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Abstract

A thermal model of selective area laser deposition of titanium nitride on a finite slab under irradiation by a
stationary or a moving laser beam is presented in this paper. Heat transfer in the substrate and gases, the chemical
reaction on the substrate’s top surface, and the mass transfer of gases in the chamber were taken into account in the
model. For the cases of the stationary laser beam, the predicted deposited film profile was in good agreement with
the experimental results. For the cases of the moving laser beam, the deposited film became higher and wider when
the scanning velocity was decreased or the laser power was increased. Because of the low sticking coefficient of TiN
at high temperature, a groove appeared on the top of the deposited film when high laser power was applied. © 2000

Elsevier Science Ltd. All rights reserved.

1. Introduction

Solid Freeform Fabrication (SFF) with Selective
Area Laser Deposition (SALD) is a emerging manu-
facturing technology that directly creates three dimen-
sional parts from a CAD design [1]. 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. Pyro-
lytic LCVD uses a laser beam, which is not absorbed
by the gaseous material, to locally heat the substrate
to produce a hot spot where a thermally assisted
chemical reaction takes place. The product of the
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chemical reaction, which is a film of material, sticks to
the substrate surface due to chemisorption. On the
other hand, photolytic LCVD involves tuning the laser
to an electric or vibrational level of the gas. The irra-
diated material decomposes and the products deposit
on the cooler substrate to form the film.

Chemical Vapor Deposition (CVD) has been exten-
sively investigated by many researchers and a detailed
literature review is given by Mahajan [3]. In a pyrolytic
CVD process, the entire substrate is heated, and vapor
deposition occurs throughout the entire substrate. On
the other hand, in the SALD process, only a very
small spot on the substrate is heated by the laser beam
and vapor deposition occurs only in the heated spot. A
very detailed literature review about Laser Chemical
Vapor Deposition (LCVD) is given by Mazumder and
Kar [4]. Kar and Mazumder [5] present a 3D transient
thermal analysis for laser chemical vapor deposition
on a uniformly moving slab, in which a 3D, non-lin-
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Nomenclature

concentration (kg/m?)
specific heat (J/kg K)

mass diffussivity (m?/s)
activation energy (kJ/mol)
height of the chamber (m)
thickness of the substrate (m)
thermal conductivity (W/mK)
Arrhenius constant

(Chi (Cn2)i K (m]s)
length of the chamber (m)
length of the substrate (m)
molecular weight (g/mol)
mass flux (kg/m?)

laser power (W)

heat flux (W/m?)

SIETNARTIIENUOS O

q

To radius of the laser beam (m)

R, universal gas constant (=8.314 kJ/kmol)
S source term in the energy equation

S.  source term in the mass transfer equation
t time (s)

T temperature (K)

u laser scanning velocity (m/s)
W width of the chamber (m)
w width of the substrate (m)

b coordinate in longth direction (m)
y coordinate in width direction (m)
z coordinate height direction (m)

Greek symbols

O absorptivity

Y sticking coefficient

0 thickness of the deposited film (m)
AHy heat of chemical reaction (J/kg)

€ emissivity

p  density (kg/m?)

Subscripts

g gas

i initial value
S substrate

st start point
oo infinite

ear, transient conduction problem is solved analyti-
cally. The heat conduction equation is then linearized
by introducing Kirchoff’s transformation to account
for the variable thermal properties, and the boundary
condition is linearized by introducing an effective con-
vective heat transfer coefficient. The linearized heat
conduction equation is solved by a Fourier transform-
ation method. Kar et al. [6] investigate laser chemical
vapor deposition of titanium on stationary finite slabs
by solving 3D, transient mass diffusion equations for
each species using Fourier’s transformation method.
Conde et al. [7] present a thermal model of laser
chemical vapor deposition of TiN dots produced by
the following overall chemical reaction on the substrate
surface:

TiCla(g) + 2Ha(g) + %Nz(g)—>TiN(s) +4HClg) (D

The 3D transient diffusive mass transfer equation
is solved wusing Fourier’s transformation method.
The volcano-like profile of the deposited film is
found in certain conditions, which was in good
agreement with the experimental data [8]. The
authors of Refs. [6,7] do not consider the heat
transfer of the gases in the chamber. Another
assumption in Refs. [5-7] is that the effect of
chemical reaction heat on the heat conduction of
the substrate is negligible. This assumption can sig-
nificantly simplify the analytical/numerical procedure

because heat conduction in the substrate is not
coupled with heat/mass transfer in the gas and the
chemical reaction under this assumption.

Marcus et al. [2] study the residual stresses in
laser processed SFF, which includes SALD. Heat
conduction in the substrate is modeled as a pure
conduction problem with a moving heat source. Jac-
quot et al. [9] propose a thermal model of the
SALD process using acetylene as the source gas.
Various phenomena, which include heat conduction
in the substrate, chemical reaction during carbon
deposit, and mass diffusion of acetylene in the
chamber are taken into account. The effect of
chemical reaction heat on the heat conduction of
the substrate is taken into account. The temperature
of the gases is assumed to be uniform and, there-
fore, the heat transfer in the gas phase is neglected.

The effect of natural convection of the gases is neg-
lected by many researchers [6,7,9] except Lee et al. [10]
who numerically predict the deposit rate using pure
tetramethylsilane [Si(CH;)4] as a precursor for a rod
grown by the SALD process. However, their results in-
dicate that the heat and mass transfer in the gases are
dominated by diffusion, and the effect of natural con-
vection of the gas is negligible. In reality, the effect of
natural convection is important only if the total press-
ure in the chamber is high. However, the total pressure
of the gases in the chamber of the SALD process is on
the order of 10% torr [7,8,10], and therefore it is
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expected that the effect of natural convection on the
vapor deposition is insignificant. An estimation of
Grashof numbers for different cases investigated in
Refs. [7,10] indicated that the their order of magnitude
for different cases are in the order of 1 or less [11].
Since natural convection can play a significant role
only if the Grashof number is on or greater than the
order of magnitude to 10° [12], the effect of natural
convection in the SALD process can be safely neg-
lected.

The SALD process is very complicated because it
involves heat transfer in the substrate, heat and mass
transfer in the gases, and a chemical reaction on the
substrate surface under the laser spot. It appears that
none of the existing thermal models deal with the
above complicated coupled phenomena. In this paper,
a thermal model of SALD process will be developed to
predict the shape of deposited film. The SALD process
with both stationary and moving laser beam will be
investigated. The numerical results will be compared
with the experimental data in the existing literature.
The effect of laser power and scanning velocity on the
SALD process will also be investigated.

2. Physical model

The physical model of SALD is shown in Fig. 1. A
substrate made of Incoloy 800 with a size of 2/ x 2w x
h (length x width x height) is located in the center of
the bottom surface of a chamber with a size of 2L x
2W x H (length x width x height). Before the vapor de-
position started, the chamber was evacuated then filled
with mixture of H,, N5, and TiCl,. For the cases of
stationary laser beam, the center of the laser beam is
located at the center of the top surface of the substrate
(x = 0,y = 0, z=h). For the cases of the moving

Laser Beam
—Y,

|
I

Fig. 1. Physical model of selective area laser deposition
(SALD).

laser beam, the laser beam scans the surface of the
substrate along a straight line (y = 0, z = h) at a con-
stant velocity, u,. The start point of the scanning is
x=—(—ry) and the end point is x = (/—ry), and
therefore the total distance that the laser beam travels
is 2(1 — rp).

The vapor deposition starts after the surface tem-
perature reaches the chemical reaction temperature.
The chemical reaction that takes place on the top sub-
strate surface absorbs part of the laser energy and con-
sumes the TiCly; near the substrate surface. A
concentration difference is therefore established and
becomes the driving force of mass transfer. The laser
energy absorbed by the substrate surface will be
divided into three parts after the chemical reaction
starts: the first part goes into the substrate through
conduction, the second part is absorbed by the chemi-
cal reaction, and the third part is transferred into the
gas through conduction since natural convection is
neglected. Therefore, the physical model of the SALD
process will include three parts: heat transfer in the
substrate and gases, chemical reaction, and mass trans-
fer in the gases.

2.1. Heat transfer

Since the temperature of the substrate undergoes a
significant change under laser irradiation, the constant
thermal properties assumption does not apply [5,9,10].
Since natural convection in the gases is negligible [10],
heat transfer in the substrate and gases is modeled as
one conduction problem with thermal properties
reflecting the differences in each region. The advantage
of modeling the conduction problem in the substrate
and the gases as one problem is that the temperature
distribution in substrate and gases can be obtained by
solving one equation, and the iteration procedure to
match the boundary condition at substrate—gases inter-
face can therefore be eliminated. Since the problem is
symmetric about the xz-plane, only half of the problem
need to be investigated. For a coordinate system
shown in Fig. 1, the heat conduction in the substrate
and gases is governed by the following equation:

dpepT) 9 < 3T) 9 (0T a( aT)
— =k +5(k5)+5 ke ) +S
@)

where the thermal properties are different for substrate
and gases.

ke IxIKL o y<w, z<h
k_{kg x| >0, y>w, z>h 3)



3838 Y. Zhang, A. Faghri| Int. J. Heat Mass Transfer 43 (2000) 3835-3846

ey, x|<l, y<w, z<h
%=1 (pep), W<l y<w, z<h @

The thermal properties of substrate material, Incoloy
800, can be obtained from Refs. [13,14]. The thermal
conductivity and specific heat of the gases in the
chamber is related to the individual thermal properties
of H,, N,, and TiCl, as well as their molar fractions
[15]. The thermal conductivities and specific heats of
H, and N, at different temperature are obtained from
Ref. [16]. Thermal conductivity and viscosity of TiCly
are derived by the method described in Ref. [15]
because they are not available from the existing litera-
ture. The specific heat of TiCl, was obtained from
JANAF Thermochemical Tables [17].

The source term in Eq. (2) deals with the effect of
laser beam heating and chemical reaction since the
interface between substrate and gases is located inside
the system. The source term will be zero everywhere
except at the substrate-gases interface under the laser
spot. The heat flux at the substrate surface due to laser
beam irradiation and chemical reaction is expressed as

., 2P, (x—x4— ul)z—i—y2
= exp| — 5

v
0 0 )
do
—co(T* - T) - pTiNAHRE, z=nh
where ?Tf is the deposit rate. The values of ‘31—‘3 need to

be determined by the chemical model that will be pre-
sented later. In order to use Eq. (5) to determine the
source term in Eq. (2), the heat flux is treated as an in-
ternal heat source in the grid near the surface of the
substrate, i.e.

"

_q"AxAy q"
S= AV T Az ©)

where, Ax, Ay, Az represent the dimension of the con-
trol volume cell in the substrate near its surface.

The initial and boundary conditions of the problem
are

T=T, —-L<x<L, 0<y<W, 0<z<h, t=0
@)

0T o, x=+L ®)

ax

aT

a0 )’ZO’W (9)

dy

T

8—, x=0H (10)

0z

From Eqgs. (8)—(10), it is assumed that the heat loss
to the outside of the chamber is negligible.

2.2. Chemical reaction

In the chemical reaction undergone in the vapor de-
position of titanium nitride films, TiN is produced
according to the overall chemical reaction expressed in
Eq. (1) [7]. The production rate of TiN, which is
defined as the mass of TiN produced per unit area per
unit time, is calculated by

i = K(T)Cr, O\ Cric, (11)

where K(T') is the reaction rate constant and can be
calculated by Arrhenius equation

K(T) = K(;exp( - RET ) (12a)

where Ty represent the upper surface temperature of
the substrate.

Since the order of the magnitude of Cy, and Cy, is
higher than that of Cricy, for at least one order, the
variation of Cy, and Cy, in the vapor deposition pro-
cess can be neglected, i.e., Cy, and Cx, can be treated
as constants in Eq. (11). Thus, one can define

1/2
Ky = (CHz)i(CNz) K (12b)

i

and Eq. (11) is rewritten as

m= KOCXP< - )CTiCl4 (13)

E
RoTs

The deposit rate is then expressed as

do i K E
Q_m_ R exp( - )Cs (14)
dt  prin PN R T

where the subscript of Cricy, is dropped for notation
and Cs in Eq. (14) represents the concentration of
TiCl, at the surface of the substrate.

2.3. Mass transfer

Since variation of the concentration of N, and H, in
the vapor deposition process is neglected, and therefore
the concentration of N, and H, is assumed to be uni-
formly equal to their initial values. From Eq. (14), it
can be seen that the deposition rate depends on the
concentration of TiCly at the top surface of substrate.
Therefore, the concentration of TiCly; must be solved
in order to predict the deposition rate. In the absence
of natural convection in the chamber, the concen-
tration of TiCly is governed by the following mass dif-
fusion equation
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aC a2C  3*C  d°C
— =D+ —4+— 1
at (ax2 + 9y?2 MFFS +5 (15)

The mass diffusivity of TiCly in the gas mixture is
determined by Stefan—Maxwell equation [15] using the
binary diffusivity of TiCl, with respect to each other
species, which was calculated using the hard sphere
model [15].

In order to have the same computational domain as
the heat transfer problem, Eq. (15) applies to the entire
computational domain, which includes substrate and
gases. The concentration in the substrate area should
satisfy C = 0.The initial and boundary conditions of
Eq. (15) are

C=C, —L<x<L, 0<y<W, 0<z<h, t=0
(16)

aC

E:O, y=0,W (18)

ay

E:O, z=H 19)

0z

E:O, z=0, |x|>1[ y>w (20)

0z

C=0, z=0, [x|<l y<w (21)

As in the heat transfer problem, the effect of the
chemical reaction on the mass transfer is taken care by
a source term in Eq. (15). The mass flux rate of TiCl,
at the substrate is expressed as

. _ do Mric,
mricl, = PNy, Min
1

=h (22)

The source term in Eq. (15) is then expressed as

i, AxAy  Mric, Ko
AV o M TiN Az

E
- S =h
X exp( RuT5>C z

Se =

(23)

3. Numerical solution

Egs. (2) and (15) are typical diffusion equations
which can be discretized by a finite volume method
[18] and solved numerically. The solution of the chemi-

cal reaction model is straightforward because the
deposit rate is a explicit function of the temperature
and concentration at the substrate surface. The iter-
ation for a time step is outlined as follows:

1. Guess a distribution of deposit rate, %.

2. Solve for the temperature distribution in substrate

and gases.

. Solve for the concentration distribution in the gases.

. Calculate the deposit rate, (%£),.,, from Eq. (14).

5. Compare the deposit rate obtained in step 4 with
the guessed distribution in step 1. If
I(92) e — %], <e, where e is a small tolerance
value, end the iteration and go to the next time
step. If not, update the value of % and go back to

step 1.

B W

During the above iteration procedure, an underre-
laxation with underrelaxation factor of 0.5 is necess-
ary. The calculations were carried out for a non-
uniform grid of 112 nodes in the x-direction and 42
nodes in the y- and z-directions. The time step is 0.1 s
for the cases of stationary laser and Az = 0.02—0.05 s,
which depends on the scanning velocity, for the cases
of moving laser beam. Finer grid sizes (162 x 62 x 62)
and smaller time steps (0.01 s) were also used in the
calculations, but the difference on chemical deposit
rate is less than 1%.

4. Results and discussion

In order to compare the calculated results with the
experimental data, the geometric and physical par-
ameters are same as those in Refs. [7,8]. The size of
the chamber is 2L x 2W x H = 0.5 x 0.5 x 0.125 m>,
and the substrate is 2/ x 2w x & = 0.01 x 0.01 x 0.005
m°>. The total pressure in the chamber is assumed to be
207 torr and the partial pressure of titanium chloride
is maintained at 7 torr. The partial pressures of N,
and H, are approximately the same. The absorptivity
of the laser beam at the substrate surface is taken to
be 0.23 which is a relatively higher due to multiple
refections of the laser beam in the microcavities
formed by the microstructures grown during the
SALD process [7]. The radius of the laser beam, which
is defined as the radius where the laser intensity is 1/e>
of the intensity at the center of the laser beam, is 1.0 x
1073 m. The activation energy of the chemical reaction
is taken to be E = 51.02 kJ/mol. The constant Kj, as
defined in Eq. (12b), is 8.4 m/s. Chemical reaction
heat, AHg, as determined using JANAF thermochemi-
cal tables [17], is 5.379 x 10° J/kg. Volcano-like profiles
of deposited film were often reported for the laser
vapor deposition process [9] and the causes were not
clear. Conde et al. [7] suggested that the low sticking
coefficient at the center of the laser beam, where the
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temperature is highest, plays a major role. A sticking investigated first and the results are compared with the
coefficient, yry, introduced by Conde et al. [7] is experimental data. Fig. 2(a) shows the variation of
employed in this paper to predict volcano-like depos- deposited TiN film thickness with different x but y =
ited film. 0. Both predicted and experimental [7] results are
The SALD process with a stationary laser beam is plotted in Fig. 2(a). The power of the laser beam and

5 T T T T T T

ooo Experiment [7]
Predicted (with chemical reaction heat)
’ + + + Predicted (without chemical reaction heat) ]

a4l J

1 1 1 1 1 1 i 1 1

Q
-0.5 -04 =03 =02 -0.1 0 0.1 02 03 04 0.5
xx10%*(m)

(a) P=300W t=2s

0 1y 1 1 1 1

/] 05 1 15
xx10%(m)
(b) P=400W t=2s

Fig. 2. Comparison of deposited TiN film profile obtained by numerical solution and experiment.
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the irradiate time are 300 W and 2 s. It can be seen
that the agreement between the predicted and exper-
imental results is very good, especially at the center of
the laser beam. The agreement between predicted and
experimental results becomes poor at the locations that
are far from the center of the laser beam. Fig. 2(b)
shows the comparison of predicted deposited TiN film
thickness with the experimental data in Ref. [7]. It can
be seen that the quality agreement between the pre-
dicted result and the experimental data is very good.
The volcano-like deposited film shape is successfully
predicted by using the temperature dependence of the
sticking coefficient introduced by Conde et al. [7]. Also
plotted in Fig. 2(a) and (b) are the shapes of the
deposited film in absence of chemical reaction heat,
i.e., AHgr =0 in Eq. (5). It can be seen that the effect
of chemical reaction heat on the shapes of deposited
film is negligible because the effect of chemical reaction
heat on the heat flux at the substrate surface is very
insignificant. For the results shown in Fig. 2(a) and
(b), the fraction of laser energy absorbed by the chemi-
cal reaction is less than 0.1%.

The SALD with moving laser beam is then investi-
gated because it is the case for the real SALD process.
Fig. 3 shows the 3D shape of the deposited film with
laser power of 300 W and constant scanning velocity
of 1 mm/s. It can be seen that both the height and
width of the deposited film increase with increase of x.
This occurs because the top surface temperature of the
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substrate at the center of the laser beam is lower when
the scanning process is just started and increases with
increases of the scanning time.

The temperature contours at y =0 surface for the
case of stationary laser beam and moving laser beam
are shown in Fig. 4(a) and (b), respectively. For both
cases, the region in the substrate and gases affected by
the laser beam is very small. The chemical reaction is
limited in the region where the surface temperature is
higher than the threshold temperature (1173 K). There-
fore, the TiN film can be deposited on the selected
area by laser chemical vapor deposition, which is im-
possible for the conventional chemical vapor depo-
sition process. For the case with moving laser beam,
the affected zone to the negative direction of x-axis is
larger than that to the positive direction of x-axis
because the laser beam moves toward the positive
direction of the x-axis. However, this difference is not
significant for the isothermal lines at high temperatures
because the moving velocity of the laser beam is actu-
ally very slow.

Fig. 5 shows the 3D shape of the deposited film with
same laser power but slower scanning velocity of 0.8
mmy/s. It can be seen that the deposited film is higher
and wider than that at fast scanning velocity because
the time the laser beam stays at a particular point is
longer for a slower scanning velocity. In order to
clearly see the effect of scanning velocity on the shape
of the deposited film, the cross sections of the depos-

Fig. 3. 3D shape of the deposited TiN film with moving laser beam (P = 300 W u = 1.0 x 107> m/s and ¢ = 8 s).
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ited film at y =0 and x = 0 for different scanning vel- to 360 W. One thing that can be observed is that the
ocities are shown in Fig. 6. deposited film is much higher and wider than that at a
Fig. 7 shows the shape of the deposited film for lower power of 300 W. The other thing that can be
higher laser powers. The scanning velocity is same as observed is that there is a x-direction groove on the
in the case of Fig. 3, but the laser power is increased top of the deposited film because the larger laser
20 T T T T T T T T T
18 J
16} 4
14} J
12f i

zx10%(m)
B

(=]
-
-

xx10%(m)
(a) u=0ms, t=2s

18

16

14}

12

zx10%(m)
5

=]

xx10%(m)
(b) u=0.001m/s, t=45s

Fig. 4. Temperature contour at y = 0 (P = 300 W).
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Fig. 5. 3D shape of the deposited TiN film with moving laser beam (P = 300 W u = 0.8 x 107> m/s and 1 = 10's).

5 5
y=0 x=0
45 45
4 o
3.5
3t
E u=0.8x10"3m/s t=10s
S 25F J
i
X
o
2r -
u=1.0%x10"3m/s
t=8s
1.5}
1 3
0.5
0 0 N
xx10%(m) yx10%(m)

Fig. 6. Effect of scanning velocity on the cross section of the deposited film (P = 300 W).
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2 ;‘.‘:‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0
yx103(m)
5 -5

Fig. 7. 3D shape of the deposited TiN film with moving laser beam (P = 360 W, u = 1.0 x 10> m/s and ¢ = 8 s).

power makes the top surface temperature of the sub- formation of the volcano-like film in the case of
strate in some points exceed the critical temperature, stationary laser beam, a groove is formed on the top
above which the product of the chemical reaction can of the deposited film. The groove on the top of the
not be fully stuck on the substrate surface. In lieu of deposited film can be avoided by increasing scanning
54
44
‘:C,EJSN .\-\‘\ R
S \‘:;\,‘.- \
< 24 S
;;::\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
N \‘}‘\‘\\\\\\\\\\\\\\\i\\\\\\\\\\\\\‘\\%\\\\\\\.\\\\ |
(N8 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\._\& s
0> FOXN \\\\\\ A\l )
'.’ \\ \\\\ \\\\\\\

0
xx10%(m)
yx103(m)

5 -5

Fig. 8. 3D shape of the deposited TiN film with moving laser beam (P = 360 W, u = 1.6 x 10> m/s and t = 5s).
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5 T
y=
45+ E
4} 4
351 4
3} 4

10-3m/s =5

2F 4
=1.6x10"3m/s t=5s
15¢
1 -
0S5
o A
-5 0 5

xx10%(m)

5 T
x=0
45} 1
4} 4
35 u=1.0x10"3m/s t=8s
__ 8 ]
E
-]
S 251 4
X
s
2t -
u=1.6x10"3m/s|
1.5 t—5s
1 4
051 4
o A1 \
-5 0 5
yx10%(m)

Fig. 9. Effect of scanning velocity on the cross section of the deposited film (P = 360 W).

velocity of the laser beam so that the top surface tem-
perature of the substrate under the laser spot can be
reduced. The 3D deposited film at the increased scan-
ning velocity is shown in Fig. 8. It can be seen that the
deposited film is thinner and more narrow and the
groove on the top of the deposited film becomes very
shallow. The effect of the scanning velocity on the
cross section of the deposited film at y=0 and x =0
is shown in Fig. 9.

5. Conclusion

A thermal model of SALD process, which includes
the submodels of heat transfer, chemical reaction and
mass transfer, has been developed and the model is
employed to simulate the laser vapor deposition of
TiN film. The results show that the effect of chemical
reaction heat on the shape of deposited film is negli-
gible. For the cases with a stationary laser beam, the
qualitive agreement between the predicted and exper-
imental results are very good. The cases with moving
laser beam are also investigated. The deposited film
becomes higher and wider when the scanning velocity
is decreased or the laser power is increased. The depos-
ited film with a groove on the top is obtained for cases

of higher laser power due to low the sticking coefficient
of TiN at high temperatures.
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