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The governing equations with appropriate boundary
conditions are solved numerically. The effects of laser
scanning velocity, laser power and radius of the laser beam
on the shapes of the deposited film are investigated. The
results showed that a groove could be observed on the top
of the film for higher laser power and lower scanning
velocity. The cross sectional area, calculated by
 ub
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increases with increasing laser power and decreasing laser
beam radius.
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Solid Freeform Fabrication (SFF) is an emerging
manufacturing technology that directly creates
three-dimensional parts from a CAD design. To produce
fully functional structural components, gas based
approaches to SFF such as Selective Area Laser
Deposition (SALD) seem to be very promising. SALD
utilizes Laser Chemical Vapor Deposition (LCVD)
technique, which can be based on reactions initiated
pyrolytically, photolytically or a combination of both [2],
to deposit the film at the desired location on the substrate.
A Parametric study on shape and cross-sectional area
of the thin film produced by LCVD with a moving laser
beam is presented. The effect of natural convection on the
LCVD process is neglected because it has little effect on
the shapes of deposited film and has no effect on the
cross-sectional area of the thin film. The problem is
formulated in the coordinate system that moves with the
laser beam and therefore, the problem is a quasi-steady
state. The heat and mass transfer equations are
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Fig. A-1 Dimensionless cross sectional area vs. scanning velocity

The following empirical correlation on the dimensionless
cross sectional area is obtained.
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at different processing parameters is shown in Fig. A-1. It
decreases with increasing scanning velocity. It also
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NOMENCLATURE
dimensionless cross sectional area
Biot number
concentration (kg/m³)
specific heat (J/kgK)
mass diffussivity (m²/s)
activation energy (kJ/mol)
thickness of the substrate (m)
thermal conductivity (W/mK)
Arrhenius constant
molecular weight (g/mol)
mass flux (kg/m²)
m
P
laser power (W)
Pe
Peclet number
p
pressure (Pa)
q′′
heat flux (W/m²)
ro
radius of the laser beam (m)
Ru
universal gas constant (=8.314kJ/kmol)
S
source term in the energy equation
Sc
source term in the mass transfer equation
T
temperature (K)
x
coordinate in length direction(m)
y
coordinate in width direction (m)
z
coordinate in height direction (m)
Greek Symbols
α
thermal diffusivity (m²/s)
αa
absorptivity
γ
sticking coefficient
δ
thickness of the deposited film (m)
ΔHR
heat of chemical reaction (J/kg)

emissivity
ρ
density (kg/m³)
Subscripts
g
gas
i
initial value
s
substrate

infinite
Ac
Bi
C
cp
D
E
h
k
K0′
M

INTRODUCTION
Solid Freeform Fabrication (SFF) is an emerging
manufacturing technology that directly creates
three-dimensional parts from a CAD design [1,2]. The
SFF technologies that can build structurally-sounds parts
are almost always powered by thermal fabrication of
three-dimensional objects from powders or gases. To
produce fully functional structural components, gas based
approaches to SFF such as Selective Area Laser
Deposition (SALD) seem to be very promising [3-5].
SALD utilizes Laser Chemical Vapor Deposition (LCVD)
technique, which can be based on reactions initiated
pyrolytically, photolytically or a combination of both [2],
to deposit the film at the desired location on the substrate.
Mazumder and Kar [6] reviewed the theoretical and
experimental works about LCVD up to 1995. More
recently, Duty et al. have thoroughly reviewed materials,
modeling and process control of LCVD [7]. Jacquot et al.
[8] proposed a thermal model of the SALD process using
acetylene (C2H2) as the source gas. Various phenomena,
which included heat conduction in the substrate, chemical

reaction during carbon deposition, and mass diffusion of
acetylene in the chamber were taken into account. The
temperature of the gases was, however, assumed to be
uniform and therefore the heat transfer in the gas phase
was neglected. Zhang and Faghri [9] developed a very
detailed model of SALD process, which included the
submodels of heat transfer, chemical reaction and mass
transfer, and the model was employed to simulate the
LCVD of TiN film on a finite slab with stationary and
moving laser beams. The results showed that the effect of
chemical reaction heat on the shape of deposited film was
negligible.
Lee et al. [10] investigated the effect of natural
convection on LCVD processes with stationary laser
beams and concluded that the effect of natural convection
of the gas on the thin film deposition rate was negligible.
Zhang [11] investigated the quasi-steady state natural
convection in LCVD process with moving laser beam. He
found that the effect of natural convection on the shape of
deposited film was negligible when the laser power was
less than 300W. The shape of the cross-section of the film
was slightly affected by natural convection when the laser
power is 360 W. However, the cross-sectional areas
obtained by the models with and without natural
convection were almost identical even for higher laser
power [11]. The numerical practices [11] indicated that
inclusion of natural convection would significantly
increase the CPU time to obtain the converged solution,
which would prevent a thorough parametric study. For the
purpose of parametric study, it is safe to neglect the effect
of natural convection because it only has little effect on the
shape of the deposited film and has no effect on the area of
the cross-sectional area of the deposited film. In this paper,
a thorough parametric study for LCVD with moving laser
beams will be performed and an empirical correlation will
be proposed.
PHYSICAL MODEL
The physical model of LCVD under consideration is
illustrated in Fig. 1. A substrate made of Incoloy 800 with
a thickness of h is located in the bottom of a chamber.
Before the vapor deposition is started, the chamber is
evacuated and then filled with mixture of H2, N2, and
TiCl4. A laser beam moves along the surface of the
substrate with a constant velocity, ub. The initial
temperature of the substrate, Ti, is below the chemical
reaction temperature, Tc. The vapor deposition starts
when the surface temperature reaches the chemical
reaction temperature. The chemical reaction taking place
on the top substrate surface absorbs part of the laser
energy and consumes the TiCl4 near the substrate surface.
The physical model of the LCVD process will include:
heat transfer in the substrate and gases, chemical reaction,
as well as mass transfer in the gases.
If the substrate is sufficiently large compared to the
diameter of the laser beam, which has an order of
magnitude of 10-3 m, a quasi-steady state occurs. The
system appears to be in steady state from the stand-point
of the observer located in and traveling with the laser
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beam. Heat transfer in the substrate and gases is modeled
as one problem with different thermal properties in each
region [9, 11]. Since the model geometry is symmetric
about the xz plane, only half of the problem needs to be
investigated. For a coordinate system moving with the
laser beam as shown in Fig. 1, the laser beam is
stationary but the substrate and the chamber move with a
velocity -ub. The heat and mass transfer in the substrate
and gases are modeled with the following equations:

In order to use eq. (4) to determine the source term in
eq. (1), the heat flux is treated as an internal heat source in
the grid near the surface of the substrate.
The effect of the chemical reaction on the mass
transfer is accounted for by a source term in eq. (2). The
mass flux rate of TiCl4 at the substrate is expressed as
d M TiCl 4
(5)
m TiCl 4    TIN ub
dx M TiN
The source term in eq. (2) is then obtained by
converting the mass flux of TiCl4 into the mass source in
the grid in gas phase immediately near the surface of the
substrate.
The boundary conditions for eq. (1-2) are
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Fig. 1 Physical model
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For the substrate region, the thermal properties are that
of Incoloy 800, the substrate material. For the gaseous
region, the thermal properties are determined by the
individual thermal properties of H2, N2, and TiCl4 as well
as their molar fractions [9]. The source term in eq. (1)
deals with the effects of laser beam heating and chemical
reaction. The source term will be zero everywhere except
at the substrate-gas interface under the laser spot. The heat
flux at the substrate surface due to laser beam irradiation
and chemical reaction is expressed as [11]
 2( x 2  y 2 ) 
2 P a
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where dδ/dx is the slope of the film thickness with respect
to x, and is expressed as [11]
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where TiN is sticking coefficient [11], and Cs represents
the concentration of TiCl4 at the surface of the substrate.
The constant, K0, in eq. (4) is defined as
1/ 2
(4a)
K 0  (C H 2 ) i (C N 2 ) i K 0'

(6b)
(6c)
(6d)
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NUMERICAL SOLUTION
The governing equations are written for the entire
domain that includes both substrate and the gases. The
concentration in the substrate region should be zero. The
algebraic equations resulted from the control volume
approach [12] have the following format
(7)
a P P   a nb nb  b
30
By setting ap=10 in eq. (7) at the grid point located
in the substrate region for the mass transfer equation, zero
concentrate field can be achieved [10]. The coefficients
of the algebraic equations are altered before the algebraic
equations are solved. The overall solution procedure is
similar to that outlined in Ref. [9] and will not be
repeated here. The typical number of iteration to get the
converged solution is about 2000. In order to accelerate
convergence, the initial temperature and concentration
distributions for a specific case can be set as the
converged temperature distribution for a similar case,
which resulted in a reduction of the iteration number by
50% or more.
In order to simulate the LCVD in the moving
coordinate system, the computational domain in x and y
direction must be large enough so that the effect of the
computational domain on the temperature and
concentration distributions can be eliminated. The
calculations were carried out for a non-uniform grid of 82
nodes in the x direction, 42 nodes in the y direction, and 82
nodes in the z direction. Finer grid sizes were also used in
the calculations, but their results did not provide a
noticeable difference with the present grid size.
RESULTS AND DISCUSSIONS
The code was validated by simulating heat conduction
in the substrate with a moving laser beam [11]. The
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laser scanning velocity on cross section of the thin film
formed by LCVD process is shown in Fig. 3. The
processing parameters in Fig. 3 are exactly same as that
in Fig. 2. The thickness at the centerline of the thin film is
highest when scanning velocity is higher than 1.2mm/s
because the temperature at the centerline is highest.
When the scanning velocity is less than 0.8mm/s, the top
of the thin film become flat because the product of
chemical reaction at the centerline cannot be fully stuck
on the substrate [14].
ub=0.4mm/s
ub=0.8mm/s

8

ub=1.2mm/s
ub=1.6mm/s
ub=2.0mm/s

6

(m)

steady state surface temperature obtained by numerical
solution was compared with the temperature distribution
caused by a moving point heat source [13]. The overall
agreement between the two solutions was very good
except at the locations near the center of the laser beam,
which is due to the natures of heat sources modeled in
analytical and numerical solution are different. The
analytical result is for the temperature distribution caused
by an infinitesimal heat source at x=0, while the
numerical temperature distribution result is for a finite
size heat source.
The numerical simulations of the LCVD process are
performed with parameters similar to those in Ref. [11]
but with broader range. The total pressure in the chamber
is 207 torr and the partial pressure of Titanium Chloride
is 7 torr. The partial pressures of N2 and H2 are the
same. The thickness of the substrate is 5 mm. The radius
of the laser beam, which is defined as the radius where
the laser intensity is 1/e² of the intensity at the center of
the laser beam, is 0.8 ~ 1.0 mm. The absorptivity of the
laser beam at the substrate surface is taken to be 0.23
[6,14]. The activation energy of the chemical reaction is
taken to be E=51.02 kJ/mol. The constant K0, as defined
in eq. (4a), is 8.4m/s. Chemical reaction heat, ΔHR, as
determined by using JANAF thermochemical tables [15],
is 5.379×106 J/kg. The initial temperature of substrate
and gas is 338 K. The laser power varies from 180 to 360
W and the scanning velocity ranged between 0.4 to 2
mm/s.
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Fig. 3 Cross section (P=300 W, r0=1 mm)
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Fig. 2 Longitudal cross section of the deposited film
(P=300 W, r0=1 mm)
Figure 2 shows the cross sections of the deposited
thin film at y=0. The scanning velocity varies from 0.4
mm/s to 2mm/s. The laser power is 300 W and the radius
of the laser beam is 1mm. It can be seen that the cross
sectional area is not functions of x at locations in the
wake of the laser beam, and the growth of the thin film
only occurs in the spot directly under laser beam
irradiation. The thickness of the thin film grows
significantly with decreasing scanning velocity because
the time of a particular spot exposed under laser beam
increases with decreasing scanning velocity. The effect of

Fig. 4 Cross section (P=240 W, r0=1mm)
Fig. 4 shows the effect of scanning velocity on the
shape of the deposited film for a lower laser power
(P=240 W). It can be seen that the flat top is not observed
for all cases including ub=0.4 mm/s. Fig. 5 shows the
effect of scanning velocity on the shape of the
cross-section of the deposited film at a higher laser power
(P=360 W). The top of the thin film is flat for the cases of
ub=1.6 and 2.0 mm/s. When the scanning velocity is
further reduced, a groove is observed on the top of the
deposited film due to low sticking coefficient near the
centerline. It is necessary to point out that while the flat
top is desirable the SALD application but a deep groove
on the top of thin film is not. Therefore, it is very
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with the laser scanning velocity at two different laser
beam radii are shown in Fig. 9. The dimensionless cross
sectional areas were obtained by
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As can be seen, the cross sectional areas decrease
with increasing scanning velocity. It also increases with
increasing laser power and decreasing laser beam radius.
In order to obtain empirical correlation for the
dimensionless cross-sectional area, the results in Fig. 9
are replotted in Fig. 10. The dimensionless cross sectional
area is plotted as function of Biot number and Peclet
number, which are defined by

(m)

important to choose the processing parameters to get
desirable shape of the cross section.
The numerical simulations are then performed for
smaller laser beam radius and the results are shown in Fig.
6-8. The shapes of the deposited thin films for the laser
power of 300 W are shown in Fig. 6. The thickness of the
film were significantly increased compared with the cases
of r0=1 mm because the decrease of the radius from 1
mm to 0.8 mm resulted in an increase of laser intensity by
56%. The grooves are observed on the top of the film for
all cases because higher laser intensity resulted in higher
surface temperature and consequently lower sticking
coefficient near the centerline of the thin film. Figure 7
shows the shape of the deposited thin film with a laser
power of 240 W. It can be seen that the shapes of the thin
film for all cases, except for the case of ub=0.4 mm/s, are
similar to that of r0=1 mm but the thickness of the film
are significantly increased. For the case of ub=0.4 mm/s,
the top surface of the thin film is flat due to low sticking
coefficient caused by higher surface temperature. Fig. 8
shows the shape of the deposited thin film with a laser
power of 180 W, which was not studied for r0= 1mm.
Grooves were not observed for all cases because the laser
power is lower.
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Fig. 7 Cross section (P=240 W, r0=0.8 mm)
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Fig. 5 Cross section (P=360 W, r0=1 mm)
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Fig. 8 Cross section (P=180 W, r0=0.8 mm)
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Fig. 6 Cross section (P=300 W, r0=0.8 mm)
The variations of dimensionless cross sectional area

It can be seen that the dimensionless cross-sectional
areas are linear functions of (Bi/Pe)1.35 for all cases. The
dimensionless cross sectional areas shown in Fig. 10 can
be correlated into the following expression.

 Bi 
Ac  a0  a1  
 Pe 

1.35

(10)
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where
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The difference between the cross-sectional area
obtained by numerical simulation and eq. (10) is less than
10%.
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Fig. 9 Dimensionless cross sectional area vs. scanning
velocity
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Fig. 10 Dimensionless cross sectional area vs. (Bi/Pe) 1.35
CONCLUSIONS
A parametric study on the LCVD of TiN film on a
substrate with moving laser beam is presented. The effect
of natural convection on the shape of deposited film is
neglected because the effect on the shape and cross
sectional area is insignificant. The results showed that a
groove could be observed on the top of the film for
higher laser power and lower scanning velocity. The cross
sectional area decreases with increasing scanning velocity.
It also increases with increasing laser power and
decreasing laser beam radius. An empirical correlation on
the dimensionless cross sectional area is obtained.
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