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Figure 3.9: 2D AFM image of a Fe3O4 (0.1M Fe (CO)5 , substrate Temp 400 0C ) film 

deposited by spray pyrolysis with the laser heating 
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Figure 3.10: 2D AFM image of a Fe3O4 (0.05M Fe (CO)5 , substrate Temp 400 0C ) film 

deposited by spray pyrolysis with the laser heating 
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The above figures (from fig 3.7 to 3.10) show the cross sectional AFM analysis of 

samples with different concentrations. They show the cross sectional diameter of grains 

in each samples, which represent the mean diameters of their particle distributions. To 

select the mean particle from the distribution, a statistical method was used as follows; 

This method is based on collecting random particles (about 50 or more) from each 

sample. To determine this change, a statistical study was conducted on each sample. 

First, the diameter measurements of 50 randomly selected particles in each particle 

distribution were recorded followed by the construction of a histogram of number of 

particles counted verses diameter for each sample. The results were fitted into a standard 

Gussian distribution to determine the mean value. Particle distribution for films deposited 

with the concentration of 0.25M, 0.2M, 0.1M and 0.05M are shown in Fig 3.11, 3.12, 

3.13 and 3.14. 
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Figure 3.11: Percentage of particle diameters counted for each set of 10nm blocks when 

concentration is 0.25M. 
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 Figure 3.12: Percentage of particle diameters counted for each set of 10nm blocks when 

concentration is 0.20M. 
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Chî 2/DoF = 4.20308
R̂ 2 =  0.98519
  
y0 -0.67214 ±1.21779
xc 57.81545 ±0.67958
w 24.11047 ±1.76411
A 1063.68717 ±92.58197

pe
ce

nt
ag

e 
(%

) o
ut

 o
f 5

0

particle size (nm)

 Gauss fit of Data1_B

 

 

Figure 3.13: Percentage of particle diameters counted for each set of 10nm blocks when 

concentration is 0.10M. 
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Figure 3.14: Percentage of particle diameters counted for each set of 10nm blocks when 

concentration is 0.05M. 
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Figure 3.15: Particle size dependence on the concentration of the precursor. 

 

The graph above shows the particle size variation with the concentration for the 

sample.  According to the graph, it is clear that the size of the particles have been 

decreasing with the concentration. Also this variation can be perfectly fitted with a 3rd 

order polynomial (ƒ(x) = -1000x 3 + 240.67x 2 + 166.2x + 39.783). 

The AFM analysis of the different samples shows a clear change in grain size in 

different concentrations.  A simple model can be used to compute the expected particle 

size for a given concentration.  In this analysis, it is assumed that the droplet is 1.5 µm in 
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diameter and the solvent is completely evaporated from the droplet by laser heating 

before it arrives at the substrate.  Also the drop remains a spherical particle on the 

substrate after the collision. The model is outlined below.   

 

The case where the concentration is 0.05M, the number of Fe (CO)5 molecules in 

a 1.5µm droplet of Fe (CO)5 (formula weight 231.4) in toluene are;  

          =  5.32× 10 7 

 

Since 3 molecules of Fe (CO)5 lead to a Fe3O4 molecule after dissociation, the 

number of Fe3O4 molecules in a 1.5µm droplet are; 

        =  5.32× 10 7  = 1.77 × 10 7 

 

Assuming the final product to be a solid spherical particle of Fe3O4 with a density 

of 5.7 g/cm3 (bulk density of Fe3O4), the size of the Fe3O4 particle produced by a droplet 

can then be calculated as follows. (Since V= M /ρ) 

 

3
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Table 3.1, shows the computed average particle size for concentrations used in the 

experiment 

 

Concentration (M) Size of the particle (nm) 

0.05 131.69 

0.1 165.92 

0.15 189.93 

0.2 209.05 

0.25 225.52 

Table 3.1 the computed average particle size for different concentration. 
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Figure 3.16 Comparison of the computed & experimental diameter of the grain sizes with 

changing concentration.  

 

The computed grain sizes of each concentration along with the experimental data 

are shown in graph 3.16.  It is clear that there is a considarable difference between the 

calculated and the experimental graphs. The calculated values became more than twice as 

the experimental values. This difference can occur due to several reasons. 

The first reason is, the concentration of the solution that was considered in the 

calculation is much higher than the concentration of prepared precursor.  This is because 

the organomatallic precursor, Pentacarbonyliron, is in liquid form and is highly light 

sensitive.  Exposure to light and air causes iron pentacarbonyl to gradually decompose. 
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Figure 4.3: Graph of absorbed laser energy verses flow rate of the droplets. 

 

 

The results in figure 4.2 show that the absorption of laser energy is linearly 

increasing with the increasing of flow rate.  The reason for this is, as the flow rate 

increases, the number of SF6 passing through per second increases, giving rise to an 

increase in the amount of energy absorbed. 
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 Figure 4.4: Normalize graph of temperature verses flow rate and laser energy verses flow 

rate. 

 

 The figure 4.4 represents the normalized graphs of temperature versus flow rate  

on one scale and absorbed laser energy versus flow rate in the other scale.  As can be see 

in the figure, the point where two graphs intercept is identified as the optimum point of 

operation for the experiment.  Since the flow rate is the only varying parameter, the flow 

rate of the carrier gas has to be fixed at the optimum value, which is 3.0 SLPM AIR. 

(This Flow rate value depends on the setup. It can be adjusted depending on any changes 

in the set up such as size of the nozzle and pressure of the chamber).  
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Figure 4.5: Change in temperature of the flow with diameter of the nozzle.  

 

The above graph shows the temperature variation with respect to flow rates for 

different nozzle diameter.  As shown in the figure, when the diameter of the nozzle 

decreases, the temperature of the flow rate is shifted towards a higher elevation by 

keeping the gradient almost the same.  Therefore the nozzle size and the focusing of the 

beam are critical factors to transfer a maximum amount of energy from the laser to the 

flow.   To obtain the maximum amount of energy these factors have to be optimized. It 

can be done using the beam optics. 

 

 

 

70

90

110

130

150

170

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Flow rate (SLPM)

Te
m

pe
ra

tu
re

 ( 
C 

)

.66mm
1.7mm
3mm



 47

4.2 THERMAL MODEL FOR LASER ASSISTED SPRAY PYROLYSIS 

 As a principle, in beam optics, the beam waist radius is important for maximum 

energy (power).  It is directly related to the intensity of the beam.  Within any transverse 

plane, the beam intensity assumes its peak value on the beam axis, and drops by the 

factor 1/e2 ≅ 0.135 at the radial distance W (z).  Since 86% of power (energy) is carried 

within a circle of radius W (z), we regard W (z) as the beam radius (also called the beam 

width).  It assumes its minimum value Wo in the plane z=0, called the beam waist.  Thus 

Wo is the waist radius.  The waist diameter 2W is called spot size.  To absorb maximum 

amount of energy from the laser beam, the nozzle size has to be the same as the spot size.  

Since our nozzle size is fixed the only way this is achievable is by changing the position 

of the lens so as to match the nozzle size.  

 In our application, for a given λ(wavelength of CO2 laser), the spot size can be 

found by using following relation. (λ= 10.6 for CO2, Wo =10mm, f = 80mm). 

                                                2W = 4 λ. f   
                                                          π    2Wo 
 For a CO2 laser, according to the above formula the minimum spot size is found 

to be 0.27mm. 

 

 

 

 

 

Figure 4.6  Focusing a collimated beam to match with the size of the nozzle diameter.  

Wo 

W= 0.27mm f

d 

d nozzle 
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The position of the lens is selected so as to have the required spot size to match 

the diameter of the nozzle. 

The experiment was run by keeping the set up under the configuration shown in 

fig 4.6.  The flow rate versus temperature data for that configuration is shown in fig 4.7. 

The calculated data is also shown in the same figure.  To calculate this data, we used the 

following mathematical model for this computation. We assumed the cross-section  of the 

beam to be a top-hat profile that has a beam width of W, equal to the FWHM of the 

gaussian profile. We assumed this rectangular beam to be interacting with a gas volume 

of W ×W ×d, where d is the diameter of the orifice of the tube.  R is flow the rate 

measured. 
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 A1V1 = flow×0.16×10-4 , W=0.5mm. 

Flow rate (SLPM) Actual Flow Rate 
(SLMP) 

Temp (C ) 

0.5 0.12 189.64 

1.0 0.24 108.32 

2.0 0.48 67.66 

3.0 0.72 54.01 

4.0 0.96 47.33 

Table 4.1 Theoretical change of temperature with flow rate in perpendicular 

configuration. 

Figure 4.7 Graph of Temperature of flow verses Flow rate of the droplets when the 

nozzle is set out of the chamber perpendicular to the flow. 
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The main drawback for this configuration is when the flow rate is at 3.0 (where is 

the optimum rate for the experiment) the temperature of the flow does not reach the 

decomposition temperature of the chemical.  The reason is, the time available for flow to 

interact with the laser is limited in this configuration.  One can increase the laser-gas 

interaction time by setting the laser parallel to the flow path.  In this configuration the 

laser energy is absorbed by SF6 for a longer time period, and therefore, expect the final 

temperature of the gas to be much higher. 

 

 

4.2.1 ON-AXIS LASER HEATING 

The experimental arrangement for on axis laser heating is shown in fig 4.8 

 

 

Figure 4.8 experimental arrangements for parallel configuration.  
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The Laser beam was focused to the nozzle opening so that the laser would not hit 

the glass wall.  A nitrogen jet was introduced to change the direction of the flow so that 

the particles were steered away from the path of the laser.  

This experiment was run to see the temperature variation of the flow when the 

system is outside the chamber.  By doing this, one can avoid the absorption that takes 

place inside the chamber due to the surrounding SF6 gas.  The graph in fig 4.10 shows the 

temperature variation for different flow rates.  Fig 4.10 also includes a computed 

temperature variation with flow rate using a thermal model (fig 4.9).  

The fig 4.8 shows the situation where the laser beam is directed parallel to the 

flow.  By making the laser beam parallel to the flow, the molecules in the flow can be 

exposed for a longer length of time to the laser energy.  As a result of this, the 

temperature of the flow went up compared to the perpendicular configuration.  The drop 

in temperature as the flow rate increases is expected in both situations.  At high flow rates 

the laser-gas interaction time is reduced and the volume of the gas heated per second is 

increased.  

Fig 4.9 shows the data for a mathematical model for the configuration where the 

laser beam is parallel to the flow.  The temperature in this graph for each flow rate was 

found by integrating a dx cross section at x distance through out the path of the particle in 

a beam to the edge of the nozzle. 
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Figure 4.9 Parallel configuration of the nozzle 
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Carrying out a thermal balance for the layer of thickness dx at a distance of x, an 

equation for the temperature can be obtained. 

 

Here, D = 6.164 kg/m3, C = 598.8 J/Kg.K, P = 3W, α = 0.7cm-1 

          A1V1 = flow×0.16×10-4 

 

 

 

 

Flow Rate 
(SLPM) 

Actual Flow Rate 
(SLMP) 

Temperature ( C ) 

0.5 0.12 1476.8 

1 0.24 756.9 

2 0.48 389.4 

3 0.72 268.6 

4 0.96 208.2 

 

Table 4.1 Theoretical change of temperature with flow rate in perpendicular 

configuration. 
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Figure 4.10 Graph of Temperature of flow Vs Flow rate of the droplets when the nozzle 

is set out of the chamber perpendicular to the flow. 

 

Both experimentally measured and computed temperatures of the gas show a 

decrease with increase in flow rate. The measured values do not represent the exact 

temperature of the gas since the gas is significantly cooled by the N2 gas jet when it 

comes in contact with the thermocouple.However, these measurements can be used to 

study the trend of temperature change with flow rate. 

A film of iron oxide was deposited on a silicon substrate by using this on-axis 

heating configuration. The film is deposited only for about 5 minutes to study the initial 

growth. 

 

The following AFM images are taken for the samples, which were made by 

keeping the nozzle parallel with the beam. 
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Fig 4.11 AFM images of the samples, which taken for parallel configuration. (a) Away 

from the center. (b) Enlargement of image (a). (c)Close to the center. 

 

In this experiment the films are deposited in parallel configuration as in fig 4.8. 

Here, as shown in the schematic diagram, the flow coming out is heated by the laser, 

(a) (b) 

(c) 
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deflected by the nitrogen flow, which is then collected on to the substrate.  The center of 

the flow then deflects and is deposited on the center of the substrate (fig 4.11(c)), while 

“off axis” is deposited on the areas away from the center on the substrate (fig 4.11 (a)). 

While images (a) and (b) show nicely distributed isolated grains of about 50nm in 

diameter, image (c) shows large random grains of about 1000nm in diameter.  The reason 

for this formation is mainly because of the variation of the temperature in the flow 

coming out of the nozzle. When laser is focused onto the flow, the intensity of the 

Gaussian beam drops by the factor 1/e2 as it goes away from the focused point. As a 

result, the temperature at the center reaches much higher values compared to off axis. The 

“on axis” temperature may be sufficient to melt the formed particle, causing them to 

agglomerate and form large particles as seen in fig 4.11(c). But on the other hand, 

comparatively low “off axis” temperature is sufficient to evaporate the solvent and 

decompose the precursor to form a solid particle, but is not sufficient to cause melting 

and agglomeration. 

Therefore, it is obvious that the temperature for decomposition of the chemical 

can be reached in parallel configuration. In order to accomplish the complete 

decomposition one can set the system in such a way that it is decomposed completely as 

the chemical coming out. Therefore, the parallel configuration gives us a promising result 

in making thin nanocoatings. 
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CHAPTER 5 

NANO GRAINED FILM GROWTH BY CHEMICAL SELF ASSEMBLY AND 

VAPOR PHASE GROWTH 

5.1 BOTTOM-UP APPROACH FOR NANO-STRUCTURED FILM GROWTH 

Nanostructured surfaces, films with morphological features in the nanometer 

range and ordered assemblies of nanometer-sized particles are interesting class of 

nanomaterials with great technological potential.  Innovative applications for these new 

materials include high-density information storage media, biological sensor arrays, 

magnetic fluids, medical diagnostics and catalysts.  Compared to conventional surface 

science techniques, such as gas-phase synthesis and nanostructuring or deposition of 

nanoparticles under ultrahigh-vacuum condition, the soft-matter approach is a 

scientifically and economically interesting alternative.  In this approach self-organisation 

in the bottom-up formation of nanostructured interfaces in liquid environment and self-

assembled deposition of nanoparticles from colloidal suspension play a predominant role.  

The  'bottom up' approach is a new paradigm for synthesis in the nanotechnology 

world that could revolutionize the way the materials are made.  Instead of starting with 

large materials and chipping away to reveal small materials, the bottom up approach 

starts with atoms and molecules and creates larger (but not too large!) nanostructures. 

The bottom up approach requires a thorough understanding of forces of attraction, which 

holds the particles together when they were at nano regime.  The simplest such bottom up 
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synthesis route is electroplating.  By inducing an electric field with an applied voltage, 

the charge particles can attract to the surface of a substrate where bonding will occur. 

Most nanostructured metals with high hardness values are created with this approach. It 

has already been proven that electroplating creates a material layer-by-layer, atom-by-

atom. 

Chemical Vapor Deposition is another well-known method among chemists. 

Using a mixture of volatile gases and taking advantage of some simple thermodynamic 

principles, it is possible to have your source material migrate its way to the substrate and 

then bond to the surface due to high chemical potentials.  This is the one proven method 

for creating nanowires and carbon nanotubes. It is also a method of choice for creating 

quantum dots.  Right now, CVD is the most popular and readily available method for 

creating nanostructures of all kinds. 

Self-assembly promises to be the revolutionary new way of creating materials 

from the bottom up.  With this method, the nanoparticle will self-organize into 2D arrays 

while the chemical is being evaporated from the surface.  One way to achieve self-

assembly is through physical attractive forces such as electricity, Van der Waals forces, 

and a variety of other short-range attractive forces, which can be used to orient 

constituent molecules in a regular array.  This method has proven very effective in 

creating large grids of Silver (Ag), Gold (Au) in a proven periodic lattice.32 
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Figure 5.1 TEM images (Philips EM-400, 80 keV) of self-organized 2D arrays of 34 

±2nm(left) and 87 ± 7 nm(right) Au nanoparticles stabilized by resorcinarene.  The 

arrays were formed at the air-water interfaceand transferred onto Formvar-coated Cu 

grids.32 

 
5.1.1 LASER ABLATED FILM GROWTH ON NANOTEMPLATES 

The two-dimensional nanotemplates created in the previous step will selectively 

promote crystalline growth of the plume material (TiC) on the hot nanospheres, with 

intervening amorphous grain boundaries in the cooler regions on the substrate.  This will 

result in the transference of the nanotemplate pattern to the nucleation of an ordered array 

of crystalline regions with grain boundaries defined by initial size of the nanoparticles on 

the template. Subsequent deposition on this nanocrystalline pattern on the substrate will 

lead to the vertical, self- aligned growth of nanocolumns of the crystalline material with 

intervening grain boundaries (see fig 5.2).  The lateral dimension of the crystalline grains 

and their positions will be controllable on the nanoscale, while the coatings could 

potentially be several microns thick, with large-area two-dimensional coverage on the 

substrate.  This technique will therefore lead to a manufacturing process for nanograined 

coatings that integrates nano, micro- and meso-scale features.     
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5.1.2 PULSE LASER DEPOSITION (PLD) 

The principle of pulsed laser deposition (PLD) is quite simple.  A highly intense 

UV laser beam is focused on a target where the high energy density during the laser pulse 

(about 1 GW within 25 ns) ablates almost any material.  The ablated material forms 

plasma, which is deposited on a substrate opposite the target.  This method is quite 

flexible in preparing films under a wide range of deposition conditions such as kinetic 

energy, deposition rate and ambient gas.  The advantages of the PLD method are 

flexibility, fast respond, energetic evaporants, and congruent evaporation.  This method is 

particularly suited for the growth of tribological coatings since films deposited from 

highly excited and ionized species promote high densities.  A schematic diagram of a 

standard PLD system is shown in fig 5.2.  The disadvantages are the limited area of film 

growth and presence of micron sized particulates. 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: A schematic diagram of a standard PLD system. 
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5.2 PROCEDURE 

5.2.1 SUBSTRATE PREPARATION FOR GOLD SYNTHESIS 

Silicon substrates were cleaned by chemical solvent an outlined in chapter 2.  In 

addition, solvent cleaned substrates were cleaned in piranha solution.  The piranha 

solution is made by 1:3 H2SO4: H2O2 solutions heated up to 600C for 10 minutes. 

[Caution! This solution contains strong oxidizing agents, which cause severe burns in 

contact with skin and react violently with organic compounds.  Storage after use should 

be avoided and great care and appropriate protective clothing must be employed when 

handling this mixture.]  

 

5.2.2 SYNTHESIS OF GOLD NANOPARICLE 2D COATING 

The procedure for the formation of gold nanoparticles is referred to as the 

Turkevich method.  In this method particles were precipitated in solution by a chemical 

reaction between HAuCl4 and sodium citrate  

Tetrachlorauric acid (99.99%, HauCl4, 3H2O) and Citrate trisodium (95%, 

C6H5O7Na, 2H2O) was purchased from Alfa Aesar.  A solution of 95ml of gold 

tetrachlorauric acid, with a weight content of 5mg of gold, was heated until boiling point 

under vigorous stirring.  Then 5ml of a 1% sodium citrate aqueous solution was added. 

The solution was then stirred and kept at boiling condition for another 45 minutes.  After 

the introduction of the citrate solution, a purple color appeared which then turned ruby 

red. 

Drop casting technique was used to form the self-assembled nanotemplate. A drop 

of aqueous gold suspension was placed on a solvent-cleaned Si substrate.  Most of the 
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particles are retained on the surface of the drop, due to the surface tension.  The 

surfactants prevented agglomeration and forced them to self- assemble into a two-

dimensional network.  As the solvent evaporated, the particles settled on the substrate 

forming 2-D template.  Typically, it takes overnight to evaporate aqueous part of the 

solvent and produce a light yellow color layer on the substrate. 

 
 
 
 

 

Figure 5.3 2D and 3D AFM images of gold nanoparticles on a silicon substrate before 

annealing. 
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Figure.5.4 2D and 3D AFM images of gold nanoparticles on a silicon substrate after 

annealing to 500 0C. 

 

In the figure 5.3 before annealing the sample, the top right end of the images 

shows that the particles are arranged in such a way as to form a monolayer network.  The 

particles touch each other without any agglomeration.  The particles appear to be the 

same size and shape.  The sizes of the particles are in the range of 80 to 90nm in 

diameter. 

In the figure 5.4 after the annealing at 500 0C, the particle sizes have decreased. 

The particle sizes are in the range of 40 to 60nm.  This is to be expected since heating 

removes the surfactants that coat the particles.  Some evaporation of Au may also have 

taken place. 
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5.3 DEPOSITION OF TiC ON GOLD NANOPARTICLES 

A sample made by above method was washed in deionizied water, and dried with 

nitrogen, and placed on a heating block in a deposition chamber.  A TiC target was 

ablated by a KrF excimer laser at the wavelength of 248nm to deposit a film on the 

heated substrate.  The process was run for 30 minutes by keeping substrate temperature at 

5000C and a base pressure at 10-6 Torr. 

 

Figure.5.5 2D AFM images of TiC film on gold nanoparticles 

 

The figure 5.5 shows the images of Gold monolayer after deposition of TiC.  The 

distance between particles and the size of the TiC particles are more defined and most of 

them are lying in the diameter range of 50 to 60nm.  It is clear from this AFM that the 

TiC crystallites have preferentially nucleated on Au nanoparticles to produce a 

nanograined film. 
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CHAPTER 6 

CONCLUSION 

6.1 LASER ASSISTED SPRAY PYROLYSIS 

 In both TiC and Fe3O4 synthesis, we have incorporated a CO2 laser into a 

chemical spray pyrolysis system to heat the droplets of an organometallic precursor 

dissolved in a volatile organic solvent.  The drops with average diameter of 1.5µm in a 

narrow size distribution were generated by an ultrasonic nebulizer.  The experiments 

have shown that when the droplets were directly incident on the substrate, they initially 

flatten on the surface, followed by evaporation of the solvent and decomposition Leading 

to large grains.  When the droplets are heated up prior to incidence on the heated 

substrate, most of the solvent is evaporated, leading to solid particles impinging on the 

substrate  that led to reduced the particle size.   By controlling the concentration of the 

precursor, a further reduction in a particle size is observed.  Since the laser radiation is 

absorbed into the carrier gas, resonance absorption by precursor is not important. 

Therefore this technique can be extended to any organometallic compound that can be 

dissolved in a volatile solvent. 
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6.2 TiC GROWTH ON GOLD NANOPARTICLES 

In the Gold nanoparticle synthesis by Turkevich method, the resultant particle size 

and shape in the aqueous suspension was mainly dependent on the concentration of 

sodium citrate.  In the presence of sodium citrate, the gold particle size is smaller and the 

particle size decreases with an increase in the concentration of sodium citrate.  The 

sodium citrate serves not only as a surfactant but also as a stabilizer for nanoparticles, to 

prevent their further growth.  

Dropcasting method has been successfully used to form 2D arrays of  Au 

particles.  Also it was indicated that the surface treatment of substrate is very important in 

the self-assembly of gold particles as a 2D array.  Therefore, Piranha solution helps to 

functionalize the substrate to promote adhesion of the gold nanoparticles.  The adhesion 

of gold particles is most probably due to interfacial electrostatic interaction between the 

positive charge, by the silicon lattice and citrate anions attached to the gold nanoparticles. 

   In the sample in PLD ablation, the TiC nano particles are likely to grow on gold 

nanoparicles rather than on the naked substrate.  Then the sizes of the TiC particles are 

mainly dependent on the size of the gold nanograin on the substrate.  This work also 

demonstrated the possibility of using the Au nanoparticles that are attached to the 

substrate as nucleation sites for the growth of TiC.  By controlling the size of the Au 

particles, it may be possible to control the size of the TiC grains.   
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