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Chemical Vapor Deposition (CVD) of TiN coatings has been analyzed at three different

length scales: (a) At chemical reactor length scale, by solving the appropriate reactive-gas,
fluid-dynamics, heat-transfer boundary value problem; (b) At the atomic scale, by applying
a kinetic Monte Carlo method to model the deposition process in a stochastic manner and

(c) At the coating-grain scale, by employing an improved van der Drift-type model to
simulate the evolution of surface morphology, grain size distribution, evolution of the
morphological and crystallographic texture, etc. in polycrystalline TiN coatings. It has
shown that by combining the three modeling schemes, one can establish a direct link
between the processes parameters and the microstructure (and thus the properties) of as
CVD-grown TiN coatings. This, in turn, enables optimization of both the coating deposition
process, and the microstructure and properties of CVD-grown coatings.
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1. Introduction

Due to its high melting point, high hardness and excel-
lent corrosion and erosion resistances, titanium nitride
(TiN) is widely used as coating for machining and form-
ing tools [e.g. 1]. TiN coatings are generally produced
by either physical vapor deposition (PVD) [e.g. 2-5]
or chemical vapor deposition (CVD) [e.g. 6-9] meth-
ods. CVD of TiN is generally carried out using either
molecular nitrogen (N;) gas or ammonia NHj3 gas as
the source of nitrogen. In the present work, a multi-
length scale analysis of the CVD of TiN coatings from
TiCl, and NHj as the gaseous sources of titanium and
nitrogen, respectively, is presented. It should be noted,
however, that the approach used is fairly general and
can be extended to both different Ti/N sources and to
other types of coatings.

Processing of the TiN coatings by CVD from a pre-
cursor gas mixture containing TiCly vapor, NHj3 gas
and molecular hydrogen as the carrier gas at substrate
temperatures in the range between 323 and 1900 K and
the subambient pressures of 1-50 Torr (0.14-7.0 kPa)
has become commercially viable over the last decade
[e.g. 1, 10]. The gas mixture is typically heated using
hot filaments, plasmas, combustion flames, and other
means. While it is well-established that the chemical
vapor deposition of TiN occurs as a result of chemical
reactions between various TiCly- and NH;3-derived sur-
face species, the mechanism of the TiN deposition is
still not well understood. This is primarily caused by
the fact that the atomic-scale events which lead to the
deposition of TiN are difficult to study in sifu. Hence,
the current understanding of TiN deposition has been
primarily gained through the use of computer modeling
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and simulations and/or from the interpretation of ex situ
experimental data.

In recent years a number of modeling approaches
have been developed to analyze chemical vapor deposi-
tion of coatings and films. Some of the models [e.g. 11]
deal with fluid dynamics and thermal energy effects of
the reactive gas at the length scale of a CVD reactor.
Such models enable computation of the average deposi-
tion rates but can not account for a number of important
effects such as the effect of the local surface morphol-
ogy and crystallographic orientation on the deposition
process, incorporation of the lattice defects in the coat-
ing during deposition, etc. At the other length-scale ex-
treme, there is a variety of the models which deal with
atomic-scale events accompanying the CVD process.
Among these models, some deal with the energetics of
various surface configurations [12—18], while the others
are used to determine the kinetic parameters of individ-
ual surface reactions [19-22]. In addition, molecular
dynamics simulations are used to model the deposition
process but such simulations are limited to only few
milliseconds of the deposition time [e.g. 23]. Recently
Battaile et al. [24] and Grujicic and Lai [25] demon-
strated that a kinetic Monte Carlo method can be used
to model CVD of single-crystalline films and coatings
over tens of minutes of the deposition time. This ap-
proach is used in the present work to simulate the CVD
process of TiN on the atomic scale. While atomic-scale
simulations are useful in analyzing the deposition pro-
cess of single-crystalline coatings and films, they are
impractical for modeling the evolution of microstruc-
ture and texture in polycrystalline coatings and films.
Recently, several models [26—-28] have been proposed
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which can be used for simulation of the morphological
and crystallographic texture and surface morphology
in the thick polycrystalline coatings and films. Among
these models developed by the present authors [27, 28],
will be utilized in the present work to model the CVD
of TiN on the grain scale.

In the present paper, a multi-length scale approach is
used to study the CVD of polycrystalline TiN coatings.
First, the CVD process is analyzed at the reactor-scale
by solving the appropriate boundary value problem for
areactive gas mixture in contact with a deposition sur-
face. In order to account for the difference between
the growth rates of {111}- and {100}-oriented facets
of a polycrystalline coating surface, the rates of TiN
bond-breaking surface reactions are adjusted in the
two cases to take into account the effect of the sur-
face morphology. Next, atomic-scale modeling of the
growth of {111}- and {100}-oriented TiN facets is car-
ried out and coupled with the reactor-scale simulations.
This coupling is achieved by using the concentrations
of the gas-phase and surface species at the deposition
surface resulting from the reactor-scale calculation as
the boundary conditions for the atomic-scale modeling.
Next, the atomic-scale and the grain-scale models are
coupled in order to analyze the evolution of grain mor-
phology and crystallographic texture during CVD of
polycrystalline TiN coatings. This coupling is achieved
by using the {100} and {111} surface growth rates ob-
tained in the atomic-scale calculations, as input to the
grain-scale modeling.

The organization of the paper is as following: In
Section 2, a brief overview of the CVD of TiN from a
TiCls- and NH3-based reactive gas is presented. A brief
description of reactor-scale model and its application to
CVD in a hot-filament rotating-disk reactor is given in
Section 3. Atomic-scale modeling of the CVD process
using a kinetic Monte Carlo method is introduced and
applied to the {100}- and {111}-oriented single crys-
talline TiN coatings in Section 4. A grain-scale model
for the deposition of polycrystalline TiN coatings is
presented in Section 5. The main conclusions resulted
from the present work are summarized in Section 6.

2. Chemistry of CVD of TiN from TiCl,

and NH;3
The following overall reaction for the chemical vapor
deposition of TiN from TiCly and NH3 has been pro-
posed by Larson and Allendorf [11]:

6TiCl4(G) 4 8NH3(G)
— 6TiIN(D) 4 24HCI(G) + N»(G) (1)

where G and D within the parentheses indicate a gas-
phase or a deposited solid species, respectively. If the
rate of production of TiN(D) species is denoted as r, the
rate of production and consumption of the other species
appearing in Equation (1) can be defined as shown in
Table I. It should be noted that the Gibbs free energy
change accompanying the CVD reaction, Equation (1),
is highly negative at temperatures above ~600 K. Con-
sequently, the CVD reaction given by Equation (1) is
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TABLE I Rates of production of various gas-phase and bulk species
appearing in the overall deposition reaction of TiN, Equation 1, and their
relations with the rates of surface reactions

Species Rate of production

TiN(D) r

HCI(G) 4r=Ri+Ry+R3+ R4+ Rs+ Rs+ Ry
+ Rg + Ry + Rio+ R11

N2(G) r/6=Ru4

TiCl4(G) —-r=—R|— R,

NH;(G) —4r/3=—R3— Ry — Rs

Ti(D) r=Ri+ R

N(D) r=R3+ R4+ Rs—2Ry4

assumed to be irreversible at the commonly used de-
position temperature (>600 K). It should also be noted
that titanium atoms undergo a change in the oxidation
state from 44 to +3 during deposition. Consequently,
in addition to HCI(G), molecular nitrogen N,(G) also
forms during the CVD of TiN.

Larson and Allendorf [11] also proposed a surface
reaction mechanism consistent with Equation 1. The
mechanism is based on the following gas-phase, surface
and bulk species:

Gas: TiCl4(G), NH3(G), HCI(G), N»(G);

Surface: TiCl5(S), TiCly(S), TiCI(S), Ti(S),
Ti*(S), NHa(S), NH(S), N(S), N*(S),
N**(S);

Bulk:  Ti(D), N(D).

A surface species is defined to be one that resides in
the topmost layer of the solid, while the bulk species
reside in any layer below the topmost layer. It should
be noted that Ti-N bonds are not explicitly noted in the
designation for the surface and bulk species. Thus, for
example, TiClz(S) is a surface species in which one of
the original Ti-Cl bonds has been replaced by a Ti-N
bond, while in Ti(S) all four of the Ti-Cl bonds have
been replaced. In the case of Ti*(S), however, one of
the new Ti-N bonds has been broken. The nitrogen-
contai ning surface species are denoted in an analogous
manner, so that in the case of N**(S) two of the Ti-N
bonds have been broken. Since the oxidation states of Ti
and N are both 43 in bulk TiN, Ti*(S) and N(S) species
are the immediate precursors to a bulk titanium atom,
Ti(D), and a bulk nitrogen atom, N(D), respectively.
According to surface reaction S14, a N, molecule is
formed from two N**(S) species by breaking the last
Ti-N bond to each. It should be noted that whenever a
nitrogen surface species loses a bond, a titanium species
must do the same.

Both the gas-phase and surface species take part in
surface reactions which are classified into five groups,
as shown in Table II. A schematic of surface reactions
S1 and S3 taking place on {100} and {111} planes is
shown in Figs 1 and 2, respectively.

It should be noted that each surface reaction auto-
matically conserves the total number of surface species,
1.e. surface sites. In the case of surface reaction S1, for
example, when a gas-species TiCl4(G) attaches to the



TABLE II Gas-phase and surface reactions and the corresponding reaction rate coefficients associated with CVD of titanium nitride

No Reaction A; cm-mole-s Bi E; cal/mole
Nonreactive Complex Formation

Gl TiCl4(G) 4+ 2NH;3(G) = TiCly - 2NH3(G) 1.75x 10'8 0.0 76000

Ti Deposition
S1 TiCl4(G) + NH(S) + Ti*(S) = TiCl3(S) + NH(S) + HCI(G) + Ti(D) 1.22 x 10%! 0.0 0.0
S2 TiCl4(G) + NH(S) + Ti*(S) = TiCl3(S) + N(S) + HCI(G) + Ti(D) 1.22 x 102! 0.0 0.0

N Deposition
S3 TiCl3(S) + NH3(G) 4+ N(S) = TiCly(S) + NH,(S) + HCI(G) 4+ N(D) 1.90 x 10'? 0.0 0.0
S4 TiCly(S) + NH;3(G) + N(S) = TiCI(S) + NH,(S) + HCI(G) + N(D) 1.90 x 10 0.0 0.0
S5 TiCI(S) + NH3(G) + N(S) = Ti(S) + NH,(S) + HCI(G) + N(D) 1.90 x 101? 0.0 0.0

Surface Condensation

S6 TiCl3(S) + NH»(S) = TiClx(S) + NH(S) + HCI(G) 3.09 x 1010 0.0 0.0
S7 TiCl3(S) + NH(S) = TiCly(S) + N(S) + HCI(G) 3.09 x 1010 0.0 0.0
S8 TiCly(S) + NH»(S) = TiCI(S) + NH(S) + HCI(G) 3.09 x 1010 0.0 0.0
S9 TiCl,(S) + NH(S) = TiCI(S) + N(S) + HCI(G) 3.09 x 1010 0.0 0.0
S10 TiCI(S) + NH»(S) = Ti(S) + NH(S) + HCI(G) 3.09 x 1010 0.0 0.0
S11 TiCI(S) + NH(S) = Ti(S) + N(S) + HCI(G) 3.09 x 1010 0.0 0.0

Bond Breaking
S12 Ti(S) + N(S) = Ti*(S) + N*(S) 8.37 x 1010 0.0 0.0
S13 Ti(S) + N*(S) = Ti*(S) + N**(S) 8.37 x 1010 0.0 0.0

N, Liberation
S14 2Ti(S) 4+ 2N**(S) 4 2N(D) = 2Ti*(S) + N2(G) + N(S) 7.00 x 10%7 0.0 0.0

Ti or N Diffusion
S15 Diffusion on {100} atomic flat surface 1.40 x 1012 0.0 4710
S16 Diffusion on {111} atomic flat surface 6.30 x 1013 0.0 15600
Cl ,
" H ¢
TiCls(S) Reaction S1
NH(S) Reaction S1 NH(S)
NH(S) + TiCl(G) ‘::> + HCKG)
Ti*S) + TiCly(G) I:> + HCIG)
Ti(D) = P AN S
O Ti bottom layer oo O Ti'bottom layer
@® N bottom layer (0101 O Ti top layer (1]
[100] _
— Bond @® N bottom layer )__‘ [10]
NH; © N bottom layer ezl

a 9a e a
TiClx(S) Reaction S3 lKj'[‘iCIz(S)
NS) + NH3(G) ’:> ® ND) + HCIG)

Figure 1 A schematic of the surface chemical reactions S1 and S3
(Table II) taking place during the CVD of titanium nitride on {100}-
orientated substrates.

surface, a Ti*(S) becomes buried in the coating and thus
becomes a bulk species, Ti(D). With this interpretation,
it is clear that surface reactions S1 through S5, despite
the appearance of the participation of three reactants,
represent essentially bimolecular processes. As aresult,
one bulk-phase atom is added to the solid for each one
that arrives from the gas. A reverse process occurs in
reaction S14.

Because the surface species are merely reaction in-
termediates, i.e. they do not explicitly appear in the
overall deposition reaction, Equation 1, it is justified
to assume that their concentrations are fixed during the

— Bond

Cl Cl

a

1 Reaction S3
TiClx(S)

N(S) + NH3(G)

Figure 2 A schematic of the surface chemical reactions S1 and S3
(Table II) taking place during the CVD of titanium nitride on {111}-
orientated substrates.

deposition process. If the rate of surface reaction i is
denoted as R;, ten conservation equations, one for each
surface species, can be written, as shown in Table III.
These equations can be readily understood. For exam-
ple, the conservation equation for TiCl3(S) is obtained
by recognizing that this surface species is generated in
reactions S1 and S2 and that it is consumed in reactions
S3, S6 and S7.

Since the species appearing in Equation 1 also take
part in the surface reactions, their rates of production/
consumption can be related to the rates of the
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TABLE IIT Conservation equations for the surface species

Surface Species  Conservation Equations

TiCl3(S) Ri+Ry=R3+Rs+R7=r
TiCl,(S) R34+ Re+R7+R4+R3+Ro=r
TiCI(S) Ri+Rg+Ro=R5+ Rio+ Ri1=r

Ti(S) Rs+Rio+Ri1=Ri2+Ri3+2R14=3Rpp=r

Ti*(S) Rio+Ri3+2R14=3Ri3=Ri+Ry=r

NH2(S) R3+ R4+ Rs=Ri+ Re+ Rs + Rio

NH(S) R+ Rs+ Rg+ Rio=R>+ R7+ Rg+ Ry

N(S) Ro+R74+Ro+Ri1 +2R14=R3+ R4+ Rs + Rp2
N*(S) Rix=Ri3

N*™(S) Ri3=2Ry4

appropriate surface reactions. Such relations are given
in Table L.

As discussed earlier, there are ten surface species
and thus that many conservation equations. However,
since the total concentrations of Ti- and N-based surface
species are both conserved, only eight of these equa-
tions are independent. The eight conservation equations
for the first seven surface species and the last surface
species, Table III, can be written as:

Ri+Ry=R3+Rs+R;=R4+ Rg+ Ry =Rs
+ Rio+ Rii =3R2=3Ri3=06Ru=r (2)
R34+ R4+ Rs =Ry + Rs+ Rs+ Ryo
= Ry+R7+ Ry + Ryy =4r/3 (3)

In order to quantify the rates of surface reactions,
Larson and Allendorf [11] assumed mass-action kinet-
ics and that the rate constants for all the surface reac-
tions in the same of the five groups listed in Table II,
have the same value. The five rate constants are de-
noted as «, B, y, A and §, respectively. In order to
determine these rate constants, Larson and Allendorf
[11] expressed the overall reaction rate, r, in terms of
the concentrations of TiCly(G) and NH3(G) gas-phase
reactants and the five rate constants. This was done
through the use of Equations 2 and 3, and the condition
that the total concentrations of Ti- and N-based surface
species are each equal to 0.5¢, i.e.:

Criciys) + Criciys) + Cricisy + Crisy = 0.50 (4)
CnHys) + Cnns) + Cnes) + Cnxs) + Cn=s) = 0.50
(5

where C denotes the concentration of a given surface
species and g is the surface site density. In addition, the
concentration of N(D) is set to 0.5 of the bulk molar
density and incorporated into reaction rate constant, §.
By combining Equations 2-5, Larson and Allendorf
[11] obtained the following relations:

3 [A ) (¢n+2)9¢,¢n}
r=——1 g2t TP Ny
Mo +22|[26 " T+ ¢+ 04,0

5\ 12
—<%) }2 (©)

2940

where

Sa 58
¢, = —Criqy, ¢n = —CnH,
3y 4y

and 0:1

Sh

In order to account for the experimentally observed
small negative order of the TiN deposition rate with
respect to the concentration of TiCls(G), a homoge-
neous reaction for formation of a non-reactive complex
TiCly - 2NH3(G) is postulated as:

TiCl4(G) + 2NH;(G) — TiCl, - 2NH5(G)  (7)

with a third-order rate constant k. Based on this reac-
tion, as the concentration of TiCls(G) in the inlet gas is
increased, it causes additional NH3(G) to be tied up in
the TiCly - 2NH3(G) complex. This decreases the con-
centration of NH3(G) available for the CVD of TiN and,
in turn, decreases the deposition rate of TiN.

Six reaction rate constants are determined by fitting
the measured TiN deposition rates at 903 K [29] un-
der different processing conditions, with the reactor-
scale model predictions [30]. To account for the ob-
served substantial temperature difference between the
substrate and the inlet shower head in the reactor, an ac-
tivation energy E is introduced in conjunction with the
gas-phase reaction, Equation 7. Thus, the total of seven
parameters: «, 8, ¥, A, 8, k and E is evaluated, Table II.
A surface site density o =3.61 x 10~° mol/cm?, com-
puted from the bulk density of TiN, is used in the com-
putations. It should be noted that through the use of a
reactor model, Larson and Allendorf [11] managed to
account for the effects of mass transport and reactant
depletion on the rate of TiN deposition.

A comparison between the model predicted and mea-
sured TiN deposition rates at 903 K under the CVD
processing conditions not used for parameters fitting,
showed that chemistry of the CVD of TiN from TiCly
and NHj as described by Larson and Allendorf [11] is
quite reasonable and hence will be used in the present
work.

3. Reactor-scale modeling of the

CVD of TiN coatings
In this section, the CVD of TiN coatings is analyzed
by solving a reactive-gas, fluid-dynamic, heat-transfer
problem at the length-scale of a CVD reactor.

3.1. Computational procedure

The reactor-scale modeling of the CVD of TiN coating
is carried out for a standard rotating-disk hot-filament
CVD reactor. Since we recently reported a detailed de-
scription of the reactor-scale analysis of CVD of dia-
mond in a rotating-disk hot-filament reactor [31], only
a brief description of this approach will be given in this
paper. The rotating-disk hot-filament CVD reactor is a
reactor in which a heated disk-shaped substrate spins
in an cylindrical enclosure through which the reacting
gas flows. Due to a simple geometry of the reactor,
the species and temperature gradients normal to the
disk are nearly equal everywhere on the disk [32]. This
gives rise to a very attractive uniform distribution of



the deposition rates on the substrate and simplifies the
modeling considerably.

In the present work, the method initially proposed
by Evans and Greif [33] and subsequently extended by
Coltrin et al. [34] to include the coupling between fluid
flow and chemical kinetics is used to analyze the CVD
process within a rotating-disk reactor. The method ac-
counts for production/depletion of the species due to
chemical reactions in the gas phase and at the sub-
strate/coating surface and for the convective and dif-
fusive transport of species within the gas phase and to
the deposition surface. The model allows determina-
tion of surface coverages, deposition rates, gas-phase
species concentration profiles, gas velocity profiles, and
temperature profiles as a function of the process param-
eters such as the temperature and the rotation speed of
the disk, reactor pressure, and inlet gas flow rates and
species mass fractions.

In the present work, the rotating-disk reactor is as-
sumed to be of an infinite radius, and to be separated
in the axial direction from a parallel porous station-
ary heater. A forced, purely axial flow from the heater
is directed toward the disk. The flow at the heater is
approximated by the inlet flow conditions into the re-
actor. Due to the finite domain dimension in the ax-
ial direction, a radial pressure gradient is developed.
The non-isothermal reacting-flow boundary value prob-
lem is defined by a set of governing steady-state par-
tial differential equations which includes the equations
for the mixture continuity, radial and circumferential
momentum conservation, thermal energy and species
conservation. In these equations, both convection and
diffusive transport of species are considered as well as
production/consumption of the species by the chemi-
cal reactions. Thermal diffusion is taken into account in
the thermal energy conservation and species continuity
equations. Transport properties are considered as tem-
perature and mixture-composition dependent. Most of
the boundary conditions at the heater and the substrate
surface are set to their typical value: e.g. the concen-
trations of the gas species at the heater are set equal to
their values in the input gas. Two boundary conditions
at the substrate surface, however, needed special atten-
tion: (a) Due to the Stefan flow, the axial gas velocity
at the substrate is defined through a mass flux match-
ing condition at the substrate surface and; (b) the mass
fractions of the gas-phase species are defined in terms
of their mass flux balance.

The one-dimensional computational domain in the
axial-direction between the heater and the substrate is
initially divided into 20 intervals, the governing dif-
ferential equations expressed at each of the internal
discrete points using their finite difference form and
the problem solved using the SPIN computer program
[30]. This program provides an adaptive mesh refine-
ment in the region of high gradients and thus enables a
high accuracy of the solution. The solution consists of
the steady-state velocity, temperature and gas species
profiles in the gas-phase as well as of the steady-state
surface concentrations of the surface species. In addi-
tion, the production rates of surface species, and thus
the coating deposition rate is obtained.

It is well-established that at lower deposition tem-
peratures such as 903 K, the TiN coating surface is
covered with {100} facets and that the coating acquires
a strong (100) texture. Based on these observations, the
growth rate parameter, «, defined in Section 5, is near
but slightly lower than 3.0. Then the growth velocity
of {111} facets can be estimated as Vj; = J? Vioo/o
where V)1, and Vg are the growth rates of the {111}
and {100} facets, respectively and « is arbitrarily set to
2.95. Since TiN coatings deposited at 903 K are cov-
ered with {100} facets nearly parallel with the substrate,
the reactor-scale growth rate results can be assigned to
the {100}-facet growth. The {111}-facet growth rate can
be computed using the aforementioned relationship be-
tween V11 and V.

To explain the differences in Vg9 and Vi, , the
atomic-scale structure of TiN coating surface needs to
be examined. The results presented in the next section
indicated that at lower deposition temperature, such as
903 K used here, surface diffusion takes place to a sub-
stantially greater extent on {100} facets than on {111}
facets. Consequently, the surface structure of {100}
facets is dominated by larger islands of the new layers
while in the case of {111} facets newly-deposited lay-
ers are composed predominantly of single adatoms and
small clusters. These differences can play a major role
in determining the extent to which the bond-breaking
reactions (reactions S12 and S13) can take place. Since
most surface atoms on {111} planes are present as sin-
gle adatoms, reactions S12 and S13 will take place to
a greater extent. This in turn, through the nitrogen lib-
eration process described by reaction S14, will yield
a lower growth rate. To account for these effects and
to obtain the growth rate parameter o = 3.0, the rate
constants for reactions S12 and S13 are increased by
a factor 2.02 in order to model the growth of {111}
oriented facets.

3.2. Results

An example of the typical results obtained by analyzing
the CVD of TiN coatings at the reactor scale is shown
in Fig. 3a—d and Table IV. Fig. 3a and b show the axial

TABLE IV Mole fractions of gas—phase species (G) and site fractions
of surface species at {100} and {111} surface facets. The CVD processing
conditions are the same as the one stated in the caption of Fig. 3

Species {100} {111}

TiCl4(G) 1.403 x 10792 1.415 x 10792
NH;G 8.402 x 1079 8.445 x 10703
HCI(G) 7.295 x 107 4218 x 107
N> (G) 2.983 x 1079 1.725 x 1079
H,(G) 9.709 x 1091 9.710 x 10791
TiCly - 2NH3(G) 5.952 x 1079 5.984 x 1079
TiCl3(S) 2.839 x 10791 2.995 x 10791
TiCl»(S) 2.839 x 10791 2.995 x 10701
TiCI(S) 2.839 x 10791 2.995 x 10791
Ti(S) 1.458 x 1079 9.877 x 1072
Ti*(S) 2.570 x 1079 2.688 x 1079
NH,(S) 5.708 x 10792 3.129 x 10792
NH(S) 5.708 x 10792 3.129 x 10792
N(S) 4.925 x 10792 2.686 x 10792
N*(S) 4.925 x 10792 2.686 x 10792
N**(S) 7.873 x 10791 8.837 x 10701
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Figure 3 Axial velocity fields, (a), scaled radial velocity fields, (b), temperature fields, (c), and the gas-species concentration fields, (d), as a function
of the distance from the {111}-/{100}-oriented TiN substrate under the following CVD condition: Reactive gas at the reactor inlet (1.94% TiCly, 1.94%
NH3, 96.12% H»), Theater = 623 K, Tsubstrae = 903 K, p = 20 torr, heater-to-substrate distance = 1.3 cm.

and substrate-radius scaled radial velocity fields under
the following processing conditions: Reactive gas at the
reactor inlet (1.94% TiCly, 1.94% NH3, 96.12% H,),
Theater = 623 K, Tyupstrate = 903 K, p = 20 Torr, heater-
to-substrate distance = 1.3 cm. Fig. 3c and d show the
corresponding temperature and gas-phase species con-
centration fields. The concentrations of the gas-phase
and the surface-species at the substrate surface are given
in Table I'V. The results obtained using the original val-
ues of the rate constraints for reactions S12 and S13
are denoted as {100} and the ones obtained with the
modified rate constants as {111}. The results shown in
Fig. 3a—d and Table IV suggest that the crystallographic
orientation of the surface facet has a minor effect on the
gas-phase fields but a significant effect on the concen-
tration of the gas-phase and surface species on the facet
surface. This is quite important since it is the surface
concentrations and not the gas-phase fields which are
used as input to the atomic-scale modeling discussed
in the next section.
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4. Atomic-scale modeling of the CVD of
single-crystalline TiN coatings

In this section, the CVD of TiN coatings is analyzed at
the atomic scale in order to determine the effect of var-
ious surface reactions on the rate of deposition, surface
morphology and incorporation of the defects into the
coating. Due to restrictions associated with the max-
imum size of the computational crystal which can be
handled using the available computational resources,
only the CVD of single-crystalline TiN coatings is
modeled. Furthermore, since the surface of polycrys-
talline TiN coatings is generally faceted with {111} and
{100} crystallographic planes, only {111}- and {100}-
oriented single-crystalline TiN coatings are analyzed
here.

4.1. Generation of the substrates
The CVD of {111}- and {100}-oriented single-
crystalline TiN coatings has been modeled at the atomic
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Figure 4 Portions of: (a) {100}- and; (b) {111}-oriented TiN substrates
used in the atomic-scale simulation of the CVD of TiN. A TiN unit cell
is delineated in each case for improved clarity.

scale within the framework of a rigid B;-type crystal
structure. This structure consists of two interpenetrat-
ing face centered cubic lattices, one occupied by Ti
atoms and the other by N atoms. Within the rigid-lattice
framework, local atomic relaxations and atomic vibra-
tions are not considered. The CVD is assumed to take
place on single-crystalline TiN substrates of the par-
ticular orientation. Portions of the two substrates used
in the present work are shown in Fig. 4. In the case of
{111}-oriented substrate, the orientation of the lattice is
defined as: x =[112], y=[110] and z =[111] while in
the case of the {100}-oriented substrate the lattice ori-
entation is defined as x =[011], y =[011], z =[100].
Each coating is allowed to grow in z-direction while
the periodic boundary conditions are applied in x and
y directions in order to avoid coating-edge effects. The
size of the computational lattice in the x-y plane is 40
d(“z) x 60 d(llO) for the {111}- and 40 d(()l]) x 60 d(Oll)
for the {100}-orientated substrate where d(yw) is the
spacing of the (uvw) TiN planes. Initially, six {111}
and six {100} planes of the TiN lattice are filled with Ti
and N atoms to form two six-layer thick substrates. In
the case of the {111}-oriented substrate, alternate {111}
planes are filled with Ti and N atoms, while in the case
of {100}-oriented substrate, each {100} plane is filled
in a regular pattern with 50% Ti and 50% N atoms.
In both cases the substrates contain a perfectly ordered
TiN structure.

The CVD process is simulated by allowing the sub-
strate to interact with a hot-filament-heated process-gas
containing TiCl4(G), NH3(G), N»(G) and HCI(G). The
surface of the substrate is initially covered with the sur-
face species listed in Table I1I. The concentrations of the
gas-phase and surface species at the deposition surface
are initially set to their values obtained via the reactor-
scale modeling of the TiN CVD process, Table I'V.

4.2. Surface reaction kinetics

To ensure consistency between the reactor-scale and the
atomic-scale modelling schemes, the kinetics of surface
reactions is treated using the same general formalism
adopted in the Surface ChemKin computer program
[30] which was used in the previous section. Within
this formalism, the forward rate constant for reaction i,
ks,, is assumed to be given by the following Arrhenius-

type relation:

E;
ki, = AiTﬁ’exp(—ﬁ> ®)

where A; is pre-exponential factor, §;, a temperature
exponent and E;, the activation energy. The values of
these parameters for all the surface reactions associated
with the CVD of TiN are given in Table II. It should be
noted that according to Larson and Allendorf [11], all
surface reactions are irreversible at the temperature of
interest here. Hence the reverse reaction rate constants
do notneed to be evaluated which simplifies the analysis
considerably.

Since the purpose of atomic-scale simulations, is not
only to determine the rate of deposition of TiN coatings
but also to reveal the evolution of the surface texture and
to identify the processes which can lead to formation
of defects, and since the latter phenomena are greatly
affected by surface diffusion, in addition to the surface
reactions listed in Table II, surface diffusion is also
considered.

Surface diffusion is allowed to take place under the
constraints that each species remains on its sublattice
and that, as a result of an atomic jump, the number
of Ti-N bonds is not reduced. A surface atom is al-
lowed to diffuse not only on an atomically-flat surface
but also between the surface planes of different alti-
tude. The reaction rate constant for surface diffusion is
assumed to be given by Equation 8, with 8; =0. The
pre-exponential term A; and the surface-diffusion ac-
tivation energy E; are determined using the procedure
discussed below.

To determine A; and E; for surface diffusion, it is
assumed that the atomic interactions within TiN can
be modeled using a Lennard-Jones 6—12 pair potential
according to which the potential energy of the crystal
is given as:

1
E=2% durij) )
i,j#i
where the pair potential ¢, is defined as:

bap(rrj)

|:(ao¢,8> 12 (aaﬂ>j av/5
deqp — , O<rij < ——
Tij Tij 2

av/5
2

0, rij =
(10)

o and B are respectively the species of atoms i and j,
r;; is the distance between atoms i and j, and a is the
TiN lattice parameter (a =0.424 nm [2]). The ¢ri_T
and ¢n-_n interatomic potential are taken from our pre-
vious work [35, 36]. The ¢r;_N interatomic potential is
obtained by requiring that the minimum of E given by
Equation 9 for a bulk crystal corresponds to the Ti-N
binding energy of 454.8 eV [37] and that it is associated
with the Ti-N nearest neighbor distance equal to a/2.
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The rate parameters A; and E; are determined using a
simple case in which a single atom (adatom) is residing
on a rigid atomically flat surface. The potential energy
of such a configuration is a function of the coordinates
of the adatom alone. Since the atoms on the atomically
flat surface are fixed, the in-plane (x, y) coordinates of
the adatom corresponding to its equilibrium (minimum-
energy) and its instability (saddle-point) configurations
can be determined by geometrical considerations. Then
the z coordinate of the adatom associated with the two
configurations and the corresponding energies Ep;, and
Eaqdie are determined by finding the minimum of the
potential energy function given by Equation 9 relative to
the z coordinate of the adatom. The activation energy E;
for surface diffusion is next set equal to Egyqdie- Emin- TO
compute the pre-exponential term A; for surface diffu-
sion, the procedure proposed by Voter [38] is followed.
According to this procedure, a 3 x 3 matrix contain-
ing second-order derivatives of the potential energy E
is derived by differentiating twice Equation 9 with re-
spect to the coordinates of the adatom. Next, the matrix
is evaluated at the equilibrium and the saddle-point co-
ordinates of the adatom and the eigenvalue of the two
resulting matrices determined. For each eigenvalue b;,
the corresponding vibrational frequency is computed
as:

1
v = ——(bi/m)> (11)
2
where m is the mass of a Ti or a N atom. Lastly, the
pre-exponential term A; is computed as:

VimV2mV3m
A= —— (12)
U2sVU3s

where vy,,, V2, and vs, are the three vibrational fre-
quencies associated with the minimum-energy position
of the adatom and vy and v3, the two non-imaginary
frequencies corresponding to the saddle-point location
of the adatom.

The values for the pre-exponential term A; and the
activation energy E; for surface diffusion of a Ti and a
N adatom on atomically flat {100} and {111} surfaces
obtained using the aforementioned procedure are listed
in Table II.

4.3. Simulation procedure

The temporal evolution of single-crystalline TiN coat-
ings during the CVD is modeled using the version of
the kinetic Monte Carlo method recently developed by
Battaile et al. [24]. Within this method, one surface re-
action is allowed to take place at one surface site during
each time step. The occurrence of one of the reactions
at one of the sites is termed an event. At each time step,
a list of all possible events is constructed and the prob-
ability for each event is set equal to the ratio of the rate
of the associated surface reaction and the sum of the
rates of surface reactions associated with all the other
possible events. Then an event is selected at random
and allowed to take place. After the event has occurred,
the total number of possible events, and the sequence
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in which the events are listed are updated and the afore-
mentioned procedure is repeated.

The present Monte Carlo method uses a variable
time step which is adjusted dynamically and stochasti-
cally to accommodate the fastest possible event which
requires the smallest time increment. This greatly re-
ducing restrictions associated with conventional fixed
time-increment Monte Carlo methods. A more compre-
hensive overview of the kinetic Monte Carlo method
used in the present study can be found in our recent
publication [25].

4.4. Analysis of surface crystal defects
During the growth of {111}-oriented single-crystalline
TiN coatings, various crystal defects of the point, line
and planar type can form. The most frequent point-type
defects are vacancies and entrapped hydrogen and chlo-
rine atoms. Partial dislocation loops (line defects) with
the Burgers vector b= a/6(121) which encircle {111}-
type twins (planar defects) can also form during the
growth of {111}-oriented TiN coatings. Point-type de-
fect also form during the deposition of {100}-oriented
TiN coatings. However, formation of line and planar
defects in this case is less likely. The atomic-scale
simulation method used in the present work enables
identification of the defect generation mechanisms and
monitoring of the defect content in coatings during the
deposition process.

4.5. Results

An example of the atomic-scale simulation results
for the CVD of TiN single crystalline coatings with
{100} and {111} crystallographic orientation is shown
in Figs 5 and 6, respectively. The coatings are processed
under the CVD conditions identical to the ones associ-
ated with the reactor-scale results shown in Fig. 3 and
the ones which correspond to the growth-rate parameter
a=2.095.

The top view of a {100}-oriented TiN coating at two
different deposition times is shown in Fig. 5a and b. To
denote the altitude of the deposited atoms relative to the
substrate, different shades of gray are used. The bright-
est shade of gray denotes atoms in the top-most surface

Figure 5 (a) and (b) top and (c) and (d) side views of a {100}-oriented
TiN coating after: (a), (c) 0.016 and (b), (d) 0.051 sec of simulation time.
See text for details of the process parameters.
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Figure 6 (a) Top and (b) side views of a {l111}-oriented TiN coating
after 0.108 sec of simulation time. (c) A section of coating parallel to the
substrate surface reveals the presence of twinned regions (larger balls).
See text for details of the process parameters.

layer. Also different sizes of balls are used to represent
Ti (large balls) and N (small balls) atoms. To further im-
prove the clarity, only the atoms in the top four surface
layers are shown. The deepest surface troughs are found
to be six layers deep. The results displayed in Fig. 5a
and b show that the coating surface contains islands of
the new layers scattered over atomically-flat regions of
fully-filled layers. This suggests that surface diffusion,
which enables isolated adatoms to move over the coat-
ing surface until they attach themselves to an island,
has an important effect on the surface morphology in
{100}-oriented coatings. A comparison of the results at
two different simulation times, Fig. 5a and b, suggests
that this basic surface morphology is maintained during
the deposition process. Fig. 5c and d show side views
of the {100}-oriented TiN coatings, whose top view is
displayed in Fig. 5a and b, respectively. The side views
provide an additional visual insight into the morphol-
ogy of the coating surface described above. To improve
clarity, Ti and N atoms in Fig. Sc and d are represented
by same-size balls but of different shading.

A top view and the corresponding side view of a
{111}-oriented TiN coating whose deposition is simu-
lated under the identical CVD conditions as that of its
{100}-oriented counter part are shown in Fig. 6a and b,
respectively. Again, only four top surface layers are re-
presented. The deepest surface troughs are found to be
10 layers deep. These troughs appear as voided areas
in Fig. 6a. Clearly in comparison to the {100}-oriented
coating, the surface of the {111}-oriented TiN coating is
quite irregular at the atomic-scale and it remains such
during the deposition process (the results at different
deposition times not shown for brevity). This finding is
consistent with the fact that the diffusion coefficient for
Ti and N at {111} crystallographic planes is only about
5% of their values at {100} crystallographic planes at
903 K. Consequently, Ti and N adatoms show very little
mobility on {111}-crystallographic planes and no sig-
nificant formation of islands takes place. Fig. 6¢ shows
an atomic arrangement obtained by cutting the coating
parallel to the substrate. Large balls are used to indi-
cate atoms which reside in twin positions. It should be
noted that in its present formulation, surface diffusion
does not allow exchange of adatoms between the reg-
ular and the twinned sublattices. This limitation of the

current model can explain the linear and branched ge-
ometry of the observed microtwins which is energe-
tically less favored.

The effect of the nitrogen-to-titanium molar ratio
(under a constant NH3 concentration condition) in the
feed gas, my/1i, on the deposition rate of {100}-oriented
TiN coatings at 903 K is shown in Fig. 7a. Both the
reactor-scale and the atomic-scale results are displayed.
For comparison, experimental results of Custer and
Smith [29] are also shown in Fig. 7b. The three sets of re-
sults are in relatively good mutual agreement. It should
be noted, however, that the experimental results dis-
played in Fig. 7a were fitted to the reactor-scale model
predictions by Larson and Allendorf [11] in order to
determine the kinetic parameters of various surface re-
actions. This can explain significantly better agreement
between the reactor-scale predictions and the experi-
ment in comparison to the atomic-scale prediction.

The effect of the nitrogen-to-titanium molar fraction
ratio, my/Ti, on the growth rate parameter « is shown
in Fig. 7b. Both the reactor-scale and the atomic scale
results are shown. The two sets of results show that
decreases as myyT; is increased between 0.5 and ~100.
Even the rate of change of a with my7; is quite similar
in the two cases. However, the atomic-scale « values are
consistently higher than their reactor-scale counterparts
by about 0.25-0.35. Since a similar discrepancy exists
in the deposition rate results, Fig. 7a, the discrepancies
can be attributed to the effect of surface diffusion which
was accounted for in different ways in the two sets of
calculations. In the reactor-scale calculations, surface
diffusion was incorporated implicitly by modifying the
appropriate reaction-rate constants. In the atomic-scale
calculations, on the other hand, surface diffusion was
accounted for explicitly by treating it as another surface
reaction. In addition, the surface diffusion parameters
were assessed using a simple model for migration of
isolated adatoms on an atomically flat rigid surface.
Surface relaxation effects and motion of smaller adatom
clusters, which are neglected in the present model, can
have a significant effect on surface diffusion [38].

The experimental results of Jiang et al. [54] show that
at the my/1; values less than 1.0, the coating surface is
covered with {100} facets, and has a near (100) texture,
which, as will be shown in next section, requires an «
value less than but near 3.0. Since atomic-scale results
displayed in Fig. 7b show « values substantially higher
than 3.0 in this my,7; range, only the reactor-scale o
vs. myyT; results, Fig. 7b, will be used for the grain
scale analysis in the next section. It should be noted
that for the my,1; range analyzed here, o changes be-
tween 2.98 and 2.01. As will be demonstrated in the
next section, this finding has an important effect on the
crystallographic texture and the character of surface
facets which develop in polycrystalline TiN coatings.

Fig. 8a shows the effect of the nitrogen-to-titanium
molar ratio on the concentration of Cl and H atoms
embedded in the {100}-oriented TiN coating. As mn/i
increases, i.e. as the concentration of TiCly is reduced in
the feed gas, fewer Cl atoms become entrapped by the
growing coating surface. Meanwhile, the concentration
of embedded H atoms remains practically unaffected by
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the change in my,1; which is consistent with the fact
that the concentration of NHj3 in the feed gas is kept
constant. The main mechanism for embedding Cl and
H atoms in the coating is found to be the movement of
adatoms from a higher surface position to a neighbor-
ing lower surface position, which traps the Cl- and H-
bearing surface species beneath. This may explain why
embedded Cl and H atoms are found only occasion-
ally in {111}-oriented TiN coating in which the surface
diffusion is quite limited.

The effect of my,t; ratio of the volume fraction of
twins in the {111}-oriented TiN coating is shown in
Fig. 8b. It is seen that in the my/1; range examined, an
increase in myyt; from 0.5 to 100 causes the volume
fraction of twins to decrease to about half of its value.
A preliminary analysis of this phenomenon indicates
quite complex relationships between the concentrations
of the (coating) surface species and twin formation.
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The results of this analysis will be reported in a future
communication.

5. Grain-scale modeling of the CVD
of TiN coatings

5.1. General consideration

In this section, the CVD of polycrystalline TiN coatings
at the grain scale is analyzed using a Van der Drift-type
model [46]. It is well-established that the surface of
polycrystalline TiN coatings is faceted with the {111}
and {100} crystallographic planes [e.g. 2]. While these
facets are generally at an angle relative to the substrate
surface, to a first order of approximation, their growth
rates are expected to be comparable with the growth
rates of the corresponding single-crystalline TiN coat-
ings presented in the previous section. Hence the growth
rates obtained at the atomic scale can be used as input



for a grain-scale simulation of the CVD of TiN coat-
ings. Grain-scale simulations allow not only the growth
rates of polycrystalline coatings to be predicted but also
the evolution of surface structure, morphological and
crystallographic texture, etc. to be monitored during
deposition.

Many factors such as surface diffusion, grain bound-
ary migration, growth competition, twinning, etc. affect
the development of microstructure, defect content and
morphological and crystallographic texture in CVD-
grown polycrystalline coatings. When the coatings are
grown at a relatively low temperature, as in the case
in the present analysis, the coating microstructure is,
for the most part, inherited from its surface during the
deposition. As discussed in the previous section, sur-
face diffusion can affect atomic-scale structure of the
coating facets. However, the grain-scale microstruc-
ture is expected to be controlled by growth competition
and, to a lower extent, by twinning. Growth compe-
tition is governed by the relative growth rates of var-
ious facets of the coating surface, while twinning is
controlled by the magnitude of the stacking-fault en-
ergy and the processing stresses. The effects of both
growth competition and twinning on the microstruc-
ture of polycrystalline coatings have been studied ex-
tensively [e.g. 28]. Recently, Paritosh et al. [26] per-
formed a comprehensive computer simulation study of
growth competition in two-dimensional polycrystalline
coatings. The work of Paritosh et al. [26] clearly shows
that growth competition has a major effect on grain size
evolution and its distribution, surface roughness, mor-
phological and crystallographic texture, and the volume
fraction of the coating resulting from the growth of
facets of different crystallographic orientations. How-
ever, since Paritosh et al. [26] analyzed a hypothetical
two-dimensional polycrystalline coating, it is difficult
to correlate their results with the experimental ones for
the CVD-grown TiN coatings. This limitation is over-
come in the present work by introducing a set of nuclei
whose crystallographic features are derived from the
corresponding three-dimensional characteristic shapes
of isolated TiN single crystals. While the growth of
polycrystalline coatings is still modeled using a two-
dimensional approach, the model predictions can be
more directly correlated with their experimental coun-
terparts. In our recent work [28], it was shown that
twinning can have a significant effect on the evolution
of surface morphology and microstructural and crystal-
lographic texture in polycrystalline diamond coatings.
While similar effect of twinning can be expected in the
case of the CVD-grown TiN coatings, to simplify the
analysis such effects are not considered in the present
work.

The shape of a single crystallite growing without
competition from other crystallites is determined by
the relative velocities of various crystallographic sur-
faces. The characteristic shape of a crystal growing
under certain conditions, generally referred to as the
idiomorph. The idiomorphs are controlled by crystal-
lographic planes which grow at a lowest speed. In the
case of TiN, such planes are of the {111} and {100} type.
Wild et al. [44, 47] were the first to recognize that the

crystallographic texture of the polycrystalline coatings
can be understood by identifying the fastest-growth di-
rection in the corresponding idiomorph. To explain the
texture of polycrystalline coatings as a function of the
relative growth rates of the {100} and {111} facets, Wild
et al. [44, 47] introduced a growth-rate parameter as:

_ V3Vioo

Vin

o 0<ua <o (13)

where Voo and V|, are the growth rates of the {100}
and {111} facets, respectively. The effect of the mag-
nitude of « on the {100}/{111}-based TiN idiomorphs
is shown in Fig. 9. For o <1 cubic idiomorphs with
{100} facets are obtained. For values of o > 3, the idio-
morphs are perfect octahedrons bounded by {111}
faces. At the intermediate values of «, cubo-octahedral
crystals bounded by both {100} and {111} facets are
obtained.

Wild et al. [44, 47] postulated and Paritosh et al.
[26] and Grujicic and Lai [28] confirmed by com-
puter modeling that crystallographic texture in poly-
crystalline coatings is dominated by the fastest-growth
directions of the idiomorph. This was also confirmed
experimentally [e.g. 44—47]. The Miller indices of the
fastest growth direction are defined as:

[h k1]
= [COS Pmax SIN Omax  SIN Pryax SN Oax  COS Opnax |

(14)

where O, and ¢nax are the two polar angles between
the fastest-growth direction and the crystal cubic axes

{100y 111>
N\ s
a=<1.0 10<a<1.5
<110> <100>

3D4 {111}

&

0=15 0=30

Figure 9 Idiomorphic shapes based on {100} and {111} facets for various
values of the growth-rate parameter «. The arrows indicate the direction
of the fastest growth. Sections marked by dashed lines are used to form
the three-dimensional nuclei shown in Column 1, Table V.
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and they are defined as:
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5.2. Computational procedure
The growth of polycrystalline TiN coatings at the grain
scale is analyzed in the present work using the van der
Drift approach [46]. Within this approach, all TiN nu-
clei are assumed to form simultaneously on the sub-
strate and to grow as a result of the normal growth
of each of its facets at fixed, prescribed velocities. No
formation of additional nuclei is allowed during the de-
position. All the nuclei of the same type are identical in
every respect except for their orientation with respect
to the substrate. At the very beginning of a simulation
run, nuclei are generated at the substrate at random and
then they are allowed to grow. Initially, the nuclei grow
in isolation but, after some time, they begin to impinge
on each other, ultimately forming a continuous poly-
crystalline coating. Grain boundaries are formed when
the adjacent grains make contact with each other. No
migration of the grain boundaries is considered. How-
ever, they are allowed to extend as the contacting grains
continue to grow. In other words, the grain boundaries
simply represent the trace of the points on the prior coat-
ing surface where the adjacent grains were contacting.
As mentioned earlier, the surface of polycrystalline
TiN coatings is typically bounded by {100} and {111}
crystallographic planes. Furthermore, it is well estab-
lished [e.g. 48] that depending on the processing condi-
tions a TiN coating can achieve either a (100), a (110),
or a (111) crystallographic texture. As indicated by
the arrows in Fig. 9, (100), (110) and (111) become
the crystallographic directions of the fastest growth for
o>3.0,a=1.5,and a @ < 1.0, respectively. To exam-
ine the tendency of polycrystalline TiN coatings for
formation of either of the three crystallographic tex-
tures listed above, three-dimensional nuclei (Column
1, Table V) are considered in the present work. These
nuclei are obtained by making the appropriate sections
(dashed lines in Fig. 9) of the idiomorphs correspond-
ing to the o values of: slightly greater than 1.0, slightly
lower than 1.5, slightly greater than 1.5 and slightly
lower than 3.0, respectively. Next, appropriate sections
of the four three-dimensional nuclei (dashed lines in
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Column 1, Table V) are made to obtain seven types
of two-dimensional nuclei (Column 2, Table V). Fi-
nally, for each vertex of a nucleus, the x- and y-velocity
components are computed from the known growth ve-
locities of the adjoining facets using the procedure re-
cently devised by Grujicic and Lai [27]. The term ver-
tex is used to denote either the point of intersection
of two edges of a nucleus/grain or a point where the
edges of two adjacent nuclei/grains meet. The x- and
y-velocity components for the grain-boundary vertices
are also determined from the known growth veloci-
ties of the adjoining facets using the aforementioned
procedure.

At the beginning of a simulation run, nuclei are
placed randomly on the substrate. Each nucleus/grain
is completely defined by a set of vectors which specify-
ing its orientation, location of the vertices, velocities of
the adjoining facets, and the position of its origin. For
each vertex, the x- and y-components of the velocity
(vx and vy) are determined from the velocities of the
neighboring facets and the coordinates of the vertices
updated by adding respectively v, At and v, At to their
current x- and y- coordinates, where At is a small time
increment. While the facets orientations are fixed by the
nuclei grain orientation, the position and the presence/
absence of the vertices changes during the film growth.
When two vertices intersect in the course of coating
growth, the edge between them and one of the ver-
tices are removed and the velocity of the remaining
vertex updated using growth velocities of the newly
adjacent facets. An adaptive scheme for determination
of the time increment is used which allows At to be
large enough to reduce the computation time and yet
be fine enough to ensure that vertex-intersection pro-
cesses are not skipped.

Because of a large number of nucleus types and the
random nature of their size, position and orientation,
a relatively large number (360) of nuclei were used.
To improve statistics, the results reported in the next
section represent the average of five runs.

5.3. Results

The reactor-scale results shown in Fig. 7b indicate that
when the nitrogen-to-titanium molar ratio, my/Ti, is
varied between 0.5 and 100, the growth-rate param-
eter, o, changes between 2.98 and 2.01. Therefore, the
grain-scale simulations of the CVD of TiN coatings are
carried out in the present work only for the two limit-
ing values of the growth-rate parameter: @ =2.98 and
a=2.01.

Fig. 10a and b show the temporal evolution of the
coating surface and the location of the grain boundaries
in the coating deposited under these two values of the
growth-rate parameter, respectively. In both cases, the
grain size increases and the grains become increasingly
columnar with increasing coating thickness. Columnar-
grain structure is a common feature of the CVD-grown
polycrystalline TiN coatings [e.g. 49].

The film microstructure for the o =2.98 case,
Fig. 10a, reveals surface morphology with a relatively
low level of surface roughness. Further, inspection of
Fig. 10a reveals that the film surface is dominated by



TABLE V The relationship between three and two-dimensional nuclei and the crystallographic features and vertex velocities of the two-dimensional
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{100} facets (solid lines) and that it also contains sev-
eral {111}/{111} facets (three-dot space lines). All the
grains reaching the coating surface are associated with
the nuclei of the types 2D4a and 2D4b. Since (100)
is the characteristic directions for these types of nu-
clei, and the direction of fastest growth, (149 0 1),
is less than 1 degree off (100), the coating acquires

a near (100) texture. The grain boundaries (dash and
dot lines) are all straight and only occasionally undergo
an abrupt change of their slope. These changes are as-
sociated with the merging of non-grain-boundary and
grain-boundary vertices and the corresponding change
in the direction and magnitude in the velocity of the
remaining grain-boundary vertices.
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Figure 10 The microstructure of polycrystalline TiN coatings deposited
under the following values of the growth-rate parameter, «: (a) 2.98 and
(b) 2.01. Both the x- and the y-axis are normalized with respect to
the average nucleus spacing, do. The following line-type nomenclature
is used: dash-dot = grain boundaries, solid = {100} facets, dotted
= {111} facets, dashed = {100}/{100} facets, and three-dot space =
{111}/{111} facets.

The surface morphology of a coating grown under the
a =2.01 condition is shown in Fig. 10b. Inspection of
Fig. 10b reveals that the coating surface is completely
covered by {100} facets (solid lines), {111} facets (dot-
ted lines) and {111}/{111} facets (three-dot space line).
Furthermore all the grains reaching the coating sur-
face are associated with the nuclei of types 2D3a,
2D3b and 2D4a. While nuclei of the type 2D2b con-
tain {100}/{100} facets, these facets shrink and even-
tually disappear as the coating thickens. As a result,
nuclei of the type 2D2b are converted into nuclei of the
type 2D3a. Since (110) is the characteristic direction in
2D3a and 2D3b nuclei and (100) is the characteristic
direction for 2D4a nuclei, the coating texture is repre-
sented by a direction which is between (110) and (100)
directions. This direction, (67330) which is only 0.34
degrees away from (210), corresponds to the fastest-
growth direction of the respective idiomorph.

The results shown in Fig. 10a and b indicate that
the grain size increases with increasing coating thick-
ness. After plotting the logarithm of the average grain
size, d (defined as the average width of columnar
grains) and the logarithm of coating thickness, &, both
normalized with respect to the average nucleus spac-
ing, dy, for both values of « (the plot not shown
for brevity), the following d vs. h relationship is
established:

d = Ci(a)h" (16)

where the parameter C; is dependent on the magni-
tude of the growth-rate parameter o, while the ex-
ponent 7n is found to be essentially independent of «
and in the range between 0.49 and 0.58. The value of
n & 0.5 has also been obtained in a number of both theo-
retical [50-52] and experimental [53] studies. It should
be noted that since within the present simulation
scheme, the rate of coating thickening is time inde-
pendent, the coating thickness, 4, and the deposition
time, ¢, are equivalent variables and hence the aver-
age grain size shows an analogous power-law depen-
dence on the deposition time as on the coating thick-
ness, Equation 16.

The coating microstructure evolution results shown
in Fig. 10a and b, are used to determine the grain size
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Figure 11 The distribution function for the grain size normalized with
respect to the corresponding average grain size, d, at two o values and
seven coating thicknesses.

distribution and its evolution in the course of coating
growth. Such distribution is found to possess the follow-
ing basic features: it is nearly zero at small grain size,
increases relatively fast, goes through a peak and ulti-
mately decreases gradually toward zero at large grain
size. The distribution becomes broader and its peak
value decreases and shifts toward larger grain size as the
coating thickens. These findings are consistent with the
fact that the average grain size increases with coating
thickness. The basic shape of the grain size distribution
is retained as the coating grows. The distribution of a
normalized grain size d /d(h) (d(h) is the average grain
size at the coating thickness %) is plotted in Fig. 11
for several film thicknesses and two « values. Despite a
relatively large scatter, the results shown in Fig. 11 sug-
gest that the grain size distribution is effectively tem-
porally self-similar and «-invariant. The results shown
in Fig. 11 are fitted to a log-normal distribution in the
form:

1

o2

Pld/d(n)] = exp{—[In(d/d(h))]*/257}

(17)

where o is the standard deviation. The best fit of the
results shown in Fig. 11 is obtained with o in the range
between 0.49 and 0.51. Paritosh et al. [26] showed that
the simulation results of two-dimensional grain-growth
in CVD-grown coatings can be more accurately fitted
using a gamma distribution function. However, since
no physical basis can be attributed to this type of dis-
tribution function, the results obtained in the present
work are not fitted to the gamma distribution function.

As evidenced by the results shown in Fig. 10a and
b, due to the faceted nature of these surface, the coat-
ings are inherently rough. Further examination of the
results shown in Fig. 10a and b indicates that the sur-
face roughness increases with the coating thickness. By
plotting the variation of the logarithm of the root-mean-
square (r.m.s.) average roughness R with the logarithm



of coating thickness, both normalized with respect to
be average nucleus spacing, dy, (results not shown for
brevity) the following relationship is established:

R = Ca(a)h™ (18)

where the parameter C, is a-dependent while the ex-
ponent m is independent of « and in the range between
0.46 and 0.59. This finding suggests that the variations
of both the average grain size and the r.m.s. average
surface roughness with the coating thickness (deposi-
tion time) are governed by the same type of power-law
relations. This finding can be readily understood since
for a given crystallographic orientation of a grain, the
type of surface facets is unchanged as the grain grows
while their size which controls surface roughness scales
with the grain size. It should be pointed out that the
R vs. h relationship defined by Equation 18 is found
not to be obeyed at small coating thickness which can
be attributed to the fact that, at a small coating thick-
ness, growth of a coating involves numerous events
of growth-dominating grains blocking off the growth
of other grains. Only after the coating surface is com-
posed entirely of the grains originating from the rate-
controlling nuclei, the R vs. & relation becomes consis-
tent with Equation 18.

The crystallographic texture in as-grown polycrys-
talline TiN coatings as a function of the nitrogen-to-
titanium molar ratio is shown in Fig. 12. The texture is
expressed using an angle between the crystallographic
direction parallel to the substrate normal and the (001)
direction. The solid line marked “Fastest-growth Di-
rection” in Fig. 12 is obtained by combining the « vs.
my,Ti reactor-scale results displayed in Fig. 7b with
Equations 15 and 14 and by computing the angle be-
tween the [hkl] direction defined by Equation 14 and
the (001) direction. Also shown in Fig. 12 (denoted by
arrow bars) are the ranges of grain orientations corre-
sponding to the two coatings shown in Fig. 10a and b.
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3
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g
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Nitrogen—to-Titanium Molar Ratio

Figure 12 Variation of the crystallographic texture with the nitrogen-to-
titanium molar ratio. Error bars indicate one standard deviation of the
grain-scale modeling results over five runs.

Good agreement between the two sets of results sug-
gests that the fastest-growth direction indeed governs
the crystallographic texture in polycrystalline coatings.
Also shown in Fig. 12 are the experimental results of
Jiang et al. [54] at 1410 K which is the lowest tem-
perature at which the transition between the (001) and
the (011) texture is observed as myT; is increased [54].
Since Jiang et al. [54] did not study the gradual evolu-
tion of the crystalline texture with process parameters,
but rather tried to identified ranges of the process pa-
rameters in which one type of texture is dominant, their
results can be represented only using a step function.
The present model correctly predicts that as my,t; in-
creases at 903 K, the texture is gradually evolving from
the (001) type toward the (011) type. Furthermore, in
good agreement with the results of Jiang et al. [54],
the model predicts that at 903 K, the (011)-type texture
does not fully develop.

As discussed earlier, the growth of polycrystalline
TiN coatings takes place by the growth of {100} and
{111} facets in the direction normal to themselves.
Atomic-scale simulation results displayed in Fig. 8a
and b show that {100}- and {111}-oriented TiN facets
have different tendencies toward incorporating various
crystal defects during the deposition process. There-
fore in judging the potential quality of CVD-grown
polycrystalline TiN coatings, it is important to consider
what fraction of the coating volume is grown from the
{100} and what fraction from the {111} facets. These
fractions can be determined by plotting the trace of all
the vertices associated with each grain in Fig. 10a and b.
These traces partition each grain in up to three regions,
where each facet is grown from a different surface facet.

The fraction of the coating volume grown from the
{100} facets, f100, as a function of the coating thickness
for the two selected values of the growth-rate parame-
ter « is shown in Fig. 13. The results shown in Fig. 13
indicate that for o =2.01, the fraction of the coating
volume grown from the {100} facets does not change
significantly and that it remains in the range 0.4-0.5. In
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Figure 13 Variation of volume fraction of the coating grown from the
{100}-facets with the film thickness for two values of the growth rate
parameter, «. Error bars indicate one standard deviation over five runs.
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sharp contrast, for o« =2.98, fi90 changes substantially
with the coating thickness so that the coating growth be-
comes dominated by the {100} facet-growth at the later
stages of deposition. These findings are fully consis-
tent with the corresponding growth-governing nuclei,
Table V and the corresponding microstructure evolution
results, Fig. 10a and b. In the original nuclei, the {100}
and the {111} facets are present with statistically equal
probabilities and hence fig9 &~ 0.5 Inthe ¢ =2.01 case,
the film is dominated by the grains originating from the
nuclei of types 2D3a, 2D3b and 2D4a. The top sur-
face of such grains is bounded by the {100}, the {111}
and the {111}/{111} facets and hence in this case fjq
should remain near 0.5 as the coating thickens.

For o =2.98, the coating growth is dominated by
grains derived from the 2D4a nuclei. In these grains, the
film growth is initially dominated by the {111} facets
and thus fjgp decreases below 0.5. However, at large
coating thicknesses, the growth of the {111} facets is
hampered in the lateral direction and, as evidenced by
the coating microstructure displayed in Fig. 10a, and the
coating surface becomes dominated by the {100} facets.
As aresult, fig starts to increase with film thickness.

6. Discussion and conclusions

The work presented in this paper shows that by applying
the methods for modeling the CVD of TiN coatings one
can establish the relationship between the process pa-
rameters (e.g. chemistry of the feed gas, substrate tem-
perature and reactor pressure), the coating deposition
rate, the microstructure of the coating (including mi-
crostructural and crystallographic textures), its surface
morphology and roughness and its quality (measured by
aninverse of the concentration of various defects). Once
these relations are established, they can be used to ei-
ther optimize the CVD process (process optimization),
to maximize the performance of the coating (product
optimization), or both. In each of such optimization
procedures, one must define the appropriate objective
function which must be maximized. For instance, the
ratio of the coating growth rate and the defect concen-
tration represents one of such function for the product
optimization, since its maximization ensures a high-
production-rate low-defect coating. By combining the
deposition-rate results, Fig. 7a, with the defect concen-
tration data, Fig. 8a and b, my,1i = 6-8 is identified as
the optimal range of the nitrogen-to-titanium molar ra-
tio at 903 K and at a condition NH3 concentration in
the feed gas of 1.94%.

It should be pointed out that further improvements
in the present multi-length scale modeling scheme are
needed before it can be used as a process/product op-
timization tool. Primarily, a more realistic model for
surface diffusion has to be developed in order to im-
prove agreement between the deposition rates predicted
by the reactor-scale and atomic-scale methods. While
the current modeling scheme predicts a correct trend in
the effect of nitrogen-to-titanium ratio on the deposition
rate, Fig. 7a, better agreement between the reactor-scale
and the atomic-scale modeling predictions is needed to
achieve the mutual consistence of the two approaches.
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Such consistency is critical since both approaches are
based on the same set of surface reactions and utilize
the same reaction rate parameters. Furthermore, such
consistence must be achieved while maintaining good
agreement with the experimental data. In our previ-
ous work on multi-length scale modeling of the CVD
of diamond films [31], where surface diffusion plays
a considerably less important role, and hence was ne-
glected, the predictions made by the reactor-scale and
the atomic-scale method are found to be mutually fully
consistent over a wide range of deposition parameters.
Since the required rates of surface reactions accompa-
nying the CVD of TiN are available only at 903 K,
the entire analysis presented in this paper is carried out
only at this temperature. However, the analysis can be
readily extended to other temperatures once the relevant
reaction rate data become available. Also, the approach
is not limited to the TiN coatings and can be extended
to other materials systems.

Finally, few basic conclusions can be drawn based
on the analysis and the results presented in the paper:

(1) To establish the relationships between the process
parameters, deposition condition and the microstruc-
ture (and thus properties) of CVD-grown coatings en-
tails the use of a multi-length scale analysis which en-
compasses the reactor, atomic and grain length scales.

(2) The process parameters (e.g. feed-gas chemistry,
reactor pressure, etc.) enter the analysis through a
reactor-scale model which yields the deposition con-
ditions. Such as the coating deposition rate and con-
centration of the various species on the coating surface.

(3) The morphology and the growth rate of surface
facets and the mechanisms and the rates of incorpo-
ration of various crystal defects in the coating are de-
termined through the use of an atomic-scale modeling
scheme. Since the reactor scale and the atomic scale
models use the same set of surface reactions, their pre-
dictions regarding the deposition rate must be mutually
consistent. In the present formulations, the predictions
of the two models for the deposition rates of TiN coat-
ings are nearly consistent.

(4) The surface morphology and roughness, mi-
crostructure, the crystallographic texture as well as the
defect content in the CVD-grown coatings are obtained
using a grain-scale modeling scheme. While a two-
dimensional grain-scale model is used in the present
model, the crystallographic nature of the nuclei is se-
lected in such a way that a direct comparison is possible
between the model predictions and (three-dimensional)
microstructure and crystallographic texture of coatings.
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