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The yield strength of thin copper films on Kapton
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~Received 7 October 2003; accepted 8 December 2003!

Thin films of copper, with thickness between 0.1 and 3mm, were vapor-deposited on 12.7 or
7.6-mm-thick polyimide~Kapton! substrates. They were tested in a microtensile tester in which the
strain is measured by optical diffraction from a microlithographically applied grid. The Young
modulus is independent of film thickness and is about 20% below the value calculated from
single-crystal elastic constants. The yield stress depends strongly on the film thickness and is fit by
sy51161355(t)20.473, wheret is the thickness inmm andsy is in MPa. The microstructure of the
films was studied by focused ion-beam microscopy. The grains are heavily twinned and the
microstructural lengths~grain size, twin spacing, twin width! depend only weakly on the film
thickness. A substantial part of the yield stress is therefore attributable to an effect of the film
thickness, such as that predicted by strain gradient plasticity theory. The lower limit and some
estimates of the thickness contribution to the yield stress are calculated. The estimated characteristic
length of strain gradient plasticity theory is 0.6mm for these materials. ©2004 American Institute
of Physics. @DOI: 10.1063/1.1644634#
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I. INTRODUCTION

The yield strength of metallic films is affected by seve
microstructural dimensions: grain size, film thickness, a
obstacle spacing. Studies of the effect of dimensional c
straints on mechanical properties are complicated by the
terdependence of the microstructure and the deposition
ditions. The purpose of this study is to investigate t
relationships among yield strength, film thickness, and
crostructure under constant deposition conditions.

The yield strength can be measured by a variety of me
ods, such as tensile testing, indentation, microbeam bend
and bulge testing.1–4 We use a microtensile tester of our ow
design~see Fig. 1!. Even though this method is experime
tally somewhat more complex than most of the others,
main advantage is that it provides basic mechanical par
eters directly, without the need for model-based data an
sis. All our tensile testing so far has been on freestand
thin films.5 Because of sample preparation and handli
testing of freestanding films with thickness less than 3mm is
difficult. One method to test thinner freestanding films us
Si supporting frames.6–12 These frames are severed imme
ately before testing to leave the film freestanding. T
method requires complex sample preparation, such as
terning and etching.

Alternatively, thin films on compliant polymer substrat
~polyimide foils! can be tested. The polyimide foils can b
handled easily during sample preparation. To obtain
properties of the film, the properties of the substrate are s
tracted from the overall measurement. Using this method,
mechanical properties of metallic films@Al, AlCu,
CuNi~Mn!, Cu, etc.# on Kapton13–20 and pyromellitic dian-
hydride oxydianiline~PMDA-ODA!21–25 have been studied
In several of these studies, an increase of the yield stre

a!Electronic mail: spaepen@deas.harvard.edu
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with decreasing film thickness has been observed. The fu
tional dependence of this increase and its physical or
have still not been definitely established.

This study adds to the data in this area by applying
particular experimental method and by paying special att
tion to the microstructure, including details such as the tw
and twin spacing.

II. EXPERIMENTAL TECHNIQUES

Cu thin films with thicknesses of 0.1–3mm were depos-
ited through a dogbone-shaped mask on rectangular Ka
substrates (8 mm345 mm) by electron-beam evaporatio
The deposition rate was 5 Å/s. Cu adheres well to Kapton
square array of photoresist islands with spacing of 10mm is
patterned on the Cu/Kapton layers to act as a diffract
grating for strain measurement.26

The samples were tested in the apparatus shown in
1.5,26,27The strain is measured using optical diffraction fro
the photoresist islands by transmission through the bare K
ton. Strain measurements on some of the films by diffract
in reflection, as in earlier work,5 gave results identical to
those measured in transmission. The transmission mode
preferred because it gave sharper diffraction and is less
ceptible to misalignment and wrinkling. The total force o
the system is the sum of the forces on the copper and K
ton, and is measured by a load cell attached to the end o
sample stage. All the tests were done at room temperatu
a strain rate of 531025 s21. The thickness of the Cu films
was determined by Rutherford backscattering using 4 M
He ions for Cu films thicker than 1.5mm, and 2 MeV for
thicknesses less than 1.5mm.

Kapton foils with nominal thicknesses of 12.7mm
~grade 50HN! and 7.6mm ~grade 30HN! were tested. How-
ever, due to systematic errors in the measurement at l
strain for the 7.6mm Kapton foils~probably caused by wrin-
1 © 2004 American Institute of Physics
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FIG. 1. Schematic diagram of the mi
crotensile tester.
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kling!, only the 12.7-mm-thick Kapton was used for the yiel
measurements.

III. RESULTS

A. Kapton foils

Rectangular Kapton foils with widths between 6 and
mm and a length of 45 mm were tested. The stress–st
curves are reproducible, and an example for a 12.7mm Kap-
ton foil is shown in Fig. 2. The foil is elastic up to a strain
0.8%. The total strain was 4%. Even though the Kapton
sustain much larger strains, such strains could not be
posed because of the limitation of the force in the tes
Young’s moduli of Kapton foils with the photoresist island
were determined from the unloading lines, and the values
listed in Table I. Poisson’s ratio was determined from t
ratio of the transverse to longitudinal strain within the elas
limit ~see Table I!. Measurements of Poisson’s ratio in o
microtensile tester on freestanding Cu films are not relia
because of transverse wrinkling.28 Measurements for Kapton

FIG. 2. Stress–strain curve of a 12.7-mm-thick Kapton foil. The foil is
unloaded periodically. Unloading allows the identification of the yield po
and the slope of the unloading line gives the Young modulus.
Downloaded 03 Mar 2004 to 128.103.60.225. Redistribution subject to AI
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are more reliable because the transmission mode of the s
measurement is less susceptible to effect of wrinkling.

For plastic deformation, the stress–strain curves of s
eral Kapton foils were averaged and the result was fitted w
a fifth-order polynomial, with constraints

su«5050 and
ds

d«U
«50

5EKapton. ~1!

The result for 12.7mm Kapton foils is

sKapton534«22.732«221.287«310.254«4, ~2!

wheresKapton is in MPa and« is in percent. The error in the
fit is 1 MPa at«51%. The polynomial form is convenien
for the analysis of the Cu data.

B. Copper films

The strain applied to both the Cu and Kapton films is t
same, and the measured force is the sum of the force
both layers:

F total5FCu1FKapton. ~3!

Force–strain curves of Cu/Kapton with different Cu thic
nesses are shown in Fig. 3. The modulus and yield stren
of the Cu film as a function of film thickness were obtaine

1. Young’s modulus

The modulus of the Cu film is obtained from the elas
unloading by

ECu5
1

wCutCu
S DF total

D«el
2

DFKapton

D«el
D , ~4!

wherewCu and tCu are, respectively, the width and thickne
of the Cu film, andDF/D«el is the slope of the force–strai
unloading lines. Equation~4! is derived assuming that th
effect from the difference in the Poisson ratio between
two layers is negligible.27 The Young modulus of Cu is in-

t
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Downloaded 03 Ma
TABLE I. Elastic properties of Kapton substrates and Cu films on Kapton. The error forECu corresponds to the
data for the films of all thicknesses.

Substrate
Substrate

thickness~mm!
EKapton

~GPa!
ECu

~GPa! nKapton

Kapton 50 HN 12.7 3.460.1 108.8611.7 0.33560.121
Kapton 30HN 7.6 3.560.1 97.267.3 0.32860.058

free-standing Cua ¯ ¯ 10267 ¯

aSee Ref. 28.
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dependent of film thickness, and the average value is 1
GPa for 12.7-mm-thick Kapton and 97.2 GPa for 7.6-mm-
thick Kapton~see Fig. 4 and Table I!. The difference is not
statistically significant. For Cu on 12.7-mm-thick Kapton, the
error for the modulus is 2.5 GPa for 2mm Cu and 25 GPa for
0.2 mm Cu. This spread of data can be seen in Fig. 4. T
error for the modulus of Cu with the 7.6-mm-thick Kapton is
smaller.

The measured modulus is similar to the value obtain
for 3 mm freestanding Cu films by the same deposition a
testing method: 10267 GPa.28 The texture of the supporte
film was measured by x-ray diffraction and was found to
similar to that of the freestanding films: predominantly^111&,
with the ^100& orientation stronger than average. A calcu
tion of the modulus based on the measured texture and
single-crystal elastic constants gives 120 GPa.27 The 20%
modulus deficit observed in these supported films is sim
to that reported in other freestanding and multilaye
films,5,9,29 and has been attributed to grain boundary crac5

and dislocation anelasticity.27,30

2. Yield strength

The stress in the Cu film is obtained by subtracting
contribution of the substrate from the total force:

sCu5
1

wCutCu
~F total2FKapton!. ~5!

The resulting stress–strain curves for Cu of different thi
nesses on 12.7-mm-thick Kapton are shown in Fig. 5. Th
yield strength is defined as the stress that gives a pla
strain of 0.2%. Figure 6 is a plot of the yield strength vers
film thickness. The error for the yield strength is 10 MPa

FIG. 3. Force–strain curves of Cu films of different thickness on 12.7-mm-
thick Kapton substrates. The short, straight lines correspond to partia
loading. The solid line is the force–strain curve of Kapton substrate.
r 2004 to 128.103.60.225. Redistribution subject to AI
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3 mm Cu and 120 MPa for 0.2mm Cu. Note that the results
from Cu on Kapton overlap with our measurements
thicker freestanding Cu films and are close to those obtai
by Kraft et al.20,31A least-squares fit of

sy5so1kt2n ~6!

to the data givesso5116 MPa, k5355 MPammn, and n
50.473.

3. Microstructure

Focused ion-beam~FIB! images of the top surfaces of
1.95mm and a 0.47mm Cu film on Kapton are shown in Fig
7. The average grain size of the two films is similar~;1.3
mm!. The thinner film, however, has thinner twins and
higher twin density.

To study the variation of microstructure across the fi
thickness further, a profile of the film was obtained by ma
ing a shallow wedge~;8°! of a 2.75 and a 1.95mm Cu film
using the FIB, as shown in Fig. 8. The intercept method
used at different distances from the bottom of the film
determine the average twin size. The twin width and the tw
spacing were taken as the perpendicular width of the nar
twins and the distance between those twins, respectively

The variation of these length scales with distance fr
the bottom is shown in Fig. 9. The average twin size, wid
and spacing increase approximately linearly with distan
from the bottom of the film. For the same deposition con
tions, the average twin size, twin width, and spacing of
top surface are larger for thicker samples.

The grain size at the top of several films was measu
from FIB images, such as those of Fig. 7. The grains w
identified by the direction of the twin boundaries and we

n-FIG. 4. Young’s modulus of Cu films with different film thicknesses o
Kapton substrates~d: 12.7mm Kapton;h: 7.6 mm Kapton!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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outlined by hand. The average size was determined by
intercept method. The results are shown in Fig. 9.

IV. DISCUSSION

A common approach to the quantification of the role
different parts of the microstructure to the yield stress is
assume that their contributions have a power-law form
can be superimposed:

sy5so1kd2n1k8t2m, ~7!

where the first term represents the bulk yield stress~large-
grained polycrystal!, the second one the contribution fro
the grain boundaries~d: grain size!, and the third one the
contribution from the film surface or interface~t: film thick-
ness!.

The first two terms together form the well-known Hall
Petch~HP! relation, in which, commonly,n50.5. The clas-
sical theoretical arguments for the value of this exponent
based on dislocation source activation by pile-ups at
boundaries32,33or on work hardening by dislocations emitte
from the grain boundaries.34 In thin films with very fine
grains (d!t) or in multilayers with very thin constituen
layers, the deposition of individual dislocation segments
comes more important than the formation of pile-ups, wh
makesn approach 1.35,36

FIG. 5. Stress–strain curves of Cu films on 12.7-mm-thick Kapton sub-
strates, obtained by subtracting the effect of the Kapton substrate.
dashed line has a slope of 108.8 GPa, the average Young modulus of th
film, and marks the yield stress at 0.2% plastic strain.

FIG. 6. Yield strength of the Cu films vs film thickness@d: Cu on 12.7-
mm-thick Kapton;n: freestanding, as-deposited, Cu films;s: data from
Kraft et al. ~see Ref. 20!#.
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The origin of the hardening induced by the finite size
the film is the deposition of dislocation segments at the fi
surface~if oxidized or otherwise passivated! and at the film–
substrate interface. An analysis by Nix,4 based on work by
Freund,37 gives an exponentm close to 1. A similar result is
obtained from continuum mechanics by invoking strain g
dients in plasticity theory:38 the blocking of the dislocations
at the film–substrate interface leads to an inhomogene
strain distribution, in which the plastic strain approaches z
near the interface. An analysis by Hutchinson39 shows that
the yield stress depends linearly on the parameterl /t, where
l is a characteristic length in the theory of strain gradie
plasticity:40

sy

so8
51.3911.80S l

t D , ~8!

whereso8 is a scaling value close to the bulk yield stress.
A similar picture arises from the discrete dislocatio

simulations by Nicola, Van der Giessen, and Needleman
thermomechanical deformation of single-crystal thin films
a rigid substrate.41 They find a heavily stressed layer near t
interface with thickness that does not scale with the fi
thickness and hence gives rise to a thickness effect. The
ponentm varies from 0.5 for the thicker films to 1 for th
thinner ones. Recently, they investigated films with a colu
nar grain structure,42 and found additional strengthening s
perimposed onto the thickness effect; the exponentn has not
yet been determined.

he
Cu

FIG. 7. FIB images of the top surface of a 1.95mm ~a! and a 0.47mm ~b!
Cu film on Kapton.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 8. FIB image of a wedge (Q;8°) of a 2.75mm
Cu film on Kapton. Inset: schematic side view of th
milling and imaging geometry.
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On the experimental side, Venkatraman and Bravma43

first separated the effects of grain size and film thickness
electrolytically thinning Al films on Si substrates, and testi
them by thermomechanical cycling. They foundm51 for
the thickness effect, and although they used the HP ana
(n50.5) for the grain size effect, they found thatn51 may
have been a more plausible exponent.

The Stuttgart group has investigated Cu films on b
stiff and compliant substrates. Kelleret al.44 used substrate
curvature measurements to measure the room–temper
stress after thermal cycling. They interpreted their results
a superposition of a thickness effect, withm51, and a HP
effect (n50.5). Hommelet al.17,18 and Kraft et al.20 used
x-ray diffraction during tensile testing of samples on comp
ant substrates, but were not able to separate the effec
grain size and film thickness unambiguously due to the va
tion of the grain size with thickness and the small range
grain sizes in films with constant thickness.

The striking feature of our data is the weak depende
of the microstructural lengths on the film thickness. As Fig
shows, for a change in film thickness by an order of mag
tude, the change in a microstructural length~twin spacing! is
only a factor of 2. The strong variation of the yield stress
Fig. 6 must therefore be predominantly a thickness eff
The following is a calculation of the lower limit and som
estimates of the thickness contribution to the yield stre
This will be done by computing the contributions of the m
crostructure using the HP relation. The twin widths will n
be considered because the narrow twins represent on
small volume fraction and need not yield to achieve plas
flow. We will consider the grain size~the traditional HP pa-
rameter! and the twin spacing~the most plausible controlling
length in this microstructure!.
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The maximum contribution of the microstructure to th
yield stress is computed by assuming that for the thick
films (t52.775mm), the entire value~330 MPa! arises from
microstructural hardening. It is further assumed that mic
structural hardening is controlled by the twin spacing~the
most strongly varying parameter in Fig. 9, fit bydts50.38
10.292t, with dts andt in mm! and obeys a HP relation with
n50.5,so5116 MPa@the limiting value in the fit of the data
to Eq. ~6!#. This implies a value ofk5233 MPamm0.5. The
maximum contribution of the microstructure for differe

FIG. 9. Average twin size, twin width, and twin spacing vs distance fro
the bottom of a 2.75mm and a 1.95mm Cu film. The grain sizes were
measured at the top of the films and are plotted as a function of film th
ness. The dashed lines are linear fits through each set of data points.
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film thicknesses was calculated, and is shown as a dotted
in Fig. 10.

The best estimates of microstructural hardening fr
grain size and twin spacing were computed using, againn
50.5 andso5116 MPa, but settingk5104 MPamm0.5, the
latter being an average literature value for polycrystall
Cu.45 For the case of grain size, the dependence on thickn
is taken to bedg51.2910.051t ~the linear fit in Fig. 9 with
dg andt in mm!. The results are shown as dashed lines in F
10.

Figure 11 is a logarithmic plot of the thin-film contribu
tion to the yield stress; that is, the difference between
measured yield stress and the computed microstructural
tributions. At the smallest thickness, the film thickness c
tributes at least half of the value of the yield stress. Ev
though the Kapton substrate is compliant, it still appears
be a substantial barrier to the motion of dislocations. T
slope of the dashed line that corresponds to the twin spa
is m50.58. The exponent is lower thanm51 computed
from strain gradient plasticity theory.39 The discrete disloca
tion simulations do find an exponentm50.5, but for the

FIG. 10. Contribution to the yield stress of Cu films on Kapton. The dots
the data points of Fig. 6. The solid line is the fit to the power law of Eq.~6!
with so5116 MPa andn50.473. The dotted and dashed lines are estima
of, respectively, the maximum and best-estimate HP-type contribution o
microstructure to the yield stress. Curves marked ‘‘g’’ and ‘‘ts’’ are bas
respectively, on the grain size or twin spacing measurements of Fig. 9

FIG. 11. Contribution of the film thickness to the yield stress. The solid l
is the fit through the data. The dashed and dotted lines are the differenc
Fig. 10 between the fit through the data and the respective estimates o
HP contribution of the microstructure to the yield stress. The slope of
solid line is20.473; the slope of the dashed line based on grain size~‘‘g’’ !
varies from20.54 for the thinnest films to20.72 for the thickest ones; the
slope of the dashed line based on twin spacing~‘‘ts’’ ! is 20.58. The slope of
the dotted line for the thinnest films is20.82.
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thicker films. Nevertheless, inhomogeneous plastic defor
tion remains the likely cause of the substantial thickness c
tribution. The effect can be used to estimate the character
strain gradient length in these samples. For films of thickn
0.2 mm, the yield stress is 910 MPa and the contributi
from twin space hardening is 270 MPa, giving a thickne
contribution of 640 MPa. According to Eq.~8!, this corre-
sponds to a characteristic lengthl 50.6mm. It should be
recognized, of course, that this is a crude estimate, since
functional dependence of Eq.~8! is not observed. Neverthe
less, the magnitude ofl is similar to that found in torsion,
sheet bending, and indentation experiments on metals.46–48

V. CONCLUSIONS

Microtensile testing with strain sensing by optical d
fraction can be used to test metallic thin films as thin as
mm on compliant polymeric substrates. The grains of
copper films used in these experiments were hea
twinned, but the variation of the microstructural lengt
~grain size, twin width, twin spacing! with film thickness was
weak. The strong dependence of the yield stress on
thickness must therefore be attributed in large part to a th
ness effect, such as that predicted by strain gradient plast
theory, with a characteristic length on the order of half
micrometer.
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