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Plane-strain bulge test for nanocrystalline copper thin films
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Free-standing nanocrystalline Cu films with grain size around 39 nm are fabricated by thermal evaporation and characterized by the
plane-strain bulge test. Young’s modulus and yield stress at a 0.2% offset are about 110–130 GPa and 400 MPa, respectively. Results
show that the strength of the n-Cu films is largely independent of film thickness at a strain rate less than 10�5 s�1. No grain growth is
observed and the predominant plastic deformation mechanism is grain boundary sliding accompanied by dislocation mechanisms.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Nanocrystalline materials, with average grain size
less than 100 nm have been of interest since their intro-
duction in 1984 [1,2] because of a broad range of poten-
tial applications [3,4] based upon their enhanced
mechanical properties (such as higher strength and hard-
ness) as compared to their coarse-grained counterparts.
As reviewed in [2], the most common preparation tech-
niques for nanocrystalline metals and alloys are inert
gas condensation (IGC) [5,6], ball milling [7,8] and pulsed
electroplating [9,10], etc. In order to fulfill their potential,
the mechanical properties of nanocrystalline materials
need to be understood as a function of both the grain size
and the feature dimension (e.g. film thickness).

Compression, uniaxial tensile and indentation tests
have been performed on both bulk [6,11–15] and micron
scale nanocrystalline metals [16–25]. The results show
that the material’s strength generally increases when
grain size becomes smaller as per the Hall–Petch effect,
although Chokshi et al. [26], Conrad and Narayan [27]
observed an inverse Hall–Petch relationship in indenta-
tion experiments when the material’s grain size is smaller
than a critical value.
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In the present study, nanocrystalline copper (n-Cu)
thin films are synthesized by thermal evaporation and
the mechanical properties are explored using the
‘‘plane-strain bulge test’’ introduced by Vlassak and
Nix [28]. The results are compared to previously pub-
lished studies on the mechanical properties of similar
free standing thin films with a micrometer grain size
[29] and with nanometer grain size [23].

The n-Cu films are prepared by thermal evaporation
(Edwards Auto 306 Vacuum Evaporator). The base
pressure in the chamber is 1 · 10�6 Torr and high purity
(99.995%) Cu is evaporated onto a specially prepared
substrate from a tungsten boat 120 mm below. A cur-
rent of 2.4 A is applied through the tungsten boat to
melt the Cu source which yields a deposition rate of
0.1–0.2 nm/s. During the process, the substrate temper-
ature is no higher than 70 �C.

The fabrication procedure is modified from that of
Xiang et al. [30]. A (100) Si wafer with a 500 nm thick
Si3N4 layer deposited on both sides by low pressure
chemical vapor deposition (LPCVD) is used. Positive
photo-resist AZ5214 (CLARIANT), ultraviolet photoli-
thography (wavelength of 365 nm) and reactive ion
etching (RIE, 250 mTorr, 250 W in CF4/O2 atmo-
sphere, TECHNICS Series 800) is employed to open a
rectangular window through the Si3N4 on one side of
the wafer. Next, the Si wafer is anisotropically etched in
30 wt.% potassium hydroxide (KOH) solution at 80 �C
sevier Ltd. All rights reserved.
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Table 1. Film thickness, t, average grain size of films from XRD and
SEM, Young’s moduli and yield stresses

Sample t

(nm)
DXRD

(nm)
DSEM

(nm)
E

(GPa)
ry

(MPa)

No. 1 173 37 38 ± 5 130 ± 5 395 ± 5
No. 2 180 38 38 ± 4 132 ± 5 404 ± 2
No. 3 220 38 39 ± 5 111 ± 7 425 ± 3
No. 4 428 38 39 ± 7 129 ± 6 410 ± 1
No. 5 476 40 41 ± 6 131 ± 5 365 ± 5
No. 6 998 42 41 ± 5 120 ± 5 360 ± 5
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until a free standing rectangular Si3N4 membrane re-
mains on the opposite side of the wafer. The n-Cu is then
deposited on the Si3N4 membrane by thermal evapora-
tion and another RIE etching with lower pressure and
power (150 mTorr and 150 W) is used to remove the
Si3N4, so that a freestanding n-Cu film is obtained; since
the copper film is exposed to the plasma for only a short
time after the Si3N4 has been etched away, the RIE pro-
cedure is not expected to significantly modify the material
properties of the Cu film. Inspection of the film surface
with SEM did not show any observable defects. All pro-
cesses after depositing the n-Cu are done at the room
temperature, in order to encourage stability of grain size.

A scanning electron microscope (SEM) micrograph
in Figure 1a shows the grains on the film surface. The
grain size on the surface is characterized by drawing
four lines across the image center and defining the inter-
cepts of grain boundaries as grain size. The distribution
histogram shown in Figure 1b indicates the most preva-
lent surface grain size to be in the range of 40 nm. In
addition, X-ray diffraction (XRD) studies are also per-
formed to analyze the grain size of the n-Cu films (Inel
XRD 3000 module, Cu Ka). The XRD pattern of the
180 nm thick n-Cu film is shown in Figure 2a. Average
grain size is estimated by the Williamson–Hall method
[31] as shown in Figure 2b, which leads to an average
grain size of between 36 nm and 41 nm for different
specimens. The specimen thicknesses (measured by Dek-
tak Profilometer) and average grain sizes obtained by
both methods are listed in the Table 1. Similar XRD
measurements taken two weeks after deposition show
no evidence of grain growth.

The ratios of integral intensity of peaks (20 0), (220)
and (311) to peak (11 1) are, respectively, 34.0%, 13.2%
and 10.2%. By comparing those values to that of stan-
dard powder provided by the International Centre for
Diffraction Data (ICDD) [32], the specimens show a
slight h1 11i texture. In addition, since during deposi-
tion, the homologous temperature, Ts/Tm, was less than
Figure 1. (a) SEM image of the 180 nm n-Cu film; (b) Grain size
distribution of the n-Cu film calculated from the SEM image.

Figure 2. (a) The X-ray diffraction pattern of the 180 nm n-Cu film; (b)
the Williamson–Hall plot from the XRD pattern of the n-Cu film.
0.25, (Ts is the substrate temperature, and Tm is the
melting temperature of Cu [33]), the film is expected to
consist of very fine equiaxed grains [34,35].

The bulge tests were initiated within one hour after
the end of the film preparation. During the thin film
bulge test, a compressed air source with electronic pres-
sure regulator is used to control the pressure applied on
the film to maintain a strain rate of about 5 · 10�6 s�1.
The pressure, p, is recorded with a resolution of 0.05 kPa
and a laser interferometer measures the out-of-plane
deflection, h, at the center of the film with a resolution
of 316.5 nm. The film thickness is denoted as t, and
the film width and length (2.5 · 14 mm) are denoted,
respectively, as 2a and 2b. Xiang et al. [30] showed that
for rectangular membranes with aspect ratio greater
than four, the stress state at the middle part of the mem-
brane is close to plane strain which allows straightfor-
ward analysis of the data. Since t� 2a and t� h, the
edges of the free-standing film can be treated as plastic
hinges. Assuming the shape of the deformed film away
from the ends to be that of a circular arc, the in-plane
stress, r, and strain, e, in the width direction of the film
can be written as [30]

r ¼ pa2

2ht
and e ¼ 2h2

3a2
; ð1Þ

when h� 2a. The stress and strain given by Eq. (1) is
the plane-strain behavior of the n-Cu film. From the
unloading curve, the plane-strain modulus, M, can be
obtained; subsequently, Young’s modulus of the mate-
rial, E, is determined as M(1 � m2), where m is the Pois-
son’s ratio for the bulk material; taken [33] to be 0.35.

Figure 3a shows the plane-strain stress–strain curves
for the six n-Cu films examined and three curves of
the coarse-grained Cu films from [29] are also included
for comparison. Young’s moduli of the n-Cu films, com-
piled in Table 1, are in the range of 111–132 GPa, in
good agreement with published values [33] and also
within the range defined by the Reuss and Voigt bounds
[36] of about 109 GPa and 144 GPa, respectively.

In typical coarse-grained materials, the yield stress ry

is often defined with a 0.2% strain offset. However, it has
been reported [37] that a more appropriate strain offset
level for nanocrystalline metals is as high as 0.7% in or-
der to ensure that plastic deformation occurs in nearly
all grains. In present study, due to the loss of ductility,
the films did not reach that strain level. Therefore the
yield stress values are reported in Table 1 at 0.2% strain
offset, however it is emphasized that not all grains may
have deformed plastically at this strain level. To demon-
strate the behavior of the films past the 0.2% strain



Figure 4. (a) Knife-edge fracture surface of the n-Cu film; (b) Shear
failure surface caused by intergranular shear.

Figure 5. (a) SEM image of Mode III crack tip of the n-Cu film; (b)
Highlighted region from (a) showing shear bands in front of the crack
tip which suggest shear localization.

Figure 3. (a) The plane-strain stress–strain curves of the six n-Cu films
with different thickness. Results of the coarse-grained Cu films from
[29] are also included for comparison: curves A, B and C are films with
thickness of 0.9, 1.8 and 3.0 lm, respectively, and the grain size is
about 1.8–1.9 lm. (b) Summary of Young’s moduli (star symbol) and
yield stresses (round symbol) with different film thickness. The solid
symbols are data for n-Cu films and the open symbols are for coarse-
grained Cu films from [29].
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offset, it can be observed that specimen No. 1 in Figure
3b failed at an offset strain of about 0.4%, at a stress of
482 MPa rather than the 395 MPa at 0.2% offset strain,
approximately a 25% increase.

Figure 3b compares results from the n-Cu films with
those of coarse-grained (about 1.85 lm) Cu films depos-
ited via electrodeposition and characterized with a bulge
test by Xiang et al. [29]. The Cu films in [29] were synthe-
sized by electro-deposition and had a dominant h111i
texture. In addition, although the average grain size of
the films in [29] was on the order of micrometers, the
authors reported evidence of twins with a spacing of
about 500 nm which could have served to inhibit dislo-
cation motion and increase the material strength. Never-
theless, the grain size of the Cu films in the present study
is at least one order of magnitude smaller than the twin
spacing in the coarse-grained films. The yield stress at
0.2% strain offset of the n-Cu films is significantly higher
than that of the coarse-grained Cu films. Also the yield
stress of the coarse-grained Cu films from [29] is depen-
dent on film thickness; in particular the yield stress in-
creases with decreasing film thickness due to the
inherently smaller grains of the thinner films [29,38,39].

There does not seem to be a pronounced thickness
dependence of the yield stress for the n-Cu films as there
is for the coarse-grained films at the strain rate of
5 · 10�6 s�1. Although the two thicker specimens, No.
5 and No. 6 have a yield stress level of about
365 MPa, all other specimens show a consistent range
of 410 ± 10 MPa. Such a conclusion is reasonable be-
cause the grain size of those films is much smaller than
the order of the film thicknesses. As shown in Figure
3a, the n-Cu films can achieve a ultimate stress of about
450 MPa, which is 50% higher than that of the coarse-
grained Cu, 300 MPa, reported in [29]. Moreover, the
results show that the n-Cu has less macroscopic ductility
than the coarse-grained thin films and there is no obvi-
ous yield point in the data of Figure 3a.

The process by which the ultimate failure occurs in the
n-Cu films depends upon the location relative to the edge
of the free standing film. Figure 4 shows evidence of shear
localization from a portion of the film away from the
edges. The permanent deformation which led to failure
was clearly dominated by grain boundary sliding as evi-
dent by the granular structure visible on the sheared sur-
face in Figure 4b; however it is likely that the grains
themselves deformed via dislocation mechanisms in order
to accommodate the grain boundary sliding. Figure 5a
shows the progression of a crack-like feature near the edge
of the free standing film. The actual zone of the failure ex-
tends over several micrometers, even though the film
thickness is less than 1 lm. A closer view in Figure 5b
shows an uplift of material near the tip consistent with a
Mode III ripping behavior. There is again evidence of
grain boundary sliding, however close inspection reveals
a series of highly planar strain localizations which pass
through several grains parallel to the Mode III crack tip
which suggests the possibility of dislocation activity.
Thus, grain boundary sliding appears to be the predomi-
nant deformation mechanism, with some evidence of dis-
location activity associated with near crack tip plasticity.
The deformation mechanisms associated with both types
of failure are consistent with studies [40,41], which state
the deformation mechanism in n-Cu with grain sizes of
those in the present experiments are thought to be grain
boundary sliding accompanied by dislocation mediated
plasticity within the nanoscale grains to accommodate
grain boundary sliding.
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Finally, it is of interest to compare the thin film bulge
test with the results of tensile tests of free standing nano-
crystalline metal films [23] in which two classes of stress–
strain response are reported. One class was for films
which had been deposited using sputter deposition at a
vacuum of 10�6 Torr, which exhibited a high yield stress,
and limited ductility due to shear localization which oc-
curred at a very low level of plastic strain. The other class
of response was for films which had been deposited under
vacuum conditions of 10�7 Torr. This response was char-
acterized by a distinct yielding behavior at significantly
lower stress levels followed by very little hardening with
failure occurring at much larger strains. The authors [23]
show that the differences in response can be attributed to
an effective absence of grain growth in specimens with
the first response and stress-assisted grain growth in
the specimens with the second response. They suggest
that the difference can be explained based upon impuri-
ties deposited at the grain boundaries in the poorer vac-
uum level. While a different deposition method was used
in the present set of experiments, the same vacuum level
(10�6 Torr) was used as for the first class of response in
[23], and the resulting mechanical response is quite simi-
lar. That combined with an absence of perceptible grain
growth in our specimens suggests that impurities in the
grain boundaries tend to pin grain boundaries to limit
grain growth just as in [23,42].
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