Acta Materialia 193 (2020) 202—-209

journal homepage: www.elsevier.com/locate/actamat

Contents lists available at ScienceDirect

Acta Materialia

. -
W
a4

Malerialia

.

Full length article
A unified kinetic model for stress relaxation and recovery during and .
after growth interruptions in polycrystalline thin films e

Piyush Jagtap®, Eric Chason

School of Engineering, Brown University, Providence, Rhode Island, 02912, USA

ARTICLE INFO ABSTRACT

Article History:

Received 15 December 2019
Revised 31 March 2020
Accepted 8 April 2020
Available online 3 May 2020

Keywords:
Polycrystalline thin films
Residual stress

Kinetic model

Growth interuuption
Grain boundary

A model for the kinetics of residual stress evolution is described that can be applied to both the relaxation
during a growth interruption and the recovery following resumption of growth. The stress is attributed to
simple atomistic processes based on reversible diffusion of atoms in and out of the grain boundary. Each of
these processes is considered separately to understand how the rates differ during relaxation and recovery
and how they depend on grain size, film thickness, temperature, deposition rate, and initial stress. The model
is compared with experimental data obtained by others for several materials (Fe, Ni and Au).

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Polycrystalline thin films are used in innumerable technological
applications. The residual stress that develops during the deposition
process can often limit their performance [1,2]. Understanding the
atomistic mechanisms leading to the generation of stress and their
dependence on growth conditions is of paramount importance to
predict and control these stresses. In this regard, the stress evolution
during the thin film growth and the growth interrupts have been
extensively studied recently [3—15]. Much of our knowledge on the
origin of stress in thin films is based on in-situ stress measurement
techniques such as laser-optics based wafer curvature measurement
or cantilever deflection measurement. The resulting curvature is
dependent on the product of the thickness-averaged film stress and
the film thickness (referred to as the stress-thickness or force per
width (F/w)). Real time wafer curvature measurements while the
film is growing have provided valuable insights into the underlying
atomistic processes occurring during thin film growth.

Many metallic polycrystalline thin films show Volmer-Weber
growth mode wherein initially individual islands are nucleated on
the substrate which later coalesce together forming a continuous
layer. Further essentially uniform growth occurs during continued
deposition. Abermann and Koch [16, 17] showed that atoms with low
mobility (Type I) develop tensile stress during deposition and the
stress remains constant during the growth interruption. In Type II
materials with inherently higher mobility, stress changes from tensile
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to compressive stress with thickness and a significant amount of
stress is relaxed when the growth is interrupted [ 16, 17].

Several mechanisms have been proposed to explain the stress
evolution during different stages of thin film growth [17-19]. For
instance, development of tensile stress during the stage of film coa-
lescence is attributed to the layers in adjacent grains “zipping”
together to form a grain boundary [20, 21]. The development of com-
pressive stress in the post-coalescence stage for type Il materials is
still controversial [7, 22,23], but one proposed mechanism is diffusion
of atoms from the surface into the grain boundary driven by the non-
equilibrium surface conditions during deposition |3]. These processes
are proposed to occur simultaneously during deposition in the vicin-
ity of a grain boundary. Therefore, grain boundaries play an impor-
tant role in the stress generation and relaxation processes when
deposition flux is turned on and off [8, 24,25].

Other insights into stress have been provided by extensive studies
focusing on the reversible stress evolution behavior observed during
the growth interruptions of films with high atomic mobility (Type II)
[7-15]. A few notable experimental observations commonly
observed during a growth interrupt are (i) The initial compressive
stress changes in the tensile direction upon the interruption of
growth and the relaxed stress is almost completely recovered when
the growth is resumed [7-15] (ii) the kinetics of stress relaxation
during a growth interruption and stress recovery during growth
resumption may be different [9,11,13,14] (iii) The kinetics of relaxa-
tion and recovery depend on the film thickness, grain size, tempera-
ture, deposition rate and initial value of stress [9—15]. Furthermore,
it has been shown that during long interruptions a part of the relaxed
stress is non-reversible and therefore it may be associated with other
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processes occurring in the bulk such as grain growth and recrystalli-
zation [12].

To address these issues, we have developed a kinetic model for
stress relaxation and recovery during growth interruption and
resumption. The model considers simplified mechanisms that focus
on the stress generated at the grain boundaries by the processes such
as coalescence and adatom insertion in the boundary during growth.
The atoms can also diffuse out of the grain boundary when the
growth is interrupted. The kinetic models are compared with experi-
mental data from others in which the necessary parameters are mon-
itored or controlled. We demonstrate that this model captures the
kinetics of both relaxation and recovery of stress during interruption
and resumption and also predicts its complex dependence on multi-
ple parameters such as grain size, film thickness, deposition tempera-
ture, deposition rate, and initial stress.

2. Description of model

The model used in this work is similar to one we have previously
described for post-coalescence stress during the growth of polycrys-
talline thin films [3, 26]. It is based on stress-generating mechanisms
that are proposed to occur in the grain boundaries, where the broken
crystal symmetry makes it easier to accommodate a change in the
number of atoms in the film and hence generate strain. In this previ-
ous work, the difference in the rates of diffusion into and out of the
grain boundary was described in terms of the difference in chemical
potential of atoms in the two regions. Although this is formally cor-
rect, it is difficult to interpret because the actual chemical potentials
are not known. In the current work, these rates are described more
explicitly. As discussed below, there are separate terms for the rates
of atoms going into the grain boundary, (dNg/dt)in, and coming out of
the grain boundary (dNgp/dt)oy:. This enables us to separately consider
the processes of stress relaxation (when the film growth is inter-
rupted) and stress recovery (when the film growth is resumed). Note
that tables summarizing the key equations of the model, the parame-
ters in them and their physical meaning are provided in the supple-
mental material

The model includes two opposing stress-generating mecha-
nisms that create tensile and compressive stress. Tensile stress is
described using the mechanism proposed by Hoffman [20,21].
When two islands coalesce to form a grain boundary, they
become strained by an amount ot as long as the resulting strain
energy is less than the reduction in interfacial free energy. Com-
pressive stress is attributed to the subsequent insertion of atoms
into the grain boundary [3]. The resulting average stress in the
layer is then given by

Ma
O’:O’T—Lh Ngp (1)

In this expression, Ny, is the total number of atoms inserted
into the grain boundary after it has formed. w is the film width, L
is the grain size, hg, is the film thickness, a® is the nominal vol-
ume of an atom and My is the biaxial modulus of the film. Note
that this expression for the stress assumes that diffusion is fast in
the grain boundary so that stress is uniform throughout the
thickness of the layer. This is consistent with previous work on
modeling the stress evolution in thin layers of Ni during film
growth [27] and is appropriate for the other relatively thin layers
considered in this work. This assumption may not be correct for
thicker films or lower mobility systems. Other models have also
been described in which the inserted atoms are confined to the
top of the grain boundary [28] but they will not lead to the ana-
lytical expressions derived in this work.

Differentiating the above equation allows the rate of change of
stress in the film (4) to be related to the rates of atoms going into

and out of the gram boundary (
grain boundary ( 2):

2) and of forming new segments of

dhyy,
do_ M2 [(dNw) (G 2
dt  Lhgw |\ dt # hgp

We assume that the grain boundary height changes at roughly the
same rate as the film thickness so that ( £) is approximately equal to
the growth rate R. The changing number of atoms in the grain bound-
ary can be broken into two parts

(o) - (), (3. ®

where (dNg/dt);, is the rate at which atoms are inserted into the
grain boundary from the surface and (dNg/dt),, is the rate at which
atoms diffuse out of the grain boundary.

The driving force for these transitions is the chemical potential of
atoms in each region which is assumed to be affected by the growth
flux and stress conditions. During film growth, the chemical potential
of atoms on the surface is elevated due to the arrival of new atoms
from the vapor (by an amount defined as 84). If the film has stress,
the chemical potential of atoms in the grain boundary is changed by
—od’. This scenario is shown schematically in Fig. 1. Even in the
absence of growth flux or stress, the chemical potentials on the sur-
face and grain boundary are not necessarily the same.

For atoms jumping from the surface into the grain boundary, the
rate can be described by

dN, 2w\ /dN, i
Teb)y (2 (Teb s
( dt )ini(a)( dt )fn,Oe (4)

where (Lgfﬂ)m‘uis the rate of atoms jumping into the grain boundary
per edge site when the growth rate is turned off, i.e., the surface con-
centration is equal to the equilibrium value. (2w/a) is the number of
surface sites that are adjacent to the grain boundary. During deposi-
tion, the elevation of the surface chemical potential by 8445 i increases
the rate of atoms jumping into the grain boundary by a factor e,

The nominal rate per site without supersaturation, ('ﬂ:t )in.0» C2N be
related to more fundamental kinetic processes by writing it as

dN, )
b = Xin
( dt in,0

where Xj, is the dimensionless fraction of mobilefadatoms on the sur-
face adjacent to the grain boundary and 2 Doin €H is the rate of tran-
sitions of these adatoms per site.

Ein

DD in €F

()

Fig. 1. Schematic illustration of a growth process during the film deposition. The
chemical potential of atoms on the surface and grain boundary in equilibrium state are
1% and p, respectively. The deposition flux and presence of stress enhances the
chemical potentials from their equilibrium value. The difference between the chemical
potential of atoms on the surface and grain boundary lead to reversible diffusion of
atoms in and out of a grain boundary.
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For atoms jumping from the grain boundary onto the surface:

dN, wy [dN, oa3
gb _ &b
( dt ) B (ﬂ)( dt >our,[]e v (6)

where (—2‘3)0ur ois the rate of atoms jumping from the grain boundary
onto the surface per site when the average stress in the film is equal
to zero. When there is stress in the ﬁlmj the jumping rate out of the
boundary is modified by the factor e . Note that, a tensile stress
(positive o) decreases the rate of atoms leaving the grain boundary
and a compressive stress enhances the rate.

The rate per site without stress, (%)oum, can be related to more
fundamental kinetic processes by '

dN, 2 Egy
(G) =X Dogs e @
out,0

where X, is the dimensionless fraction of sites at the top of the
grain boundary frogl which an atom can make a transition to the
surface, and 2D, e is the rate of transitions for an atom to jump
out of the grain boundary when there is no stress.

The ratio between the unenhanced rates into and out of the grain
boundary can be defined in terms of a difference in chemical poten-
tial (Au,) between atoms on the surface (%) and in the grain
boundary (%)

(ngh)
dt J out,0 Ang

S Joutd (8)
Z(Lﬂ;_fm) in0 -

where, A, - 1% - (1% The factor of 2 in the denominator accounts
for the fact that atoms can jump into the grain boundary from two
different sides. Putting this into the stress evolution equation, we

obtain
do  —2Mpa® (dNg s (w1 %
dt — Lhy, (Tu) ew—€ +(Ur—c)h—gb (9)

During growth, the competition among these rates leads to a
steady-state (i.e., when do/dt=0) that depends on the growth condi-
tions and material parameters, assuming that the grain size is not
changing significantly during the growth. o530

For small deviations from equlllbrlum the term e —e @~ can
be replaced by 5"++T+A”° = ’kT. This predicts a steady-state stress
that is given by

ar +0c¢ (%)

where o = *5%3‘5‘“') and D = 4M M2y Doin e . The effects of grain
growth on the stress are not mcluded in the model described here,
but can be added (see Ref. [27]).

(10)

3. Kinetic model for stress relaxation during growth interrupt

This section applies the above analysis to describe the kinetics of
stress relaxation during an interruption in the growth. When the
deposition flux is stopped, 4~ is equal to zero and the last term in Eq.
(9) can be neglected. In addition, the higher chemical potential of
adatoms on the surface due to supersaturation is no longer main-
tained and 8uts = 0. Under these conditions, the relaxation kinetics
are described by:

dﬁ _ 72Mfa2 (ngb) [ 1-e (mzkrmm)} (11)
in,0

dt ~ Lhy \ dt

This is a first order differential equation that can be solved to
obtain:

o o |23 i
a—af+gln(1(1e(°u’) )e“‘aﬁ) (12)

o, is the stress when the relaxation starts at time t=0. The relaxa-
tion kinetics do not depend explicitly on the pre-interruption growth
conditions, but they influence it indirectly through the dependence
on the initial stress (o,) when the growth is interrupted.

oy is the final value that the stress will relax to at very long times.
In some previous work, the long-term stress was assumed to be zero,
but this is not necessarily true if the rates of transitions for atoms
into and out ofAthe grain boundary are not equal. When the ratio of
these rates is ew (Eq.(8)) then the final stress is given by oy = ﬂ

The effect of Ay is difficult to determine from measurements of
stress during growth since it cannot be separated from & in the
steady-state stress in Eq. (10). For this reason, it was not considered in
some prior analyses of growth experiments [19]. However, its effect
can be seen more directly in relaxation experiments and needs to be
included. If Apzg < 0, the rate of atoms coming out of the grain bound-
ary is higher than the rate going in when there is no growth-induced
supersaturation or stress in the film. This tends to make the film
develop a tensile stress when there is no growth. The opposite happens
if the sign of A, is reversed. As described in Section 5, experimental
studies show that the final stress does relax to a non-zero value.

In past work [25] the stress was assumed to be small so that the
exponentials terms could be linearized. In that case, the stress is pre-
dicted to decay exponentially as

o
0 =0y + (0g—0y)€ ' (13)

The rate of relaxation predicted by this form is less than that
described by Eq. (12).

4. Kinetic model for stress recovery during growth resumption

The same approach can be applied to explain the kinetics of stress
recovery when the growth is resumed after an interrupt. Eq. (9) can-
not be solved explicitly but an approximate form for the kinetics can
be obtained by linearizing the exponential terms. Assuming that the
grain boundary height increases at the same rate as the film thick-
ness, then % ~R and hgy = hg+Rt = R(ty+t) where hg is the thickness
when the growth is interrupted at time t, and ¢ is the time after the
growth is resumed at t=0. The stress evolution is then given by

do - —2Mfa2 (ngb)

S, +oad + Apg 1
dt  LR(tp+0)\ dt +Cr*a)toﬂ (14)

KT (o7
Rearranging the terms, this becomes

do 1 BD S, + Ay o ﬁD
E_tgﬂ(m_ﬁ a3 )[’U+t(RL ]) (15)

The solution of this first order linear differential equation has the
form

(16)

where the power A is equal to (1 +5—? ) and h is the total film thick-
ness. o, and h, are the stress and thickness when the growth is
resumed at t=0 and oss is the steady-state stress during growth at
rate R. This solution assumes that the grain size is constant, but the
grain size dependence of o and the time dependence of L could be
included in the solution of Eq. (14) if the grain size changes signifi-
cantly during the recovery.
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5. Comparison of kinetic models with experimental data

To determine its validity, the model described above is compared
with some previously published experimental studies for Fe [7], Ni
[29] and Au [12, 29]. The data for the analysis was obtained by digitiz-
ing the results in the papers which may lead to some error, but does
not affect the overall conclusions. Additional details of the experi-
mental conditions used in these works can be found in the individual
manuscripts.

The parameters used to calculate the stress evolution from the
model are presented in Tables 1-3 and discussed further below.
Some of the parameters are related to the experimental conditions
(temperature, thickness). The grain size parameters in the tables
were either reported with the stress measurements [7] or estimated
from the reported dependence on thickness [12, 30]. Other parame-
ters were determined by using non-linear least squares fitting to
minimize the difference between the data and the model, using Eq.
(12) for relaxation and Eq. (16) for recovery. Because the model is not
exact, the difference between the data and fit cannot be attributed
solely to experimental error and we cannot use statistical analysis to
determine the error bars on the obtained parameters. Based on fitting
results, the parameter for the nominal atomic size a was chosen to
have a single value for each material; 0.43 nm was used for Fe and
0.63 nm for Ni. These values are two to three time larger than the val-
ues expected from the actual density.

The other fitting parameters were allowed to vary independently
for each set of data. Since the parameter o is only used to set the ini-
tial value of the stress when the measurement is started, it does not
depend on the kinetics of relaxation or recovery. Therefore, for each
set of measurements there are only two fitting parameters that
depend on the kinetics: oy and D for relaxation and o and A for
recovery. Ideally the parameters o, BD and A should be essentially
constant for each set of processing conditions. Indeed, we find that
the variation in the oy parameter is small (~ 5%) when the growth is
resumed at the same growth rate. However, for D and A there is
more variation in the fitting values obtained. For example, the value
of D for Ni is derived from the relaxation measurements in the final
column of Table 2; the average and standard deviation is 7.1 +/- 4.8,
5.9 +/- 3.7 and 4.0 +/- 1.1 nm?/s for temperatures of 398, 423 and
473, respectively. Similarly, the average and standard deviation for
the parameter A is 38 +/- 27, 23 +/- 11 and 55 +/- 10 for temperatures
of 398, 423 and 473, respectively. This error is in the range of 30 - 40
% which is significant. However, it is not clear whether this is due to
uncertainty in the fitting procedure or to problems with the model.
The physical meaning of these parameters and their trends with
thickness and growth conditions are considered further in the discus-
sion section.

Koch et al. |[7] measured stress relaxation and recovery in Fe films
during growth interruption, including its dependence on grain size
and thickness. The results for the stress-thickness (Ffw) vs. time are
shown as the symbols in Fig. 2. The results from fitting the data to the
model are shown as the solid lines. The parameters obtained from

Table 1

fitting two intervals of relaxation (starting at thicknesses of 20 and
35 nm) are shown in Table 1a (along with the grain size and thickness
at the start of the relaxation and recovery). The value of o, is deter-
mined by the starting conditions. The value of the final stress, oy is
found to be positive (tensile) for both relaxation intervals. The time
constant for relaxation (f% h)™ is 6200 s for the first interrupt and
1700 s for the second interrupt. When the parameter 8D is extracted
from the relaxation time, it has an average value of 0.20 +/- 0.23 nm?/
s. The parameters from fitting the recovery data to the power law
behavior predicted in Eq. (16) are shown in Table 1b. The exponent
from fitting the data (defined as A in Eq. (16)) has a value of 10.7.

Yu and Thompson measured relaxation and recovery in Ni and Au
at several different temperatures [12, 29]. They determined that
there are two different time scales of relaxation and fit their results
to the sum of two exponentials. The slow process, which has a relaxa-
tion time that is two orders of magnitude larger than the fast process,
is the dominant process in the relaxation kinetics presented in Ref.
[12]. Yu and Thompson attribute this to the effect of grain growth in
the film. We believe that their analysis is correct, so therefore the
slow relaxation and grain growth are not considered in this paper.
Instead, we focus on the relaxation kinetics during shorter interrupts
that can be found in Ref. [29]. This corresponds to the reversible fast
process described in [12] and is appropriate for comparison with the
model.

Measurements of relaxation and recovery in Ni are shown as the
symbols in Fig. 3 for different temperatures indicated in the figure.
The data corresponds to periods of growth at a rate of 0.04 nm/s fol-
lowed by interruptions for relaxation and then recovery during
resumption of growth. The data presented starts with the first growth
interruption of 300 s after 36 nm of growth. This is followed by two
more sequences of 10 nm of growth followed by 300 s interruptions
at thicknesses of 46 and 56 nm. The results from fitting to our models
are shown as the solid lines with the corresponding parameters in
Table 2 for (a) relaxation and (b) recovery.

For each temperature, there are three sets of relaxation, identified
by their starting thicknesses of 36, 46 and 56 nm. The fitting suggests
that the final stress, oy, is more compressive at higher growth tem-
peratures. The time constant for relaxation is on the order of hun-
dreds of seconds which is consistent with the results for fast
relaxation reported by Yu and Thompson [12]. The relaxation rate
(@ h) does not appear to depend strongly on the film thickness or
the temperature. This is in agreement with the results reported by Yu
and Thompson, but it does not agree with the dependence predicted
by the model. However, we note that only a small range of h and L is
covered in the experiments.

The recovery data corresponds to two periods of 10 nm growth. The
steady-state stress is similar for each period at the same temperature.
The steady-state stress is more compressive at higher temperatures,
which is consistent with other measurements [30]. The value of the
exponent varies from 19 to 62 with an average value of 38.7 +/- 20.2.

Yu and Thompson also studied relaxation and recovery in Au
[12]. In this work, they present measurements for the recovery of

Parameters used in calculation of (a) relaxation and (b) recovery for Fe shown in Fig. 2. The grain sizes in the table were
reported with the stress measurements [7]. The relaxation parameters (o, o and D) and the recovery parameters (o,

s and A) were obtained from the fitting procedure.

a)

Temperature T(K) ~ Thickness hyy, (nm)  Grainsize L(nm) o4 (Gpa)  o¢(Gpa) ED/Lh (1/s) D (nm?/s)
520 20 104 -0.087 0.438 0.000161 0.0334
520 35 17.2 -0.288 0.054 0.000605 0.364

b)

Temperature T (K) ho(nm)  average grain size (nm)  og(GPa) ox(GPa) A

520 20 13.8 0.184 -0.272 10.65
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Table 2

Parameters used in calculation of (a) relaxation and (b) recovery for Ni shown in Fig. 3. The grain sizes in the table were
estimated from measurements [29]. The relaxation parameters (oo, o and BD) and the recovery parameters (og, 0 and

A) were obtained from the fitting procedure.

a)

Temperature T(K)  Thickness hgp(nm)  Grainsize L(nm)  oo(GPa) of(GPa) RBD/Lh(1/s) RD (nm?/s)
398 36 12.857 0.001 0.073 0.0034 1.606
398 46 16.428 -0.032 0.025 0.0123 9.366
398 56 20 -0.027 0.031 0.0091 10.268
423 36 12.857 -0.076 -0.009 0.0044 2.076
423 46 16.428 -0.111 -0.049 0.0081 6.155
423 56 20 -0.117 -0.053 0.0084 9.475
473 36 12.857 -0.282 -0.220 0.0059 2.755
473 46 16.428 -0.300 -0.229 0.0064 4901
473 56 20 -0.283 -0.198 0.0039 4457
b)

Temperature T (K) hp (nm) average grain size (nm) oo (GPa) o (GPa) A

398 36 14.642 0.047 -0.029 18.94
398 46 18.214 0.013 -0.032 57.2

423 36 14.642 -0.031 -0.108 14.64
423 46 18.214 -0.053 -0.113 30.48
473 36 14.642 -0.233 -0.301 4834
473 46 18.214 -0.241 -0.280 62.39

Table 3

Parameters used in calculation of recovery for Au shown in Fig. 4. The grain sizes in the table were
estimated from measurements [12]. The recovery parameters (0o, 0ss and A) were obtained from

the fitting procedure.

Temperature T (K) ho(nm)  average grain size (nm) oo(GPa) ox(GPa) A

300 44 18.571 -0.076 -0.139 25514
300 60 24.107 -0.087 -0.132 30.643
300 75 29.464 -0.091 -0.125 37.879

the Au stress after interrupts of 5 min at 300 K and 0.05 nm/s.
However, the data for the stress relaxation is not shown at the
early stages so it was not possible to analyze it in terms of the
fast relaxation process. Therefore, we only analyze the recovery
kinetics here.

4 T 4 T ! T : T . T . T d T 4 T
= Relaxation (h ,=20nm)

e Relaxation (hgb=35nm)_-
8] 4 Recovery (h,=20nm)]

Stress*Thickness (N/m)
o
1

. 20
124 ) ; ‘i

14 ] Thickness (nm)

IS
|
[T U U NI NI I ST U NI N |

2000 2500

T T T T T T T
3000 3500 4000 4500 5000 5500 6000

Time (s)

Fig. 2. Stress relaxation and recovery of Fe films deposited at 520K during growth
interruption. The data was digitized from Ref. [7]. The solid lines represent fits to the
model for relaxation and recovery. The fitting parameters are listed in the correspond-
ing tables.

The measurements of stress recovery after resumption of growth
at thicknesses of 44, 60 and 75 nm are shown in Fig. 4. The fit to the
model is shown as the solid lines and the fit parameters are in Table 3.
Fitting the data to the power law model, the average value of the
exponent is 31.3 +/- 6.2. The steady-state stress becomes slightly less

T
14 3
12
] 36 46 46 56
8 4 [ E—

6 Thickness (nm) Thickness (nm)

398K

423K

Stress*Thickness (N/m)

473K

-18 4 iResumpnonE

iResu mption;

PR IS N S ISP NP PO NP P P P P P P P P O B

7 Interruption’ 'Interruption "Interruption

22—
800 1000 1200 1400 1600 1800 2000

T T g T d
2200 2400 2600 2800
Time (s)

Fig. 3. Stress relaxation and recovery in Ni films deposited to different thicknesses at
temperatures from 398 473K indicated in figure. The data was digitized from Ref.
[29]. The solid black lines represent fits to the model for relaxation and recovery. The
fitting parameters are listed in the corresponding tables. The periods of interruption
and resumption are shown using vertical dashed lines.
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Fig. 4. Stress recovery during resumption in growth of Au films at 300 K after 5 min
interruptions at thicknesses indicated by vertical lines. The data was digitized from
Ref. [12]. The solid colored lines represent fits to the model for recovery with the fitting
parameters listed in the corresponding tables. The dashed line represents the stress-
thickness extrapolated from the steady state value before the second interrupt.

compressive for the larger film thickness which may be due to an
increase in the grain size with thickness.

6. Discussion

In the following discussion, we consider some of the implications
of the results obtained from this analysis as well as some shortcom-
ings and potential sources of error. The model assumes that diffusion
is fast enough so that the stress in the grain boundary is essentially
uniform, which enables analytical expressions to be derived for the
stress evolution. It is worth considering the basis for this assumption.
In previous work, a high grain boundary mobility model was found
to be consistent with quantitative analysis of stress-thickness evolu-
tion during deposition of Ni films [27] up to 200 nm thick. This would
no longer be valid if the film is too thick, but the thicknesses of all the
films discussed in the current work were less than 100 nm. In addi-
tion, measurements of the grain boundary diffusivity suggest the
assumption is appropriate. For example, measurements in Ni at
400 K find that the grain boundary diffusivity is on the order of
3 x 10 '® m?/s [31]. The corresponding diffusion distance during the
observed relaxation time of 120 s is ~ 20 nm which is similar to the
thickness of the films (36 — 56 nm). Furthermore, the fact that the
model is able to fit data for several material systems provides addi-
tional support for using the mechanisms contained in it. Therefore,
using the high mobility model is not unreasonable. If the grain
boundary diffusion were not high enough, the stress evolution would
still be qualitatively similar to that predicted by the model. However,
there would be gradients in the stress through the thickness of the
film and the kinetics would not fit the equations described here. It is
possible to consider this regime with numerical solutions, but that
has not been done in this work.

A good feature of the model is that the form for the relaxation in
Eq. (12) fits the data better than the simple exponential form (Eq.
(13)) that has been proposed previously. This suggests that it is nec-
essary to consider the exponential dependence of the transition rate
on the film stress. The model also suggests a connection between the
relaxation and the recovery kinetics where the exponent for recov-
ery, A, depends on the relaxation parameters SD. For comparison, the
average value of (1 + % ) calculated using the results obtained from
the relaxation measurements in Fe is 2.39, The exponent determined
from fitting the power law relaxation is 10.65. For the Ni relaxation,
the average values of (1-+ %% ) are 11.8, 10.0 and 7.1 for the

temperatures of 398, 423 and 473, respectively. The corresponding
values obtained from fitting the recovery data are 38, 23 and 55.
Hence the values of A obtained from the recovery experiments are
typically higher than the values predicted from the relaxation experi-
ments, Part of this disagreement may be due to the fact that the equa-
tion for the recovery kinetics was obtained by linearizing the
exponential terms in the stress evolution equation even though they
are outside of the linear regime. Although the agreement is not exact,
it is generally consistent with the trend that larger values of %[E corre-
spond to a larger exponent for the recovery rate.

It is also useful to consider whether the values obtained from the
fitting are reasonable by comparing with other experiments. To do
this, we examine the values of D obtained from fitting the Ni relaxa-
tion at 398 K which have an average value of 7.1 nm?/s. The meaning
of BD in terms of different physical constants is given in the descrip-
tion of Eq. (10) which relates it to the product of X;,D;,. This can fur-
ther be related to the product X,,Dg, by applying Eq. (8). Using the
fitting value of o= 0.43 GPa to determine Ajio and a value of 290 GPa
for the biaxial modulus of Ni, this suggests that XD,y is equal to
1.9 x 10 2! m?/s. Note that Dy, is proportional to the rate of transi-
tions out of the grain boundary and is not the same as the grain
boundary diffusivity. However, if we use the value of the grain
boundary diffusivity (3 x 10 '® m?/s) as an estimate of Dy, then we
obtain a value for the fraction of mobile atoms in the grain boundary
(Xgp) to be 1.2 x 10 5. This is probably an underestimate of Dy, which
suggests that the number of mobile sites in the grain boundary might
be higher.

The parameter o describes the steady-state stress that the film
reaches during continuous growth. It depends on the growth condi-
tions, but as shown in the tables, it returns to nearly the same value
(within 5%) after each growth resumption for Ni (Table 2) and Au
(Table 3). Other measurements of the steady-state stress at different
growth conditions indicates that it becomes more compressive when
the temperature is increased [29]. The values of the fitting parame-
ters in Tables 2 are consistent with this trend for the steady-state
stress at different temperatures.

The equations developed here assume that the contribution of
grain growth is small, so it is important to consider the relative mag-
nitude of the stress induced by grain growth. As described by Yu and
Thompson, in the absence of grain growth the stress evolution after
short interrupts should be reversible, i.e., the stress-thickness should
return to essentially the same behavior as if the interrupt had not
been performed. This can be estimated by extrapolating the behavior
before the interrupt to larger thickness and comparing with the mea-
sured stress-thickness after the interrupt. This is shown by the
dashed line in Fig. 4. The stress-thickness evolution after the inter-
rupt returns to within 1.5 N/m of the value it would have developed
based on the extrapolation of the measured behavior, a difference of
only 12%. The small contribution of grain growth is also consistent
with estimates of the grain growth kinetics in Fe from the reported
grain sizes [7]. The grain size is estimated to change from 10.4 to
10.6 nm during the 15 min interrupt at 520 K, assuming kinetics of
the form d? = d3 + kt [12]. Using the approach described by Yu and
Thompson [30], this would change the stress-thickness by 0.9 N/m
which is also relatively small compared to the measured change of
7 N/m during the relaxation.

The model predicts the dependence of the kinetic parameters on
variables such as the thickness and growth rate which can be com-
pared with the experimental results. The time scale for the relaxation
in the model depends on ﬁTD hgp, but the fitting parameters do not
appear to depend strongly on the thickness in the analysis of Ni relax-
ation. Similarly, the values of 8D obtained for Ni relaxation at differ-
ent temperatures decrease at higher temperatures, whereas they
would be expected to increase at higher temperatures if the diffusiv-
ity has Arrhenius behavior. Part of the disagreement may be due to
the imperfect digitization of the data which contributes uncertainty
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to the resulting parameters, but this is difficult to estimate. We also
note that the parameters were obtained by fitting each set of data
independently. The expected dependence of the parameters on thick-
ness and temperature was not put into the fitting form. However, if
we force the parameters to have the expected model dependence, we
can still obtain reasonable fits (these results are not shown). There-
fore, we attribute the difference between the parameters’ depen-
dence on grain size and temperature to the uncertainty in
determining these parameters. More data over a wider range of
thicknesses and temperatures would be useful for determining their
effect on the kinetic parameters more precisely.

Alternatively, the weak dependence of the relaxation rate on the
film thickness may point to a deviation between the experiments and
the assumptions used to derive the model. It was assumed that the
mobility in the grain boundaries is high and the stress is uniform
throughout the thickness of the film. However, as discussed above, if
the atomic mobility is not sufficiently high, relaxation may not occur
uniformly throughout the film thickness. It may occur instead pri-
marily by diffusion of atoms out of the grain boundary closer to the
surface. In that case the relaxation rate would not depend as strongly
on the thickness of the film as predicted by our model. For compari-
son, previous measurements of stress relaxation in Sn films [25]
which have high atomic mobility do show the predicted dependence
on the film thickness.

The parameter oy is an estimate of the final stress that the film
reaches after a long period of relaxation. As shown by the fitting
parameters, it appears to depend on the film thickness. For instance,
it is considerably more tensile after the first interrupt in Fe than after
the second. As discussed above, this may indicate that the atoms do
not diffuse out of the entire length of the grain boundary. If the film
only relaxes near the surface, the final stress-thickness may be due to
residual stress left unrelaxed in the bottom part of the film.

However, there may be a more fundamental reason for the
observed behavior of oy. As described in the description of relaxation
kinetics (Section 3), oy is a measure of the difference between the
chemical potential of atoms on the surface and in the grain boundary
(ApLp). As the film grows, the grain shape and hence the ratio of sur-
face to grain boundary area changes. Dependence of the chemical
potential on the grain shape is seen in other phenomena such as
zero-creep experiments [32-34]. In these studies, a metal in the
form of a thin wire or foil has a tendency to decrease its length in
order to achieve a shape of the grains that is closer to equilibrium.
This occurs by atoms diffusing out of the grain boundary onto the sur-
face of the grains. The process can be stopped by applying a stress to
the wire (zero creep condition). The magnitude of the required stress
depends on the deviation of the aspect ratio from the equilibrium
value as well as the surface/interfacial energies [35]. This type of
measurement has been used to determine the surface energy of
materials [33—35]. The process behind this is similar to the diffusive
mechanism contained in the stress model described here. It would
suggest that in grains with an aspect ratio of free surface to grain
boundary area (proportional to L/h,;) that is larger than the equilib-
rium value, atoms would flow out of the grain boundary onto the sur-
face to decrease L and increase hg,. Since the film is attached to the
substrate, this results in a tensile stress. In the early stages of film
growth when grain boundaries are just beginning to form, the ratio
of free surface to grain boundary height is likely to be large, which is
consistent with the observed tensile stress at the early stages of film
growth. As the film grows, the aspect ratio decreases which would
make the stress less tensile/more compressive. Unlike stress induced
by grain growth, the transition from steady-state stress during
growth (oss) to the final stress after relaxation (oy) is reversible. This
is consistent with the behavior shown in Fig. 4 for repeated sequen-
ces of growth and interrupts. Although the effect of non-equilibrium
grain shape is consistent with the measurements, it is not conclusive.
Further measurements of both relaxation kinetics and grain size

would be useful for determining the significance of this mechanism
on stress evolution.

The analysis here is based on reversible diffusion into and out of
the grain boundary, but we recognize that other mechanisms have
been proposed that are not contained in our model. Because revers-
ible changes occurring during growth interruptions have been
observed both in pre-coalescence and post coalescence regime
[9,36], it has been suggested that they are associated with reversible
changes in defect concentrations on the surface such as density of
steps, kinks, and adatoms [9,18,36]. However, the absence of revers-
ible stress changes in epitaxial thin films suggest that grain bound-
aries play a crucial role during the relaxation and recovery process
|8]. It has also been suggested that surface morphology changes such
as grain boundary grooving play a role [13,14,29,37].

In addition, crucial parameters such as the grain boundary diffu-
sivity may change with time. For instance, the grain boundary struc-
ture that develops during film deposition is likely to be highly
defected. During long interruptions, it may evolve toward a more
dense structure that would have lower mobility and prevent the
stress from changing in it. In this case, the assumption of high grain
boundary mobility may not remain valid over time.

It should be emphasized that the work described here does not
rule out other possible mechanisms playing a role in stress evolution.
Based on the studies considered here, it appears that the model can
account for a wide range of measurements, but it does not mean that
other mechanisms are not possible or might be dominant under dif-
ferent conditions.

7. Conclusion

A model for the kinetics of stress relaxation and recovery has been
developed. It considers that the driving forces for diffusion of atoms
in and out of a grain boundary are fundamentally different. The rate
of atoms diffusing into the grain boundary is affected by the supersat-
uration of atoms on the surface whereas the flux of atoms jumping
out of the grain boundary depends exponentially on the stress. This
produces an observed asymmetry between the relaxation and recov-
ery processes.

The significance of the model presented is that it provides a quan-
titative estimate of both the relaxation and recovery kinetics that can
be compared directly with experiments and used to extract Kinetic
parameters. The model is shown to agree with experimental results
in Fe, Ni and Au and used to obtain kinetic parameters. It is hoped
that the model will be applied to other systems in order to develop a
coherent picture of the processes controlling residual stress in thin
films.
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