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Abstract: Combining the phase-field method and the moving boundary method, a three-dimensional phase-field simulation was

conducted for the growth and grain evolution of Ti films deposited by physical vapor deposition under different deposition rates and

grain orientations. The evolution of grain morphology and grain orientation was also taken into consideration. Simulation results show

that at lower deposition rates, the surface of the formed Ti film exhibits a distinct oriented texture structure. The surface roughness of

the Ti film is positively correlated with the grain misorientation. Moreover, the surface roughness obtained from the simulation is in

good agreement with the experiment results.
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1 Introduction

Physical vapor deposition (PVD) technique is a vitally
important technique in the coating fabrication because of its
lower processing temperature and eco-friendly nature! ™. It is
widely used to deposit thin films on substrates in functional
applications, such as tools, decorative pieces, and molds. Ti
thin film has attracted much attention over the last decades
owing to its high mechanical strength, good adhesion strength,
fine corrosion resistance, and intrinsic biocompatibility™ .
Moreover, PVD can be used to reproducibly prepare
nanometer-scale Ti thin film with adjustable
roughness and well-defined topography  while
maintaining the surface chemical characteristics”™. Thus, PVD
Ti thin films have enormous potential in many applications,
including medical implants,
systems, as well as nuclear power systems”'". However, in
practical applications, the crystallographic orientation of
polycrystalline Ti thin film has a significant influence on
material properties. For instance, the polycrystalline Ti thin
films have been extensively used as the intermediate layer
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between various coatings and substrates, and thus, a preferred
crystallographic orientation or texture of the deposited Ti thin
films can directly affect the characteristics of the formed
layers"' "%, Besides, the crystallographic orientation is also a
crucial factor for improving the properties of magnetic
34 Therefore, a
comprehensive study on the crystallographic orientation or
grain evolution of PVD Ti thin films should be of great
importance for tuning their properties/performance.

For the past few years, the crystals and morphologies of Ti
thin films fabricated by different PVD techniques have been
experimentally studied with some advanced characterization
methods""™"". Fazio et al™ found that the crystal structure of
Ti films deposited on single-crystal Si (100) is relevant to the
film thickness. The film structure may change from face-
centered cubic structure to close-packed hexagonal structure
with a grain orientation preference along the [100] direction
when the film thickness reaches a critical value. Moreover,
Gablech et al"! optimized the deposition parameters for
preparing polycrystalline Ti films with desired preferential

metallic films and piezoelectric layers

orientation and ultralow surface roughness, and the residual
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stress could be modulated by controlling the crystallographic
orientation”’. However, the microstructure is directly decided
by the complex deposited conditions, i.e., substrate material,
temperature, angle of incidence, deposition rate, vacuum, and
working gas purity. Thus, it is still impossible to rely solely on
experiments to explore such a sophisticated relation between
PVD conditions and the crystallographic
Moreover, intuitive descriptions of the grain growth and the
evolution of grain boundaries are also rarely considered.

orientation.

Nowadays, the phase-field method is an efficient tool to
numerically describe the microstructure evolution of thin
films® . Several studies have focused on the effects of
model parameters on the porosity and the evolution of grain
polycrystalline thin films
employing the phase-field method™**. As mentioned above,
most thin films consist of multiple small domains varying
from nanometers to microns in size, and the tiny domains
differ in grain orientation and/or crystal structure. It is
essential to describe the evolution of grains and grain

orientation for single-phase

boundaries during PVD, which is typically neglected in most
research. Fortunately, Stewart et al™** proposed a phase-field
model that can simultaneously simulate the surface grain
evolution and film growth process of polycrystalline thin
films for isotropic single-phase materials prepared by PVD.
However, Stewart et al™ " used the dimensionless parameters
to simplify the numerical process. Therefore, a quantitative
description of microstructure evolution is rarely presented.
Recently, based on more than 200 sets of microstructure
evolution results obtained by phase-field simulations, Yang et
al” quantitatively established the relationship among the
process parameters (deposition rate) and the phase-field model
parameters, and the effects of the deposition rate on the
microstructure evolution and surface roughness of PVD Mo
and Ti films were further evaluated. After that, Dai et al®
focused on the process parameters for extensively used PVD
TiN thin films. High-throughput 3D phase-field simulations
were performed to construct the parametric relationship
among the process/model parameters and the film properties.
The optimal parameters were further investigated using a
novel hierarchical multi-objective optimization strategy.

Nevertheless, the crystalline orientation was not considered in
Ref. [2, 4], which cannot give a precise description of the
growth of polycrystalline films.

Consequently, 3D quantitative phase-field simulations of
microstructure evolution of polycrystalline Ti thin films
prepared by PVD were conducted in this research. This
research employed a phase-field model based on the results in
Ref.[35-36] with a moving frame strategy for simulation of
PVD polycrystalline films. Additionally, the model parameters
based on Ref. [2] were investigated, and 3D quantitative
simulations of grain growth and evolution of PVD Ti thin
films were performed. Finally, the influence of grain
misorientation and deposition rate on the growth behavior of
PVD Ti thin films was discussed.

2 Model and Simulation Settings

2.1 Phase-field model

In the practical PVD process, different stacking directions
of atoms can lead to different orientations of columnar
crystals.
orientations of grains should be introduced into the model.
The phase-field model proposed by Ref. [35 — 36] can be
employed to describe the grain evolution of single-phase
polycrystalline films by coupling the interface growth phase-
field model™ and the solidification phase-field model of
polycrystalline materials®". The main focus is related to PVD

Grain boundary energy considering different

films: the deposition of vapor, the formation of solid phase on
the surface, as well as the grain growth in polycrystalline
materials. Three field variables are necessary to describe such
a complicated process. Function ¢(r,¢) can be used to
distinguish the deposited solid phase with ¢(r,¢) = 1 and gas
region with ¢(r,¢) =—1, and it can also describe the solid
growth, where r is incident vapor direction, and ¢ is time.
Another variable g(r,t) denotes the local density of the
incident vapor. Besides, g(r,¢) = 0 indicates that there is no
incident vapor. The third field variable 6 (r,¢) describes the
misorientation of each grain within the domain. Therefore, the
total free energy function over the spatial volume domain Q
depending on the grain misorientation can be given as follows:

F= JQ{;¢(1‘, t)z + %qﬁ(}’, t)4 + a[ng(r,t)]z + sq[¢(r,t)]|V9(r, t)| + %Zh[qﬁ(r’ t)]‘ve(r’ t)|2}d[2 i

where a, s, and ¢ are model parameters; ¢ and / are functions.
The initial two terms of Eq. (1) can define a double-well
energy barrier between the equilibrium bulk solid and gas
phases. The contribution of the existing solid-vapor interface
to the overall free energy is introduced by the third term in
Eq.(1), and the last two terms account for the contribution of
grain misorientation. The functions g [¢(r,z) Jand h[ P (r, 1) ]
are required for crystalline orientation effects to be reduced or
removed in a disordered region, respectively™ . It is worth
noting that the last two terms in Eq. (1) are required to
consider the static grain boundary and grain boundary motion.
The model parameters a, s, and ¢ in Eq. (1) depend on the
feature size of grain boundary. The evolution of the field

variable ¢ (r,t) is governed by the Allen-Cahn equation, and
the variable g(r,¢) is governed by the Cahn-Hilliard
equations"”, as follows:

d
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where ¢, 0, and g are short terms for functions ¢(r, t), &(r, 1),
and g(r, 1), respectively; D is the diffusion velocity of vapor; B
is an adjusting parameter to control the growth rate of thin
films; A4 is the incident vapor vector; # is a Gaussian
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distribution that provides surface fluctuations; C is a
parameter to control the overall noise strength. The
incident vapor vector A encompasses both the incident vapor
strength 4 and the incident vapor direction r (i. e., A=Ar).
In Eq. (3), the first term represents the contribution of the
diffusion of incident vapor, and the second term is
responsible for the coevolution of gas and solid phases,
including the consumption of incoming vapor and growth of
the solid film.

The evolution of the non-conserved grain orientation is
governed by the Allen-Cahn equation, which can be expressed
as follows:

P(Iv8]) oS0 - v[«ﬁz

LI
V0|

Vﬁ} “)

where P indicates a function; 7, is relaxation constant. The
kinetic process occurring at the grain interiors and grain
boundaries is managed by the function P (| V4| ), as follows:

P(Ivo|)=1+ (% - 1)e*ﬂb"w" (5)
where f and u are parameters to modulate the tendency for
grain rotation and the migration rate of grain boundaries,
respectively.

2.2 Numerical settings

In this research, the phase-field simulations were performed
in a 3D domain with a size of 48 nmx48 nmx48 nm to save
the computational resources. It is proven that the size of the
simulation domain has restricted influence on the grain and
surface morphology. The z-axis direction of the 3D simulation
region is set as the film growth direction, and the incident
vapor is deposited onto the substrate (z-axis). The periodic
boundary condition is imposed along the substrate (x-axis and
y-axis), the lower boundary of the direction perpendicular to
the substrate (z-axis) is set as adiabatic boundary condition,
and the upper side is set as a fixed boundary condition. At the
beginning of the simulation, a substrate with thickness of 1/10
of the height of the simulated area should be set along the
entire x-y plane. During PVD process, the supply of vapor and
the growth of thin films were continuous. The moving frame
strategy was adopted to focus on the vapor/solid interface. The
rotation and combination of early formed grains can be
considered as a grain evolution process without the growth of
thin films. Therefore, the early-formed grains during the initial
stage of PVD process were excluded from the simulation
domain to simulate the real situation and improve the
computational efficiency™*”. With the increase in film
thickness, the simulation setting triggered the moving frame
strategy when the film thickness increased to 3/5 of the height
of the simulated area.

For the implementation of quantitative simulation of
microstructure evolution of PVD Ti thin films, the explicit
forward and centered finite difference methods with grid
space dx=1.0 nm and time step d=0.01 s were used to solve
the governing equations with C++ code to enhance the
computational efficiency.

3 Results and Discussion

3.1 Quantification of model parameters

The multiple parameters of PVD process, such as vacuum
degree, working gas pressure, working gas purity, incident
vapor, substrate  materials/roughness/temperature, and

deposition rate, have a significant

[38-40]

impact on the
microstructure of thin films For example, substrate
temperature directly influences atomic surface diffusion and
grain boundary migration rates, whereas working gas pressure
affects the energy of sputtered particles and consequently the
deposition rate. However, incorporating all these parameters
phase-field model with the

consideration of grain orientation evolution, heat conduction,

simultaneously into a

vapor transport, and gas-solid phase transformation presents
substantial challenges in terms of both energy functional
construction and numerical solution. In this research, the
deposition rate, one of the most critical and controllable PVD
parameters, was investigated, because it exerts a dominant
influence on the resulting microstructure, film properties, and
production efficiency™?. Necessary simplification ensures the
computational tractability and clarity of analysis, which also
provides a basis for further research incorporating other
process variables. Moreover, the incident vapor rate A
regulates the quantity of vapor that reaches the thin film
surface, while the coefficient B, which represents the gas-solid
transition velocity, governs the transformation of the gas
phase into a solid bulk phase in the interfacial domain. Thus,
the deposition rate can be related to the model parameters A
and B, according to the phase-field simulation results and the
experiment data. Savaloni et al*! reported that the Ti thin
films tend to form an amorphous structure on glass with
different deposition rates, while the incident angle is fairly
large. It is also found that Ti thin films show the strongest
texture with the deposition rate of 0.16 nm-s™. Then, it
becomes weak with the further increase in deposition rate™'’.
Therefore, 90 nm-thick Ti metal films can be deposited on Mo
substrates with the deposition rate of 0.16 nm-s™. In this
research, deposition rate of 1.02 nm-s™ was used to explicate
the effects of deposition rates and crystalline misorientation
on the microstructure evolution of PVD Ti thin films™".
Moreover, the non-vertical deposition was considered: the
incident vapor tilt of 45° from the substrate surface (i.e., xoy-
plane) was used in this research to more accurately simulate
the experiment conditions™'. Actually, the incident angles of
incoming vapor reaching the substrate have a continuous
distribution in PVD process. To simplify this process, a
similar method was adopted to calculate the constant
components of the flux 4 in the present PVD simulation,
and three components are A, =4, = V2 /2cos (a)A and
A_=sin(a)A, where a is the incident angle, and A4 is the
incident vapor strength. The parameters g,, 5, i, 7,, and € are
determined by the thermophysical parameters, and the detailed
derivation of those parameters are described in Ref.[35—-36].
Following the parametric strategy in Ref.[2], a large number
of 3D simulation tests with consideration of crystalline
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misorientation of PVD thin films using different deposition
rates and model parameters were conducted in this research.
The correspondence among the deposition rate, incident vapor
rate, and gas-solid transition velocity can be obtained.
Particularly, two corresponding sets of model parameters
(summarized in Table 1) were adopted to perform quantitative
3D phase-field simulation of Ti thin films with the
consideration of grain orientation. Moreover, it should be
noted that the process parameters not considered in this
research may lead to different model parameters, and the
effects of these factors need further study in the future work.

3.2 Evolution of grain and grain misorientation in PVD Ti

thin film

3D phase-field simulations with the model parameters listed
in Table 1 were performed to investigate the evolution of grain
and grain misorientation of PVD Ti thin films. The deposition
rate of 0.16 nm-s™' corresponds to the incident vapor rate of
2.087 nm's ™' and the gas-solid transition velocity of 2.49 nm™s .
It is well known that the roughness and surface structure of
substrates have a significant influence on the nucleation sites

Table 1 Model/material parameters used in 3D phase-field

simulations
Parameter Set 1 Set 2
Deposition rate/m-s™ 1.6x107"° 1.02x107°
g, 1.0 1.0
S/T-m™ 0.0176 0.1760
e/Tm™ 1.41 1.41
7/x10° 1 1
w/x10° Jm™ 1 1
B/x10° m*-J! 1 1
a/m*-s™ 0.5 0.5
A/x107° m-s™ 2.087 2.527
B/x10¥ m?*-s™! 2.49 3.53
D/m’-s™ 1.0 2.0
Clm-s™ 2.5 2.5

and the initial stage of deposited thin film, which can further
determine the initial grain orientations. In this research, the
grain misorientations are randomly chosen from —10° to 10°.
The evolutions of the solid phase and grain misorientation
obtained by the phase-field simulation are presented in Fig. 1.
It can be seen that when the deposition rate is 0.16 nm-s™, the
deposited films are quite dense, and the surface roughness
increases dramatically at the initial stage of PVD process and
reaches a fairly steady value in the following stages.
Moreover, it can also be found that a texture exists on the
surface of thin films that is relevant to the incident angle of
vapor, and this phenomenon conforms to the experiment
results in Ref.[14,41]. Such a surface feature can be ascribed
to the shadowing effect during PVD process. It is noted that
most grains of deposited thin films have no significant change
in crystallite size, compared with the randomly preset grains
(6—10 nm in size). Grain evolution occurs through the grain
boundary migration with the increase in thin film thickness,
accompanied by the evolution of grain orientations. As shown
in Fig.1, the evolution of grain misorientations shows that the
crystals of Ti thin films prefer to grow along with the initial
orientation. Such a simulation result is reasonable, because it
requires extra energy to induce the migration of grain
boundary.
3.3 Effect of deposition rate and grain misorientation on

growth of PVD Ti thin film

A series of 3D phase-field simulations were then performed
using the model/material parameters listed in Table 1. To
better understand the distinction between low-angle and high-
angle grain boundaries, the simulations were conducted with
randomly initial grain misorientation based on different
ranges, such as from —5° to 5°, from - 10° to 10°, and from
—15° to 15°. Moreover, a set of simulations with quite narrow
grain misorientation range from - 0.1° to 0.1° were also
adopted for a direct comparison to explicate the effect of
crystalline orientation on the microstructure evolution during
PVD process of Ti thin films.

Fig. 2 shows the evolution of Ti thin film grains with
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Fig.1 Phase-field simulated microstructure evolutions of Ti thin films deposited at deposition rate of 0.16 nm-s™' and initial grain misorientation

range from —10° to +10°: (a—d) phase evolutions; (e~h) grain misorientation evolutions
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Fig.2 3D phase-field simulations of evolutions of local grain misorientations of Ti thin films deposited at deposition rate of 0.16 nm-s™" with

different grain misorientations at /=20 s (a, e, i, m), =40 s (b, f, j, n), =280 s (c, g, k, 0), and =560 s (d, h, 1, p): (a—d) from —0.1° to 0.1°;

(e-h) from -5° to 5°; (i-1) from —10° to 10°; (m—p) from —15° to 15°

different initial grain misorientations during PVD from 20 s to
560 s. It shows that the Ti thin films grow along the
presupposed orientations rapidly, and there is no significant
change in crystallite size. The other interesting feature lies in
the fact that the Ti thin films grow without the consideration
of grain misorientation, showing a prominently textured
surface. The continuous domains and tilted micro-columns are
formed and inclined toward the vapor direction. However,
such a textured surface of polycrystalline Ti thin films
becomes inconspicuous with the increase in grain
misorientation. A discontinuous polycrystalline surface can be
found in PVD Ti thin films with higher initial grain
misorientation. This phenomenon fits well with the
experiment observations''. Moreover, according to Ref.[14],
its intrinsic mechanism can be ascribed to the growth habits of
nuclei, which further control the evolution of crystallite
growth. With the increase in grain misorientation, the grains
prefer to grow with the same orientation as that of the initial
grains, and the combination of different grains becomes fairly
difficult due to the higher energy barrier. Therefore, it may
reduce the shadowing effects by controlling the initial
nucleation orientation of polycrystalline Ti thin films.

The evolution of local grain misorientations with different
deposition rates and initial grain orientations is presented in
Fig.3. It is seen that the roughness of Ti thin films increases
more quickly at the initial stage when the deposition rate

changes from 0.16 nm's™ to 1.02 nm's™'. Moreover, it seems
that the deposition rate has no significant influence on the
grain growth, and the grains have similar misorientation at the
initial stage whether the deposition rate is 0.16 or 1.02 nm's™.
It is obvious that a weak preferred orientation of the surface
texture of Ti thin films exists with the increase in deposition
rate. The surface texture can be eliminated with the increase in
grain misorientation when the deposition rate is 1.02 nm's™.
The effects of deposition rate and grain misorientation on the
surface are demonstrated in Fig.4—Fig.5. It is obvious that the
surface roughness of the Ti thin films deposited with different
grain misorientations is fairly small within the first 20 s, and it
increases when the deposition further proceeds from 20 s to
280 s, but it fluctuates around a specific value from 280 s to
560 s. This result indicates that the growth process of Ti thin
film lasts approximately 280 s to achieve a stable state when
the deposition rate is 0.16 nm-s™'. Moreover, at the deposition
rate of 0.16 nm-s”', the wave-like surface texture is more
visible with small initial grain orientation (Fig.4), because of
the continual incorporation of micro-columnar grains and the
shadowing effect during PVD process. As the deposition rate
increases to 1.02 nm-s™, the growth of Ti thin films can reach
the steady state more quickly. According to Fig.5, the surface
heights increase to a steady value in the first 44 s, and
intermittent micro-domains on the surface of thin films are
more obvious. It is reported that the adatoms are becoming
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Fig.3 Evolution of local grain misorientations of Ti thin films deposited at deposition rate of 0.16 nm's” (a—b, e —f, i —j) and
1.02 nm-s™" (c—d, g-h, k-1) with different grain misorientations at /=20 s (a, c, e, g, i, k) and =40 s (b, d, f, h, j, 1): (a—d) from —0.1° to 0.1°;
(e-h) from -5° to 5°; (i-1) from —15° to 15°
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Fig.4 3D phase-field simulated heat maps of surface height of Ti thin films deposited at deposition rate of 0.16 nm-s™ with different grain
misorientations at /=20 s (a, e, i, m), =40 s (b, f, j, n), =280 s (c, g, k, 0), and =560 s (d, h, 1, p): (a—d) from —0.1° to 0.1°; (e—h) from -5°
to 5°; (i-1) from —-10° to 10°; (m—p) from —15° to 15°

increasingly localized to their designated landing areas if the
deposition rate is faster than a critical point®’. Thus, the

growth process of Ti thin films with faster deposition rate
depends on the nucleation of the domains, while the initial
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Fig.5 3D phase-field simulated heat maps of surface height of Ti thin films deposited at deposition rate of 1.02 nm-s™ with different grain
misorientations at =20 s (a, e, i, m), =28 s (b, f, j, n), =44 s (c, g, k, 0), and =88 s (d, h, 1, p): (a—d) from —0.1° to 0.1°; (e—h) from -5°

to 5°; (i-1) from =10° to 10°; (m—p) from -15° to 15°

grain misorientations are randomly generated in this phase-
field simulations. Comparing Fig.4 with Fig.5, it can be found
that the surface heights of Ti thin film increase slightly when
the deposition rate increases from 0.16 nm's™ to 1.02 nm-s™".
This is due to the lack of sufficient time for the vapor to
adequately spread out and fluctuate with a fairly fast
deposition rate and a gas-solid transition velocity.

To make a comprehensive comparison between the
simulated and the experimental results, experiment data from
Ref.[41] were used. The most frequently used parameters for
quantifying the surface roughness (i.e., the arithmetic average
roughness R, and the root mean square roughness R ) were
calculated based on the 3D phase-field
microstructures. The calculations of parameters R, and R, can

simulated

be performed using the following equations:

1 N, N,
R = z - 6
S EIN A (©)
1 G 2
Ry = / M,Nij;(Zif - u) ™
1 N, N,
SN AN 8
M Nx Nij; i ( )

where NN, represents the size of the data sample; Z; is an

array to map the topography of the thin film surface in the x-y
plane, providing valuable information about the relative
heights; u is the mean value of relative surface heights. The
simulated and experimental results are shown in Fig. 6. The
values of R, and R, increase rapidly in the initial stage at the
deposition rate of 0.16 nm-s™' and then achieve a stable state
after 90 s with the average thickness about 14.4 nm. At the
deposition rate of 1.02 nm-s™', the steady state is reached
earlier. As shown in Fig. 6, the values of R, and R, slightly
increase with the influence of grain misorientation. It is found
that the great majority of R /R, ratios converge to a value close
to 1.30, inferring that the distribution of surface heights of Ti
thin films closely resembles a Gaussian distribution, which
aligns well with the results in Ref. [42]. Additionally, the
calculated values of R, and R of Ti thin films at the deposition
rate of 0.16 nm's™ after 560 s are approximately 1.48 and
1.80 nm, presenting a good consistency with the experimental
data of 1.50 and 1.96 nm™, respectively. Meanwhile, the
simulated R, and R values of Ti thin films at the deposition
rate of 1.02 nm's™ with different grain misorientations are
approximately 1.55 and 1.95 nm, which are slightly larger
than the experimental data of 1.36 and 1.79 nm"'
respectively. It can be found that the experimental surface
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Fig.6 Comparison between simulated and experimental results of arithmetic average surface roughness R (a, c¢) and root mean square

surface roughness R (b, d) for Ti thin films during PVD with different grain misorientations at deposition rate of 0.16 nm-s”' (a—b) and

1.02 nm-s™ (c—d)

roughness is decreased with the increase in deposition rate. At
faster deposition rates, the deposited particles can be buried
under a thick layer of incoming atoms, which can restrain the
diffusion of adatoms. Thus, more new nuclei tend to form and
further produce a closed pack fibrous structure"*. In this
research, however, the number of nuclei at different deposition
rates is specified as the same value to study the effect of grain
misorientation on the morphologies of PVD Ti thin films. The
vapor on the surface of PVD Ti thin film does not have
sufficient time to adequately diffuse and fluctuate, and the
shadowing effects are more obvious. Therefore, the simulated
surface roughness is slightly larger than the experimental one,
but the discrepancy is still within the margin of error.

4 Conclusions

1) The 3D phase-field model coupling with the moving
frame strategy can be used for the simulation of PVD
polycrystalline films. Multiple model parameters (incident
vapor rates and gas-solid transition velocities) corresponding
to various deposition rates can be quantified through
numerous 3D phase-field simulation tests of grain evolution
of PVD thin films.

2) The crystals of Ti thin films prefer to grow along with
the initial orientation, and there is no significant change in
crystallite size.

3) A strong surface texture exists on the surface of Ti thin
films deposited at slow deposition rate, and the surface texture
can be eliminated with the increase in deposition rate and
initial grain orientation. Moreover, the grain misorientation
can increase the surface roughness of the Ti thin films. The

simulated surface roughness shows a good agreement with the
experimental one.

4) This research indicates that the presently used phase-
field model and quantification method are feasible for the
investigation of grain evolution of other polycrystalline metal
thin films, which is anticipated to give a more precise
description of microstructure evolution in different PVD
polycrystalline films.
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