0.14 µm/s. Since the laser 

was not scanned in the z-direction, the drop in the growth rate using the lower laser peak fluence was 

likely due to insufficient intensity once the column tip grew higher than the focal point of the laser. 
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Figure 125: Height growth rate of the columns deposited with a laser power of 30 and 80 mJ/cm2.   

5.6.2 Scanning upwards in the z-direction 

Instead of stationary dwells, the laser can be scanned in the z-direction. Figure 126 shows the deposition 

results using the same laser peak fluence of of 80 mJ/cm2 but instead of dwelling the laser focal spot, 

the laser spot was moved up in the z-direction at a speed of 3 µm/s. After 100 s of deposition time, the 

tall column was produced. In Figure 124 where the laser spot was not moved up in the z-direction during 

the deposition, the column height after 100 s was 190 µm high with a diameter at the widest point of 

20 µm, achieving an aspect ratio of 9.5. In Figure 126 where the laser spot was moved up in the z-

direction at a speed of 3 µm/s the column height after 100 s was 330 µm with a diameter at the widest 

point was also approximately 20 µm. Thus a higher deposition rate was achieved by moving the focal 

spot in the z-direction. The higher deposition rate was achieved because by moving the laser spot the 

laser was focused closer to the tip of the column where growth was occuring. The column also consisted 

first of a porous quasi-periodic section near substrate followed by a non-porous section after reaching a 

height of 32 µm.  

 
Figure 126: SEM images, at 45° angle to the substrate, of 100 s deposition using peak fluence of 80 mJ/cm2 

and focal spot scanned in the z-direction at a speed of 3 µm/s. 
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5.6.3 Tilted columns and multi-column structures 

During the z-scans, the laser focused spot can be moved in the x- and y- direction to produce tilted 

columns. Figure 127 shows the deposited columns made by moving the focal spot at a speed of 2 µm/s 

at a direction 14° and 27° from the vertical respectively in the left and right images. When the laser scan 

direction was 14° from the vertical, a column tilted an angle of 12° was produced. Thus, the growth 

direction followed the focal laser spot. This tilted column had porous section (32 µm long) followed by 

non-porous sections similar to that seen in scanning the laser upwards without tilt. There was no 

significant build-up of material on the substrate below the tilted column. When the tilt angle was 

approximately doubled to 27°, a column tilted at an angle of 36.5° was produced because the growth 

rate in the horizontal direction was slower than the vertical direction. To increase the growth rate in the 

horizontal direction, the laser incident angle must be tilted closer to the required horizontal growth 

direction. The column was mainly porous quasi-periodic structures with no significant non-porous 

sections due to the low power input to the tip of the tilted column that was out of focus. There was also 

significant deposition of material below the tilted column because the thin column produced did not 

entirely block the incident laser from reaching the substrate below. 

 
Figure 127: SEM images, at 45° angle to the substrate, of 100 s deposition using peak fluence of 80 mJ/cm2 

and focal spot moved at a (left) 14° angle and (right) 27° angle from the vertical.  

The tilted columns can be combined to make more complex structures. Figure 128 shows a multiple 

column tower made from five columns. Four of the columns were made by scanning the laser at 14° 

angle to the vertical to create a four-sided pyramidal base. Each of the tilted columns was scanned at a 

speed of 2 µm/s for 100 s. The top section was then scanned from the tip of the four-sided pyramid at a 

speed of 2 µm/s in the vertical direction for 100 s. The total build time for the structure was 500 s. The 

four columns at the base started their growth with porous quasi-periodic structures then the deposition 

became non-porous after a certain column length. The fifth column on the top only consist of non-porous 

deposition. The top of the four base columns were not of the same diameter because the first column 

built blocked the incident laser from reaching the subsequent columns. 
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Figure 128: SEM images (left) at 45° angle to the substrate and (right) plan view, of a total of 500 s 

deposition time with laser peak fluence of 80 mJ/cm2. For the four tilted columns at the base, the laser was 
scanned at 14° angle from the vertical at a speed of 2 µm/s for 100 s each. Then the top column was made by 

scanning the laser for 100 s at a speed of 2 µm/s in the vertical direction. 

5.7 Walls 

 
Figure 129: Scanning the laser with peak fluence 55 mJ/cm2 and linear polarization (a, b) perpendicular and 

(c,d) parallel to the scan direction at a scan speed of 3 µm/s with SEM view from the top (a, c) and at a 45⁰ 
angle (b, d). 

At very low scanning speeds (<1 µm/s), it was possible to tilt the columnar structures. At a slightly 

higher scanning speeds (1-10 µm/s) porous walls of tungsten were created (Figure 129). The porous 

walls consisted of curvy walls and short nano-wires with thickness of approximately 100-200 nm. As 

the height of the walls increased, the alignment of the nano-structures became more random however 

the general alignment which was perpendicular to the linear beam polarization was still observed. For 
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the nano-structures parallel to the scan direction, the tilt angle of the columns was shallower. The growth 

rate in the horizontal direction was higher than when the nano-structures were perpendicular to the scan 

direction. This happened because the growth rate on the pre-deposited tungsten was higher than the 

nucleation rate on the substrate.  

5.8 Summary 

This chapter explored the ultrafast pyrolytic LCVD experiments in detail. The peak intensity in a 

ultrafast laser pulse enabled high temperatures of up to 1500 °C at the laser spot while the immediate 

surrounding surface remained cool. However, the temperature inside the laser spot drops drastically after 

the laser pulse, dipping below the deposition threshold temperature of CVD experiments and thus the 

time duration for successful deposition was short. This deposition regime favours reactions that have a 

high deposition rates, high deposition temperatures and high ablation thresholds for the deposited 

material such as the deposition of tungsten using tungsten hexacarbonyl. Spot dwell experiments showed 

that on semiconductors and transparent glass surfaces, a thin film was first deposited and then on that 

thin film, quasi-periodic structures started to grow. On metallic surfaces, the quasi-periodic structures 

started to grow without the thin film. The orientation of the quasi-periodic structures was perpendicular 

to the linear polarization of the laser beam and cross-section images revealed significant branching in 

the structures. 

Quasi periodic structures were also produced when the laser was scanned. Increasing the scan speed (≥ 

300 µm/s, � ≤ 11,000 ) produced thin film tracks without the quasi-periodic structures on transparent 

glass surfaces. However, ablation was observed in the middle of the thin film tracks on SiO2/Si 

substrates. The lowest laser peak fluence for observable deposition at scanning speed of 100 µm/s 

(�=33,000) was 110 mJ/cm2 peak fluence (3.70×1011 W/cm2 intensity, 19 nJ pulse energy or 9.5 mW 

of average power). The ablation threshold of the SiO2/Si substrate at this scanning speed was 

174±71 mJ/cm2. Elemental analysis of the deposits showed that the deposits were up to 90 wt% tungsten 

and there was insignificant tungsten deposition outside the laser spot. When the pulse repetition rate and 

scan speed was reduced to keep the same number of pulses per spot, the volumetric deposition rate did 

not drop in proportion to the drop in frequency. This suggested that the deposition process was limited 

by the transport of the precursor to the deposition site and higher precursor pressure or flow-rates would 

increase the deposition rate. 

By increasing the laser spot size from 6.6 µm to 33 µm, the deposition threshold on SiO2/Si substrate 

reduced and thin film deposition was possible on the substrate without ablation. For example with the 

larger spot size of 33 µm at a scanning speed of 500 µm/s (�=33,000), the lowest peak fluence for 

observable deposition was 42 mJ/cm2 compared to 110 mJ/cm2 when the smaller focal spot size of 

6.6 µm was used. This difference was attributed to the increase in energy per pulse for the same peak 

fluence when the spot size was increased. When the track was scanned multiple times, thin-film 
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formation was favoured over the formation of quasi-periodic structures. The lowest resistivity measured 

for the thin-film tracks on SiO2/Si substrates was 37±4 µΩ cm (6.7 times the bulk resistivity of tungsten), 

which was lower than the 66±7 µΩ cm (11.7 times bulk resistivity) achieved in the hydrogen annealed 

deposited track of the 405 nm CW laser diode. 

For transparent glass surfaces, it was possible to focus the laser through the glass substrate to cause 

deposition at the bottom surface. Thin-films and quasi periodic structures were formed in top-exposure 

configuration. Only thin-films and no quasi-periodic structures were observed in the deposits through 

this configuration. Deposition at the bottom surface was also observed when the glass was placed above 

another substrate such that the gap between the solids was less than a hundred microns. This showed 

that it is possible to write the tungsten tracks in the inner wall of transparent tight channels. Analysis of 

the deposition microstructure (section 5.2.6) in the scanned tracks showed that for the thin films the 

grain size was less than 400 nm thus the deposited tracks appears smooth in optical images.  

For polyimide films, deposition of quasi-periodic structures was possible at a scanning speed of 30 µm/s. 

The deposition threshold of 37±13 mJ/cm2 was lower than the ablation threshold of the material at 

67±15 mJ/cm2. 

Dwelling the laser on a spot longer than one second created porous towers due to growth of the quasi-

periodic structures. The porous towers grew up to an aspect ratio of four. From then on, the tower growth 

continued through non-porous deposition. This was thought to be due to the increase in the aspect ratio, 

the temperature at the tip of the laser did not cool down sufficiently after the laser pulse. Thus, significant 

deposition that were unaffected by the laser interference continued between the laser pulses.  By moving 

the laser spot 2 µm/s at a tilt of 14° from the vertical, tilted towers were grown. These tilted columns 

could be combined to form more complex structures. At higher scan speeds (<10 µm/s) porous walls of 

quasi-periodic structures were created.  
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Chapter 6 Ultrafast LCVD on graphene 

In this chapter, the feasibility of using the ultrafast LCVD deposition, detailed in the previous chapter, 

for depositing contact metals on graphene is explored. The aim was to successfully deposit the metal on 

graphene and measure the contact resistance between the metal and graphene. In this study, the graphene 

was produced through CVD in a cold wall reactor (Aixtron Black Magic Pro 4) using 25 µm thick copper 

catalyst foils at 1065 °C similar to the methods published in (Braeuninger-Weimer et al., 2016), (Van 

Veldhoven et al., 2016) and (Tao et al., 2012). The graphene films were then transferred to 280 nm 

SiO2/Si wafers using a wet transfer method. PMMA, which was used as the sacrificial transfer layer, 

was then removed using acetone and isopropanol. 

6.1 Large area graphene patterning 

The graphene grown in CVD and transferred to SiO2/Si substrates required patterning to create uniform 

shapes for accurate electrical measurements. Results for stripping graphene on SiO2/Si using a laser 

have been reported for single tracks (Dong et al., 2016), however parameters for large area removal of 

graphene through hatching of the line scans have not been reported. In this section, the laser with focal 

spot of 33 µm was first used to remove a single track of graphene. Then the track was scanned multiple 

times at a fixed hatch spacing to remove a larger area of graphene. Figure 130 shows optical images of 

the single ablation tracks scanned at a speed of 12.5 mm/s, 5 kHz repetition rate laser at various power 

levels. At low fluence of 68 mJ/cm2, a track with jagged edges was produced. At a higher fluence level 

of 134 mJ/cm2, the edges of the track were smoother. When the fluence level was increased to 

170 mJ/cm2 and above, damage to the underlying SiO2/Si substrate was visible. 
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Figure 130: Optical microscope images of graphene on SiO2/Si ablation at a scanning speed of 12.5 mm/s, 

pulse repetition rate of 5 kHz using a peak pulse fluence of (a) 68, (b) 134, (c) 170, and (d) 225 mJ/cm2.  

To confirm the removal of graphene, Raman analysis was done at a few locations across the ablated 

track. Figure 131 (a) shows a zoomed in image of the track made at peak fluence of 134 mJ/cm2 along 

with locations where Raman analysis were done. Figure 131 (b) shows the Raman peak 2D intensity of 

those spots against distance perpendicular to the ablated track. Figure 131 (c) shows the full Raman 

spectrum for the measurement spots on the right edge of the ablated track. The narrow 2D peak in the 

Raman spectrum indicates single layer graphene (Ferrari et al., 2006). Inside the ablated track, the 2D 

peak intensity decreased until spectrum no. 15 where the 2D peak was no longer observed, indicating 

that the graphene was completely removed. Spectrum no. 15 was similar to the bare SiO2/Si spectrum 

and there was no evidence of amorphous carbon (Figure 24 b). The width of the track measured from 

the optical microscope image was marked by the arrow in Figure 131 (b), and the good match with the 

dip in the peak 2D intensity showed that the optical measurement method was valid. The dip and rise in 

the peak 2D intensity were approximately 1 µm wide. This indicated that the minimum width of a 

narrow strip that can be manufactured using this technique was approximately 2 µm. The rise in the D 

peak in the spectrum no. 20  compared to the unexposed graphene was due to the increase in the presence 

of graphene edges (Cancado et al., 2008) and/or defects (Lucchese et al., 2010). The decrease in the 2D 

to G peak ratio intensity compared to the unexposed graphene indicated that the graphene was slightly 

doped after the laser ablation process (Beams et al., 2015).  
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Figure 131: (a) Close-up optical microscope image of ablated graphene track scanned at a speed of 12.5 mm/s 

and laser peak fluence of 134 mJ/cm2 showing spots (red circles) were Raman analysis were done. (b) Peak 
2D intensity Raman intensity and (c) Raman spectrum of those spots. The arrow and greyed areas were the 

width and width uncertainty of the track measured using the optical microscope.  

Figure 132 shows the graph of ablation track width squared against peak fluence in the logarithmic scale 

to find the thresholds based on equation 16. The scanning speed for the pulse repetition rates of 1 kHz 

and 5 kHz were 2.5 and 12.5 mm/s respectively to keep the number of pulses per spot the same in both 

settings. The ablation threshold of graphene was measured to be 60±10 and 57±8 mJ/cm2 for 

1 and 5 kHz respectively. These threshold values were slightly lower than the 66-120 mJ/cm2 value 

measured by Dong et al., 2016 using a smaller beam diameter of 4.16 µm,  scanning speed of 1.5 mm/s, 

and pulse repetition rate of 5 kHz. The ablation threshold of SiO2/Si was approximately 2.8 times higher 

at 160±33 to 161±39 mJ/cm2 for 1 and 5 kHz respectively.   
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Figure 132: Graph of track width squared against peak fluence extrapolated to estimate the ablation 

thresholds of graphene and the underlying SiO2/Si substrate at 1 kHz (left) and 5 kHz (right) pulse repetition 
rate. The ablation threshold of the underlying SiO2/Si dropped negligibly from 160±33 to 161±39 mJ/cm2 
when the pulse repetition rate was increased from 1 kHz to 5 kHz. For graphene, the ablation threshold 
dropped from 60±10 to 57±8 mJ/cm2 when the pulse repetition rate was increased from 1 kHz to 5 kHz.  

A peak fluence of 134 mJ/cm2, which was below the SiO2/Si ablation threshold measured previously, 

was chosen for the large area patterning of graphene. The width of the ablated graphene track at that 

fluence level, scanning at 12.5 mm/s with a pulse repetition rate of 5 kHz was 18±1 µm. Using these 

parameters, the maximum graphene area removal rate was 225,000±12,500 µm2/s (nearly two orders of 

magnitude higher than that reported by Dong et al., 2016). A hatch spacing of 10 µm was chosen to give 

an overlap of 44.4 % between the tracks. Figure 133 shows a 20 µm wide strip of graphene that was left 

after the hatch processing. The width of the graphene strip was consistent with that image for the whole 

processing length of 5 mm.   

 
Figure 133: Optical image of a graphene strip approximately 20 µm wide made by removing the surrounding 

graphene at scanning speed of 12.5 mm/s, pulse repetition rate of 5 kHz and hatch spacing of 10 µm. 

Figure 134 (a) shows a zoomed microscope image of the graphene strip with the locations where Raman 

analysis was done. Figure 134 (b) shows the peak 2D Raman intensity of those spots and Figure 134 (c) 

shows the Raman spectrum of a few of those spots. The spectrum no.1 have no observable 2D and G 

peaks indicating that the graphene was completely ablated outside the graphene strip. Inside the strip, 

the D, G and 2D peaks were visible. Compared to the unexposed graphene Raman spectrum, the rise in 

the D peak indicated presence of edges (Cançado et al., 2004) and/or defects (Lucchese et al., 2010) in 
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the graphene layer. The decrease in the 2D to G peak ratio intensity compared to the unexposed graphene 

indicated that the graphene was slightly doped after the laser ablation process (Beams et al., 2015). 

 

 
Figure 134: (a) Zoomed optical microscope image of the graphene strip with locations (red circles) of Raman 
analysis. (b) Peak 2D intensities of the Raman spectrum from those locations with the width measured from 

the optical microscope image marked by the arrow. (c) Raman spectrum at a few of those locations. The 
arrow and greyed areas in the top right image were the width and width uncertainty of the track measured 

using the optical microscope. 

6.2 Damage threshold of graphene at 500 kHz 

The ablation threshold of graphene exposed to ultrafast pulses measured in the previous section and 

reported by Dong et al., 2016 was for a pulse repetition rate of 5 kHz. The thin-film deposition 

investigated in section 5.2 was optimised for a pulse repetition rate of 500 kHz. Threshold at these high 

repetition rates (500 kHz) and high pulse overlap (� ≥ 11,000) have not been reported in literate and is 

studied in this section. Figure 135 shows optical images of the graphene on SiO2/Si after scanning the 

laser over at a speed of 1500 µm/s at various peak fluence levels. At a low fluence of 92 mJ/cm2, a vague 

narrow track was observed. When the peak fluence was increased to 118 mJ/cm2, the track became more 

obvious. However, no clear edges were detected in the images which suggested that the graphene was 

not removed. When the peak fluence was increased to 170 mJ/cm2, an ablated track of SiO2/Si was seen. 

The ablation track grew wider when the peak fluence was increased to 205 mJ/cm2. The SiO2/Si track 

appeared dark compared to that seen in Figure 130 likely due to thermal effects caused by the higher 

pulse overlap (� =11,000 here compared with � =13.2 in Figure 130). 
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Figure 135: Optical images of the damage on graphene when the laser was scanned at a speed of 1500 µm/s 

with a pulse repetition rate of 500 kHz and peak fluence of (a) 92, (b) 118, (c) 170, and (d) 205 mJ/cm2.  

Figure 136 (a) shows the optical microscope image of the track scanned with a peak fluence of 

92 mJ/cm2 with points where Raman analysis was done. Figure 136 (b) shows the peak 2D Raman 

intensity of those points against the relative distance perpendicular to the track scan direction. Figure 

136 (c) shows the Raman spectrum of a few of those points. In the middle of the track (point no. 20), G 

and 2D peaks were detected in the Raman spectrum. This indicated that graphene was present in the 

middle of the track where the fluence was at the highest. Towards the edge of the track (no. 41), the 

spectrum resembled the spectrum of the unexposed graphene with slightly higher D, G and 2D peaks. 

The width of the track measured from the optical image (indicated by the arrow in Figure 136 (top right)) 

was smaller than the damage width where the peak 2D intensity decreased. Thus, the damage threshold 

estimated through the linear regression of equation 16 would be an overestimate of the actual damage 

threshold.  

20 µm 

 (a) 

20 µm 

 (b) 

20 µm 

 (c) 

20 µm 

 (d) 



 

127 
 

 

 
Figure 136: (a) Zoomed in optical microscope image of the graphene track scanned with the laser at a speed 

of 1500 µm/s and peak fluence of 92 mJ/cm2 with locations where Raman analysis were done (black 
asterisks). (b) Peak 2D Raman intensity at those points against distance perpendicular to the scanned track. 

(c) Raman spectrum of a few of those points. The arrow and greyed areas in the top right image were the 
width and width uncertainty of the track measured using the optical microscope. 

Figure 137 shows the damaged graphene track widths squared, which were measured through optical 

microscope images, against the peak fluence in logarithmic scale. From those points, the estimate of the 

graphene damage threshold was 53±7 and 59±9 mJ/cm2 for a laser scanning speed of 500 and 1500 µm/s. 

These values were overestimates of the actual graphene damage threshold because the widths measured 

were smaller than actual damage width mentioned previously. The SiO2/Si substrate damage threshold 

was measured to be 106±14 and 101±12 mJ/cm2 for a laser scanning speed of 500 and 1500 µm/s 

respectively. 

  
Figure 137: Graph of damaged graphene track width squared against peak fluence in logarithmic scale. The 

damage threshold for graphene was estimated to be 53±7 and 59±9 mJ/cm2 for scanning speed of 500 and 
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1500 µm/s respectively while the ablation threshold of the SiO2/Si substrate was 106±14 and 101±12 mJ/cm2 
respectively. 

6.3 Deposition on graphene and ablated graphene surfaces 

Ultrafast LCVD of tungsten on SiO2/Si substrates have been studied in the previous chapter, however 

the deposition threshold was expected to change due to the presence of graphene and other residue on 

the surface. Figure 138 shows thin film tungsten tracks written on a graphene on SiO2/Si substrate where 

the top half of the graphene was ablated using the settings from section 6.1. The width of the track was 

larger on the graphene side.  

  
Figure 138: Optical microscope images of ultrafast LCVD of tungsten on graphene and ablated graphene 
surfaces using a scanning speed of 500 µm/s and peak pulse fluence of 79 mJ/cm2 (left) and 1500 µm/s at 

92 mJ/cm2 (right). 

Figure 139 shows graphs of thin-film track width squared against laser peak fluence in the logarithmic 

scale to find the threshold using equation 16 for various scanning speeds and substrates. The deposition 

threshold on the unablated graphene surface was 30±6 and 34±7 mJ/cm2 at scan speed of 500 and 

1500 µm/s respectively. The deposition threshold on the ablated graphene surface was higher at 

38±8 and 55±12 µm/s for scan speed of 500 and 1500 µm/s. For both scan speeds, the deposition 

threshold on clean SiO2/Si was lowest, followed by on graphene and the deposition threshold on ablated 

graphene was the highest. 

 
Figure 139: Graph of track width squared against peak fluence extrapolated to show the deposition threshold 
at scanning speeds of 500 µm/s and 1500 µm/s on unablated and ablated graphene on SiO2/Si surfaces. The 
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deposition threshold at 500 µm/s was 27±6, 30±6 and 38±8 mJ/cm2 on clean SiO2/Si, graphene and ablated 
graphene respectively. The deposition threshold for 1500 µm/s was higher at 33±7, 34±7 and 55±12 mJ/cm2 

on clean SiO2/Si, graphene and ablated graphene respectively. 

Figure 140 (a) shows the zoomed optical microscope image of the track deposited on graphene at 

500 µm/s scan speed and 79 mJ/cm2 peak fluence along with points where Raman analysis was done. 

Figure 140 (b) shows the 2D peak intensity of those points against distance perpendicular to the 

deposited track. The arrow in the chart is the width of the deposited track measured from the optical 

microscope image. Figure 140 (c) shows the Raman spectrum of a few of those points. The figures show 

that up until the deposited track, graphene with a slightly higher D peak was detected. This indicated 

that there was a good possibility that the graphene and tungsten metal were in contact. 

 

 
Figure 140: (a) Zoomed in optical microscope image of deposition on graphene done at 500 µm/s and peak 
fluence of 79 mJ/cm2 along with points (red circles) where Raman analysis was done. (b) Peak 2D Raman 
intensity of those points against distance perpendicular to the track. (c) Raman spectrum at a few of those 

points. The arrow and greyed areas in the top right image were the width and width uncertainty of the track 
measured using the optical microscope. 

Figure 141 (a) shows the zoomed optical microscope image of the track deposited on graphene at 

1500 µm/s scan speed and 92 mJ/cm2 peak fluence along with points where Raman analysis was done. 

Figure 141 (b) shows the 2D peak intensity of those points against distance perpendicular to the 

deposited track. The arrow in the chart is the width of the deposited track measured from the optical 

microscope image. Figure 141 (c) shows the Raman spectrum of a few of those points. Similar to Figure 

140, Figure 141 show that up until the deposited track, graphene with a slightly higher D peak was 

detected indicating good contact with the deposited tungsten. The increase in the D peak compared to 
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the unexposed graphene sampled indicated an increase in edges (Cançado et al., 2004) and/or defects 

(Lucchese et al., 2010). 

 

 

 
Figure 141: (a) Zoomed in optical microscope image of deposition on graphene done at 1500 µm/s and peak 
fluence of 92 mJ/cm2 along with points (red circles) where Raman analysis was done. (b) Peak 2D Raman 
intensity of those points against distance perpendicular to the track. (c) Raman spectrum at a few of those 

points. The arrow and greyed areas in the top right image were the width and width uncertainty of the track 
measured using the optical microscope. 

6.4 Condition of graphene under deposited tungsten 

To understand the nature of the graphene-metal contact, it was necessary to examine the condition of 

the graphene under the deposited tungsten. Tungsten can be dissolved in hydrogen peroxide (Yang et 

al., 2015) within minutes. Multi-layer graphene on nickel substrates and transmission electron 

microscopy grids were degraded by hydrogen peroxide only after 10-25 hours of exposure (Xing et al., 

2014). Thus, there was a possibility to dissolve the deposited tungsten while negligibly damaging the 

underlying graphene. A controlled experiment was done to understand the effects of hydrogen peroxide 

on the single layer graphene on SiO2/Si sample used in this study. Figure 142 shows the Raman spectrum 

of a graphene sample left in air and the Raman spectrum of a graphene sample exposed to 30 wt% 

hydrogen peroxide for one hour then blown dry. There were no significant differences between the 

carbon D and G peaks, and there was a slight improvement in the 2D peak showing that the one hour 

exposure to hydrogen peroxide did not degrade the graphene.  
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Figure 142: Raman spectrum of graphene on SiO2/Si substrate that was dipped in 30 wt% H2O2 for 1 hour 

and another that was left in air.  

Figure 143 shows the intensity of the 2D Raman peak against distance perpendicular to the track on the 

graphene sample with no tungsten deposition, with tungsten deposition and with the tungsten deposition 

removed by H2O2 . The sample scanned a speed of 500 µm/s with peak fluence of 79 mJ/cm2 on the left 

and the sample scanned at 1500 µm/s and 92 mJ/cm2 on the right. As mentioned in section 6.2, the 

graphene was damaged but not removed in the sample that had no precursor for deposition. However, 

after removing the deposited tungsten track, no graphene was detected under the track. The trough in 

the Raman 2D peak intensity against distance graph for the sample with deposition and with the 

deposition removed were similar. 

 
Figure 143: Intensity of 2D peak of Raman spectrum against distance perpendicular to the track where there 
was no deposition, with deposition and with deposition removed for a scanning speed of 500 µm/s and peak 

fluence of 79 mJ/cm2 (left) and 1500 µm/s at 92 mJ/cm2 (right).  

Tungsten carbide has been reported to dissolve in hydrogen peroxide (Nakajima et al., 1999) and there 

was a possibility that the graphene under the deposited tungsten track reacted with the tungsten to form 

tungsten carbide. No tungsten carbide peaks were found from the Raman spectrum of the tungsten track. 

However, this may be due to the low tungsten carbide yield from the single layer graphene or the Raman 

signal blocked by the thick tungsten layer above. In another sample where tungsten was deposited on a 

drop-casted multi-layer reduced graphene oxide sample, tungsten carbide peaks at 709 and 806 cm-1 

were detected (Figure 144). No peak tungsten carbide peaks were seen in the area outside the deposited 

track. As the laser power was increased, the tungsten carbide signal got weaker and disappeared likely 

because the tracks were thicker.   
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Figure 144: Raman spectrum of tungsten thin film deposited on reduced graphene oxide coated sample 

showing tungsten carbide peaks at 709 and 806 cm-1 (Yan et al., 2013). 

6.5 Graphene tungsten contact resistance 

 
Figure 145: Optical images (top) and zoomed inset (bottom) of ultrafast LCVD tungsten tracks across the 

graphene strip. The tungsten tracks were deposited at 1500 µm/s scanning speed and 92 mJ/cm2 peak pulse 
fluence. These tracks were used to measure the contact resistance between tungsten and graphene through 

the transfer length method and four-point probe method. 

Another method of analysing the contact between the graphene and deposited metal was to measure the 

electrical contact resistance between them. Two strips of graphene were patterned to a width of 

approximately 20 µm based on the parameters described in section 6.1. Next, the laser was used to 

deposit tungsten tracks perpendicular to the graphene strip. One sample was scanned at a speed of 
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500 µm/s and peak fluence of 79 mJ/cm2 (setting 1), while the other sample was scanned at 1500 µm/s 

and peak fluence of 92 mJ/cm2 (setting 2). Figure 145 shows the sample with the tungsten deposited at 

speed of 1500 µm/s.  Due to the lower deposition threshold on the graphene compared to the ablated 

graphene surface mentioned in section 6.3, the tungsten track on graphene was wider. 

Due to the higher deposition threshold and thus a lower width on the ablated graphene surface, the 

resistance per unit length of deposited track would be lower compared to the electrical measurements 

made in the previous chapter. To obtain accurate values, the track resistance was measured on samples 

where the graphene was completely ablated from the surface. Table 29 shows the electrical measurement 

results of those tracks. The track written at the lower speed of 500 µm/s would have created a thicker 

tungsten track based on the study in the previous chapter, thus the expected resistance per unit length 

was lower. The contact resistance between the track and the silver paste pad were low (<12 Ω) for both 

tracks. 

Table 29: Electrical resistance measurements of tungsten tracks on the ablated graphene surface. 
Setting Scan speed, 

µm/s 
Peak pulse 

fluence, mJ/cm2 
Peak pulse power, 

×1011 W/cm2 
Resistance per 

unit length, Ω/mm 
Contact 

resistance, Ω 
1 500 79 2.64 193±6 12±1 
2 1500 92 3.08 756±38 2±6 

The electrical resistance between the graphene and deposited tracks were then measured. Figure 146 

shows graphs of electrical resistance measurements against length per unit width of the graphene strip 

for both settings. The original measurements of the track resistance were corrected to account for the 

tungsten track lengths and electrical properties mentioned in Table 29. The correction for the tungsten 

track written at 1500 µm/s speed was larger due to the higher track resistance per unit length of the track 

at that setting. 

 
Figure 146: Resistance against length per unit graphene strip width for the tungsten tracks written at 
500 µm/s speed and 79 mJ/cm2 peak fluence (left) and 1500 µm/s and 92 mJ/cm2 (right). The original 

measurements were corrected based on the tungsten track length and tungsten track resistance values in 
Table 29. 

Table 30 shows the electrical measurements for the contact between the tungsten and graphene for both 

tungsten write settings and using both TLM and four-point probe method. The average sheet resistance 

measured for the graphene was 558±27 and 641±26 Ω per square for the writing speed of 500 and 
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1500 µm/s respectively. These were close to the 670 Ω per square value measured using Au/Pd contacts 

deposited through electron beam lithography (Peng et al., 2015). The average contact resistance of the 

graphene and tungsten metal was measured to be 14±1 and 4.3±0.4 kΩ µm for the writing speed of 500 

and 1500 µm/s respectively. The higher writing speed produced lower contact resistance. These values 

were close to the contact resistance between nickel and graphene at 9.3±1.0 kΩ µm (Politou et al., 2015) 

where nickel carbide was formed at the contact. However, these contact resistance values were larger 

compared to noble metal-graphene contacts such as palladium at 2.8±0.4 kΩ µm (Politou et al., 2015). 

To ensure that the track resistance measurements were not affected by deposition outside the laser spot, 

a control study was done. The graphene on SiO2/Si substrates for another two samples were completely 

ablated based on parameters in section 6.1. Next, tungsten was deposited in the configuration similar to 

that seen in Figure 145 using the two tungsten deposition settings in this chapter. Next, silver paste was 

painted at the edges of the tungsten tracks and once dried, the electrical resistance between the tracks 

were measured. All electrical measurements were two orders of magnitude higher (>1 MΩ) than the 

samples with the 20 µm graphene strip. These results showed that the electrical measurements in Figure 

146 and Table 30 were due to the presence of the graphene strip and not due to the deposition outside 

the laser track or conduction through the SiO2/Si substrate. 

Table 30: Resistance results for the tungsten metal to graphene contact. 
Setting Scan speed, 

µm/s 
Peak pulse 

fluence, 
mJ/cm2 

Measurement type Resistivity, 
Ω per 
square 

Contact 
resistance, 

kΩ µm 
1 500 79 Transfer length method 861±103 4±5 

1 500 79 Four-point probe joint 2-3 474±35 19±2 

1 500 79 Four-point probe joint 3-4 651±48 13±2 

Inverse variance weighted average 558±27 14±1 

2 1500 92 Transfer length method 546±62 12±2 

2 1500 92 Four-point probe joint 2-3 642±47 7±1 

2 1500 92 Four-point probe joint 3-4 693±51 7±1 

2 1500 92 Four-point probe joint 4-5 650±48 3.0±0.4 

Inverse variance weighted average 641±26 4.3±0.4 

6.6 Summary 

In literature, photolithography and metal evaporation are typically used to pattern and deposit metal on 

graphene. In this chapter, an alternative fabrication route using ultrafast lasers for patterning and metal 

deposition on graphene was explored.  

Graphene grown on copper catalyst films and transferred to SiO2/Si substrates required patterning to 

create shapes compatible with the electrical contact measurements. The ablation threshold of graphene 

on SiO2/Si substrates was determined to be 57±8 mJ/cm2 using a 300 fs, 33 µm laser spot with a pulse 

repetition rate of 5 kHz and scanning speed of 12.5 mm/s. The track width produced by using a peak 

fluence of 134 mJ/cm2 (lower than SiO2/Si ablation threshold at 161±39 mJ/cm2) was 18±1 µm which 
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translated to a graphene area removal rate of 225,000±12,500 µm2/s (nearly two orders of magnitude 

higher than previously reported results Dong et al., 2016). By scanning the tracks one after the other at 

that fluence setting at a hatch spacing of 10 µm (44.4 % overlap), large area graphene removal was 

possible and a 5 mm long 20 µm wide graphene strip was patterned on the SiO2/Si substrate. Raman 

analysis on the graphene from the single ablation tracks and the remaining graphene strip showed a rise 

in the D peak compared to the unexposed graphene and a decrease in the 2D to G peak ratio. The rise in 

the D peak was due to the increase in the presence of graphene edges (Cançado et al., 2004) and/or 

defects (Lucchese et al., 2010). While the decrease in the 2D to G peak ratio intensity indicated that the 

graphene was slightly doped after the laser ablation process (Beams et al., 2015).  

For the pulse repetition rate of 500 kHz used in the ultrafast LCVD of tungsten, the graphene was not 

ablated but detected via Raman in the middle of the track. Compared to the pristine graphene, in the 

middle of the track the graphene had more edges and/or defects as identified by the Raman signal. The 

damage threshold for the graphene was estimated to be less than 53±7 and 59±9 mJ/cm2 for a laser 

scanning speed of 500 and 1500 µm/s respectively. The tungsten deposition threshold on the unablated 

graphene surface was 30±6 and 34±7 mJ/cm2 at scan speed of 500 and 1500 µm/s respectively. For both 

scan speeds, the deposition threshold on clean SiO2/Si was lowest, followed by on graphene and the 

deposition threshold on ablated graphene was the highest. Two tungsten deposition settings were tested 

on graphene: (setting 1) 500 µm/s scan speed with 79 mJ/cm2 peak fluence and (setting 2) 1500 µm/s 

scan speed with 92 mJ/cm2 peak fluence. For both deposition settings, Raman analysis just outside the 

edge of the deposited track showed presence of graphene. After dissolving the tungsten with hydrogen 

peroxide, which was proven to not affect the graphene, no graphene was found under the tungsten track. 

Thus, the graphene likely reacted with the deposited tungsten to form tungsten carbide which does 

dissolve in hydrogen peroxide. The average contact resistance between the graphene deposited tungsten 

metal was measured to be 14±1 and 4.3±0.4 kΩ µm for settings 1 and 2 respectively. These values were 

close to the figures reported in literature for metal that formed carbides with graphene such nickel at 

9.3±1.0 kΩ µm but higher than noble metals such as palladium at 2.8±0.4 kΩ cm. 
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Chapter 7 Conclusion and future work 

The aim of this study as set out in section 1.2 was to investigate the feasibility of using pulsed ultrafast 

lasers for pyrolytic LCVD. For comparison, deposition using CW lasers using the same precursor was 

done. The novelty in the CW laser deposition was the usage of high power high wall plug efficiency 

laser diodes. Deposition using the pulsed ultrafast lasers were possible on various substrates including 

SS304, SiO2/Si, glass and polymers. An application that was explored for the pulsed ultrafast laser was 

the deposition of tungsten metal contacts on graphene. In this chapter, the conclusions are highlighted 

and suggestions for future work directions are proposed. 

7.1 Continuous wave LCVD conclusions 

In the CW LCVD chapter, the optimum substrate temperature and deposition pressure was established 

for the ultrafast pulsed laser experiments. The track with the lowest resistivity was also used as a 

comparison standard to the ultrafast laser deposition results. These are the conclusions drawn from that 

chapter.  

 The microstructure of the CW LCVD of tungsten consisted of circular grains with diameters at the 

order of 100 nm to 1 µm. This morphology did not change with the laser scanning speed, substrate 

temperature, deposition pressure and laser power. However, the size of the grains increased with 

deposition pressure and temperature, leading to rougher and higher resistivity tracks. 

 There was significant deposition outside the laser spot, this was thought to be due to deposition of 

partially broken-down precursors and by-products of the pyrolytic dissociation. Deposition outside 

the laser spot increased with deposition pressure and temperature. 

 The lowest recorded as-deposited track resistivity achieved was 93±27 µΩ cm (16.6 times bulk 

tungsten resistivity) for the track deposited at a laser power of 350 mW, scan speed of 10 µm/s, 

deposition pressure of 0.5 mBar and substrate temperature of 100 °C. The volumetric deposition rate 

at these settings was 51.4 µm3/s .The tungsten purity measured through EDX in the middle of that 

track was 81.4 wt% with 13.7 wt% carbon and 4.9 wt% oxygen excluding the measured silicon 

content detected from the substrate. If a triangular deposition profile was assumed without counting 

the cross-section area due to deposition outside the laser spot as done by (Nambu et al., 1990), then 

the calculated resistivity would have been 5.6 times bulk tungsten which was within the 2-6 times 

bulk tungsten range reported by (Nambu et al., 1990). 

 Through COMSOL simulations of the laser heating, the temperature at the laser spot was estimated 

to be 533 °C, which was slightly higher than the estimated temperature at the laser spot for the 
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parameters used by (Nambu et al., 1990) at 500 °C. This deposition temperature was high enough to 

deposit the low resistivity �-phase tungsten mentioned in literature. 

 The usage of hydrogen instead of nitrogen gas as the background gas during the deposition did not 

change the deposition track geometry, microstructure morphology and amount of deposition outside 

the laser spot. However, by annealing in hydrogen at 650 °C for 30 mins, removal of the deposition 

outside the laser spot was achieved. Optical microscope images and EDX element analysis showed 

that the region outside the laser spot returned to the substrate composition levels after the annealing. 

The annealing process increased the tungsten purity from 83.3 % to 90.6 % (excluding silicon) and 

reduced the resistivity from 93±27 to 66±7 µΩ cm (16.6 to 11.7 times bulk tungsten resistivity). 

There was also a significant reduction in the contact resistance between the deposited tungsten track 

and the silver paste from 132±92 to 2±32Ω. 

 When the laser was dwelled on the spot to create structures perpendicular to the substrate, the deposit 

grew from a thin layer, to a sphere, then a conical shape, a column and then a bulb-like shape as the 

deposition time increased. The change in morphology was attributed to the temperature distribution 

on the surface of the deposit during growth due to the higher diffusivity of tungsten compared with 

stainless steel. 

7.2 Ultrafast LCVD conclusions 

The deposition on SS304, SiO2/Si, glass and polyimide film was studied in the ultrafast LCVD chapter. 

These are the conclusions from that chapter. 

 The peak intensity in a ultrafast laser pulse enables high temperatures of up to 1500 °C at the laser 

spot while the immediate surrounding surface remains cool. However, the temperature inside the 

laser spot drops drastically after the laser pulse, dipping below the deposition threshold temperature 

of CVD experiments after a few nanoseconds. This deposition regime favours reactions that have a 

high deposition rates, high deposition temperatures and high ablation thresholds for the deposited 

material such as the deposition of tungsten using tungsten hexacarbonyl.  

 Spot dwell experiments showed that on semiconductors and transparent glass surfaces, a thin film 

was first deposited and then on that thin film, quasi-periodic structures started to grow. On metallic 

surfaces, the quasi-periodic structures started to grow without the thin film.  

 The orientation of the quasi-periodic structures was perpendicular to the linear polarization of the 

laser beam and cross-section images revealed significant branching in the structures. 

 The lowest laser peak fluence for observable deposition when the laser was scanned at speed of 

100 µm/s (� = 33,000) was 110 mJ/cm2 peak fluence (3.70×1011 W/cm2 intensity, 19 nJ pulse energy 

or 9.5 mW of average power). The ablation threshold of the SiO2/Si substrate at this scanning speed 

was 174±71 mJ/cm2. 
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 Elemental analysis of the deposits showed that the deposits were up to 90 wt% tungsten and there 

was insignificant tungsten deposition outside the laser spot.  

 When the pulse repetition rate and scan speed was reduced to keep the same number of pulses per 

spot, the volumetric deposition rate did not drop in proportion to the frequency. This suggested that 

the deposition process was limited by the transport of the precursor to the deposition site and higher 

precursor pressure or flow-rates would increase the deposition rate. 

 By increasing the laser spot size from 6.6 µm to 33 µm, the deposition threshold on SiO2/Si substrate 

reduced and thin-film deposition was possible on the substrate without ablation. The lower threshold 

was attributed to the increase in energy per pulse for the same peak fluence when the spot size was 

increased.  

 When the track was scanned multiple times, thin-film formation was favoured over the formation of 

quasi-periodic structures.  

 The lowest resistivity measured for the thin-film tracks on SiO2/Si substrates was 37±4 µΩ cm (6.7 

times the bulk resistivity of tungsten), which was lower than the 66±7 µΩ cm (11.7 times bulk 

resistivity of tungsten) achieved in the annealed deposited track of the 405 nm CW laser diode. 

 For transparent glass surfaces, besides deposition on the top surface, it was possible to focus the laser 

through the glass substrate to cause deposition at the bottom surface. 

 For polyimide films, deposition of quasi-periodic structures was possible at a scanning speed of 

30 µm/s. The deposition threshold of 37±13 mJ/cm2 was lower than the ablation threshold of the 

material at 67±15 mJ/cm2. 

 Dwelling the laser on a spot longer than one second created porous towers due to growth of the quasi-

periodic structures. The porous towers grew up to an aspect ratio of four. From then on, the tower 

growth continued through non-porous deposition. This was thought to be due to significant growth 

in between the laser pulses because the aspect ratio prevents the top temperature from cooling below 

the threshold deposition temperature. 

 By moving the laser spot at 3 µm/s upwards in the z-direction, tall columns with height of 190 µm, 

diameter of 20 µm and aspect ratio of 9.5 were made. By moving the laser spot 2 µm/s at a tilt of 14° 

from the vertical, tilted towers were grown. These tilted columns could be combined to form more 

complex structures. 

7.3 Ultrafast LCVD on graphene conclusions 

One application of the pulsed ultrafast LCVD of tungsten was explored in this study. Here are the 

conclusions of the experiments. 

 Graphene grown on copper catalyst films and transferred to SiO2/Si substrates required patterning to 

create shapes compatible with the electrical contact measurements. The ablation threshold of 

graphene on SiO2/Si substrates was determined to be 57±8 mJ/cm2 using a 300 fs, 33 µm laser spot 
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with a pulse repetition rate of 5 kHz and scanning speed of 12.5 mm/s. The track width produced by 

using a peak fluence of 134 mJ/cm2 (lower than SiO2/Si ablation threshold at 161±39 mJ/cm2) was 

18±1 µm which translated to a graphene removal area of 225,000±12,500 µm2/s (nearly two orders 

of magnitude higher than previously reported results Dong et al., 2016). 

 By scanning the tracks one after the other at that fluence setting at a hatch spacing of 10 µm (44.4 % 

overlap), large area graphene removal was possible and a 5 mm long 20 µm wide graphene strip was 

patterned on the SiO2/Si substrate.  

 Raman analysis on the graphene from the single ablation tracks and the remaining graphene strip 

showed a rise in the D peak compared to the unexposed graphene and a decrease in the 2D to G peak 

ratio. The rise in the D peak was due to the increase in the presence of graphene edges (Cançado et 

al., 2004) and/or defects (Lucchese et al., 2010). While the decrease in the 2D to G peak ratio 

intensity indicated that the graphene was slightly doped after the laser ablation process (Beams et al., 

2015).  

 For the laser parameters used in the ultrafast LCVD of tungsten (500 µm/s scan speed and 79 mJ/cm2 

peak fluence or 1500 µm/s and 92 mJ/cm2), the graphene was not ablated but detected via Raman in 

the middle of the track. Compared to the pristine graphene, in the middle of the track the graphene 

had more edges and/or defects as identified by the Raman signal. The damage threshold for the 

graphene was estimated to be less than 53±7 and 59±9 mJ/cm2 for a laser scanning speed of 500 and 

1500 µm/s respectively.  

 The tungsten deposition threshold on the unablated graphene surface was 30±6 and 34±7 mJ/cm2 at 

scan speed of 500 and 1500 µm/s respectively, which was lower than the damage threshold. For both 

scan speeds, the deposition threshold on clean SiO2/Si was the lowest, followed by on graphene and 

the deposition threshold on ablated graphene was the highest.  

 Two tungsten deposition settings were tested on graphene: (setting 1) 500 µm/s scan speed with 

79 mJ/cm2 peak fluence and (setting 2) 1500 µm/s scan speed with 92 mJ/cm2 peak fluence. For both 

deposition settings, Raman analysis up just outside the edge of the deposited track showed presence 

of graphene. After dissolving the tungsten with hydrogen peroxide, which was proven to not affect 

the graphene, no graphene was found under the tungsten track. Thus, the graphene likely reacted 

with the deposited tungsten to form tungsten carbide which does dissolve in hydrogen peroxide.  

 The average resistivity of the graphene strip was measured to be 558±27 and 641±26 Ω per square 

for settings 1 and 2 respectively. The average contact resistance between the graphene deposited 

tungsten metal for setting 2 was measured to be 4.3±0.4 kΩ µm, while that of setting 1 was higher at 

14±1 kΩ µm. These values were close to the values reported in literature for metals that formed 

carbides with graphene such nickel at 9.3±1.0 kΩ µm but higher than noble metals such as palladium 

at 2.8±0.4 kΩ cm. 
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7.4 Future work 

This study focused on understanding the fundamentals of the pyrolytic ultrafast LCVD process. There 

were only sufficient resources to investigate one application of the technology, deposition of metal 

contacts to graphene. Potentially, there are numerous other suitable applications for the process. Besides 

applications, the usage of other precursors should also be investigated. By combining the tungsten 

precursor with a sulphur source, it may be possible to direct write tungsten disulphide which is a 

transition metal dichalcogenides (TMD). 

7.4.1 Gaps in current work 

Reduction or removal of the deposition outside the laser spot to achieve consistent large area thin-film 

deposition through hatching of multiple scan lines is important. This would enable one to make a large 

deposition area suitable for wire-bonding contacts or macro probes. 

The deposition of tungsten on graphene produced electrical contact. Due to deposition outside the laser 

spot, the effect on graphene needs more study. Another step would be the manufacture and test of a 

field-effect graphene transistor using with the tungsten metal contacts deposited via ultrafast LCVD.  

7.4.2 Investigation of other precursors 

CW LCVD are not suitable for precursors that require a high temperature for deposition. This was due 

to the spreading of heat from the laser spot to the surrounding areas. However, there are recent 

developments in CVD precursors that require lower deposition temperatures and have not been 

investigated in LCVD. This include palladium hexafluoroacetylacetonato which has a thermal 

deposition temperature as low as 80 °C (Garcia and Goto, 2003). Preliminary results using this precursor 

showed promising results (Figure 147). However, the results were difficult to reproduce due to reactivity 

of the precursor with the hydrogen gas used as the reducing agent. The deposition was limited to the 

laser spot and there was no deposition seen outside the laser spot in the optical microscope image. This 

was likely due to the low laser power of 150 mW which was estimated to achieve a peak substrate 

temperature of 180 °C. The low deposition temperature would be suitable for deposition on polymers 

for direct writing onto flexible electronics in roll to roll productions systems. 
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Figure 147: Optical (left) and (electron) microscope images of the deposition of palladium on SiO2/Si 

substrate using the 405 nm CW laser diode with a laser power of 150 mW and scanning speed of 10 µm/s. 

When the palladium hexafluoroacetylacetonato precursor was used in the ultrafast LCVD, the deposition 

consisted of nucleated grains that did not coalesce well with one another to form a smooth film (Figure 

148). This was either due to the ultrafast LCVD process favouring high temperature dissociation 

precursors or the palladium that was deposited was ablated by the laser. Investigations with more 

precursors in both the CW and ultrafast lasers is needed to reveal the difference between them. 

  
Figure 148: Ultrafast LCVD of palladium using palladium hexafluoroacetylacetonato at a scanning speed of 

10 µm/s (left) and 100 µm/s (right).  

7.4.3 Laser post-deposition treatment 

Another topic that would be good to explore is the use of the laser for post-deposition treatment. In 

section 4.2.6, annealing in hydrogen was done in a furnace to reduce the resistivity of the CW LCVD 

track from 32 to 6 times bulk tungsten resistivity and reduce the deposition outside the track. Potentially, 

this annealing step can be done with the laser inside the deposition chamber with hydrogen gas. Besides 

annealing, the laser can also be used to ablate the high impurity deposition outside the laser spot and 

trim the tracks to increase the potential resolution of the deposition. 

7.4.4 Other potential applications of tungsten ultrafast LCVD 

One potential application of the process is for filling through silicon vias (TSV) with metal contacts in 

three-dimensional circuit integration (3DCI). 3DCI combines multiple planar circuit layers using TSVs 

(Garrou, 2012). The benefits of this include better electrical performance due to increased signal speed 

20 µm 20 µm 

2 µm 2 µm 
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and reduction in memory latency; lower power consumption and noise due to shorter wire lengths; 

smaller form factor; possible reduction in cost; and increase in functionality (Garrou et al., 2012). TSVs 

are made either during or after integrated circuit fabrication (Garrou and Bower, 2012). The holes for 

the TSVs are first made using either deep reactive ion etching techniques (Roozeboom et al., 2012) or 

laser ablation techniques (Lo and Chang, 2012). After drilling the holes, the walls of the hole needs to 

be passivated using dielectrics such as SiO2 (Wieland, 2012) or parylene (Garrou and Bower, 2012). 

Then the TSVs are filled either using copper plating (Ritzdorf et al., 2012) or CVD of tungsten and 

copper (Klumpp et al., 2012). There is the opportunity to develop an integrated laser drilling and 

deposition system to fabricate the TSVs. First the silicon substrate is drilled using ultrafast lasers (Tan 

et al., 2009). Then the holes are passivated with a dielectric and filled with a conductor via LCVD. The 

tall columns built in section 5.6.2 would be promising in this area. This process may achieve a higher 

throughput and quality compared with high aspect ratio etching and deposition techniques. 

Many fluidic devices control liquid and particle flow and sensing through electrical principles such as 

electrochemical- or impedance-based sensing, particle manipulation based on dielectrophoresis, 

electrokinetic separation, electroosmotic flow generation, and droplet manipulation by electrowetting 

(Temiz et al., 2015). Section 5.3 showed that it was possible to focus the laser on the bottom surface of 

a transparent medium (such as glass) for deposition on that surface. Thus, the ultrafast LCVD technique 

can be used to write conductive tracks inside hollow channels. This opens the technique for manufacture 

of electrical components for micro-fluidic devices. 

Tungsten is one of the materials used in X-ray sources. The accuracy of X-ray micro-computed 

tomography scans depends on stable X-ray sources. If the X-ray source is small in size, better accuracy 

can be achieved (Zhou et al., 2016). Ultrafast LCVD may be used to deposit micro-scaled geometries 

of tungsten on transparent X-ray substrates.  

Another potential application of the tungsten ultrafast LCVD is to take advantage of the nano-porosity 

of the quasi-periodic structures. These porous structures increase the surface area and may be 

functionalized with other materials. The large surface area holds potential as battery electrodes, large 

area surface catalyst, scaffolds for cell growth or even biological/chemical sensors. 

7.4.5 Pyrolytic ultrafast synthesis of tungsten disulphide 

An interesting usage of pyrolytic ultrafast LCVD is the synthesis of TMDs such as tungsten disulphide. 

TMDs are semiconductors of type MX2 where M is the transition  metal atom (such as Mo or W) and X 

is a chalcogen atom (such as S, Se, or Te) (Manzeli et al., 2017). Two dimensional TMDs have electronic 

bandgaps that graphene lacks. Interesting physical properties of TMDs include atomic scale thickness, 

direct bandgap, strong spin-orbit coupling and favourable electronic and mechanical properties. These 

properties are sort after for applications in high-end electronics, spintronics, optoelectronics, energy 

harvesting, flexible electronics, DNA sequencing and personalized medicine. 
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The main synthesis routes for TMDs are molecular beam epitaxy and CVD. Single layer form of this 

TMDs are most sort after because the absence of interlayer coupling plus the lack of inversion symmetry 

leads to optical and electronic properties that differ markedly from those of the bulk (Berkdemir et al., 

2013). Single, double and triple layer and bulk tungsten disulphide can be differentiated through Raman 

analysis (Berkdemir et al., 2013).  

A preliminary study was done to synthesize tungsten disulphide by depositing tungsten on substrates 

covered with sulphur flakes. Figure 149 shows the SEM image of the ultrafast tungsten LCVD on the 

sulphur flake placed on the SiO2/Si substrate. The quasi-periodic structures observed in the ultrafast 

tungsten LCVD was not observed on the sulphur flake. Instead clumps of nanostructures were observed 

in the high-resolution SEM image. 

 
Figure 149: SEM images of the ultrafast tungsten LCVD track over a sulphur flake on the SiO2/Si substrate.  

Raman analysis was used to determine the composition of the product. Figure 150 shows the Raman 

spectrum on the ultrafast tungsten LCVD track on top of the sulphur flake. The sample produced was 

likely a three layer or thicker tungsten disulphide sample. The Raman spectrum on the sulphur flake but 

outside the ultrafast tungsten LCVD track only showed peaks of sulphur (Eder et al., 2014). These 

preliminary results showed that tungsten disulphide was successfully synthesized using ultrafast LCVD. 

There is an opportunity to explore replacing the sulphur solid flakes with a sulphur chemical vapour 

source such as dimethyl sulphide for direct writing of tungsten disulphide. 

Sulphur flake Laser deposited tungsten tracks 

1 µm 5 µm 
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Figure 150: Raman spectrum on and outside the ultrafast tungsten LCVD using an excitation wavelength of 

633 nm. A triple layer or thicker tungsten disulphide was detected in the Raman signal. 

7.4.6 Nano lithography through ultrafast LCVD 

In section 5.2.8, the sub-micron width line using the ultrafast LCVD was explored. The resolution of 

such lines would be limited by the size of the laser focus spot at approximately 500 nm. Sub-wavelength 

deposition features were observed in the quasi-periodic structures deposited using ultrafast LCVD. 

Recently, researchers have shown progress in controlling LIPSS produced through ultrafast laser 

ablation. For example, (Öktem et al., 2013) demonstrated the ability to control the non-linear feedback 

mechanism in LIPSS to stitch nano-structures seamlessly, enabling coverage of indefinitely large areas 

with sub-nanometre uniformity in periodicity. They first created these nano-structures on titanium 

dioxide and tungsten oxide substrates. Then went on to demonstrate the ability on stainless steel for 

tribological surfaces (Gnilitskyi et al., 2016) and on titanium for aligners for nematic liquid crystals 

(Pavlov et al., 2018). In these studies, the LIPSS created were done through ablation. Ultrafast LCVD 

can be employed to create uniform nanostructures through LIPSS deposition. Interference patterns on 

the surface of the substrate may also be further enhanced using spatial light modulators so that hologram 

patterns on the surface can be employed to create specific nanostructures through ultrafast deposition. 

Success in this area may reduce the cost of prototyping nano-structured devices and may be employed 

in developing qubits for quantum computers (Veldhorst et al., 2015), plasmonic pixels for next 

generation displays  (James et al., 2016) (Duan et al., 2017) and molecule-specific nano-sensors (Im et 

al., 2014). In parallel, the production speed of non-linear laser lithography could potentially be increased 

so that this technology would be ready for high volume, high mix production of low-cost nano-devices. 
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