
Introduction
In studying the mechanical properties

of materials, most researchers emphasize
yield or fracture properties and test for these
quantities using simple tension tests and
bend tests. However, while yield strength
and fracture toughness are useful proper-
ties for designing materials and structures,
they are rarely experienced in applications
involving thin films and multilayers.

On the other hand, many materials
do exhibit time-dependent deformation,
or creep, under stresses well below those
needed to cause yielding or fracture. This
time-dependent deformation occurs by
means of a variety of deformation proc-
esses. In thin-film applications, creep de-
formation is often driven by stresses that
arise from mismatched thermal expansions
of a film and the substrate on which it is
deposited. Stress relaxation by means of
creep deformation is ubiquitous in the
processing of multilevel, thin-film devices
that require multiple processing steps at
numerous temperatures. Because rates for
several creep mechanisms increase rapidly
as grains get smaller, they cannot be ig-
nored in thin-film structures, even at room
temperature. We therefore discuss creep

deformation as it relates to homogeneous
films on substrates and stacked thin films,
or so-called multilayers.

As noted in other articles in this issue,
atomistic simulations have become an
important resource for modeling a large
number of deformation processes. How-
ever, even with recent increases in compu-
tational speed, simulations are limited to
extreme cases of total strain or strain rate
that do not yet yield useful predictions in
the case of creep deformation. To predict
plastic strains of a realistic magnitude, one
is restricted to strain rates of 107 s�1 or
higher1 that are many orders of magnitude
greater than experimental strain rates. Al-
ternatively, if realistic strain rates are used
(10�5–10�9 s�1), creep strains are limited to
magnitudes (�10�12) that are far too small
to be informative. Therefore, this article
focuses on experimental techniques and
analytical models for characterizing creep
deformation in thin films.

In keeping with the goal of this issue of
MRS Bulletin, we emphasize areas where
unique issues arise due to the thin-film
geometries being addressed. We first note
some of the techniques used to study

creep in thin films. We then discuss stress
development during film growth, micro-
structural stability during creep tests, and
the relationships between applied stresses,
strain rates, microstructures, and deforma-
tion mechanisms. We next outline zero-
creep stresses and transient strains that must
be considered when evaluating creep prop-
erties, noting their impact on thin-film creep
tests. Finally, we discuss creep deformation
of films on substrates and freestanding
multilayer films.

Test Techniques
As with bulk specimens, simple tension

tests are one technique for studying creep
properties. Films can be released from
their substrates and tested in tension as
completely freestanding samples2,3 or in
bending as cantilever structures.4 Such
tests involve challenging sample prepara-
tion and handling. However, they permit
accurate, independent control of applied
stress and test temperature during creep
studies.

More commonly, creep deformation in
thin films is studied while they remain on
a substrate that deforms only elastically.5
These studies utilize film stresses that arise
due to mismatched thermal expansions
or contractions of the substrate and film.
Since these samples require little prepara-
tion other than deposition, this geometry
is convenient. However, it does not permit
independent control of temperature, stress,
or strain. As a result, creep studies at fixed
stresses are not possible.

A hybrid test method that falls midway
between these two techniques involves
tensile tests of films on substrates that can
deform plastically. This method reduces
the coupling of film stress, strain, and
temperature while easing the handling of
samples.6 However, temperatures in such
tests are limited by the polymeric nature
of the substrates. In nanoindentation creep
tests, one can control loading.7–10 The com-
plex nature of the stress state under the in-
denter tip requires significant modeling,
however, which introduces significant un-
certainties into the values of materials
properties thus obtained.

Regardless of the experimental technique
used, the goal of thin-film creep studies is
to experimentally measure creep rates and
identify creep mechanisms for a range of
applied stresses and temperatures using
specimens that are well defined chemi-
cally and microstructurally.

Creep of Thin Films
Creep during Film Growth

Creep deformation often first appears
during the growth of thin films due to
the development of large stresses during
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deposition. The significant role of diffu-
sional processes in the relaxation of these
stresses is discussed in the article in this
issue by Floro et al.

Stability of the Thin-Film Structure
Since most thin films are deposited with

fine microstructures and metastable phases,
both chemical and microstructural stabili-
ties are major concerns when character-
izing creep rates and mechanisms. Creep
conditions are usually chosen to avoid con-
ditions where phase transformations or
substantial microstructural evolution (e.g.,
the breakdown of a multilayer into dis-
continuous layers) occur very rapidly. Other-
wise, interpretation of creep properties is
complicated by the need to correlate the
measured properties with the changing
microstructure of the system.

Assuming the phases in thin films and
multilayers are chemically stable, diffu-
sional processes play a significant role in
determining the stability of their micro-
structures because they control the kinetics
of grain growth, grain-boundary grooving
(see Figure 1), and pit formation at triple
junctions. The energetics and kinetics of
microstructural stability in polycrystalline
thin films on substrates can be found in
several works,11–15 as can studies of stabil-
ity in multilayer specimens.16–20 Generally,
a thin film is predicted to be more stable
energetically if it has grain boundaries
with free energies that are low compared
with the free energy of the film surface.
Similarly, a multilayer is predicted to be
more stable energetically if it has grain
boundaries with free energies that are low
compared with the free energy of the inter-
faces between layers. Energetic stability
should be enhanced if in-plane grain sizes
are not significantly larger than the film or
layer thickness; stability should thus bene-
fit from stagnation of in-plane coarsening.
Kinetically, instabilities such as deep pits
or grooves will form more slowly when
diffusional transport is slow.

Creep-Deformation Mechanisms
Creep behavior in bulk or thin-film ma-

terials can be summarized by an empirical
equation of the form21

, (1)

describing the dependence of the creep
rate �̇ of a material subject to a fixed ap-
plied stress �. The power of that depend-
ence is m � 1; A is a coefficient that
depends on temperature and microstruc-
ture; D is a coefficient for diffusion through
the bulk of a grain, along grain bound-
aries, or along dislocation cores; � is atomic

�̇ �
d�
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D
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volume, G is the shear modulus; k is the
Boltzmann constant; T is temperature; b is
the Burgers vector; and d is grain size. Dif-
ferent mechanisms control the creep de-
formation of a given material at different
stresses and temperatures. Most broadly,
at high stresses dislocation motion con-
trols deformation, and power-law (dis-
location) creep dominates; at low stresses
atomic diffusion controls deformation, and
diffusional creep dominates. Dislocation
creep is controlled by dislocation glide at
low homologous temperatures and by
dislocation climb at high homologous
temperatures. Similarly, diffusional-creep
processes are controlled by diffusion
along grain boundaries (Coble creep) at
low homologous temperatures and by
diffusion through the bulk of grains

(Nabarro–Herring creep) at high tempera-
tures. Typical values for A, m, and n are
given in Table I for the different mecha-
nisms. Note that the diffusional-creep
mechanisms exhibit a strong grain-size
dependence, indicated by the nonzero
value of n, while the power-law-creep
mechanisms do not. Diffusional creep is
thus expected to dominate deformation
in thin films with sufficiently small grain
sizes. Considering in-plane grain size and
film thickness as separate length scales22

usually does not change this because in-
plane grain size typically scales with film
thickness.

In an effort to help identify the domi-
nant creep mechanisms over the full range
of achievable stresses and temperatures,
Frost and Ashby developed the concept of
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Figure 1. Cross section of a Ag/Ni multilayer on a thin sapphire substrate after 24 h of
biaxial zero-creep testing at 500�C.20 The image was obtained using secondary electron
imaging after focused-ion-beam milling. Note the significant grooving into the Ni layers
where the Ni grain boundaries meet the Ag/Ni interfaces. (Imaging and milling courtesy of
A.Wilson and G. Spanos, Naval Research Laboratory, who gratefully acknowledge support
from the Office of Naval Research.)



deformation-mechanism maps.23 A defor-
mation map for Ni is shown in Figure 2.
These maps are based on diffusion data
as well as experimental data from creep
studies. Different maps are required for
materials with different grain sizes. This
particular map predicts the controlling
creep mechanisms for Ni with a 1.0-	m
grain size. The data used to predict
many of these maps, particularly for the
diffusional-deformation mechanisms, are
frequently limited in quantity. As an ex-
ample, Frost and Ashby based the Coble
creep fields of their deformation maps for
the fcc metals upon diffusion data rather
than experimental creep data. The cor-
responding Nabarro–Herring creep fields
are based on limited creep data at high
temperatures. Predictions of such defor-
mation maps for Coble and Nabarro–
Herring creep-deformation fields should
thus be considered qualitative rather than
quantitative, particularly for materials
with grain sizes significantly smaller than
those available when the maps were de-
veloped. As Frost and Ashby noted, “The
maps are no better (and no worse) than
the equations and data used to construct
them.”23

Zero-Creep Stress
A creep property that is unique to small

structures such as thin films and multilayers
is the existence of a significant range of
stresses for which a positive stress results
in a negative strain rate. This occurrence,
described empirically by an expression of
the type

�̇ � (� � �0), (2)

is a manifestation of the drive to reduce
the area, and thus the free energy, of the
surfaces of a thin film11 or the interfaces
in a multilayer.24–26 Figure 3 (from Refer-
ence 25) shows experimental creep data
from Ag/Ni multilayers at different ap-
plied stresses (Figure 3a) from which
strain rate versus stress-dependence (Fig-

ure 3b), and thus the zero-creep stress �0,
can be determined. The value of �0 can
also be derived through equilibrium thermo-
dynamics arguments. An approximate value
can be obtained from �0 � 
/t, where 
 is
the free energy of the surface (thin film) or
interface (multilayer) and t is the thickness
of the film or layer. Using 
 � 1 J/m, �0 is
only 1 MPa for t � 1 	m, but it is 100 MPa

for t � 10 nm. In situ transmission electron
microscope studies of creep of gold thin
films found that inclusion of a zero-creep
stress �0 of the order of 100 MPa explained
why creep rates were �10,000� smaller
than those predicted for the specimen
geometry and test conditions.27 Similarly,
substrates on which multilayer films are
deposited have been shown to relax to a
nonzero equilibrium curvature due to the
interfaces in the multilayer film.28 Account-
ing for zero-creep stresses can be neces-
sary for accurate interpretation of creep
data of thin films and multilayers.

Steady-State versus Transient Creep
Creep rates depend on the magnitude

of the cumulative creep and thus are not
always constant for a given applied load
or stress. This effect is well known for bulk
structural materials at high temperatures
(T � 0.5Tm), where creep has been studied
for many decades. As is shown in Figure 4
for an FeCo intermetallic alloy thin film,29

creep data are usually separated into three
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Table I: Parameters for the Generalized Creep Equation.

Mechanism Conditions A* m* n*

Nabarro–Herring creep High temperature, low stress 7 0 2
Coble creep Moderate temperatures, 50 0 3

low stress, fine grain sizes
Power-law creep Low to moderate temperatures, ** 2–6 0

high stress

*A is a coefficient that depends on temperature and microstructure, while m and n are empirically
derived constants.
**The values of A vary dramatically, depending on the microstructure that is controlling the 
power-law creep.

Figure 2. A deformation-mechanism map for Ni composed of 1.0-	m grains (from
Reference 23).The diffusional mechanisms are predicted to dominate creep deformation
for a large range of test temperatures and applied stresses due to the small grain size. 	 is
the shear modulus.



distinct stages for both bulk and thin-film
materials tested in uniaxial tension. Dur-
ing the initial or primary creep stage, strain
rates (the local slope of the strain–time
curve) usually drop sharply as the mate-
rial’s microstructure (dislocation density,
grain shape, etc.) evolves toward a steady
state, consistent with the applied load. In
the second, or steady-state, stage, micro-
structure and strain rate remain relatively
constant. In the final, or tertiary, stage, the
material’s microstructure breaks down
through the formation of internal voids
and cracks, and the global strain rate rises
rapidly. Experimental studies of bulk ma-
terials typically analyze the steady-state
creep stage, and most theories of creep-
deformation predict creep rates for this
stage. To date, most researchers have ap-
plied steady-state creep concepts to the
study of thin films. Such application can
be misleading.

At 150–260�C and 21 MPa of tension,
the primary creep stage for bulk Al en-
compasses a plastic strain of 18%.30 In con-
trast, the maximum total strain, plastic and
elastic, that can be induced in an Al film
on a Si substrate by heating from 25�C to
500�C is approximately 1%. Thus, almost
all of the creep deformation in the Al film
might more appropriately be described
by primary creep behavior rather than
steady-state creep behavior, particularly at
lower temperatures.

In contrast, tensile studies of freestand-
ing films allow observation of all stages
of creep, although relatively few studies
have included analysis of the primary
creep stage data (see, e.g., Reference 31).
Tensile studies of freestanding Ag/Ni
multilayers show that a primary creep
stage of 0.1–0.2% precedes the secondary
creep stage when the applied stress is
changed by 1 MPa in the temperature
range of 650–800�C (as in Figure 3a).25 The
primary creep stage is evident in the
steeper slope at the beginning of the curve
after each change in applied stress. The
magnitude of this strain transient, which
is the same for both negative strain rates
and positive strain rates, is 1000� larger
than the instantaneous elastic strains asso-
ciated with the stress changes. One might
expect this to be particularly significant
for film-on-substrate curvature experi-
ments, in which stresses typically vary by
hundreds of MPa throughout the experi-
ments, while strains are limited to 1–2%.

Wafer Curvature: Films on
Substrates

When thin films on substrates are heated,
stresses can rise rapidly. Stress and strain
evolution during thermal cycles is mod-
eled by assuming that plastic deformation

occurs in the film by the dominant creep
mechanism while the substrate remains
elastic. Stress–temperature plots generally
predict dislocation-creep mechanisms to
dominate at the higher stresses and
diffusional-creep mechanisms to dominate
at the lower stresses (Figure 5). For 1-	m-
thick Cu films on Si substrates, stresses are
predicted to rapidly relax by diffusional
creep as the temperature increases (Fig-
ure 5). Measured stresses do not exhibit
this behavior.32,33

Recent investigations of diffusional creep
in Cu films produced by sputtering and
annealing under ultrahigh-vacuum condi-
tions found that the stress–temperature
curve of the pure Cu films differs signifi-
cantly from that of Cu-1at.%Al alloy films,
where Al surface segregation and oxida-
tion leads to self-passivation.34,35 Assuming
that the diffusional creep is suppressed by
surface passivation in the Cu-1at.%Al alloy
films, the difference between these alloy
films and the pure Cu films could be
quantitatively explained by a constrained
diffusional-creep model,36 in which atoms
are incorporated into grain boundaries via
surface and grain-boundary diffusion with
no sliding and no diffusion at the film/
substrate interface. Under these assump-
tions, grain-boundary diffusion relaxes the
stresses near grain boundaries, but leaves
a significant level of average stress in
the film.

Creep Rates of Multilayers
As with thin films, stress and strain

evolution in multilayer materials during
thermal cycling has been modeled by as-
suming that creep deformation occurs
simultaneously in each layer by the domi-
nant creep mechanisms.37–39 The creep be-
havior is generally complicated, as well as
history-dependent, with different defor-
mation mechanisms dominating in the
different layers at different temperatures.

In constant-temperature tension experi-
ments, on the other hand, the creep behav-
ior is expected to be more straightforward.
Upon loading or heating, the less creep-
resistant layer strains plastically and in the
process sheds most of the stress that acts
upon it to the more creep-resistant layer.
Changing elastic strains arising from the
changing stresses accommodate the differ-
ent plastic-strain rates in the layers. This
load redistribution continues until, in the
steady state, both layers are creeping at
the same rate, the slower creeping mate-
rial now bearing the majority of the ap-
plied load. The transient associated with
this stress redistribution was noted for
Ag/Ni multilayers in the previous section
on “Steady-State versus Transient Creep.”
Predictions concerning steady-state creep
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Figure 3. (a) Creep deformation
for a Ag/Ni multilayer composed of
15 bilayers; total film thickness is 20 	m
and width is 1 cm (from Reference 25).
The applied load was changed between
0.1 N and 0.3 N (corresponding to 10 g
and 30 g) every �104 min. Negative
strain rates were recorded at 0.1 N.
(b) Strain rate versus applied load for
five Ag/Ni multilayer specimens, each
with 21 bilayers; total film thickness
is 24 	m and width is 1 cm (from
Reference 25).The applied load at
which the strain rate would be zero
is �0.23 N (23 g) for each of the
five specimens.

Figure 4. Cumulative strain versus
time exhibited by a 150-	m-thick FeCo
intermetallic alloy thin film at 600�C with
an applied stress of 305 MPa (from
Reference 29). Note: even though there
are three distinct stages, only the
middle, steady-state creep, stage is
typically considered.



rates are now compared to experimental
creep results, also for Ag/Ni multilayers.

Using the properties of the slower
creeping Ni in the expression for Coble
creep,23

, (3)

where the zero-creep stress �0 has been
added,25 one can predict the strain rate �̇.
Predictions are compared with the experi-
mental data from two groups in Table II.
The first group studied Ag/Ni multilayers
with layers of the order of 1 	m in thick-
ness.25 Note the negative strain rates for the
lower tensile stress. The values in Table II
are for the creep data in Figure 3a. The sec-
ond group studied Ag/Ni multilayers with
layers of the order of 1 nm in thickness.40,41

Thermal-cycling creep results for multi-
layers that had only eight atomic planes
per elemental layer are shown in Figure 6.
Note the shrinkage during thermal cycling
for the tensile load.41 Table II includes an
approximate strain rate from constant-
temperature creep studies with this speci-
men.41 The zero-creep stresses used in
Table II come from the creep data in Fig-
ure 3a for the �1-	m-thick layers and
from 
/t for the �1-nm thick layers.

The experimental data for the two
Ag/Ni multilayers are inconsistent in both
sign and magnitude with the values that
are predicted when zero-creep stresses are

�̇ �
42��Db �

kT d3 �� � �0�

ignored (Table II). Including the zero-
creep stresses makes all experimental and
predicted creep rates agree in sign. How-
ever, predicted strain rates are still far
higher than those measured experimen-
tally, regardless of the omission (inclusion)
of the zero-creep stress: 5 (5) orders of
magnitude for the �1-	m-thick layers
and 7 (10) orders of magnitude for the
�1-nm-thick layers.

Note that the sign of the creep rate is
determined by energetics, that is, whether
contraction or expansion lowers the free
energy of the system. The magnitude of the
creep rate is a manifestation of the kinetics,

that is, how quickly matter moves in re-
sponse to the forces driving creep. The fact
that experimental and predicted creep rates
agree in sign only when zero-creep stresses
are accounted for confirms the impact of
these stresses on the creep of thin films
and layers. The substantial disagreement in
the magnitudes of experimental and pre-
dicted creep rates, which worsens as grains
decrease in size, demonstrates the poten-
tial for user error if creep-deformation maps
are taken as gospel. Creep studies that cor-
relate stress, strain rate, and temperature
for thin-film samples with small but stable
grain sizes are evidently needed.
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Figure 5. Predicted stress–temperature curves for 1-	m-thick copper films on Si substrates
with dominant creep mechanisms indicated (from Reference 32). Heating rate affects the
deformation mechanism through its impact on stress relaxation. Note the near-complete
stress relaxation at the elevated temperatures.

Table II: Comparison of Experimental and Calculated Strain Rates for
Ag/Ni Multilayers.

� �̇calc. (s�1) � – �0 �̇calc. (s�1) d T
Experimental Data �̇exp. (s�1) (MPa) for �0 � 0 (MPa) including �0 (nm) (K)

Layer thickness of �8 � 10�9 0.5 2 � 10�4 �0.5 �2 � 10�4 670 925
the order of 1 	m �8 � 10�9 1.5 6 � 10�4 0.5 �2 � 10�4

(Reference 25)
Layer thickness of �1 � 10�8 s�1 0.7 2.0 � 10�1 �500 �1.5 � 102 2 525

the order of 1 nm 
(Reference 40)

Notes: Comparison of experimental strain rates with predictions obtained using deformation
mechanism map parameters for Ni with grain size d.23 Inclusion of zero-creep stress leads to
agreement in sign of predicted and experimental strain rates. It does not rectify the difference in
rates. �̇exp. is the experimentally derived strain rate, � is the applied stress, �̇calc. is the calculated
strain rate, �o is the zero-creep stress, and T is temperature.

Figure 6. Creep deformation for a
Ag8/Ni8 multilayer, with layers 2 nm
thick (from Reference 41).The applied
force was held constant while the
temperature was cycled. An applied
force of 0.01 N (stress �0.7 MPa)
yielded the solid curve in which the
film contracts with each thermal cycle.
An applied force of 0.3 N yielded the
dotted curve that manifests rapid
creep associated with breakdown of
the layered structure at the higher
temperatures. Structures maintain
their layering in region I, but lose it
in region II.



Conclusion
We have outlined the role that diffusional

processes play in the creep deformation of
thin films. In doing so, we have tried to
highlight some of the difficulties encoun-
tered in applying concepts originally de-
rived for bulk materials to thin films and
multilayers. We have seen that the inclu-
sion of a zero-creep stress is necessary for
analyzing and predicting the sign of creep
rates. These same results have made clear
the shortcomings of extending deformation-
mechanism maps, which are based on bulk
properties, to multilayer geometries for the
prediction of actual creep rates. We have
also discussed the existence and magnitude
of transients associated with the primary
creep regime as well as the implications
for thermal-cycling studies of elemental
thin films adhering to substrates. In sum-
mary, extreme caution should be used in
applying the general concepts of steady-
state creep behavior of bulk materials to
the analysis of thin-film deformation at
elevated temperatures.
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