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An extended one-dimensional stress model for the deposition of multilayer films is built based on the existing stress model by
considering the influence of deposition conditions. Both thermal stress and intrinsic stress are considered to constitute the final
residual stress in the model. The deposition process conditions such as deposition temperature, oxygen pressure, and film
growth rate are correlated to the full stress model to analyze the final residual stress distribution, and thus the deformation of
the deposited multilayer system under different process conditions. Also, the model is numerically realized with in-house built
code. A deposition of Ag-Cu multilayer system is simulated with the as-built extended stress model, and the final residual
stresses under different deposition conditions are discussed with part of the results compared with experiment from other liter-

ature.
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1 Introduction

EB-PVD has been demonstrated to be of great use in film
deposition. Residual stress always occurs in a physical va-
por-deposited multilayer system, causing either delamina-
tion or crack of the films. Hence, it is of great importance
for the use of coated products to control the residual stress
level in deposited multilayer systems. It is believed that the
residual stress is constituted by thermal stress and intrinsic
stress, and both are related to thermal transport and growth
process. The thermal stress is generated because of the
mismatch between thermal expansion coefficients of sub-
strate and film material when subjected to the same cooling
process. The intrinsic stress is the stress generated during
the film growth process of films. Much work has been re-
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ported with regard to the stress generation during the depo-
sition process of a multilayer system.

Physical vapor deposition involves the atoms’ deposition
and diffusion onto the substrate and the films grow into co-
lumnar grains in a Volmer Weber mode [1-4] for most cas-
es of polycrystalline film deposition. Floro and his cowork-
ers [1,2] investigated the physical origin of Volmer Weber
films that are mostly polycrystalline films (including amor-
phous films like a-Ge films on SiO; films). They found that
the stress always appears to undergo a compressive tensile
compressive process. During the deposition of films, the
compressive stress generated initially by the surface stress
of the formed island is quickly changed to tensile stress be-
cause of the formation of a continuous film by the island
coalescence and then followed by the compressive stress
[3,4]. Many theoretical and experimental studies [4—16]
have been conducted to study the stress generation includ-
ing thermal stress and intrinsic stress during the deposition
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process of a polycrystalline multilayer system. However,
each of these works just expressed part of the stress genera-
tion during the deposition process. Combining all these
parts, Song and his coworkers [17] built a comprehensive
model to describe the generation and combination of ther-
mal and intrinsic stress during the deposition process.
However, the stress generation cannot be connected with
the deposition process conditions in the comprehensive
model. Different process conditions may influence the dep-
osition process through the nucleation process, surface ten-
sion during the growth process, diffusion of atoms, and en-
ergy of the upcoming atoms.

The aim of this paper is to build a relationship between
the deposition conditions and the residual stress of a multi-
layer system by linking the deposition conditions with pa-
rameters needed in the stress model such as nucleation rate,
surface tension, grain boundary energy, and chemical po-
tential. In this paper, an extended model is developed to
describe the stress generation during the deposition of poly-
crystalline multilayers under different process conditions
such as temperature, pressure, and film thickness.

2 Physical and mathematical models for stress
generation

The thermal residual stress for a multilayer system is gener-
ated when a temperature change occurs because the thermal
expansion of the substrate and films do not match each oth-
er. Song and his coworkers [17] built a thermal stress model
for multilayer systems based on the conservation of force
and moment. They also added the intrinsic stress in the
thermal stress model.
The thermal residual stress in Figure 1 can be obtained as:
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where oy and o; are the stresses in substrate and layer i, ¢ is
the uniform strain component in Figure 1(c), ¢; and o are
the thermal expansion coefficients of the substrate and film
material, 7, is the temperature distribution along the Z di-
rection, and &, and & are the intrinsic stresses distribution
along the Z direction. The intrinsic stresses are obtained in
the model by considering the atoms’ flowing and nucleation
during the film growth process. Combining the intrinsic
stresses into the quasi-static thermal stress model by

Sci China-Phys Mech Astron

February (2015) Vol. 58 No. 2 024602-2

-y z
(a) =
z=h,
Layer n ty z=h, ,
Layer i &
- : z=h,
ayer t z=0
Substrate 8
®) o
[ Layern £=an AT, +¢,, |
Layer i £= AT, +g;;
[ Layer1 e= oy AT, +¢,, |
Substrate £=as AT, +g;4
(c)
—| Layern g=c -
—| Layer/ £=C -
—> Layer1 &= -
<+=| Substrate g=c -

Figure 1 Schematic of the deformation and stress evolution of a multi-
layer system under a temperature decrease: (a) multilayer system and coor-
dinate system; (b) unconstrained strain because of temperature decrease
with intrinsic strain included; (c) strain constrained by displacement com-
patibility, and (d) bending of the system.

considering the conservation of force and moment, the
thermal stress and intrinsic stress are coupled and the final
residual stress can be obtained.

The uniform strain component ¢ in Figure 1(c) can be
expressed as:

hy;
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t, is the location of bending axis that can be expressed as:
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and r is the radius of curvature of the bending system that
can be denoted as:
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In the model of thermal stress, the residual strain of the
substrate after annealing is set as the intrinsic strain term
Ez

The intrinsic stress is stress generated in the process of
film growth and will undergo compressive tensile compres-
sive states during deposition of a single-layer polycrystal-
line film. In the model of Song and his coworkers [17], the
intrinsic stress level is mainly related to the nucleation, is-
land growth, and coalescence and incorporation of atoms
into the grain boundary. However, links between deposition
conditions and the related process are still needed to build
the links between final residual stress and deposition condi-
tions.

In the early stage of film growth, evaporated atoms are
absorbed onto the baseplate and nucleate at a nucleation rate
of N;. The nucleation rate can be obtained using the kinetic
model for nucleation [18] as:

N, = An,

P
El
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where A is a calculable dimensionless constant dependent
on the substrate coverage, ny is the density of adsorption
sites, and v is the vibrational frequency of adatoms on the
surface. The parameters p' and E’ are discussed in Appendix
A.

The nucleus absorbs the evaporated atoms and grows in-
to a spherical island. The shape of the island is decided by
the equilibrium of the three kinds of surface tension that can
be expressed as:

7/SV=}/IS+7/VICOS9, (6)

where 6 is the wetting angle of the island, y, is the sur-
face tension between the island surface and vapor, y, is
the surface tension between the island and baseplate, and
7., 1s the surface tension between the baseplate and vapor.
The surface tension of metal can be obtained as follows:

nz,

- an, ™)
! NOZO '

where 7 is the number of atoms per area, Z, is the body co-
ordination number, Z, is the interface coordination number
that is defined as (ZO —ZS)/ 2, that Z; is the surface coor-

dination number. N, is the Avogadro’s number and AH is

the heat of vaporization. The contact interface energy can be
obtained by an average of the surface energy of each sepa-
rate metal. The derivation of the surface energy of metal is
shown in Appendix B.

Following Hoffman [5] and Nix and Clemens [6] and
considering the island snapping together and boundary for-
mation as a crack-closure process, the planar strain along
the Z direction can be obtained as:
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Figure 2 Schematic of the island coalescence: (a) shape of the island
before coalescence and (b) shape of the islands after coalescence.
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where R=a/sin@, c=acotd, and b=a/sinf—acotl
as shown in Figure 2(a) and a is the average radius of the

islands 1/,/3N, .

The contact height z, in the snap process is obtained by
solving for the average stress [6]:
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where y, is the surface free energy of the islands and p,is
the grain boundary energy. The right side term in eq. (9) is
the average stress generated during the coalescence process
that is obtained by treating the boundary formation as a
crack-closure process.

The grain boundary energy as a function of misorienta-
tion is assumed to follow the Read-Shockley equation [19]:

Yo _ 0, i] 10
(7). Hm( "0, ) (o

where 6 is the misorientation across the grain boundary and

6, is the critical misorientation and (]/gb) is the grain
m

boundary energy when the misorientation is larger than 6,,.
In this work, 6, is set as 15° and (ygb) used the value of
0.625 J/m [20].

The contact height can be calculated numerically and ex-
pressed as:

2= f(ab.cv.Ey,.7,)- (11)

When the coalescence process is finished, grain boundaries
are formed. During post coalescence growth, the upcoming
atoms are incorporated into the grain boundary (see Figure
3) driven by the chemical potential difference between atoms
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Figure 3 Schematic of adatoms flowing into the grain boundary. (a)
Grain boundary formed after island coalescene; (b) adatoms flowing into
the grain boundary during film growth.

on the surface and in the boundary.

During the deposition process, atoms on the surface are
in nonequilibrium conditions that have a higher chemical
potential than when they are in equilibrium conditions. We
assume that atoms on the surface are in equilibrium with the
gaseous atoms, and thus the chemical potential increment
because of the impinging of atoms can be expressed as:

Sit,,, = kT [ﬁ] (12)
Py

where po is the saturated vapor pressure under the given
temperature. Thus the chemical difference between the sur-
face and the grain boundary is

A,u=Ay°+kT1n££)+oQ, (13)
Do

Stress & temp
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where we define Au” = 1, — iy as the chemical potential

difference between the surface and the grain boundary in
equilibrium, o is the normal stress acting across the grain
boundary.

The stress changes with time at a rate of [4]:

6_o-= _[ %% \»er AR+ S+ oQ
ot h kT

+(o, - 6)—Rgr;w‘h . (14)

In the multilayer system, experimental results [21] show
that there is a nucleation process at the beginning of the
deposition of each new layer. The former films and the sub-
strate can be regarded as a new substrate and the new film is
deposited at the new substrate. Thus the intrinsic stress of
the new layer is generated in the same way as in the first
layer except that the nucleation process occurs at a surface
with angular crystal surface.

3 Computational method

The stress generation in the deposition of multilayer system
is studied numerically using the extended model. Different
conditions of temperature, film thickness, pressure in depo-
sition chamber, and film growth rate are considered in the
model. Also, the intrinsic strain and thermal strain are com-
bined to predict the final film stress in the multilayer system.
Figure 4 shows the flow chart of the computational model.
Because the temperature may change during the deposition
of each layer, the thermal and growth processes are simu-
lated in every cycle of the film deposition. The thermal
stress analysis is conducted using the thermal stress model
with the intrinsic stress generated in the growth process as

tSv Rgrcwthv Po, L, Ahv
2y, Zs, as, oy, E;, E,...
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Figure 4 (Color online) The computational process of the stress analysis model.

Growth after
coalescence

Chemical potential
difference

Stress change rate
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initial conditions. At the end of the deposition process, a
cooling process, which is mainly responsible for thermal
stress generation is initiated. The growth process can be
divided into two sub-processes: island coalescence and
growth after coalescence. In the island coalescence process,
the island shape is decided by the process-influenced pa-
rameters. The planar strain along the Z direction is calcu-
lated based on the island shape. In this process, the island
shape can be influenced by the surface residual stress of the
film system which can be obtained from the thermal stress
analysis in the present cycle in Figure 4. The surface resid-
ual stress can influence the island shape by influencing the
surface energy. The strain after island coalescence is calcu-
lated using the model in eq. (14). During the calculation of
strain generation after coalescence, the final residual stress
generated during the coalescence process is set as initial
conditions for the growth process after coalescence.

4 Results and discussion

The thermal stress model is validated using the mathemati-
cal solution for the thermal stress in a single layer film sys-
tem which is widely accepted. And the intrinsic model is
validated using the experimental work of Shull et al. [21].
As the model is validated, the influence of the process con-
ditions such as deposition temperature, pressure in the dep-
osition chamber, film growth rate, and film thickness on the
final residual stress is discussed. The thickness ratio is used
to represent the film thickness. When the layer thicknesses
are changed, the thickness ratio is expressed as:

. :14_—¢><100%, (15)

Table 1 Thermal and mechanical properties used in the simulation [22,23]
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where ¢ is the percentage of Cu layer thickness variation
and —¢ is the percentage of Ag layer thickness variation
(using the convention that increment is positive).

4.1 Stress model validation

To validate the thermal stress model, the thermal stress in a
one-layer film system is simulated using the multilayer
thermal stress model. A case of 19.7-nm Cu layer deposited
on a 108-um Si (100) substrate at 40°C, and then cooled to
a room temperature of 20°C is studied and Table 1 shows
the thermal and mechanical properties used in the simula-
tion. The simulation result is compared with mathematical
solution [24]:

_ ECu (0‘51 — O )AT
% T1va(E, JEy)(WH)

(16)

The simulation result of the average thermal stress in the
film using the mathematical model is 23.2774 MPa, where-
as the simulation model obtains a result of 23.2768 MPa.
Comparison shows that the thermal stress model has little
difference with the mathematical solution.

Table 2 shows the thermal dynamic properties of Cu and
Ag that are used in the simulation. The data for Ag used in
the simulation of deposition process can be obtained from
other literature [4,18] as listed in Tables 3 and 4. The depo-
sition of 535 nm Cu on the Si (100) substrate is simulated
and compared with the experiment results [21] to get the
data needed for Cu in the model. Only the first layer of a
deposition of multilayer is chosen and the results show that
the simulation result and the experimental result expressed
as F/w (total force per unit width) meet each other very well
(see Figure 5). Thus, the data needed for Cu is obtained and
listed in Tables 3 and 4. The deposition rate used in the

Material Thermal conductivities (W m™' K™) Thermal expansion coefficient (10°K™) Young’s modulus (GPa) Poisson’s ratio
Si 148 7.6 113 0.28
Cu 401 16.7 128 0.35
Ag 429 19.0 71 0.38
Al 237 - - -

Table 2 Thermal dynamic properties used in the simulation

Material Body coordinate number Surface coordinate number Lattice size (pm) Heat of vaporization (kJ mol")
Cu 12 4 361.49 306.89
Ag 12 4 408.53 284.6

Table 3 Data used in nucleation dynamics [18]

Material Eqes (eV) E, (eV) v (10257 no (atoms m™2) Atom number per volume (10°%) Volume of atom (107’ m%)
Cu 0.7 0.3 1.65 1.0x10" 42742 2.3396
Ag 0.5 0.2 0.1 1.0x10% 6.2006 1.61275
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Table 4 Data used in the simulation of process after coalescence [4] 7~ T T T T T
Material 2C. I (s Apto (1072 T mol™) Q (102 m?) 6 = Experiment 1
- - - Simulation
Cu 33 50.2 1.7 5L ]
Ag 3.3 4.02 1.7
E ]
Z
4 : ° )
[y
T T T T T T T T T T T T
3L ] 2+ i
2L —— Simulation
10 = Experimental 1 1+ 1
OF 9 0L 4 4
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T b ] 0 25 50 75 100 125
Z 3L 1 Film thickness (nm)
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T g_ 1 Figure 6 Comparison of experimental and simulation results for the
:6 L 1 baseline case [21].
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Figure S Compare of simulation and experimental results for Cu on Si 6l ~~ Intrinsic & therma T i
substrate [21]. R
c 5 i
experiment was 0.01 nm/s and the pressure was 1.20x10°° T 3t -
Pa for Cu and 6.67x10” Pa for Ag. 2+ -
To validate the whole intrinsic stress model, another set 1L 4
of experimental work of Shull et al. [21] is simulated with ol ]
the data obtained in the simulation of deposition of single 0 2% 50 75 100 125

Cu layer. In this work, 10 layers of Cu and Ag are deposited
on a 108-um Si (100) substrate alternately at a low temper-
ature. The layer thicknesses are as: Cu 19.7 nm / Ag 15 nm/
Cu 124 nm/ Ag 15 nm /Cu 10.8 nm / Ag 15 nm / Cu 10.8
nm/Ag 15nm/Cu 10.8 nm/ Ag 15 nm.

Figure 6 shows the comparison of the experimental and
simulation results. The average stress of the multilayer sys-
tem is 42 MPa in the experiment and the simulation ob-
tained a 43.6 MPa film average stress. During the early
stage of deposition, the difference between experiment and
simulation is a little greater, which is possibly caused by the
difference between the process conditions of the experiment
and simulation.

4.2 Discussion of results

To investigate the influence of process conditions on the
final residual film stress, deposition of 10 layers under dif-
ferent deposition temperature, pressure, film growth rate,
and film thickness are simulated. The simulation results are
compared with only one variable and the baseline case is the
case in Figure 6.

Figure 7 shows the simulation result when the thermal
stress is considered and the result is also compared with the
intrinsic stress. The result shows that there is a tensile ther-
mal stress in the film and thus increases the film average
stress from 43.6 MPa to 58.0 MPa. The thermal stress ac-
counts for 24.8% of the final residual stress of the film and

Film thickness (nm)

Figure 7 F/w versus total film thickness for cases when only intrinsic
stress or both intrinsic stress and thermal stress are considered.

it is important to consider both intrinsic and thermal stress
because both of them are influenced by the deposition con-
ditions.

Deposition temperature can influence both the thermal
stress and the film growth process and thus the intrinsic
stress. Figure 8 shows F/w evolution with film thickness
under different deposition temperatures. It is shown that
under the simulated conditions the final residual stress in-
creases with the deposition temperature. When the deposi-
tion temperature increased from 30°C to 50°C, the average
stress increased from 51.9 MPa to 66.9 MPa. The thermal
mismatch stress will increase with the increase in deposition
temperature because the thermal expansion mismatch will
increase. In Figure 8, there is a shift of the first peak value
to the right which indicates that the contact height in the
coalescence process increases with the increase of deposi-
tion temperature. This is caused by the reason that the nu-
cleation rate will decrease at a higher deposition tempera-
ture, and this will lead to a higher average grain size for the
nucleus when they snap together. From the earlier discus-
sion, it can be seen that a higher average grain size will lead
to a higher contact height and a higher tensile stress during
the coalescence process.
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Figure 8 F/w versus total film thickness under different deposition tem-
peratures when both intrinsic stress and thermal stress are considered.

The pressure in the chamber can both influence the coa-
lescence process and the atoms incorporation process.
Hence, the deposition pressure will mainly influence the
intrinsic stress. Figure 9 shows the F/w evolution with film
thickness under different pressures. The final residual stress
decreases with the increase of deposition pressure. When
the deposition pressure increases, there will be more atoms
incorporating into the grain boundary because the chemical
potential of atoms on the surface will increase. Also, it is
shown that the first peak value shifts left with the increase
of the deposition pressure which indicates that the contact
height during the coalescence process decreases. This also
contributes to the lower average stress for a higher deposi-
tion pressure.

The film growth rate will influence the growth process
mainly by influencing the atoms incorporation process.
Figure 10 shows the F/w evolution with film thickness un-
der different film growth rate. The result shows that when
the film growth rate increased from 0.5x107'' m/s to
1.5x1071 m/s, the average residual stress of the film in-
creased from 52.7 MPa to 62.7 MPa. The film growth rate
has little influence on the coalescence process when other
process conditions remain the same.

Fiw (N/m)

0 25 50 75 100 125
Film thickness (nm)

Figure 9 F/w versus total film thickness under different pressures when
both intrinsic stress and thermal stress are considered.
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Figure 10 F/w versus total film thickness under different deposition rates
when both intrinsic stress and thermal stress are considered.

When the thickness ratio is changed, the film thickness
of different layers will change. The change of the thickness
of each layer will influence both the intrinsic and thermal
stresses. Figure 11 shows the F/w evolution with film
thickness and the results show the final average stress in-
creased from 35.3 MPa to 81.0 MPa when the film thick-
ness ratio increased from 0.33 to 1.5. However, for different
film thicknesses, it is not always the case. The final residual
stress for a small film thickness is lower under a high
thickness ratio which is the opposite for the large film
thickness case.

5 Conclusion

In this paper, an expanded one-dimensional stress model is
built based on the existing model. Both thermal and intrinsic
stresses are considered for vapor deposition of multilayer
polycrystalline films. Influence of deposition conditions
including deposition temperature, pressure, film growth rate,
and film thickness are added into this expanded model
through the influence of nucleation, surface tension, atom
diffusion, and atom chemical potential. It is found that during

—033

Flw (N/m)

2L 1 - 1 1 Il Il
0 25 50 75 100 125 150
Film thickness (nm)

Figure 11 F/w versus total film thickness under different thickness ratios
when both intrinsic stress and thermal stress are considered.
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the deposition of polycrystalline multilayer film, intrinsic
stress is nearly three times the thermal stress. It is important
to consider both the intrinsic and thermal stresses when
studying the residual stress of the deposited film. For alter-
nate deposition of Cu and Ag on Si (100) substrate under
different deposition conditions, which is studied in this pa-
per, several conclusions can be drawn:

(1) The final residual stress (tensile stress) increases with

the increase of deposition temperature.

(2) The final residual stress increases with the decrease

of pressure of the evaporated atoms.

(3) Film growth rate has little influence on the final re-

sidual stress even a high film growth rate leads to a higher
stress level.

(4) Film thickness ratio can strongly influence the final

residual stress, and the final residual stress can be changed
by adjusting the film thickness ratio.

This work was supported by the National Natural Science Foundation of
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Appendix A

The steady density of the island on the surface is obtained
using the kinetic model of nucleation. In the model, the
number of islands composed of different number of atoms
changing with time can be expressed by

dv, . N -
d—1= R-—-KN;-N) KN,
! T, i=
: (al)
dN

d_i =K, NN, -KNN,
t

where R is the rate that atoms come onto the surface and
can be obtained by p//2mmRT , where p is the pressure in

the chamber and m is the molecular weight. 7, is the re-

maining time of adatom on the surface and can be obtained

-1 _E,/kT

as v e , where E  is the adsorption energy. N; is the

numbers of islands of different numbers of atoms and K;
represents the rate constant. Using the partial equilibrium
method, the steady density of islands on the surface is ob-
tained as eq. (5). The parameters p’ and E’ in eq. (5) depend
on the condensation regime of the deposition process and
are summarized in Table al.

In Table al, the parameters i means the number of atoms
that a critical nucleus contains. The number of atoms that a
critical nucleus contains can be obtained by analyzing the
thermal dynamic conditions for nucleation.
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Table al Nucleation parameters p and E in eq. (5)

3D Islands 2D Islands

Extreme p'=(213)i" ;
incomplete g — (2/3)[Ei. + (i* + 1) E, — ESJ E. + (z + 1) E, —E,

Regime

Initially p'=2i'15 i'n
incomplete E'=(2/5)(E. +i'E,,) (172)(E, +i'E,,)
P 25 (e
Complete P (l " ) l (l ) )

E'=(E.+i'E)/(i" +2.5) (E.+i'E,)I(i"+2)

During the deposition process, the free energy change of
atoms can be expressed as:

Au=kTIn(p/ p,), (a2)

where pq is the saturated vapor pressure under the given
temperature.

The total energy change during nucleation process can be
obtained as:

0

AG =AG, +AG, = —[%] Ap+>"S,7,. (a3)

The former part in eq. (a3) represents the free energy
change during nucleation and the second part represents the
surface energy change during nucleation. In eq. (a3), V is
the volume of the nucleus which can be obtained by

4nr' £ (0)/3, where f(0)=(2-3c0s0+cos’0)/4 and 0
is the contact angle which can be obtained from eq. (6). Vj,

is the volume of a single atom, and S; is the area of surfaces
that formed when a nucleus is formed. The area of spherical

cap can be expressed as 2mr’ (1—cos®) and the area of the

. 2 .
contact surface can be expressed as n(rsm@) . 7% is the

surface energy of different surfaces that formed during the
nucleation process. By solving dAG/dr=0 the critical
r.=2Vyy,/Au. The

number of atoms of a critical nucleus is then V /V,. When

nuclear radius can be obtained as

the substrate has an angle of ¢, the shape factor becomes
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f(0.9)= 1-sin(6+ @)/ 2—cos’ (0+¢)cosf/ 4sing .

The angle of substrate is formed when the islands coa-
lesce and grow into columns. The angle can be expressed
using the equilibrium relationship of surface energy and
grain boundary energy.

COS— =——. (ad)

Appendix B

Suppose there are N' atoms in the metal and n’ is on the
surface, the total internal energy of the metal can be ex-
pressed as:

Z ! A4
UAz(N'—n’)70uAA+%(ZS+ 02 SjuAA

= N'Zouﬁ——n,(z0 _Zs)u

2 4 AA° (as)

where u,, is the potential energy between two atoms

which is always a minus. The second term in eq. (a5) is the
surface internal energy. Hence, the surface energy can be
obtained for all metals:

n
7/:_EzyuAA' (ab)

The atom bonding energy can be obtained through heat
of vaporization:

MM, ==, (a)

Combining eqs. (a6) and (a7), the surface energy can be
obtained as eq. (7).

For the contact interface energy, if the two metals have a
similar property, the interface energy will be about

Vap = (;/A + 7 ) /4 ; if the two metals have dissimilar prop-
erty, the interface energy will be about 7, =(y, +7,)/2.

ya and jg are the surface energies of each metal, separately.



