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A computational model has been developed to analyze calculations of residual stress in thin films determined
from in-situ wafer curvature measurements. The model is based on several physical mechanisms that have been
proposed to control the stress, including the effect of growth kinetics, grain growth and energetic particle
bombardment. From a set of data, the program determines a set of kinetic parameters that can be used to un-
derstand the processes controlling stress. These parameters can be used to estimate the stress that will develop

under different processing conditions in order to obtain a desired stress state. Several examples are described that
illustrate the program's capabilities, including the effects of growth rate, growth temperature and particle energy
(via chamber pressure in sputter deposition). Interested researchers may obtain the program and associated
documentation to use the program to analyze their own data.

1. Introduction

Residual stress in thin films, i.e., the kind that develops during
deposition, impacts their performance and reliability. Since stress is
affected by many parameters (growth rate, temperature, microstructural
evolution, composition, particle energy for sputter deposition, etc.), it
can be modified by the choice of processing conditions. Being able to
predict how it depends on the growth parameters would enable it to be
efficiently optimized.

Over the past few years, a kinetic model for the evolution of thin film
stress under different conditions [1] has been developed. The model is
based on physical mechanisms that describe how different kinetic pro-
cesses that occur during film growth contribute to the evolution of stress
in the film. This work describes how this model has been implemented in
a computer program that enables the user to analyze wafer curvature
measurements of stress. This produces a set of kinetic parameters that
can then be used to predict and optimize the film stress.

The program is written as an application using the MATLAB® soft-
ware. Avenues for obtaining the code and associated documentation are
discussed at the end of the manuscript. For users who do not have access
to MATLAB, a standalone version is also available.

1.1. Background

There is a large literature documenting the evolution of stress in
different materials and by different deposition methods. Descriptions of
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prior results can be found in multiple reviews [2-6]. The observed
dependence of the stress on processing conditions, materials properties
and microstructural evolution are features that must be successfully
explained by a model of stress. Some key observations that have
emerged from these studies are summarized below.

The work of Koch and Abermann [7] showed that, depending on
intrinsic material properties (e.g., melting point) and processing con-
ditions (e.g., deposition rate and temperature) two types of stress evo-
lution scenarios are possible, denoted as type I (low mobility) and type I
(high mobility). They found that in low mobility films (type I), the stress
is consistently tensile as the thickness increases. Further, when the
deposition is paused, the stress does not change. In contrast, for mate-
rials with high atomic mobility (type II), the stress becomes tensile
during the early stages of growth but then becomes compressive as the
thickness increases. When the deposition is paused, the stress relaxes
significantly. The type of stress evolution behavior can be modified by
changing the growth rate and/or growth temperature, e.g., type I
behavior is promoted by raising the growth rate [8] or lowering the
growth temperature [5].

The stress evolution is also intimately tied to the evolution of the
microstructure. For type II growth, the stress changes from tensile to
compressive when the film transitions from isolated nuclei into a
continuous film as the thickness increases [9]. Increasing the grain size
at the film's surface changes the stress in new layers added to the film
[10]. Subsurface grain growth in the existing film can induce additional
stress by removing grain boundaries and densifying the film [11].
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The stress can be further modified by the addition of energy to the
deposited particles or other species as in sputter deposition [12]. This
enables the growth of refractory materials with high density and
compressive stress, properties that are difficult to achieve with non-
energetic deposition.

1.2. Principle of wafer curvature

Many measurements of stress are obtained using the wafer curvature
technique [5,13]. This allows the stress to be measured in real-time by
monitoring the curvature it induces in the substrate, typically by optical
techniques. Since the model in this work is designed to interpret these
types of experiments, it is useful to briefly review the physical principles
underlying the technique. Multiple methods have been developed that
enable the curvature to be measured while the film is being deposited
but these are not discussed here (see ref. [5] for a brief review).

The relationship between the measured curvature x and the average
stress ¢ is described by Stoney's equation:

6

K= Wﬁhf (1)

where h; is the substrate thickness and M is the biaxial modulus of the
substrate. hy is the average film thickness, assuming that the film is
relatively uniform and the surface roughness is not too large. & is ob-
tained by averaging the stress over the thickness of the film:

1 [
0.(2)dz (2)

where 04(z) is the depth-dependent in-plane component of the stress,
assumed to be equi-biaxial. hy is often referred to as the stress-thickness
or force per width.

During film growth, the stress-thickness may change due to the
addition of new stressed layers at the surface, or by changing the stress
in the layers that have already been deposited. The stress in newly-
deposited layers (oxx(hf)) is referred to as the incremental stress. If
there is no change in the stress in existing layers, then the incremental

. . d(ah
stress is equal to the slope of the stress-thickness ((;Tff)).

2. Description of kinetic model

The kinetic model simulates the stress-thickness evolution through a
rate equation that describes the rate of change of 6hy with thickness, i.e.,

d(sh L -
(;Tff)~ The equation is based on several proposed mechanisms for the

generation of stress during film growth [1,14]. The mechanisms are

assumed to be additive, so that the effect of one is not affected by the

other [15].
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The terms on the right-hand-side of Eq. (3) correspond to the effects
of growth kinetics, sub-surface grain growth, and energetic particle
impingement. The analytical form for each of these terms is given below,
along with a brief description of their physical origin and the meaning of
the parameters. Further details can be found in the papers referenced in
each section.

2.1. Growth kinetics

The stress-generating term referred to as ‘growth kinetics’ [14] de-
scribes mechanisms that have been proposed for non-energetic growth
(e.g., evaporation or electrodeposition), represented schematically in
Fig. 1. They focus on processes occurring at the top of the grain
boundary between adjacent islands as the film grows, referred to as the
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Fig. 1. Schematic of stress generating processes due to growth kinetics
described in text. Red arrows represent tensile stress generated by formation of
new segments of grain boundary. Yellow arrow represents compressive stress
due to adatom diffusion into the grain boundary.

triple junction. This region is chosen because the crystalline symmetry is
broken there, so that the region can be elastically deformed either by
pulling the two neighboring grains closer together (tensile stress) or
pushing them apart (compressive stress). One stress generation mecha-
nism was proposed by Hoffman [16] in which tensile stress (represented
by red arrows) is generated in each layer when the grain boundary
initially forms. Because a grain boundary has fewer broken bonds than
the surface of uncoalesced islands, it forms even at the expense of strain
energy. The magnitude of the tensile stress (o7) is proportional to (My
Ay/stf)'/z where M is the film's biaxial modulus, Ay is the difference
between the surface and the grain boundary energy and Ly is the grain
size at the top of the triple junction.

A second mechanism proposes that compressive stress is generated
by the diffusion of mobile atoms on the surface into the top of the triple
junction (represented by the yellow arrow). The driving force for this
process is attributed to the elevation of the chemical potential of atoms
on the surface (6ug) due to the flux of arriving atoms at the growth rate
R. The consequent surface supersaturation increases the incorporation
of atoms into the grain boundary which generates compressive stress in
the film. In the model being discussed, the atoms are assumed to stay in
the top of the triple junction, although other models assuming diffusion
deeper into the grain boundary have also been developed [17].

The dynamic balance between these tensile and compressive stress
generation mechanism leads to an incremental stress described by

d (Ehf) L 12 —pD
growth ref s
— =0, o — 0. surf 4
dhy +{oro < ij) e @

where o, is the amount of compressive stress induced by the surface
supersaturation and defined as o¢ = 6ug/Q where Q is the atomic vol-
ume. f is a material-dependent kinetic constant and D is an effective
diffusivity for hopping from the surface into the top of the grain
boundary. Note that the term for o7 has been separated into the products
of two terms where o7 depends only on the material parameters while

Lre

L . . 1/2 .
the grain size dependence is expressed in the term (%w) . Lre is an

arbitrary reference grain size so that 67,9 has units of stress. It is chosen
to have a value of 1 nm for all the results described in this work.
The growth stress depends on the quantity RL/D, becoming more
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tensile for higher values and more compressive for lower values. This
explains several features of the experiments described in the background
section: type I (tensile) behavior is seen for large growth rates and/or
low temperatures while type II (compressive) behavior is seen for low
growth rates or high temperatures. Increasing the grain size at the sur-
face makes the stress less tensile for type I growth and less compressive
for type II growth [18].

2.2. Effect of grain growth on stress

The grain size may change with the film thickness during deposition,
both at the surface and throughout the thickness of the film. In Eq. (4)
above for growth kinetics, the parameter Ly, refers to the grain size at
the surface. This term therefore already contains the dependence of

d(Ehf)gmm,. L .
—an, - On grain size as the film grows.

However, this does not consider the effect of subsurface grain growth
in the body of the film. As originally described by Chaudhari [11], this
leads to additional stress because the grain boundary has a lower density
than the rest of the film. As the grains grow, the number of grain
boundaries decreases and therefore the dimensions of the film should
decrease in the plane of the film. Since the film is attached to the sub-
strate it cannot decrease its length and consequently develops a biaxial
strain and corresponding stress. This assumes that the film remains
dense and does not develop voids or other forms of porosity, which is not
considered by this model.

Since the grain size may change with thickness, the depth-dependent
grain size is defined as L(z,hy) where z is the height in the film relative to
the substrate and hyis the film thickness. The corresponding grain size at
the surface is given by L(hshy). Increasing the grain size at height z re-
sults in a strain in that layer of Aa (1/L(z,2) - 1/L(z,hy)) where Aa is the
width of the grain boundary. The stress-thickness is determined by
integrating the depth-dependent strain over the thickness of the film and
multiplying by the biaxial modulus.

To make it possible to compute this stress, we assume that the
average grain size changes linearly with the thickness:

L(Z,h_/) :Lo+(11h_[+((127(11)2 (5)

where the parameters a; and ay describe the increase of the grain size at
the film/substrate interface (z = 0) and film surface (z = hy), respectively
(the depth-dependent grain size is shown schematically in Fig. 2). This
assumption is consistent with experimental studies [19]. The different
modes of growth described by structure zone models [20,21] can be
modelled by the appropriate choice of the grain growth parameters. For
zone I (no grain growth), a; = ay = 0. For zone T (grain growth at
surface only), @; = 0. and a3 > 0. For zone II, (surface and subsurface
grain growth), az > a3 > 0.

The effect of subsurface grain growth on the stress-thickness is given
by [14]:

d((_rhf)gg — M.Aa aihy
dhy ! (Lo + aihy) (L, + azhy)

(6)

Note that this term is zero if there is no grain growth at the film/
substrate interface, i.e., a; =0. This term is positive so that increasing the
grain size in the bulk of the film leads to an increase in the slope of the
stress-thickness, corresponding to more tensile stress in the film.

surface: L(hy hy = Lytah, ———T
L(z, hy = Lytah+ (ar0)z
A hy
z
substrate L(0, h) = Lyto;h,

Fig. 2. Relationship between grain size at different depths and the parameters.
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2.3. Effect of energetic particles

Additional processes must be considered for energetic deposition, as
described more fully in ref. [22]. These are shown schematically in Fig. 3
for a single grain of size L. Energetic particles are assumed to impinge on
the surface with flux f and implantation depth L The surface moves
upward at the growth rate R. There are two stress-generating mecha-
nisms included in the model, depending on whether the energetic par-
ticle is incident near the grain-boundary or in the remaining bulk of the
grain. The first mechanism is based on collision-induced densification of
the atomic structure [23]. The shaded area in the figure (proportional to
the implantation depth, ) represents the region in which the energetic
species enhance incorporation of atoms into the grain boundary. We
consider this to be a diffusion-less process by which atomic collisions
within this region knock the atoms into more energetically favorable
sites where compressive stress is generated. The stress from this mech-
anism is approximated by A, (%) where A, is a fitting parameter depen-
dent on particle energy. This mechanism is designed to be consistent
with studies by Magnfalt et al. [24] that found an inverse grain size
dependence of the compressive stress. It is also supported by molecular
dynamics studies of particle-induced defects [25].

The second mechanism is associated with the introduction of mobile
defects in the bulk of the film (i.e., not at the grain boundaries), some-
times referred to as subplantation in the literature [26,27]. As shown in
Fig. 3, we assume that these defects (red circle) are created at a depth 1
from the surface that depends on the energy of the incoming particle.
The resulting defect has a diffusivity D;. The steady-state concentration
(Css) of particle-induced defects depends on the incident defect flux (c, f)
as

.= 1 _ @
R 1
()

where 7 4 is the characteristic time for the defect to diffuse to the surface
that is moving upwards at a rate R. 7 g can be determined by equating the
diffusion length with the distance to the surface:

v/ Dty = 1+ Rz, (€))]

Defects that do not escape to the surface are assumed to remain
trapped in the layer. The defect-induced stress is scaled by (1 —1)
because it is due to the fraction of energetic particles that are not within
a distance [ of the grain boundary.

The overall effect of these two mechanisms on the stress-thickness is
given by

/R

surface

grain
boundary

<« L >

Fig. 3. Schematic of stress-generating processes in model for energetic growth.
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d (Ehf) energetic

= A+ (1

_£>L 9
(1+2)

where By is a parameter that includes the amount of stress per defect.
The energetic parameters (Ap and By) are expected to create more
compressive stress at higher particle energy (lower pressure chamber) or
larger ion/solid interaction. The Ay term, due to densification at the
grain boundary, is independent of the growth rate. The By term, due to
trapping of particle-induced defects, becomes more compressive at
higher growth rates. It may saturate for high growth rates if all the de-
fects are trapped in the growing layer.

3. Analysis using KMORFS computer program: results and
discussion

The name of the program to analyze the film stress is KMORFS which
is an acronym for Kinetic Model of Residual Film Stress. The program
determines the kinetic parameters in the model by non-linear least
squares fitting to minimize the difference between the data and the
calculated values. Instructions for how to obtain the program and
documentation describing its use are provided in Section 5. The docu-
mentation describes in detail the format of the two required files, one
that contains the data and the other that contains the parameters and the
constrains for the fitting.

An image of the graphical user interface is shown in Fig. 4. The
‘Import’ button is used to choose a parameter file that describes the
initial guesses for all the fitting parameters and the constrains on the
fitting. After the parameter file is entered, clicking the ‘Calculate’ button
starts the fitting procedure. The format of the data files and parameter
files is described in a user manual that is distributed with the program.

The program can be used to analyze curvature data in two modes, i.
e., data for the slope of the stress-thickness (i.e., steady-state stress) or
measurements of the curvature vs. thickness (stress-thickness evolu-
tion). These modes are described below.

KMORFS | +
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3.1. Steady-state mode

If the slope of the curvature vs thickness measurements does not
change with film thickness, then the stress is assumed to reach a steady-
state. Two examples are discussed below, one for the case of stress in
electrodeposited Ni at different growth rates and the other for stress in
sputtered ZrN at different growth rates and pressures. Although o, may
in principle depend on the growth conditions, it is assumed to have a
single value for fitting the steady-state stress.

3.1.1. Electrodeposited Ni

An example is shown in Fig. 5 for electrodeposited Ni [8] where the
steady-state stress is determined from the slope of the stress-thickness
for several different growth rates (shown by red lines on Fig. 5a). The
resulting steady-state stress vs. growth rate is shown by the symbols in
Fig. 5b. The grain size was estimated to be the same for all the growth
rates in the steady-state regime with a value of 100 nm.

Because this data is for non-energetic deposition and there is
assumed to be no grain growth, the data can be fit using only the terms in
the KMORFS model for growth kinetics (Eq. (4)). The model predicts
that the stress depends on the growth rate through the term . At small
values of %’ the stress approaches the compressive value of ., while at
large values it approaches or. The result of fitting is shown by the solid
line in Fig. 5b; the parameters are o1 = 4.38 GPa, 6. = —0.61 GPa and
D = 104.2 nm?/s.

For steady-state data in which the grain size is not all the same, the
program allows a grain size to be entered for each data point. Studies of
electrodeposited Cu [10] quantified the stress vs growth rate at different
surface grain sizes (shown in Fig. 6). The grain size for each interval of
growth at different rates was determined by using scanning electron
microscopy on a cross-section of the sample made after the growth was
finished. These data of stress vs. growth rate and grain size were also fit
with the model using only 3 parameters. The result of fitting is shown by
the surface in the figure; the fitting parameters are o7 = 1.93 GPa, 6. =
—0.016 GPa and D = 1760 nm?/s.

KMOREFS - Kinetic Model of Residual Film Stress
Produced by Chason Research group, Brown University

File Type |*xlsx v

Import 1cs.xlsx

[]Steady State Stress

Copyright © 2023,

[ ] Show iteration process

Calculate

[] Stress Thickness

This work is licensed under a Creative Commons Attribution-NoDerivatives 4.0 International License,

More details regarding how the generic license terms apply specifically to KNIORFS can be found here,

Fig. 4. KMOREFS user interface.
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Fig. 5. a) The slope of the stress-thickness (red lines) is used to obtain the steady-state stress at different deposition rates. b) The steady-state stress vs. growth rate.

The red line is calculated from a fit to the model.
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Fig. 6. Measurements (circles) and fit (surface) for measurements of Cu steady-
state stress at different growth rates and grain sizes.

3.1.2. Sputter-deposited ZrN

Measurements of steady-state stress in sputtered ZrN made at
different pressures and growth rates are shown as the symbols in Fig. 7
[28]. To reduce the number of free parameters, the model assumes that
the energetic parameters have a linear dependence on pressure so that

05 T T T T
°
0 f_—r —— ¢ ®
)
-0.5 .

Stress (GPa)

157 | e 067Pa
® 040Pa
21 | ® 027Pa 1
® 0.13Pa
2.5 : : : :
0 0.05 0.1 0.15 0.2

Growth rate (nm/s)

Fig. 7. Steady-state stress in sputter-deposited ZrN vs. growth rate at different
pressures indicated in figure. The solid lines are fits to the model.

A,(P) = A* (1 - 1%) where A’ and Py are the fitting parameters. Similar

pressure dependence was used for B, (P) and [(P). The other parameters
(010, 0c,pD,D;) were made to have the same fitting value for all of the
sets of data.

The results for fitting the stress measured at different R and P are
shown in Fig. 7. The corresponding fitting parameters are shown in
Table 1. The fitting results on the figure (solid line) indicate that the
model is able to explain the growth rate and pressure dependence of the
stress observed in the measurements. For each growth rate, the stress
becomes more compressive when the pressure is lowered. This is
attributed to the fact that the stress from energetic particle impingement
is larger for low pressure. It also affects the growth rate dependence of
the stress so that at lower pressure the stress becomes more compressive
as the growth rate is increased than it does at higher pressure (lower
particle energy).

3.2. Stress-thickness mode

The model can also be used to analyze the evolution of the stress-
thickness with thickness. This is necessary for systems where the grain
size changes during growth so that the slope of the stress-thickness does
not reach a steady-state value. Additional parameters (MyAa, a1, a2, Lo)
are included in the fitting to account for the grain growth. The model can
fit data for evaporated films, sputter-deposited films or both evaporated
and sputtered data simultaneously for the same material. Because the
mechanisms in the model assume that the film is relatively uniform in
thickness, it should only be applied to the stress-thickness data in the
range of thicknesses after coalescence has occurred (i.e., after the tensile
peak in the early stages of growth). The program allows the starting
value of thickness for the fitting to be specified.

3.2.1. Evaporated Ni

Measurements of stress-thickness vs. thickness for evaporated Ni are
shown in Fig. 8. These data are from Yu and Thompson [29] who
measured the stress at different temperatures at a growth rate of 0.05
nm/s and at different growth rates for a temperature of 373 K. The
processing conditions for each data set are indicated by the color, and
can be found in Table 2. The slope of the stress-thickness changes
continuously with thickness, which indicates that the grain size is not
constant.

The parameters obtained from fitting the model are shown in
Table 2. One of the strengths of the program is that it can analyze
multiple sets of data simultaneously, and parameters can be made to be
common to all the data sets (material-dependent) or allowed to vary for
each set of data (process-dependent). Since there is separate data for
each set of growth conditions, we allow o, to have different values for
the fitting of each stress-thickness file (process-dependent). However,
the program also allows the fitting to be done with a common value of o,
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Table 1
Fitting parameters for sputtered ZrN corresponding to results in Fig. 7. The solid lines are fits to the model.
oc ) pD D; Po A B’ I
(GPa) (GPa) (nm?/s) (nm?/s) (Pa) (GPa) (GPa) (nm)
ZrN —0.01 0.13 0.30 6.20 0.48 —142.11 —274.41 0.31

Stress Thickness (N/m)

100 150
Film Thickness (nm)

Fig. 8. Stress-thickness vs. thickness in evaporated Ni at different temperatures
and growth rates. The processing conditions corresponding to each color are
shown in Table 2. The solid lines are fits to the model.

Table 2

Fitting parameters for evaporated Ni corresponding to results in Fig. 8. The
upper panel contains fitting parameters that are common to all the data sets
(material-dependent). The lower panel contains fitting parameters that are
allowed to vary for each data set (process-dependent).

films. Similar to the steady-state stress examples above, additional terms
for the energetic parameters are included in the fitting relative to the
fitting of evaporated films. The energetic parameters are assumed to
depend linearly on the pressure below a threshold value in order to
reduce the number of fitting parameters.

Results for sputter-deposited Ni are shown for 3 pressures (0.27, 0.67
and 1.33 Pa) at a growth rate of 0.076 nm/s and a temperature of 293 K.
The fitting parameters are in Table 3 and the stress-thickness data is
compared with the model fit in Fig. 9. Note how the stress becomes more
compressive at lower pressures for the same growth rate and tempera-
ture. Further details of the fitting can be found in [30].

4. Discussion

The examples presented in the sections above show how the
KMORFS computational model can be used to analyze either the steady-
state stress or the stress-thickness evolution in a number of systems.
Further results for evaporated film systems (Ag, Cu, Ni, Fe, Ti, Cr) [14]
and sputter-deposited films (Cu, Ni, Co, Cr, Mo, W) [1] can be found in
the associated manuscripts for other data that have been presented in
the literature.

It is instructional to compare the results of evaporation and sputter-
deposition of the same material, e.g., Ni [1]. The results show that the
same parameters for non-energetic growth can be used to explain both
the evaporated and sputter-deposited data. This supports the assump-
tion of the model that the different stress-generating processes can be
considered as additive [15]. In other words, the parameters controlling
stress in non-energetic deposition are still appropriate for explaining the
non-energetic component of the stress in energetic deposition.

The validity of the model can also be explored by comparing the
results of the fitting with physical parameters obtained by other
methods. For instance, measurements of the grain size (where available)
are compared with the results predicted by the fitting at the same film

Fitting Parameters Common to All Files thickness in ref. [14] for evaporated thin films. Although the agreement
oro T =ﬂ 3% 0K) E, MfAa is not perfect, the model results are similar to the measurements which
(GPa) | ™ umzs) | (€V) | (GPa™nm) show that the fitting parameters are reasonable. The activation energy
4.56 2.06 0.16 35.6 for the gD fitting parameter is also shown to be proportional to the
melting point of the different materials studied. This is consistent with
the observation that the activation energy for diffusion is proportional to
R T o L
(mm/s) | (K GPa) | (um) a1 az Table 3
0.05 300 -4.29 10.31 0.02 0.03 Fitting parameters for sputtered Ni corresponding to results in Fig. 9. The upper
0.05 333 -3.72 20.72 0.02 0.07 panel contains fitting parameters that are common to all the data sets (mate-
0.05 398 -2.90 30.34 0.10 0.23 rial-dependent). The lower panel contains fitting parameters that are allowed
0.05 423 -2.95 49.30 0.12 0.33 to vary for each data set (process-dependent).
0.05 473 211 47.69 0.00 0.48 _ i
0.03 373 359 55.05 033 0.50 Fitting Parameters Common to All Files
0.05 373 278 2251 0.07 0.07 D
0.08 373 374 17.93 0.04 0.04 (3’501() o710 Mfia Di Po A B | r
0.13 373 5.86 696 0.05 0.05 (nm?/s) | (GPa) | (GPa*nm) (Pa)
0.25 373 -6.01 5.57 0.01 0.01
4.46 7.18 33.65 6.50 | 0.65 | -1.31 | -1.0 | L.71
for all the files (material-dependent). The upper panel contains the R T P gc L, al | a2
material-dependent fitting parameters and the lower panel contains (mm/s) | (K) (Pa) (GPa) | (nm)
process-dependent fitting parameters. 0.076 | 293 | 027 | -0.82 | 1868 | 0.16 | 0.20
0.076 293 | 0.670 -1.09 4.02 0.21 | 0.36
3.2.2. Sputter-deposited Ni 0076 [ 293 | 133 | -0.97 | 347 [030]0.50

The model can also fit the stress-thickness evolution for sputtered
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Stress Thickness (N/m)

Film Thickness (nm)

Fig. 9. Stress-thickness vs. thickness in sputtered Ni at different pressures. The
processing conditions corresponding to each color are shown in Table 3. The
solid lines are fits to the model.

the melting point for many transition metals. Similarly, the activation
energy for the defect diffusion fitting parameter (D;) is shown to scale
with the melting point in ref. [1].

Assuming that the model adequately represents the mechanisms that
control film stress, the question remains as to what is the utility of being
able to model film stress and determine the kinetic parameters. At the
most basic level, analyzing curvature data allows the film grower to
determine what are the most important processes that control the stress.
Each mechanism has a different signature dependence on the growth
rate, pressure and microstructural evolution. For instance, if the stress
becomes more tensile at higher growth rates, it is likely dominated by
growth kinetics. But if the stress becomes more compressive at higher
growth rates, then the effects of energetic particle bombardment are
likely to be more important. Knowing what the dominant stress-
inducing mechanism is can determine which parameters can be tuned
most efficiently to obtain a desired stress state.

To be more quantitative, the values of the kinetic parameters ob-
tained from the data fitting can be used to predict how the stress will
evolve under different growth conditions. For example, consider the
evolution of stress with thickness, such as the data for evaporated Ni
discussed in Section 3.2.1. The change in stress-thickness with thickness

(dg}:;’ )) can be calculated from Egs. (4) and (6) using the fitting param-

eters. This type of information can be used to produce schemes for film
growth in which the growth temperature is adjusted as a function of
thickness to produce a film with zero curvature (using appropriate
corrections for the thermal-expansion induced stress). Such a complex
set of growth conditions (i.e., a thickness-dependent deposition tem-
perature) would be difficult to determine without the insight provided
by the stress model.

As the KMORFS program is used to analyze stress measurements
from many different materials systems (from our own research and that
of others), a database of kinetic parameters will be developed and shared
on a website. This will provide guidance to users on what conditions
should be used for growing films to obtain desired levels of stress. In this
way, a user can benefit from the prior work of others to shorten the
number of experiments that need to be done to optimize the growth
conditions.

5. Obtaining the KMORFS program for use by thin film growers

The KMORFS program is available free of charge to any researchers
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who are interested in using it to analyze thin film stress measurements. It
can be obtained by sending a request to Eric_ Chason@Brown.edu. The
user will be sent a link to download a package containing the KMORFS
software, associated documentation describing how to use it and a set of
data and parameter files for several examples (similar to those described
above). For users who have access to the MATLAB® software, they can
download an app that can be run. For users who do not have access to
MATLAB, a standalone version is also available.

6. Conclusion

A computational tool (KMORFS) for analyzing the evolution of re-
sidual thin film stress has been developed with a user-friendly interface
to make it accessible to the community of thin film growers. Based on
the fundamental kinetic processes that contribute to stress, the KMORFS
program produces a set of kinetic parameters for the analyzed material
that can be used to predict the stress under different processing condi-
tions. The model has been used to analyze data for many types of ma-
terials systems (metals and metal-nitride) and multiple deposition
methods (evaporation, electrodeposition, and sputter-deposition).

The program is available for no cost to researchers to analyze their
own stress measurements. The results of work by different groups will be
collected into a database that can help users choose the growth condi-
tions that will give a desired stress state for a wide range of materials.
The database will also reveal how the kinetic parameters depend on a
material's physical properties so that the model can be further improved.
In the future, this may allow the kinetic parameters for the model to be
determined from first principles calculations instead of fitting the data.
This would enable a film grower to determine the best conditions for
producing a film with desired stress without having to do a large number
of experiments to determine the parameters.

Currently, work is being done to extend the stress model to consider
alloy films in addition to the elemental films that have been studied
previously. If this work is successful, it will allow the estimation of stress
in films with a combination of elements using the kinetic parameters
determined from studies of the constituent elemental films.
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