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ABSTRACT

Three-dimensional laser chemical vapor deposition (3D-LCVD) has been used to 

grow rods o f carbon, tungsten, titanium, and hafnium from a variety o f hydrocarbons and 

metal halide-based precursors. A novel computerized 3D-LCVD system was designed 

and successfully used in the experiments. A focused Nd:Yag laser beam (X=1.06 pm) 

was utilized to locally heat up a substrate to deposition temperature. The rods, which 

grew along the axis o f the laser beam, had a typical diameter o f 30 — 80 pm and a length 

of about 1 mm. The precursors for carbon deposition were the alkynes: propyne, butyne, 

pentyne, hexyne, and octyne. Propyne gave the highest deposition rate, in excess 3 mm/s 

at high laser powers (0.45 W) and high partial pressures (3000 mbar). the temperature 

dependence and pressure dependence were both non-linear functions o f the growth rate, 

the temperature dependence could be separated into two regions — the kinetically limited 

region, which obeys the Arrhenius relationship, and the transport limited region, which is 

explained by diffusion o f the precursors to the reaction zone. The pressure dependence 

showed that the reaction order for the different precursors varied from 2.5 for propyne to

1.3 for octyne.

The precursors used deposit the refractory metals were tungsten hexafloride, 

titanium tetraiodide and hafnium chloride. The only successful precursor was tungsten 

hexafluoride, which readily produced tungsten rods when mixed with hydrogen. Rod 

diameters typically ranged from 50 pm to 400 pm and the average length of the rods

iii
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were about 1 mm. Much lower deposition rates, less than 4.5 pm/s, were obtained in this 

case as compared to carbon deposition. By an optimization of the LCVD process, it was 

possible to deposit high-quality single crystal tungsten rods. They were all oriented in the 

<100> direction.

iv
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CHAPTER 1

INTRODUCTION

• »

At the forefront o f current manufacturing technology are three major topics of 

research, namely Rapid Prototyping techniques, Micro-Electro-Mechanical Systems 

(MEMS) based application, and microelectronic s based thin film deposition techniques. 

Researchers worldwide, as shown in Figure 1.1, are investigating these techniques. As an 

intersection o f these three areas, three-dimensional laser chemical vapor deposition (3D- 

LCVD[l]) has emeiged as a new rapid prototype technique for micro-scale components 

for MEMS based application. The following sections will briefly discuss these three 

areas.

R apid
Prototyping

Thin Film 
D eposition

MEMS Application 

Figure 1.1 3D-LCVD as a MEMS prototyping tool.121

i
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1.1 Rapid Prototyping

Rapid prototyping is also known as solid freeform fabrication (SFF). This 

technique offers several advantages over conventional manufacturing technologies. First, 

SFF can fabricate both large and/or small objects, which is especially important in micro

mechanical manufacturing. Second, rapid prototyping of the manufactured part allows for 

iterative fine-tuning o f  the design after which the part can be used or tested immediately. 

Parts produced by SFF can be used not only for making better prototypes, but also for 

low yield production in emerging “mass customization” markets. Third, SFF processes 

can be used to fabricate complex structures that can not be realized with traditional 

fabrication methods. SFF* processes generally consist of three components: (1) an 

electronic representation o f the prototype in three-dimension in a computer, (2) a driver 

which converts the representation to machining instructions, and (3) a process that can 

manufacture three-dimensional solid objects from designs with a minimum o f constraints. 

In short, rapid prototyping is developed to shorten the development cycle significantly. 

The most successfully developed rapid prototyping techniques are 

microstereolithography, selectively laser sintering, and laminated object manufacturing.

Microstereolithography is a new process that allows manufacturing of small 3D 

complex objects. In contrast to planar microfabrication processes based on silicon 

micromachining, which evolved from the microelectronics technologies, 

microstereolithography processes find their origin in the rapid prototyping industry. As in 

the stereolithography process, all microstereolithography processes are based on a layer- 

by-layer light induced polymerization of a liquid resin. Microstereolithography processes 

developed until now are based on a vector-by-vector tracing of each layer obtained by
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moving a focused light beam on the surface of a photopolymerizable liquid. More 

recently, Beluze et al.w  described a new microstereolithography process in which a 

complete layer can be built using a single exposure. Objects with complex shape from a 

computer aid design (CAD) program can be manufactured with microstereolithgraphy 

process, such as micro-turbine and micro-cups. Its applications are focused on 

microfluidics, microrobotics, packaging or biomedical domains.

As a derivative application o f microstereolithography, laser induced
• »

polymerization^ (LIP) has shown great advantages and is a fast growing area where 

electronic and mechanical components are combined to form miniature structures. In LIP, 

a focused laser is guided directly to write three-dimensional patterns. The advantages are 

high cure speed, constant intensity along the curing distance, and uniform exposure over 

the curing area. These advantages will result in more efficient absorption by selecting an 

appropriate photoinitiator and reducing the unwanted reactions which are common in 

conventional UV light curing. These advantages also lead to a more precise control of the 

penetration profile.

Selectively laser sintering (SLS) is a thermal process using a laser to sinter layers 

of powdered thermoplastic materials together to form solid 3D objects. SLS uses a flat 

sheet of powder heated to near its melting point. Then the laser beam scans over the 

powder and further heats the grains locally so that they melt on the outside and stick 

together. The base plate moves down slightly, and the next layer o f powder is spread 

across the surface by a rotation roller. At the end o f the build process, the entire cake of 

powder, sintered and unsintered, is allowed to cool and is lifted out o f the machine. Then 

the loose powder is shaken off in order to free the sintered object. The advantage of SLS
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is that numerous plastic materials can be used; one disadvantage is that toxic gases 

emitted from the fusing process have to be handled carefully.

Laminated object manufacturing161 (LOM) is a process commonly used to 

fabricate components that cannot be readily fabricated by conventional forming 

techniques, such as machining, casting, and modeling. Complex shapes, internal cavities, 

flow chambers, and interconnects can be achieved by LOM techniques. The lamination

process is based on geometrical data. The starting point is the sliced data o f the object
• >

used for controlling a laser beam that cuts the contours of thin sheets o f materials. During 

the process, these sheets are glued together, and the desired model is created layer by 

layer. A variety of organic and inorganic materials, such as paper, plastic, or composites, 

can be used in this process. Parts produced by this process are virtually stress-free. Also, 

the cost of the process is low, and the processing time is short. The disadvantage of this 

process is that the stability of the objects produced is limited by the bonding strength of 

the glued layer. Moreover, hollow parts like bottles and small cylinders cannot be built by 

this method.

1.2 MEMS Applications

MEMS deals with systems wherein different micro-components are assembled 

together to make a microdevice. Each component contributes either electrically, 

mechanically, or chemically to give a fully functional device such as pressure 

transducers, accelerometers, micro-turbine, and chemical sensors, etc. In short, MEMS 

refers to a broad class of micro-machined sensors, actuators, and systems that exploit 

thermal, electrical, mechanical, optical, magnetic, acoustic, and chemical phenomena.
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High aspect ratio microstructures (HARM) are a general requirement of these 

microsystems. Some o f the HARM processes developed for MEMS in the past have 

included photolithography, X-ray lithography (LIGA), electron-beam lithography, ion- 

beam lithography, and focused ion beam (FIB).

The most widely used form o f lithography is photolithography, by which a pattern 

is transferred from a mask onto a thin film. This process can be simply described by the 

ten-step process,171 listed in Table 1.1. The key parameter o f this process is the critical 

dimension (CD) or the lateral resolution. Recently, CD of 0.1 pm or below has been 

achieved with phase-shifting masks (PSM) under DUV light exposure.

Table 1.1 Ten steps o f photolithography process.171

Step Process description Purpose

1 Surface preparation Clean and dry wafer surface

2 Apply photoresist Spin coat a thin layer o f photoresist on surface

3 Softbake Partial evaporation of photoresist solvent by heating

4 Alignment and exposure Precise alignment o f mask to wafer and exposure

5 Development Removal of unpolymized resist (negative resist)

6 Hardbake Additional evaporation o f solvents

7 Develop inspect Inspect surface for alignment and defects

8 Etch Top layer of wafer is removed

9 Photoresist removal Remove photoresist layer from wafer

10 Final inspection Surface inspection for etch irregularities and others

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6

The main advantage o f photolithography is that it is suitable for batch processing, 

so a low production cost can be expected from this process. On the other hand, although 

photolithography can achieve submicron feature size with relatively low cost, it is not 

useful for fabricating high aspect ratio microstructures because of several limiting factors, 

such as optical sensitivity, contrast, and depth of focus (DOF).

These limitations are partially overcome in X-ray lithography (LIGA). LIGA 

involves a thick layer of X-ray resist, such as PMMA, from microns to centimeters, a 

high-energy X-ray radiation exposure and development. The result is a 3D-resist 

structure. Subsequent electro-deposition fills the resist mold with a metal, and after resist 

removal, a free standing metal structure results. LIGA’s main advantages over 

photolithography rely on that it can produce high aspect ratio microstructure due to its 

very large DOF, higher resolution due to shorter wavelength used, and its high 

reproducibility. The drawback o f LIGA is that this process is extremely expensive due to 

the need o f X-ray synchrotron radiation and the fact that it cannot fabricate 3D 

microstructures with curved surfaces.

The electron beam (E-beam) lithography1*1 method, like X-ray lithography, has a 

high theoretic resolution because the wavelength of high energy electrons are very small. 

Two major advantages of electron beam lithography are:

1) The ability to register accurately over small areas o f a wafer, lower defect densities, 

and a large depth o f focus because of the short wavelength.

2) It can build the microstructures directly without the use o f mask, i.e., it is a direct 

write type of microfabrication method which can be either additive or substractive.

Some disadvantages o f E-beam lithography are:
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1) Electrons scatter quickly in solids, which limits the practical resolution.

2) Electrons, being charged particles, need vacuum, making the apparatus more complex 

than for photolithography.

3) Relatively slow exposure speed is because o f a direct writing method. Due to these 

disadvantages, the use o f E-beam lithography has been limited to mask-making and 

wafer-making, except for some specialized applications.

1.3 Thin Film Deposition

Thin film deposition as an additive pattern transfer technique stands out as an 

inevitable process in both microelectronics and MEMS fabrication. It can be categorized 

into two major types, namely, physical vapor deposition (PVD) and chemical vapor 

deposition (CVD).

Thermal evaporation and sputtering are two examples of physical vapor 

deposition. Thermal evaporation, one of the oldest thin film deposition techniques, is 

based on the evaporation o f a heated material onto a substrate in high vacuum. A metal 

filament is usually evaporated by passing a high current through a refractory containment 

structure. This method is called resistive heating. However, electron-beam and radio 

frequency (RF) induction evaporation have surpassed resistive heating and are widely 

used for industrial applications.

Sputtering is preferred over evaporation in many applications due to a wider 

choice of materials to work with, better step coverage, and better adhesion of the film to 

the substrate. During sputtering, the target, which is held at a high negative potential, is 

bombarded with positive argon ions created in a plasma or glow discharge. The target
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material is sputtered away mainly as neutral atoms by momentum transfer, and ejected 

surface atoms are deposited onto the substrate placed close to the anode. The most 

negative aspects in sputtering are the complexity of the process compared to an 

evaporation process, the excessive substrate heating due to secondary electron 

bombardment, and a relatively slow deposition rate.

The CVD method is a very versatile method and works in a broad pressure range 

at relatively high temperatures. Amorphous, polycrystalline, epitaxial, and uni axially- 

oriented polycrystalline layers can be deposited with a high degree o f purity, control, and 

economy. During chemical vapor deposition (CVD), the constituents or precursors o f a 

vapor phase, often diluted with an inert carrier gas, react on a hot surface to deposit a 

solid film. The various steps are summarized in Table 1.2. CVD is a large family of 

coating technologies, such as atmosphere pressure CVD (APCVD), low pressure CVD 

(LPCVD), plasma-enhanced CVD (PECVD), and metal-organic CVD (MOCVD). The 

advantages, disadvantages, and applications o f these kinds of CVD are summarized in 

Table 1.2.

Table 1.2 CVD reaction mechanisms.

• Mass transport o f reactant and diluent gases in the bulk gas flow region from the 

reactor inlet to the deposition zone.

•  Gas-phase reactions (homogenous) leading to film precursors and by-products.

•  Mass transport o f film precursors and reactants to the growth surface.

•  Adsorption o f  film precursors and reactants on growth surface.

• Surface reactions (heterogeneous) o f adatoms occurring selectively on the heated 

surface.
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Table 1.2 CVD reaction mechanisms. (Continued)

• Surface migration of film formers to the growth sites.

• Incorporation of film constituents into the growing film, i.e. nucleation.

• Desorption o f by-products of the surface reactions.

• Mass transport of by-products into the bulk gas flow region away from deposition 

zone towards the reactor exit.

Table 1.3 Different CVD processes.

Process Advantages Disadvantages Applications

APCVD Simple, high deposition 

rate, low temperature

Poor step coverage,

particle

contamination

Doped and undoped low 

temperature oxide

LPCVD Excellent purity and 

uniformity, conformable 

step coverage, large 

wafer capacity

High temperature 

and low deposition 

rate

Doped and undoped high 

temperature oxide, silicon 

nitride, polysilicon, 

tungsten, etc.

PECVD Fast, low substrate 

temperature, good 

adhesion and step 

coverage, low pinhole 

density

Chemical and

particulate

contamination

Low temperature 

insulators over metals, 

passivation (nitride)
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Table 1.3 Different CVD processes.1®1 (Continued)

MOCVD Excellent for epitaxy on Safety concerns Compound

large surface areas semiconductors for solar

cells, laser, photocathodes,

LEDs, etc.

1.4 Laser Chemical Vapor Deposition (LCVD)

Laser induced processing has been widely exploited in the microelectronics and 

MEMS areas to produce deposits with well controlled chemical composition, feature size, 

and morphology. Laser processing methods can be divided into gas phase processing or 

liquid laser processing, which are listed in Table 1.4.

Table 1.4 Methods of laser processing.191

Reactant phase Method of excitation Process

Gas Thermal,

Photochemical.

Localized (LCVD).

Photochemically-assisted CVD, localized.

Liquid Thermal-

electrochemical,

Photo

electrochemical

Laser assisted electroplating. 

Laser assisted electroless plating. 

Thermal battery electroplating. 

Electroplating.

Electroless plating.
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Photochemical LCVD implies a photochemical activation in the gas phase which 

results in the formation of reactive species or atoms that are then transported to the 

substrate and the growing film or the solid ids formed homogeneously in the gas phase. 

The thermal process is analogous to large area chemical vapor deposition, with the 

important exception that the reaction zone is localized. Thermal reactions take place on 

the surface in the region heated by the laser light. One of the primary applications of 

thermal LCVD is the direct writing o f micron-sized spots and lines o f a material onto a 

surface. Processes that make use o f LCVD include the customization and repair of 

integrated circuit repair, electronic packaging, and lithographic masks. Other applications 

include depositing high purity metals at relative fast growth rates, such as nickel, copper, 

aluminum, zinc, gold, platinum. In all these applications, the requirement o f high 

deposition rate is one of the primary goals.

1.5 Research Needs and Objectives of This Dissertation

While much progress has been made in recent years in microfabrication 

techniques, there remains fundamental constraint in the manufacture of MEMS via 

conventional means. It is desirable to have a process that would allow rapid prototyping 

on the micro-scale effectively, accurately, and quickly.

Bulk and surface micromachining have been the primary means of fabricating 

micromechanical devices over the last decade. Both o f these processes employ 

photolithography and selective chemical etching to obtain the desired microstructure. 

However, conventional lithography for fabricating these microstructures is limited to 

unidirectional extensions of 2D patterns. Only simple 3D structures are possible, which
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hardly meet the requirements o f MEMS applications. Today, truer 3D structures are 

required to optimize structural characteristics, such as mechanical function, strength, flow 

properties, fracture resistance.

As an intersection between RP and thin film deposition, the LCVD technique 

provides a unique way o f modifying the substrate surface or building the microstructure 

by depositing the material with desired mechanical, electrical, and optical properties. By 

using highly localized laser induced chemical reactions and accurate scanning o f the laser 

beam, a wide range o f  MEMS devices can be fabricated at fast rates. This research aims 

at establishing the viability o f  using 3D-LCVD as a fast, low cost, and versatile tool to 

generate MEMS devices.

In detail, the goals o f this thesis are (1) Design an effective high-pressure and 

high-temperature LCVD system for microscale fabrication o f  full 3D parts starting with 

the simplest shapes such as rods; (2) Demonstrate very rapid, convectively-enhanced 

growth; (3) Test a variety o f precursors without making changes to the system; and (4) 

Study the effect of process parameters like laser power and precursor partial pressure on 

the deposition rates and diameters of rods.

1.6 Organization of This Dissertation

This dissertation mainly investigates 3D-LCVD as a viable rapid-prototyping tool. 

A number of experiments were performed by varying parameters such as laser power and 

partial pressure.

Chapter 1, as an introduction, describes the relationship among rapid prototyping, 

MEMS application, and thin film deposition. Background o f LCVD is also provided here.
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Chapter 2 gives a review for 2D-LCVD and 3D-LCVD, where growth o f different types 

of thin film and microstructures are reviewed. Chapter 3 provides the necessary technical 

background for LCVD. Chapter 4 presents experimental apparatus and the method of 

experimentation in detail. Chapter 5 discusses experimental results for carbon, tungsten, 

titanium, and hafnium. Chapter 6  summarizes the conclusions and identifies future work.
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CHAPTER 2

THEORY OF LASER CHEMICAL VAPOR DEPOSITION

2.1 LCVD Mechanisms

Laser chemical vapor deposition is a technique for depositing thin films of various 

materials on a substrate by inducing chemical reactions using a laser beam. LCVD is 

carried out through two possible mechanisms: photolytic dissociation o f precursor or 

thermal dissociation of the precursor, or a combination o f both processes.

2.1.1 Photolytic LCVD

Photolytic LCVD relies on the interactions of the laser beam with the chemical 

reactants. The precursor molecules absorb the photons of the laser beam, which in the 

visible UV-region cause the chemical bonds to break leading to the formation of highly 

reactive species. These species react in the gas phase and/or on the substrate surface 

where they form the deposit. Usually, visible and ultraviolet (UV) lasers are used for 

photolytic LCVD because the photon energy is comparable to, or exceeds, the chemical 

bond energy o f many chemical compounds. The laser and precursors in photolytic LCVD 

are chosen so that ( 1) the precursor molecules have a large absorption cross-section for 

the laser beam; and (2 ) the chemical bond energy o f the precursor molecules is less than

14
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or equal to the energy of a photon o f the laser beam. Both single and multi-photon 

excitations may be required to drive photolytic dissociation reactions, depending on the 

precursors used. A typical photolytic process is shown in Figure 2.1.

° \  p♦ Gas molecules
•  Deposit 

OO By-product

° W °  •
0

oo

/
Laser
Beam

o

♦o

0
0

•
O % .  1 •

Substrate

Figure 2.1 Photolytic processing.

In photolytic LCVD, photolysis of a precursor gas is generally carried out in 

either a parallel or orientation of the beam relative to the substrate.

The parallel configuration is employed to grow blanket deposits across a wafer 

and is often called photo-assisted CVD. In photo-assisted CVD processes, chemical 

reactions take place in the gas or vapor phase resulting in the formation o f highly reactive 

intermediate species. This process usually means that the deposition temperature can be 

lowed. This lower deposition temperature is an attractive feature for the fabrication of 

semiconductors or other semiconductor devices because thermally-induced residual stress 

and impurity redistribution are minimized at lower temperature.
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The direct-write photolysis is a photo-assisted CVD, except that the beam  is at 

least partially focused onto the substrate. Deposition occurs only near the focus of the 

beam where the dissociated radicals diffuse to the deposit surface from the gas phase, 

and/or adsorbed precursor molecules are dissociated on the substrate surface. The direct 

writing method is useful for small-scale integrated (LSI) fabrication, mask and wafer 

repair. However, the writing rate is slow, approximately from 1 A/min to 1 pm/sec.

2.1.2 Thermal LCVD

In thermal LCVD, on the other hand, the laser beam interacts mainly with the 

substrate to produce a hot spot where thermally-assisted chemical reactions take place 

resulting in the final product The reactants, that is, precursors for thermal LCVD, must 

be selected in such a way that the chemical reactions can occur at a temperature below 

the melting temperature of the substrate. The gas phase should be transparent to incident 

laser light to avoid absorption of the light. Usually infrared lasers, such as Nd:YAG and 

COi lasers, are used for thermal LCVD. A typical thermal process is shown in Figure 2.2
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Laser Beam
•  Deposit
•  Reaction product
•  Precursor gas

Heat Zone

Substrate

Figure 2.2 Thermal processing.1101

In this process, the laser is used to activate the gas phase precursors non- 

thennally. The laser beam can also activate the substrate non-thermally, i.e., band gap 

excitation. This activation can be transferred to adsorbed species on the substrate with 

subsequent non-thermal chemical reactions.

In case of direct heating, see Figure 2.2, the reactants, which can be a gas, liquid, 

or solid phase, are chosen in such a way that the substrate absorb the laser energy. When 

the temperature of the locally heated substrate surface reaches the reaction threshold 

temperature, the chemical reactions will occur.

Compared to photolytic deposition, thermal deposition generally occurs at much 

higher rates (often by several orders of magnitude). Typical deposition rates are from 0.1 

(jjn/sec to several millimeters per second. The main advantage o f thermal deposition is 

the higher lateral resolution than its photolytic counterpart.
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2.2 LCVD Deposition Rate Limited 

For a typical 3D-LCVD process, three types of growth rates can be defined: the 

normal or local deposition growth rate, the axial or linear growth rate, and the volumetric 

or mass growth rate. All are shown in Figure 2.3. The normal growth rate (Rn) is defined 

as the growth rate measured normal to any point on the surface. The axial deposition rate 

(Ra) is a measure of the maximum growth rate at the center of the beam and along the x-

axis (parallel to the laser beam). The axial growth rate is a  good measure of the reactivity
*>

of a precursor used. The volumetric growth rate (Rv) is the growth rate of the overall 

three-dimensional volume of the deposit. Determination o f the volumetric deposition rate 

is o f utmost importance in evaluating the feasibility o f any process for MEMS 

manufacture. For useful three-dimensional structures to be created at reasonable speeds, 

volumetric deposition rates on the order of 104-105 pm3/sec or greater must be reached.

Ra=Rn

V /
Deposit

Substrate

Figure 2.3 Growth rates.
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In the following sections, the factors, which limit the deposition rate, will be 

discussed together with the fundamental relations that describe pyrolytic LCVD kinetics.

Although the deposition rate of a heterogeneous thermal reaction is driven by the 

surface temperature, the rate obtained depends on the reaction activation energy and the 

ability of the reactants and products to be transported to and from the surface. Generally, 

there are three types o f rate-limited regimes, namely, kinetically limited regime, 

thermodynamically limited regime, and mass-transport limited regime. The relationship 

between these rate-limited regimes and temperature is shown in Figure 2.4. The actual 

deposition rate is determined by the slowest o f these constraints for a given set o f process 

parameters.

Kinetically 
limited regime

Mass transport 
limited regime

Thermodynamically 
limited regime

.♦..V .V .V .V .V.V .V.W .’.V ,

A .V.V.V.'a’.V .V .'.'.V aV .V .•>.%v• • • • * * • •

Temperature 

Figure 2.4 Rate-limited regimes.
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2.2.1 Kinetically-Limited Regime

Usually a process is kinetically limited at low temperatures and high pressures. 

The reaction rate rises exponentially with increasing temperature. According to the 

Arrhenius relation given below, K« is a concentration dependent rate constant, P is 

pressure, and Em and R are the activation energy and the universal gas constant. Thus, at a 

fixed pressure, the local growth rate, Rn, is prescribed only by the surface temperature, T, 

and activation energy, E*.

R n = K 0(P )e~ E°l{Rr) Eqn. (2 - 1)

2.2.2 Transport-Limited Regime

With increasing temperature, the process passes into the mass transport limited or 

diffusion limited regime. The surface reactions proceed rapidly, and the ability o f the 

precursor to arrive at the surface of the reaction zone is slower than the chemical 

reactions. In this transport-limited regime, only large pressure and flow rate changes can 

affect the deposition rate in a substantial manner. The rate depends on the precursor 

concentration, n, which is given by diffusion equation:

D V 2n — —  = 0 Eqn. (2-2)
dt
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The solution to this partial differential equation depends on the geometry o f the deposit, 

and difiusivity, D, o f  the precursor gas.

2.2.3 Thermodynamically-Limited Regime

At high deposition temperatures and low flow rates of the reaction gas mixture, 

the CVD reaction may rarely be limited by thermodynamics. This means that all 

chemicals that have entered the reactor reacts directly to form the deposit. If  the flow is 

doubled, the deposition rate will double. The deposition yield, or the fraction o f the gas 

phase that will react, is determined by thermodynamics.

A process can be thermodynamically limited for several reasons. Often it is 

caused by an increase in the apparent activation energy due to greater desorption of the 

precursor with temperature, i.e. the precursor desorbs before it can react. In this case the 

reaction rate can be described by the Langmuir-Hinshelwood equation.

I lcre, and AH<fes are the rate constant and enthalpies of the desorption, respectively, 

and P is pressure. Note that when the temperature is large (and the pressure low), the

2 -A EJ(RT) Eqn. (2-3)

equation simplifies to an expression with the form of an Arrhenius relation with an

apparent activation energy (AEa-AHdes):

R n = ( ( K J K „ , s )P * e Eqn. (2-4)
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In addition to the constraints stated above, other constraints might also affect a 

pyrolytic process, such as the adsorption rate of the precursor, the desorption rate o f  the 

reaction by-products, and the nucleation rate o f adsorbed species. Since these constraints 

follow the Arrhenius equation, they are usually included in the terminology “kinetics 

control of the CVD process”. For example, when adsorption limited kinetics occurs, the 

deposition rate is determined solely by the probability that the precursor will adsorb onto 

the surface. There are two types of adsorption which occur at gas-substrate surface: 

chemisorption and physisorption. Chemisorbed species form covalent bonds with the 

substrate while physisorbed species form much weaker van der Wahls bonds.

2.3 LCVD Process Parameters 

LCVD deposition rates are a function o f many variables, such as laser power, 

laser diameter, laser scan rate, vapor pressure o f precursors, local temperature, and 

thermal conductivity o f the substrate. The work done by Maxwell et al.1,1 outlines the key 

parameters which determine the outcome o f the LCVD process and which parameters 

must be controlled. Table 2.1 gives a detailed classification o f various LCVD process 

parameters.
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Table 2.1 Classification of process parameters in LCVD.

HEAT TRANSFER

Beam Conditions Surface Pronerties Fluid Conditions

• Spot geometry • Optical absorption, • Nusselt number

• Laser power reflectivity, emissivity; • Reynold number

• Laser intensity profile refraction index • Grashoff number

• Wavelength • Material thermal • Prantl number

• Scan rate conductivities • Thermal conductivity

• Surface geometry and

roughness

MASS TRANSPORT

Diffusion Limited Convection Limited Surface Limited

• Gas diffiisivites • Sherwood number • Adsorption

• Concentrations • Schmidt number • Nucleation

• Size of reaction zone • Reynolds number

• Gas temperature • Concentrations

CHEMISTRY

Thermodynamics

• Activation energy, Ex

• Rate constant, Ko.
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In the following these parameters will be described on how they may affect the 

LCVD process.

Laser power profile: The intensity distribution of a laser beam can vary spatially 

and temporally. These spatial and temporal variations in laser power determine the total 

amount of energy supplied for the LCVD process. For a Gaussian beam, the laser power 

varies radially; for a top hat beam, the power remains unchanged along the radius o f  the 

laser beam.
•»

Laser beam diameter: The laser beam diameter is usually defined as twice the 

radius of the beam where the power has dropped to 1/e2 of the power at the beam center. 

The beam diameter affects the laser intensity, or laser power density, which determines 

the heat flux to the substrate or reactants.

Laser wavelength: The absorption o f laser light on the substrate surface and/or the 

gas phase is to a large extent dependent on the wavelength. This means that the choice of 

wavelength will determine whether the process will be thermal or photolytic. The laser 

wavelength also affects the reflectivity on the substrate surface and, hence, the fraction of 

the input laser energy utilized in the LCVD process, which in turn defines the laser- 

induced temperature.

Scan rate: This parameter affects the laser-substrate interaction time and the size 

(thickness and width) and the shape o f the deposited film. If the beam does not move 

with respect to substrate, the film is expected to deposit in the form of a dot and 

eventually as a rod (circular spot). On the other hand, if the beam moves relative to the 

substrate, the film will be deposited in the form of a line. The width of the line is affected
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by the relative speed of the beam, the substrate, the laser power density, and the focused 

spot diameter.

Partial pressure of precursor gas or reactant concentration: The concentrations o f 

the reactants usually influence the chemical reaction rate, which, in turn, affects the film 

deposition rate. As the concentration increases, the collisions between the molecules will 

increase, and more molecules will reach the activated state to eventually undergo 

chemical reaction. However, at high partial pressure, the completing adsorption with 

other necessary atoms/molecules may lower the reaction rate.

Physicochemical properties of the reactants: These properties affect the laser 

induced heating o f the reactants and determine whether the LCVD process will involve 

photolytic or thermal reactions for a given laser wavelength.

Thermophvsical properties of the substrate: These properties control the flow o f 

laser energy in the substrate and the temperature and size o f the localized hot spot on the 

substrate surface. It should be noted that the dimensions o f the deposited film depend on 

the temperature and size of the hot spot in thermal LCVD.

For 3D-LCVD, Bauerle et al. devised a one-dimensional model that discussed the 

influence of different parameters on the fiber radius and laser induced temperature. The 

parameters investigated included laser power, spot size, activation energy of the 

deposition reaction, diffusion limitations in the gas phase, and temperature dependencies 

o f the heat conductivities o f  deposit and the gas. Two simplified expressions for 

temperature and radius of the rod were arrived at:
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2 APTa
Eqn. (2-5)

ZAPo)0
2rjKgTa

Eqn. (2-6)

Tc is the temperature at the tip, R* is the steady state radius, P is the laser power, T, is 

activation temperature, K<i and Kg are the thermal conductivity of the deposit and gas, 

respectively, A is the absorptivity, r| is a dimensionless constant, x is a constant defined 

as (Rs/coo), and coo is the laser spot waist radius. The calculation for laser spot waist radius 

can be done by either one o f  the following equations.

In this equation, X is the laser wavelength, <t> is the convergence angle of the focused

length o f the lens to the diameter o f the beam on the lens.

With the help of these equations, the effect o f  various parameters on the steady

seen, an increase in laser power leads to an increase in both the tip temperature and the 

fiber radius, while the temperature increase is slower than that of the radius. Also, with 

increasing laser spot size, the tip temperature is decreased; however, the fiber radius is

X or oj0 = —  Eqn. (2-7)

beam, and F is the F-number o f objective lens, which is defined as the ratio of the focal

state radius o f the rod and the temperature at the tip o f  the rod can be studied. As can be
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increased. In other words, the reaction rate is inversely proportional to the laser spot

radius.

Apparent activation energy, also known as an energy barrier that separates the 

energy levels of the reactants and products, plays an important role in Eqn. (2-5) and Eqn. 

(2-6). With increasing activation energy, the effective growth region becomes shorter, 

and therefore, the fiber radius decreases due to the shorter residence time above

threshold. Once a deposit is formed, the temperature depends on the thermal conductivity
• >

of the deposit and the substrate and their optical properties. For example, the tip 

temperature may increase with decreasing thermal conductivity of the deposit due to 

diminished heat flux along the length of the fiber.
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CHAPTER 3

LITERATURE REVIEW

The area o f laser assisted chemical vapor deposition has recently been reviewed in 

detail by Baurele. 1̂21 His review, with more than 800 pages, covers the research 

completely until 1999. Since this state-of-the-art review is available, this chapter will be 

devoted to papers related to the work in this dissertation only. Some recent papers 

published during 2 0 0 0  will also be included.

Laser Assisted Chemical Vapor Deposition (LCVD) will in this review be divided 

into two different categories: two-dimensional LCVD (or laser processing on a surface) 

and three-dimensional LCVD. 2D-LCVD has been primarily used in the direct writing of 

custom interconnects for integrated circuits (IC), high-level packaging, thin films, and 

mask repair. An example o f direct writing by 2D-LCVD is illustrated in Figure 3.1. 3D- 

LCVD has mostly been used for prototyping microstructures. A sketch o f this technique 

and how materials can be grown out from a substrate surface is illustrated in Figure 3.2, 

which shows LCVD of fibers.

28
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Figure 3.1 Direct writing using 2D-LCVD.

beam

Growing

Figure 3.2 Fiber growth using 3D-LCVD.
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3.1 Two-Dimensional LCVD

Most solid elements have been deposited using the LCVD techniques. The 

deposited elements in this dissertation include tungsten,113,1141 titanium,1151 and the 

substance of hafnium carbide.1161 The work performed in this area by researchers in the 

past will be discussed in the following paragraphs.

Tungsten

Tungsten is a refractory metal with a body-centered cubic structure, it has a very 

high melting point (3410°C), high density (19.3 g/cm3), low thermal expansion (4.45 

ppm/°C), high thermal conductivity (1.73 W/cm.K. at 20°C), low electrical resistivity 

(5.65 jiH-cm at 20 °C), and high resistance to electromigration, all o f which make it an 

attractive metal for surface metallization in VLSI technology. Tungsten is also a prime 

candidate for MEMS, see next chapter.

There are two primary precursors that have been used for the LCVD of tungsten. 

These are W(CO)6, and WI?6. They have been used to deposit tungsten for packaging 

interconnects, for X-ray mask repair,1171 and for gate interconnects1141 for IC.

Tungsten hexafluoride (WFg) is a toxic gas. When properly mixed with H2, it is 

one of the fastest pyrolytic precursors known. WF6 can be used for heterogeneous LCVD 

as well as for homogeneous LCVD. When silicon is used as a substrate, it reacts with 

WF6 according to reaction (1) below. This reaction means that the substrate takes part in 

the reaction and is to some extent consumed. This reaction is self-terminating when an 

intact layer of tungsten is formed on silicon. In order to continue deposition of W, 

hydrogen or silane has to be supplied to reduce WF6 to W according to reaction
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(2 )Jio][i8][i9] Alternatively, WFg can be hydrogen-reduced on an inert surface, such as 

SiC>2 according to reaction (2 ).

2WF6 + 3Si -*  2W{s) + 3SiF4 (1)

WF6 + 3 H 2 W{S) + 6  HF  (2)

Generally speaking, there is an optimal growth rate as a function of H2 and WFg 

molar ratio.

Another less used tungsten precursor is tungsten hexacarbonyl, W(CO)6-1171 This 

more toxic precursor requires no reducing agent and is a crystalline powder at room 

temperature with a melting point of 169 °C. Because the partial pressure of this precursor 

is lower than that of WF6, the maximum deposition rate is lower.1201 The low threshold 

decomposition temperature of this compound, about 170°C, is its main advantage.1211

Recently, tungsten hexachloride, WCl^, was also reported to be used as a 

precursor for tungsten deposition.1221 Although this precursor shows great potential

having a low activation energy and reported axial growth rates of up to 3 pm/sec, the

threshold temperature for deposition is relatively high at about 1500 K.1221 Another 

difficulty with this precursor is that it has a very low vapor pressure at room temperature, 

being a solid, with melting points and boiling points o f 275 °C and 346 °C, respectively.
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Titanium

Titanium is a high strength metal with low density (4.54 g/cm3) and excellent 

corrosion resistance. It has a hexagonal structure (alpha), which changes to a cubic 

structure (beta) at 880 °C. It has a relatively high melting point of 1660 °C. The thermal 

expansion coefficient is 8.5 ppm/°C at 25°C, a  thermal conductivity of 0.21 W/cm.°C at 

25 °C, and an electrical resistivity of 42 pft-cm at 20 °C.

Usually, titanium deposition is accomplished through a mixture o f  titanium 

tetrachloride, TiCL», and H2.t231 TiCL* is a liquid at room temperature with a high vapor 

pressure of 13 mbar at 20 °C and 66  mbar at 55 °C. The compound boils at 136 °C. The 

overall dissociation reaction is as follows:

TiCli(g) —>Tiis) +4C7* (3)

or

7YC/ 4 +2H2 -► Ti(s) +4HCI (4)

Hydrogen reduction is not thermodynamically favorable pyrolysis, reaction (3) is 

the only way to deposit Ti from TiCL». It has also been reported that Ti can be deposited 

by photolysis using a UV excimer laser (wavelength: 248 nm) without the presence of 

H2. In both cases, photolytic deposition and pyrolytic deposition need high laser powers 

(temperatures). The reactions, however, is fast above the temperature threshold for 

deposition.

Titanium tetrabromide, TiBr4, is another precursor, which can be used for Ti 

deposition.1241 This compound has a melting point of 39 °C and boiling point o f 230 °C,
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respectively. Relatively low deposition rate o f 55 nm/s was reported using a CO2 laser 

with 1 mm spot size; however, one can expect higher growth rates by reducing the spot

sizeJ11

Carbon

Carbon has several allotropic forms such graphite, diamond, lonsdaleite or 

hexagonal diamond (a form detected in meteorites), and the recently discovered 

fullerenes. Cm is the best known of the fullerenes. Several more or less well-defined 

intermediate phases between diamond and graphite also exist. They can be best 

characterized by the chemical bonding or the sp3/sp2 carbon bond ratio. Examples of such 

phases are diamond like carbon and turbostratic carbon. If carbon is deposited from 

hydrocarbon, hydrogen often presents in the film. The hydrogen concentration, which 

affects the hardness o f the deposit, decreases with increasing deposition temperature and 

is typically less than 10% for deposition temperatures higher than 1000 °C.

Carbon deposition is an important and a very active research field mainly because 

of the unique properties of the two polymorphs, graphite and diamond. For example, 

diamond may become the ultimate electronic material with its extremely high thermal 

conductivity, low diffusion rates, and low dielectric constant.1251 Graphite, on the other 

hand, is a soft lubricating material. It has metallic conduction along the carbon layers but 

is an insulator perpendicular to the layers.

Precursors that have been successfully used to create carbon rods and lines 

include acetylene, C2H2, methane, CH4, and ethylene, C2H4. The reaction mechanisms for
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carbon deposition from these precursors are described according to the following

reactions:

Methane: C H A —> C(s) + 2H 2 

Acetylene: C 2H 2 —> 2C(J) + H 2 

Ethylene: C 2H A -> 2C(J) + 2H2

Several authors reported very rapid scan and deposition rates for graphite 

deposition. Zong1'05 reported that very large volumetric growth rates (1.74xl05 pm3/s) 

could be obtained in laser assisted pyrolysis o f acetylene. The substrate used in this case 

was SiC. Westberg et alS2î  studied the relative growth of graphite from both methane 

and ethylene. She reported that the threshold laser induced temperature for pyrolytic 

deposition of carbon lines from CH4 was 3500 K, near the sublimitation temperature of 

graphite, 3920K. For ethylene, they reported an axial growth rate o f 12 pm/s at 50 mbar 

C2H4 and a power density of 1.21 mW/pm2. The difference in growth rate between 

ethylene and methane was attributed to different adsorption behavior and different 

stability factors of the precursors. M a x w e l l et al. also used ethylene to grow graphite 

rods with axial growth rate of approximately 4 pm/s. His work will be discussed in 3D- 

LCVD section.
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Silicon

Silicon has a density of 2.33 g/cm3, a melting point of 1410 °C, a thermal 

expansion o f 3 ppm/°C at 25 °C, and a thermal conductivity o f 1.49 W/cm.°C at 25 °C. 

When pure, it has an electrical resistivity o f 3x 106 |ift-cm at 20 °C and a band gap of 1.1

eV.

Silicon is a semiconductor material, which is the basic building block of the 

present electronic industry. It has cubic diamond crystal structure, and its non-isotropic 

properties are strongly influenced by the crystal orientation. The microstructure of the 

deposited silicon can vary from single crystalline to amorphous depending on the 

deposition conditions.

Silicon is the essential structure material in both microelectronics as well as most 

present-day MEMS devices. This means that silicon not only possesses important 

electronic properties but also excellent mechanical properties especially on the 

microscale,1281 including a high Q-value and a Young’s modulus comparable to that o f 

iron and steel, all of which make silicon an excellent candidate for oscillating micro

sensors and other mechanical micro-devices.

Silicon is usually laser deposited from hydrides, such as silane (SiRt), disilane 

(Si2Hfi), or trisilane (SijHs); sometimes, with H2 added to the gas phase. The basic 

decomposition reaction of silane is as follows:

SiH 4 - x  SiH 2 +  H 2 -► Si(s) + 2H 2
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This pyrolytic reaction can be utilized by using visible lasers where no gas-phase

absorption occurs. Moderate, kineticaUy limited, deposition rates have been observed

during LCVD of silane to produce polysilicon lines.

The desire to increase Si growth rates has prompted the study of other precursors.

Di-silane was found to have approximately 10 times the deposition rate of silane under

otherwise identical conditions. Formation of di-silane is often the rate-limiting step in

pyrolysis of silane. The most recent and promising precursor is trisilane, having
*>

approximately 60 times the deposition rate of monosilane under ideal conditions. 

Hafnium Carbide

Hafnium carbide (HfC) is a refractory substance with a melting point of 3890 °C. 

It has a face-centered cubic (fee) NaCl structure and a density of 12.6 g/cm3. Its 

composition rarely reaches the 1:1 stoichometry because of a large inhomogeneity range, 

which is typical for the transition metal carbides. Because o f  this inhomogeneity range, 

HfC is normally metal rich. HfC is very hard with a Vickers hardness of 2900 kg/mm3. 

Its thermal conductivity is 0.08 W/cm.°C at 25 °C. Its thermal expansion is 6.6  ppm/°C at 

25°C, and its electrical resistivity is low, 50 pQ-cm at 20 °C.

The most common way to deposit HfC is to use a HfCL* and a hydrocarbon such 

as propane (C3H8), propene (C3H6), toluene (C7H8), or methane (CH4) as follows.12911301

HfCl> + CH , HfC + 4HCl (5)
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The chloride is usually generated in situ in a generator. The reaction above has 

been studied over a wide range of temperatures (900-1500 °C) and pressures ranging 

from 10 Torr to atmospheric. Whisker formation has been observed at 1 atmosphere, and

1230 °C.[31]

In one case, another carbon precursor, CH3CI, was used to deposit HfC at 1200 °C 

and pressure of 10-20 Torr. The overall reaction is described as the follow:

HfClx +  CH .Cl +  H 2 -+ HfC  +  5HCI

This carbon precursor has the advantage to produce a more stoichiometric HfC 

with a Hf7C molar ratio o f close to 1 .[251

3.2 Three-Dimensional LCVD

Nelson reported the first rod growth in literature appears in 1972 where short 

carbon fibers were grown from methane and acetylene. Since then, rods have been grown 

of aluminum, alumina, zinc, gold, nickel, tungsten, silicon, tin-oxide, and boron. In this 

dissertation, LCVD of carbon and tungsten rods has been studied.

Carbon

Carbon rods have been primarily grown from acetylene/hydrogen reaction gas 

mixture and ethylene/hydrogen mixtures. Using of methane as the carbon precursor 

yielded low deposition rates because of the stability o f methane molecule. Bauerle et al.
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grew rods from acetylene/H2 and determined an activation energy o f 213 KJ/mol.1321 

Later Zong[101 grew the carbon rods, as well as rods from methane/actylene mixtures, but 

found that the methane mixture yielded lower growth rates. Wallenberger1331 reported the 

most impressive results produced in high pressure (above 1000 mbar o f precursor) with 

axial growth rates up to 331 jun/sec. Wallenberger et al. found that with increasing 

partial pressure o f  CH* increased the deposition rate from 41 pm/sec at 3700 mbar to 331 

(jjn/sec at 6400 mbar, while no reaction took place below 3400 mbar. This change in 

deposition rate using methane must be due to an increased adsorption by supersaturation 

in the reaction zone. The authors also experimented with ethylene at pressures o f 600- 

3500 mbar and obtained axial growth rates o f up to 125 pm/s.

More recently, Maxwell and Pegna have contributed much to the development of 

3D-LCVD. In 1996 Pegna and Maxwell manufactured a sphere, an hourglass, and 

micron-thick needles from a variety of materials such as C, Ni, W, and Fe .1-1̂ 341 Pegna et 

al. were known for their active research in growing trussed structures 3̂51 and micro- 

walled[361 structures, shown in Figure 3.3. They also demonstrated the ability to grow 

rods in arbitrary directions, the ability to butt-weld independently grown rods, and the 

ability to build meshes continuously. Regarding the micron-walled structures they 

concluded that 3D-LCVD was well-suited for layered fabrication of larger volumes of 

micron sized structures.
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Figure 3.3 Trussed carbon structure.L35)

Maxwell demonstrated the growth of cylindrical and taped carbon rods on 

graphite substrates by varying the laser power, shown in Figure 3.4 and Figure 3.5. 

Recently, Maxwell el a lP 71 also demonstrated the growth of freestanding diamond-like 

carbon grown from ethylene at linear rates o f up to 3.5 fim/s, and helical carbon coils that 

are essentially highly elastic springs which can be used in low frequency response 

accelerometers.
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Figure 3.4 Taped carbon rods.1371

Figure 3.5 Diamond-like carbon microcoil1371.

Tungsten

Alien1381 et. al. were the first to report the growth of tungsten rods from a mixture 

of WF6 and H2. The partial pressures of WF6 and H2 were 266 mbar and 532 mbar, 

respectively and the rods were grown on silicon substrates. Allen et al. claimed that rods
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40-50 pm in diameter and 50-120 pm tall could be grown at rates approaching 1000 

pm/s. This very rapid axial rate has yet to be confirmed by other authors. Recently, 

Maxwell1371 et al. reported the growth o f free-standing tungsten using a wide range of 

laser powers. The reaction gas mixture they used was also WF6 and Ffe, with a typical 

molar ratio o f 1:3. They observed that at laser powers above 3.0 W, explosive, 

uncontrolled growth occurred. The microstructure of the deposited tungsten consisted of 

large grains in excess of 20 pm. At the highest laser powers, 10-12 W, multiple large 

crystals grew away from the substrate at oblique angles to the beam, but no rods were 

formed along the beam path. At laser powers below 3.0 W, fibers with single-crystalline 

cores and polycrystalline coatings formed, shown in Figure 3.6. Growth rate up to 160 

pm/s was obtained as a maximum.

Figure 3.6 Single crystal tungsten rod.l37J
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Except for tungsten rods, Maxwell et a lP 71 also reported tungsten on boron 

microsolenoid, fabricated by laser direct writing. The tungsten lines were successfully 

deposited on the boron fibers, 100 pm in diameter, at a variety o f scan rates and precursor 

partial pressures. The best results, shown in Figure 3.7, were obtained with a 1:4 mixture 

of WF6 to H2 at 100 mbar. In addition to boron-core, microsolenoids, tungsten was also 

deposited on 100 pm diameter Co-Fe-Si-B alloy fibers.

•T > ■

K
/ >

Figure 3.7 Tungsten on boron microsolenoid by laser direct-writing.[37]
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CHAPTER 4

EXPERIMENTAL SETUP AND EXPERIMENTAL PROCEDURE

• »

In this Chapter, the LCVD system designed, assembled, and used for the 

experiments will be described in detail. The LCVD system is unique in its flexibility to 

employ a variety o f precursors such as gases, liquid, or even solids. The procedure used 

to perform the experiments is also discussed in this chapter.

4.1 Experimental Setup 

The 3D-LCVD systems consist mainly o f the following subsystems: optical 

system, LCVD reaction chamber, vacuum system, gas-handing system, heating control 

system, and imaging system. The relationship among these subsystems is illustrated in 

Figure 4.1. A more detailed diagram of the overall system is shown in Figure 4.2. 

Generally speaking, the vacuum system is used to provide the necessary vacuum level for 

the reaction chamber during processing and it is used to evacuate by-product gases from 

the reaction chamber after processing. The laser provides a collimated light beam, which 

is focused into the reaction chamber in order to induce the chemical reaction. The gas- 

handling system supplies the reaction chamber with the reaction gas mixture. The heating 

control system is used to regulate the temperature o f  the reactor and the gas handling

43
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system. This is necessary in the case some precursors otherwise would condense on the 

cold walls, i.e., for precursors which are liquids or solids at room temperature. The 

imaging system monitors the reaction process inside the reaction chamber for further data 

collecting and data analyzing.

3D-LCVD Systems

G as Handling 
System

Heating Control 
System

Imaging System

Optical System Vacuum SystemReaction Chamber

Figure 4.1 3D-LCVD subsystems.

Optical system

The optical system consists of the following components: the laser, optics, one 

micro-positioning stage, a thermopile detector, and a laser power meter. Throughout the 

experiments, a Nd:YAG laser with a maximum output power of 10 W (TEMoo) was 

employed at 1064 nm wavelength. The CW laser beam was focused by a best form laser 

lens with 100-mm focal length and 1 inch in diameter yielding a spot size of 

approximately 25 to 30 microns. The spot size can be calculated from the following 

equation, where in our case X is 1064 nm and the F-number is 10. The F-number can be 

varied with the laser beam diameter yielding a spot with different sizes according to the 

needs.
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Figure 4.2 Schematic diagram o f the 3D-LCVD setup.

A thermopile detector is used to collect the laser light, diverted by a removable 

mirror, to measure the incident laser power. The laser power is also corrected for optical 

losses, such as the objective lens, and several windows.
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Reaction chamber

The reaction chamber consists o f the reactor itself, which is enclosed in an outer 

aluminum chamber, which in turn is placed on a combined XY-stage, and a Z-jack stage. 

The reactor, shown in Figure 4.3, is essentially a spherical cube made o f stainless steel 

that has six 1.33-inch CF ports. The inner surface of the reactor was nickel-plated to 

prevent corrosion from the reaction gas mixture. Two sides o f  the cube serve as 

viewports. One port was used for observation through a CCD camera equipped with a 5x 

objective lens. The second port served as the laser beam entrance window. The third port 

was dedicated for the gas delivery from the cylinder. The fourth port was connected to a 

vacuum pump in order to evacuate the reactor. The fifth port had a flange with a 

detachable substrate holder of aluminum. And the sixth port was closed with a blank 

flange, which could be used for future work.

Figure 4.3 LCVD reactor.
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The CF flanges are most widely used for high-vacuum and UHV applications. 

Flange adapters were used to connect to the gas-handling system and vacuum system 

through quarter-inch tubing. The view-ports, flanges, and flange adapters were mounted 

on the reactor using standard copper gaskets. Standard nuts and bolts secured components 

on the reactor. Zero-length viewports were chosen as they offer a greater distortion-free 

area with no interior voids that might create virtual leaks or dirt traps. The transmission 

characteristics are 80% minimum from 0.32 to 2.7 microns and 90% from 0.35 to 2.6 

microns. The viewports used for carbon, titanium, and hafnium deposition were made 

from borosilicate glass and 304 stainless steel, and the viewports used for tungsten 

deposition are made from quartz and 304 stainless steel.

Inside the reactor, there is a substrate holder made of aluminum, custom machined 

in the Institute for Micromanufacturing (IfM) workshop. The shape of the substrate 

holder is illustrated in Figure 4.4. The substrate used for carbon deposition was a silicon 

wafer with a very thin coating of metal such as chromium, while the substrate used for 

tungsten and hafnium deposition was a tungsten wire. Tungsten was used as substrate 

here because o f its very high melting point.
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adapter
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Figure 4.4 Reaction system -  substrate holder.

The reactor was placed in an aluminum chamber as shown in Figure 4.5. This 

chamber was designed with grooves inside to let hot air flow smoothly over the reactor in 

order to heat it evenly. Aluminum is used in this design because o f  its good capacity for 

heat. The air inlet of the chamber is connected to the air heater, which is controlled by 

computer programs. A thermocouple measures the reactor temperature and feed this 

signal back to the computer program which adjusts the temperature at the air heater to 

keep the reactor at a constant temperature. This construction allows precursors having a 

low vapor pressure at room temperature to be heated up to temperatures above 400°C. 

This high temperature means that the vapor pressure for many precursors can be greatly 

increased.
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Figure 4.5 Reaction system -  aluminum chamber.

The outer aluminum chamber is then placed on an XY-stage and a Z-jack. The 

XY-stage here can move the substrate in a plane perpendicular to the focused laser beam. 

The maximum translation in the X-direction and Y-direction is 1.3 cm, which is longer 

than the dimension of substrate. The Z-jack, having orthogonal hinges that minimize 

wobble, tilting, and twisting, was meant for vertical movement and was designed to give 

smooth elevation up to 300 lb loads. In summary, the chamber can be easily moved in the 

X-Y-Z directions.

Heat-control system

The heat-control system consists of two major parts. One part is a computer with 

programs used to control the temperature of the air heater, the outer aluminum chamber,
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and the precursor bottle. The other part is the air heater which provides a constant hot air 

flow throughout the aluminum chamber. The air heater has components such as a 

compressed air line, a flow regulator, and several heat tapes.

A precise temperature control is necessary to ensure a constant vapor pressure 

with time so that the partial pressure of the precursor does not change and gases do not 

condense in the reactor, which is especially critical on the two windows. Otherwise, 

condensed gases will either block the incident laser beam or blur the image captured by 

the CCD camera. Condensation in the reactor also means that the partial pressure o f the 

precursor is changed. To achieve this precise temperature control, a closed-loop 

proportional-integral-derivative (PID) temperature control and measurement program 

was made using a Macintosh computer, workbench data acquisition card, and other 

electrical control components such as electrical relays and thermocouples. In our system, 

we have three separate programs to control the air heater temperature, the reactor 

temperature, and the precursor cylinder temperature. The PID control program is 

illustrated in Figure 4.6. The precursor cylinder temperature is normally set 20-30°C 

below the chamber temperature to prevent the above-mentioned condensation in the 

reactor. Also, condensation can be avoided by using a  pressure gradient having a slightly 

higher temperature on the chamber over the precursor cylinder.
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Figure 4.6 PID control flowchart.

Vacuum system

The vacuum system includes a mechanical pump, a pressure gauge, and some 

valves and tubing for connection. Other accessories for maintainence of the vacuum 

system include a helium leak detector, helium gas cylinder, and tubing. The mechanical 

pump is shown in Figure 4.7, and the helium leak detector is shown in Figure 4.8. The 

vacuum system ensures a high vacuum level in the reactor before loading precursor 

gases. Before any experiment, the system is leak-checked by the helium leak detector. In 

this system a leak rate less than 10‘5 Torr is needed. The reasons for this are the CVD 

process is sensitive to impurities, and we do not want any leaks from the reactor because 

the precursor may be toxic or a toxic byproduct may have formed. As a preliminary test, 

the chamber was pumped down, sealed off, and allowed to stay for a considerable time (4 

to 5 hours) without any pressure increase. Then, the equipment was leak tested both at 

low pressure and at pressures above atmosphere.
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Figure 4.8 Vacuum system -  helium leak detector.

Gas-handling system

The gas-handling system provides the LCVD system with both the precursor 

carrying gases and other gases such as hydrogen if necessary. This system mainly has a 

gas cylinder, shown in Figure 4.9, a high temperature valve (can stand high temperature 

up to 400 °C), and connections to other gas sources.
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Figure 4.9 Gas-handling system — precursor cylinder.

Imaging system

The imaging system, shown in Figure 4.10, was used to in situ record and 

document the growth process throughout the experiment. The CCD camera with a 5x 

objective lens was connected to a video cassette recorder and a monitor. After the 

experiments the images recorded on the videotapes were used to determine the growth 

rate. Before determining the growth rate, the imaging system was calibrated against a 

known length standard. The monitoring equipment was also used for accurate adjustment 

of the laser focus.

By assembling all these subsystems, the front of the whole LCVD system is 

shown in Figure 4.11, except that the laser can not be seen.
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Figure 4.11 Frontview of the whole LCVD systems.
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4.2 Experimental Procedure

The experimental procedure to grow rods and to discover the influence of various 

parameters on the growth rate basically follows the same procedure for each precursor 

used.

The first step is switching on the laser and locating the focus. To locate the focus, 

a filter is placed between the reactor’s top window and the CCD camera to eliminate any 

stray radiation of the laser that may be reflected off the substrate. Then by adjusting the 

X-stage, which holds the objective lens to focus the laser beam, a characteristic glow 

emanated by the substrate that can be viewed on the monitor to confirm that the laser 

beam is focused. Finally during this step, we move the focal point about 200-250 microns 

in front o f the substrate and turn on the laser to the power needed for deposition and the 

desired precursor is added. The rod starts to grow, first slightly out of focus. The growth 

rate is measured when a 250 pm long rod has developed which is at the focal point at the 

highest laser-induced temperature. By doing it in this way the non-steady state conditions 

prevailing during the initial stages of growth can be avoided.

All precursors (i.e. propyne, butyne, pentyne, hexyne, octyne, titanium 

tetraiodide, hafnium tetrachloride, except tungsten hexafluoride) were loaded into the 

precursor cylinder in a dry-box environment, a nitrogen-purged atmosphere. First, the 

dry-box was purged several times with nitrogen to drive out any oxygen or traces of 

residual gases therein, thereby ensuring that the loading o f precursors in the source 

cylinder takes place in a completely inert atmosphere. All the precursors, except propyne, 

are either in liquid form or in solid powder form, and they are poured into the source 

cylinder through a funnel custom made to fit the size o f the source cylinder opening.
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After the cylinder was loaded, the opening of the source cylinder was closed, and the dry- 

box was again purged with nitrogen. This procedure ensured the elimination o f any traces 

of the precursors that might escape into the atmosphere while removing the source 

cylinder from the dry-box. As for propyne and tungsten hexafloride, they were available 

as gas cylinders, so they could be directly connected to the reactor.

Once the precursor had been loaded in the source cylinder and connected to the 

reaction chamber, it was evacuated for several seconds by quickly opening and closing 

the valve. This step evacuated the nitrogen inside the cylinder. Then, the cylinder, valves, 

and tubing were wrapped with aluminum foil and heater tapers.

The temperature of the source cylinder defines the vapor pressure o f each 

chemical. Again, the reactor and tubing were heated to about 20-30°C higher than that of 

source cylinder to eliminate condensation of the precursor in the reactor during the 

experiments. The source cylinder is heated after that the reaction chamber has reached the 

preset temperature. During this entire operation, the chamber is evacuated several times 

to remove any residual gases. When the source cylinder reaches its preset temperature, 

the valve between the source cylinder and the reactor is opened permitting the gas to fill 

up the reactor. Once the pressure gauge reading confirms a sufficient pressure exerted by 

the vapor phase of the gas, the laser is switched on, and experiments are then performed. 

Figure 4.12 shows an example of carbon rods grown on the silicon substrate.
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Figure 4.12 An example of carbon rods grown on silicon substrate.

To ensure the consistency in the experiments and to obtain reliable results from 

each precursor, the rods were allowed to grow through the depth o f the focus. The growth 

rate was measured from microscopic video footage along the fiber to find the highest 

rate. Ten to twelve measurements were made along the steady-state growth o f each rod. 

The time taken for this rod to transverse this distance was noted. The peak rate along 

these readings was then reported for each rod at corresponding laser powers and vapor 

pressures. The pressure was directly read from the pressure gauge connected-close to the 

reactor. After the rods have been grown, each rod is measured using the scanning electron 

microscopy (SEM) (AMRAY 1830), shown in Figure 4.13. This instrument gives an 

accurate value o f the length and diameter o f each rod.

Two types o f experiments were conducted on the alkynes, namely (a) Growth rate 

as a function o f partial pressure where all other parameters were held constant (laser
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power); and (b) growth rate as a function o f laser power where all other parameters were 

held constant (pressure). The laser powers employed were in the range o f  0.4 W to 1.5 W, 

and the pressure range used was from 500 mbar to 3000 mbar. These values were typical 

for carbon growth. Different laser power and pressure conditions were used for refractory 

metals’ deposition (W and HfC), and which will be discussed in more detail in the next 

chapter.

Figure 4.13 SEM -  AMRAY 1830.

After a run with a particular precursor, the reactor was evacuated directly, either 

to the exhaust or the vacuum pump depending on the precursors used. The reaction 

system and the gas-providing system were cleaned from time to time to ensure good 

experiment results.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Deposition o f Carbon from Alkvnes

5.1.1 Growth Rate as a Function o f Laser Power

In these experiments, the pressure inside the reactor was held constant at 1000 

mbar, and the laser power was varied from 0.4 W to 1.5 W. The steady state axial growth 

rate as a function of laser power and for each precursor is presented in Figure 5.1. The 

growth rate was measured in microns/sec, the rod diameter in microns, and the laser 

power in watts.

It can be observed from Figure 5.1 that the growth rate of each alkyne passes 

through 2 regions: (a) from 0.4 W to about 1 W, where the growth rate increases 

exponentially with increasing laser power; and (b) from'l W to 1.5 W, where the growth 

rate increases linearly with increasing laser power. The exponential dependence indicates 

a kinetically controlled region. This is typical at low laser powers i.e., temperatures, 

where surface chemical reactions are the rate limiting processes. The reason for this 

exponential increase follows the Arrhenius equation that describes the growth behavior in 

the kinetically limited region. This equation can be expressed as the following:

60
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-g.
—* A a KTGR = Ae ( 1)

In equation (1), GR is the growth rate, A is the pre-exponential factor, Ea is the apparent 

activation energy, R is the general gas constant, and T is the temperature. Since the laser 

power is roughly proportional to the laser-induced temperature, it follows that the growth 

rate is exponentially dependent on this variable.
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Figure 5.1 Growth rate as a function of laser power for alkynes.
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Figure 5.2 shows the exponential curve fit for the growth rates o f the different 

alkynes from 0.4 W to 1.0 W. These curves were fit to an Arrhenius-like equation:

GR = CeBP (2)

Here P is the laser power.

250

—• — Propyne 
Butyne 
Pentyne 

- - a  - - Hexyne 
▼ Octyne

200
o©
COco
k_O 150
E
©
(0
K 100

CD

0.9 1.10.8 10.6 0.70.50.3 0.4
Laser Power (W)

Figure 5.2 Curve-fit for exponential region -  alkynes.

It can be seen from Figure 5.2 that the constant B in equation (2). which is how 

steep the curves increase with laser power, decreases with increasing molecular weight o f
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the precursor. The decreased constant B indicates that the apparent activation energy 

decreases with the molecular weight of the alkyne, and which is probably because the 

stability of the alkynes decreases with increasing molecular weight.

From the data and the fits in Figure 5.2, it was also found that the constant A 

decreases as a function o f the molecular weight o f the alkyne. This observation is 

valuable information since the constants C and B in equation (2) can be used to predict 

the behavior o f the deposition process. If high deposition rates are important, both C and 

B should be high, which means that a small increase in laser power means a large 

increase in deposition rate. If, on the other hand, an easy-to-control process is wanted, B 

should be small. This small B corresponds to a  low apparent activation energy of the 

process. Such processes are not so temperature sensitive, i.e. small variations in laser 

power will not affect the growth rate as much as that o f a process having a high apparent 

activation energy.

The linear dependence in the region between 1 and 1.5 W in Figure 5.1 indicates a 

mass transport limited process. A linear curve-fit for this region is shown in Figure 5.3. 

The linear dependence is frequently observed in deposition processes at high 

temperatures (i.e. in this case when the laser power reaches 1 W), where the chemical 

reactions proceed rapid enough and the transport or diffusion of the reactants to the 

surface becomes the limiting process. Usually this dependence follows a T 1'15 

dependence, or in this case, a p ul 5 dependence. From Figure 5.3, we also can see that the 

longer the carbon chain, the smaller the growth rate increases as a function o f laser 

power. This observation can be attributed to the lower diffusion coefficients o f alkynes 

with higher molecular weight.
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Figure 5.3 Curve-fit for linear region -  alkynes.

The microstructure depends on both pressure and temperature. As we move from 

a lower temperature to a higher temperature, the microstructure changes from amorphous 

to small-grained to larger-grained (polycrystalline). Finally, at high enough temperatures, 

single crystal growth may be obtained. The effect o f the pressure dependence is more 

complicated. Usually as we increase the pressure, the microstructure usually changes 

from a single crystalline to a polycrystalline and finally to an amorphous structure. This 

variation in microstructure as a function of process parameters is frequently observed in 

CVD and LCVD processes. An increase in laser power or laser-induced temperature 

means that the surface diffusion on the laser heated area increases, which in turn will
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increase the size o f the crystals in the growing material. An increase in deposition rate at 

constant temperature means that the crystallite size will decrease since the residence time 

of the adsorbed species on the laser heated area will be shorter, i.e., the different species 

on the surface will have less time to diffuse.

Some typical rods that illustrate the discussion above are shown in the following 

figures below.

Figure 5.4 Smooth amorphous rods -  low powers.
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Figure 5.5 Polycrystalline (small grains) rods -  middle power.

Some observations from this section are summarized as follows.

(1) The propyne growth rate increased from 61 pm/sec at 0.4 W to 280 pm/sec at 1.5 W.

(2) The butyne growth rate increased from 44 pm/sec at 0.4 W to 174 pm/sec at 1.5 W.

(3) The pentyne growth rate increased from 28 pm/sec at 0.4 W to 100 pm/sec at 1.5 W.

(4) The hexyne growth rate increased from 22 pm/sec at 0.4 W to 80 pm/sec at 1.5 W.

(5) The octyne growth rate increased from 18 pm/sec at 0.4 W to 61 pm/sec at 1.5 W.

5.1.2 Growth Rate as a Function o f Pressure

In these experiments, the laser power was maintained at 450 mW, and the 

pressure was increased from approximately 500 mbar to about 3000 mbar. The results for 

the alkynes are shown in Figure 5.6. It can be concluded from this Figure that the growth
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rate depends in a non-linear way on the precursor pressure excluding a linear reaction 

order.
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Figure 5.6 Growth rate as a function of partial pressure for alkynes-linear. 

The reaction order, X, is defined by the following equation:

r = k-Plx (3)

Propyne
Butyne
Pentyne
Hexyne
Octyne
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Here, r is the deposition rate, k is a constant, and P, is the partial pressure o f the alkyne. 

The reaction order o f a non-linear reaction can be easily derived if the data in Figure 5.6 

is plotted on a Iog-log scale (see Figure 5.7). Then the equation (3) can be transformed to 

equation (4):

logr = logk + A" log/* (4)
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Figure 5.7 Growth rate as a function of pressure for alkynes-logarithm.
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The slope of the curves in Figure 5.7 is thus the reaction order for each alkyne. As 

can be seen from Figure 5.7. the slope o f the curves increases with decreasing molecular 

weight of the alkyne. In other words, the slope o f propyne (2.5) is greater than the slope 

o f butyne (2.1), which in turn is greater than the slope of pentyne (2.0), hexyne (1.7), and 

octyne (1.3). The reaction order for such relatively complex molecules as the alkynes is a 

complicated function o f the deposition mechanism. If  all elemental reaction steps in the 

deposition mechanism o f a specific alkyne proceed serially, the apparent activation 

energy and the reaction order may reflect the rate-limiting step.

For instance the reaction order o f butyne which is close to 2 could indicate the 

following rate limiting step (no hydrogen is included):

O C -C -C  + 2* o  -O C ** + C2H5(g) (5)

Here, * is an adsorption site on the growing carbon surface. Reaction (5) means that 

butyne is dissociatively adsorbed on the surface. -O C  stays on the surface and is 

incorporated in the growing carbon matrix. C2H5 is expelled from the butyne molecule 

during adsorption.

Propyne could be dissociatively adsorbed on the surface according to the 

following formula:

C=C-C + 3 * o O C * * + C H 3‘ (6)

Or

CsC-C + 2* <=> C=C** + CH3 (7)
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In both cases, a CsC fragment and a methyl radical are formed. In reaction (6) the 

methyl radical is adsorbed on the growing surface and may react further to carbon, which 

is incorporated in the growing rod. According to reaction (7) the methyl radical is 

simultaneously desorbed during the adsorption o f propyne. Both processes may compete 

with each other resulting in a reaction order of 2.5. As always in kinetic investigations the 

mechanism is guesswork. In this case several more investigations have to be made. In 

order to predict a  mechanism, the temperature ha^ 'to  be controlled better. The 

composition, i.e., the amount of hydrogen incorporated in the carbon rods is important 

information, as well as the type of bonding between the carbon atoms in the rods.

Below is a summary of the growth rate obtained at minimum and maximum 

partial pressures, respectively. The highest deposition rate observed was more than 3.5 

mm/s. The growth rate for each precursor at two different partial pressures is shown in 

Table 5.1.

Table 5.1 Growth rate range for each alkyne in constant pressure experiments.

Precursors of alkynes Growth Rate (pm/sec)

Pressure=500 mbar . Pressure=3000 mbar

Propyne 30 3515

Butyne 24 995

Pentyne 15 548

Hexyne 10 187

Octyne 6 67
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5.1.3 Rod Diameter as a Function o f Laser Power

The diameters o f the rods were measured and plotted as a function o f  laser power 

as shown in Figure 5.9. The partial pressure o f precursor was kept constant at 1000 mbar. 

Two regions of growth can be identified in Figure 5.9. Near the onset, the deposition rate 

is strongly dependent on the physical and chemical properties o f the substrate material. 

This onset deposition regime is a  transient regime. In the stage o f  steady-state growth, 

characterized by a constant rod diameter, shown in Figure 5.8, the deposition depends on 

the laser power, the concentration of reactants, and on the physical properties o f the 

deposit (reflectivity and thermal conductivity), but not on the substrate material.

Figure 5.8 Rod of constant diameter with smooth surface.
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Figure 5.9 Rod diameter as a function of laser power for alkynes.

From Figure 5.9, we can see that the rod diameter increases linearly with 

increasing laser power for each alkyne. The slope of the curves in Figure 5.9, i.e., the rate 

with which the rod diameter grows, decreases with increasing molecular weight of the 

alkyne. The decreased slope means that the heavier the alkyne, the thinner is the rod at 

the same laser power. This observation is probably coupled to several factors as follows:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1. The laser induced temperature. The higher the laser power, the higher the laser 

induced temperature. The laser induced temperature distribution widens with 

increased temperature, illustrated in Figure 5.10. The widened temperature 

distribution will in turn lead to a thicker rod and explains the general trend with 

increasing rod diameters as a function o f increasing laser power.

2. The axial growth rate of the rod. The higher the axial growth rate, the thicker the rod. 

Propyne has the highest axial growth rate, which is higher than all other alkynes at the 

same laser power and partial pressure. The higher axial growth rate of propyne 

explains why the slope of propyne is higher than that o f butyne. All the slopes in 

Figure 5.9 can be explained in a similar way.

3. The activation energy affects the size or the shape of laser grown objects. The higher 

the activation energy, the thinner the rods tend to be. This phenomenon is also 

illustrated in Figure 5.11. Since propyne has the highest activation energy, it would be 

expected to form the thinnest rods of all the alkynes. But it is not the case we 

observed, probably because the difference in activation energies between alkynes is 

small.
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Figure 5.11 Relationship between activation energy and rod diameter.

5.1.4 Rod Diameter as a Function of Pressure

A constant laser power o f 0.45 W was used throughout the experiments while the 

partial pressure of the alkyne precursors was varied from 500 mbar to 3000 mbar.

The complicated relationship between rod diameters and precursor partial 

pressures are shown in Figure 5.12. One general trend is that the rod diameter first
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increases when increasing partial pressure from 500 mbar to 1000 mbar. Increasing the 

partial pressure further means a drastic decrease in rod diameter for propyne , butene and 

pentene. For propyne the diameter decreases from about 100 pm at 1000 mbar to less 

then 40 pm at 3000 mbar. For hexyne and octyne, the rod diameters are roughly constant 

with increasing partial pressure. One explanation for the decrease in rod diameter with 

increasing partial pressure would be because o f the cooling effect o f the pressure 

increase. On the other hand, this cooling effect would also present in the axial growth rate 

curves in Figure 5.6. Since this cooling effect is not the case from our observation, a 

more complicated mechanism is probably responsible for the trends in Figure 5.12. A 

further investigation, including density measurements o f the rod to rule out density 

variations, is needed. Table 5.2 summarizes the results in Figure 5.12.
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Figure 5.12 Rod diameter as a function o f partial pressure for alkynes.

Table 5.2 Rod diameter range for constant laser power experiments.

Precursors o f alkynes Rod Diameters (nm)

Minimal Maximum

Propyne 38 103

Butyne 43 90

Pentyne 42 74

Hexyne 61 72

Octyne 54 68
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In order to gain more information about the pressure dependence, the volumetric 

growth rate as a function of precursor partial pressure was plotted both linearly and 

logarithmically in Figure 5.13 and Figure 5.14, respectively. From Figure 5.13, it can be 

seen that the volumetric growth rate of each precursor is non-linearly dependent on the 

partial pressure. From Figure 5.14, two linear regions can be distinguished irrespective of 

which precursors. The first region is at pressures below 1000 mbar having a slope o f 2.1, 

and the other region is at pressures above 1000 mbar having a slope o f 1.2. The strong 

increase in volumetric growth rate with increasing partial pressure until 1000 mbar can be 

explained by the fact that both the linear growth rate and the thickness o f the rods 

increase in this pressure region. At - higher partial pressures the linear growth rate 

increases, but the rod diameter decreases with increasing partial pressure o f the alkynes. 

These explanations can account for the smaller slope at the pressure region of above 1000 

mbar.
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5.2 Deposition of Tungsten

The reaction utilized for deposition o f the tungsten was hydrogen reduction of 

tungsten hexafluoride according to the following overall reaction:

WF, (g ) + 3 H 2 Cg ) -► fV(s) + 6HF(g)

A tungsten wire with a diameter of 300 pm was used as the substrate in all 

experiments. The reactor was loaded with a mixture o f WF6 (g) and H2 (g) having a 

molar ratio of 1:1 at a total pressure of 1400 mbar. The laser power was also varied from 

0.6 W to 2.6 W.

The resultant tungsten rod growth rates as a function of laser power is shown in 

Figure 5.15. From Figure 5.15, it can be seen that the growth rate increases linearly with 

the incident laser power, which is an indication of a mass transport limited process in this 

laser power region. The morphology and shape of tungsten rods are shown in Fig. 5.16. 

Generally, at low laser powers (P <1.3 W), i.e. at low deposition temperatures, single 

crystal rods were obtained; at intermediate laser powers (1.3 W < P < 2 . 5  W) 

polycrystalline rods were produced; and at rods grown at laser powers above 2.5 W, 

lump-like, small-grained or large-grained rods result (see Figure 5.16).
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Figure 5.16 Rods in different morphologies.
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The rod diameter as a function of laser power is plotted in Figure 5.17 from which 

it can be seen that the rod diameter depends linearly on the laser power. This dependence 

follows the same explanation as those for carbon deposition.
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Figure 5.17 Rod diameter as a function o f  laser power for tungsten deposition.

5.3 Deposition of Titanium and Hafnium 

Attempts to grow titanium and hafnium rods from Til4 and HfCLt, respectively, 

failed. Titanium is difficult to deposit from the halides since the metal can not be reduced

W F 6 :H 2 = 1 :1  a t
to ta l p re s s u r e = 1 4 0 0  m b a r

j.
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by hydrogen at temperatures below the melting point o f the metal, which means that the 

following reaction can not be utilized.

TiXtCg) + 2 H2(g) «  Ti(s) + 4 HX(g)

Here X = Cl, Br, I.

Use of a pyrolytic reaction like the one below is also not work either. The reason 

is probably because o f the formation of stable TiX3 and TiX2 compounds.

T iX 4(g)oT i(s) + 2X2(g)

Of all the titanium halides, Tilt is the most likely to work since it is the least 

stable halide. The major problem of using titanium tetraiodide is its low vapor pressure 

even at high temperatures (boiling point 377 °C). Other problems of using titanium 

tetraiodide include its highly corrosive properties, especially at elevated temperatures.

As mentioned earlier, titanium tetrachloride with a boiling point o f 137 °C would 

give high precursor pressures in the existing equipment, but the stability o f this precursor 

is to high. The only way to deposit titanium is probably to change the type or precursors 

and use organometallic titanium compounds instead. There exist a couple o f organic 

titanium compounds that could be used in the existing LCVD system: bis(t- 

butylcyclopentadienyl) titanium trichloride, bis(cyclopentadienyl) titanium dichloride 

and dimetylbis(t-butycyclopentadienyl) titanium. One possible problem using
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organometallic titanium compounds is that they contain carbon. The carbon-involved 

deposition process means that TiC may form instead o f Ti.

What have been said about titanium can also be said about hafnium. This means 

that the best solution is to switch to organometallic hafnium precursors in the future.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In summary this work has shown that the different alkynes, i.e. propyne, butyne, 

pentyne, hexyne, and octyne, are attractive precursors for the growth o f carbon 

microstructures and tungsten hexafluoride is an attractive precursor for the growth of 

tungsten microstructures using the 3D-LCVD process. Deposition rate in excess o f 3 

mm/s was obtained for LCVD of carbon using propyne as the precursor.

In order to examine the precursors above, a high-pressure laser chemical vapor 

deposition system was designed, built, and successfully used for laser assisted gas phase 

deposition o f carbon and refractory metal microstructures. The system was designed to 

operate at very high precursor temperatures (up to 400 °C) so that a wide range of 

precursors could be evaporated or sublimated. The system was very flexible in a way that 

no change, or very little change, was needed when testing a different precursor. This 

system proved to be an effective and efficient tool in order to test new precursors.

The deposition rate of carbon as a function o f laser power resulted in an 

exponential increase in growth rate for low laser powers (0.5 -  1 W). This laser power 

region was identified as the kinetically limited region. The growth rate increased linearly

85
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when further increasing the laser power from 1 W to 1.5 W. The laser power region from 

I W to 1.5 W was identified as the mass transport limited region. The rod diameter 

increased linearly with increasing laser power for each alkyne at a constant pressure. The 

rod diameter decreased with increasing molecular weight Both o f two observations can 

be explained from different activation energies.

The deposition rate of carbon as a function partial pressure of the precursor 

increased as a power function (deposition rateY) where Y is 1.5 -  2.5 depending on the 

precursor. The precursor having the highest Y was propyne which increasing most 

dramatically as a function of partial pressure. A decreased reaction order with increasing 

molecular weight o f alkynes was also observed. This behavior was not fully explained, 

but was probably the result of the complicated growth mechanisms involved in this type 

of gas phase processes.

The rod diameter as a function o f partial pressure of the precursors followed a 

complicated pattern, which could not be explained without further experiments. In order 

to explain why the rod diameter from the 3 lightest alkynes first increases with increasing 

partial pressure and then decreases, density measurements o f the carbon rods should be 

performed.

The volumetric growth rate as a function of partial pressures o f the precursors was 

also plotted. Two linear regions were distinguished with a transition at about 1.25 W.

The morphology and the microstructure of the rods depended both on partial 

pressure o f the precursor and laser power (temperature). As we move from a low 

temperature to a high temperature, the microstructure changes from amorphous to small- 

grained to large-grained (polycrystalline). The effect of pressure is as expected the
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opposite, as we increase the pressure, the microstructure changed from polycrystalline to 

amorphous.

For tungsten deposition, the growth rate increases linearly with increasing laser 

power, which depicts a mass transport limited process. The rod diameter also increased 

linearly with increasing laser power, and which follows the same explanation as that of 

carbon deposition. For tungsten rod microstructure, at low laser power, single crystalline 

structure was obtained; at middle laser power, polycrystalline structure was produced; 

and at high laser power, lump-like structure was obtained. For future work, more 

experiments are scheduled for this project, such as varying the WF6:H2 molar ratio, 

investigating the effects o f hydrogen on growth rate, and varying partial pressure but 

fixing the gas mixture ratio, investigating the partial pressure effects on growth rate. 

Visual and composition analysis o f the tungsten rods could be performed with a scanning 

electron microscope (SEM) using secondary electron imaging (SEI) and energy dispersed 

X-ray spectroscopy (EDS). The microstructure could be investigated with a single crystal 

X-ray diffractometer.

Finally, for titanium and hafnium deposition, due to the very low vapor pressure 

of the currently-used precursors, which would need a sublimation temperature of 400 °C, 

new organic precursors o f both titanium and hafnium should be chosen to test the 

compatibility with this system. Extensive experiments need to be done to investigate the 

mechanisms and key parameter effects on deposition.
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