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Young’s moduli of amorphous Cu–Zr thin ﬁlms have been determined with unprecedented compositional resolution, via combinatorial ﬁlm deposition and force–deﬂection measurements of microscale cantilevers. This elastic property increased monotonically with increasing Cu content. Such cantilever-based surveys of compositional libraries are considerably more rapid than that
required of bulk samples. Additionally, interpretation of the ﬁlm elastic modulus Ef via this approach is advantageous over indentation-based methods, particularly in terms of straightforward calculation that does not require knowledge of the glass’s Poisson’s
ratio.
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Bulk metallic glasses have attracted signiﬁcant
interest and have been produced in various alloy systems,
owing to the distinct functional properties of these amorphous metals as compared to their crystalline counterparts [1–4]. In our recent studies, we developed a novel
experimental method for measurement of the density
change upon crystallization of amorphous metallic thin
ﬁlms using microscale cantilevers and a combinatorial
deposition technique [5,6], and compared the results with
the corresponding glass-forming abilities of the alloys. In
the Cu–Zr [5] and Zr–Cu–Al [6] systems, we found a clear
correlation between small density changes and high glassforming abilities. This method may help in the search for
new glass-forming alloys, as well as in more precisely
deﬁning optimum compositions with the highest glassforming ability in a given alloy system.
In the present study, we have extended this method to
investigate the compositional dependence of Young’s

⇑ Corresponding

author at: Singapore-MIT Alliance, 4 Engineering
Drive 3, Singapore 117576, Singapore. E-mail: cthomp@mit.edu

elastic moduli for amorphous Cu–Zr thin ﬁlms coated
on SiN microcantilevers, by measuring the deﬂection
when a point force is applied to the top of a cantilever
[7,8]. It has been proposed that the elastic moduli of
metallic glasses correlate with their thermal and
mechanical properties, such as the glass-transition temperature (Tg) [9–11], the strong/fragile characteristics
of the undercooled liquid [1,12] and the toughness/brittleness of the glass [11–13]. To study the correlation between amorphous alloy compositions and elastic
properties, conventional measurements using bulk glass
samples suﬀer from a lack of compositional resolution,
due to tedious and labor-intensive preparation of bulk
samples. The highest compositional resolution previously achieved in binary glasses is only 1–2 at.% variation between samples [14,15]. The compositional
resolution achieved in systems with three or more components is even poorer [16], and is limited to quite
narrow composition ranges. This limited compositional
resolution is an obstacle to the development of such
materials, as it has been reported that a compositional
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change of less than 1 at.% can lead to a substantial difference in the packing eﬃciencies, mechanical properties
and/or glass-forming abilities for a multi-component
glass [5,6,14,16]. Therefore, more detailed measurements
over large composition ranges are desired.
Owing to the small size and close spacing of the
microcantilevers, the combinatorial deposition of amorphous metallic thin ﬁlms can meet both the requirements
for large composition coverage and excellent compositional resolution. Figure 1 shows designs of an entire
sample and a single set of cantilevers used in this work.
The long strip-shaped sample (Fig. 1a) contains
116  20 = 2320 sets of cantilevers, with each set including 17 cantilevers (Fig. 1b). Free-standing SiN microcantilevers of 228 ± 1 nm thickness and low residual
stress were manufactured based on the designs illustrated in Figure 1, using standard microfabrication techniques [17]. Subsequently, Cu–Zr ﬁlms with thicknesses
of 161 ± 5 nm were sputter-deposited on the cantilevers
by means of separate elemental sources [5]. Because the
position of the cantilevers varied relative to the Cu and
Zr targets, a composition gradient was created along the
sample surface in the direction indicated in Figure 1a,
varying from approximately 42 to 68 at.% Cu, as determined using energy-dispersive X-ray spectroscopy
(EDX). The error of the EDX composition measurements was estimated to be within 1.0 at.%. X-ray diﬀraction analysis was carried out at diﬀerent locations along
the direction of the composition gradient, and the structure of the as-deposited ﬁlm was conﬁrmed to be fully
amorphous on all cantilevers.
We used an atomic force microscope (AFM; MFP
3D, Asylum Research) instrumented with an AFM cantilever (ATEC-FMAu, Nanosensors) to determine the
elastic properties of the amorphous Cu–Zr ﬁlms. Here,
the piezoactuated AFM cantilever is employed as a calibrated force–displacement sensor to deﬂect the sample
cantilever of a uniform width w = 10 lm and eﬀective
lengths L along the sample cantilever length (Fig. 2a).

Figure 1. Layout of the cantilever arrays used in this study. (a) Sketch
of a sample in plan view. Each 16 mm  64 mm strip-shaped sample
comprised 2320 “pits”, over which 17 cantilevers were fabricated. (b)
Layout of a “pit” with a set of cantilever-shaped patterns extending
from the sides of a 250 lm  250 lm square. Starting from the bottom
side of the square and moving clockwise, the dimensions of the
cantilevers are 10 lm  50 lm, 10 lm  40 lm, 10 lm  40 lm and
10 lm  50 lm, respectively.

Figure 2a. Schematic illustration of measurement of Young’s modulus
using an AFM. kb is the spring constant of the sample cantilever
(unknown), kAFM (known) is the spring constant of the AFM probe, L
is the eﬀective length of the sample cantilever being deﬂected, z is the
displacement of the AFM cantilever ﬁxed end and d is the deﬂection of
the AFM cantilever free end. z and d were used in the calculation of kb
[18,19].

By knowing the spring constant (kAFM) of the AFM
cantilever and the dimensions of the sample cantilever,
the spring constant of the sample cantilever (kb) can
be calculated from the linear loading/unloading force–
displacement responses [18,19]. Here, kb is related to
the cross-sectional stiﬀness (S) of the Cu–Zr/SiN bilayer
cantilever by [20]:
3S
ð1Þ
L3
where S is a function of the Young’s elastic moduli of
the ﬁlm (Ef) and substrate (Es), the thicknesses of the
ﬁlm (hf) and substrate (hs), and the width of the sample
cantilever (w) [20]:
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Therefore, once kb is obtained from measurements
for a given eﬀective cantilever length L, S can be calculated directly. The Young’s modulus of the ﬁlm Ef can
then be extracted provided the Young’s modulus of
the substrate and the layer thicknesses are known.
To minimize the error caused by uncertainties in
determining the eﬀective length L, which is related to
kb by its cube (Eq. (1)), three sets of measurements were
performed on each cantilever, at nominal distances from
the support of L0, L1 = L0 + d, L2 = L0 + 2d. This is
shown schematically in Figure 2b. In practise, L0 was
estimated via the integrated optical microscope for this
AFM (IX71, Olympus), and the relative displacements
d between each loading position were determined with
nanometer accuracy via piezoactuation of the AFM

Figure 2b. Top view of a cantilever, showing three measurement
locations. L is the length of the sample cantilever, w is the width of the
cantilever, L0 is the eﬀective length of the ﬁrst AFM measurement and
d is the relative displacement between the three sets of measurements.

Q. Guo et al. / Scripta Materialia 64 (2011) 41–44

sample stage. Therefore, although the absolute values of
L0, L1 and L2 may not be precise, the relative displacements of the test locations d are known accurately.
The corresponding spring constants obtained from those
three serial tests are:
k1 ¼
k2 ¼

3S
L30

ð3aÞ
3S

ðL0 þ dÞ

ð3bÞ

3

and
k3 ¼

3S
ðL0 þ 2dÞ

3

ð3cÞ

A best-ﬁt linear regression to these three data points,
1
k 3 (k = k1, k2 and k3) vs. L (L = L0, L0 + d and
allows determination of S from the slope
L0 + 2d),
1
(ð3SÞ3 ) of the ﬁtted line, independently of the absolute
value of L0. In actual measurements and data analysis,
L0 was estimated to be 20 lm and d was set to be 5 lm,
so that the eﬀective cantilever dimensions for the three
measurements were 10 lm  20 lm, 10 lm  25 lm
and 10 lm  30 lm. The spring constant of the AFM
cantilever, kAFM, was calibrated via the thermal noise
method to be 1.90 nN nm1 [21], and the Young’s modulus of SiN was assumed to be 195 ± 7 GPa [22].
These AFM deﬂection measurements were conducted
for diﬀerent cantilevers along the composition gradient
(Fig. 1a) at a compositional resolution of about
0.3 at.%. Figure 3 shows the measured Young’s modulus
of the amorphous Cu–Zr ﬁlms as a function of Cu at.%,
as well as a few reported modulus data points measured
from bulk Cu–Zr metallic glass samples [14]. The error
bars indicate the standard deviation for approximately
10 individual measurements for each cantilever sample.
Variation in the error range can be attributed to minor
variations in probe placement on each cantilever sample.
It is clearly seen that there is a general trend of increasing Young’s modulus (roughly from 40 to 80 GPa) with
increasing Cu content. There are no special features or
deviations from this monotonic increase at speciﬁc compositions. This trend is thus in contrast with our earlier
measurements of the density change on crystallization,
where density change minima were observed at approximately Cu50Zr50, Cu56Zr44 and Cu64Zr36 [5].

Figure 3. Young’s moduli of amorphous Cu–Zr ﬁlms as a function of
composition (at.% Cu) obtained using cantilever-deﬂection measurements. Also shown are data reported by Lee et al. [14] obtained from
bulk Cu–Zr glass samples via uniaxial compression.
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Among the elastic constants of metallic glasses, the
shear modulus G and the Poisson’s ratio t (or, equivalently, the bulk/shear modulus ratio, B/G) have attracted
the most research interest, since it has been proposed that
they closely correlate with the alloy’s fracture energy
[13,23], failure strain [24,25], fragility in the undercooled
liquid regime [12,23] and glass-forming ability [12,23].
Young’s modulus E has been found to scale with the
glass-transition temperature Tg [9–12] and the tensile
fracture strength rf [11,12] of metallic glasses. This is
not unexpected, in that all three properties are related to
the atomic bond stretching resistance among the constituents [9,11,12]. Therefore, the results shown in Figure 3
suggest that the ratio of atomic bond stiﬀness to bond
length increases monotonically with increasing Cu
content. Such a trend is consistent with available elastic
modulus data from the literature, for both computational
simulations and experimental measurements from bulk
Cu–Zr glasses [14,26]. In addition, the Tg of Cu–Zr glasses
has also been reported to increase monotonically with
increasing Cu content [14,27], conﬁrming the correlation
between Tg and E in the Cu–Zr system.
Figure 3 also illustrates that, while the measured compositional trend in the thin ﬁlm elastic moduli is similar to
that measured in bulk materials, the magnitudes of ﬁlm
elastic moduli are signiﬁcantly lower. This may be explained in terms of the high eﬀective cooling rate of sputter deposition and the resulting higher quenched-in free
volume content in the amorphous ﬁlm. It has been extensively reported that, in various alloy systems, the relaxation of metallic glasses at or below Tg would result in an
increase in Young’s modulus, attributed ostensibly to
the annihilation of free volume and the subsequently
shorter average interatomic distance [28–31]. Since the
sputter-deposited ﬁlms may have systematically lower
density (i.e. greater free volume) compared to glasses
formed by liquid quenching [5], it is not unexpected that
the amorphous Cu–Zr ﬁlms have substantially lower
Young’s moduli. Indeed, in previous studies, sputterdeposited Pd-based amorphous ﬁlms were found to exhibit Young’s moduli approximately 25% lower than that of
bulk amorphous samples of the same alloy compositions
[32,33]. This 25% relative diﬀerence agrees reasonably
well with the relative decrease observed in this work for
Cu–Zr (approximately 20–30%, as shown in Fig. 3).
Chou et al. [34] have previously conducted nanoindentation measurements on amorphous Cu–Zr ﬁlms with
uniform compositions sputter-deposited on Si wafers,
and reported that the Young’s moduli of the Cu–Zr ﬁlms
ranged from 80 to 100 GPa for 30–50 at.% Cu. Those elastic moduli are substantially higher than the range observed in the present work (40–80 GPa for 42–68 at.%
Cu). Those values obtained via nanoindentation for
50 at.% Cu also exceed that measured for Cu50Zr50 bulk
metallic glass (70 GPa [14]). This apparent overestimation of ﬁlm elastic moduli via indentation can be attributed to several well-established challenges in the
accurate inference of thin ﬁlm elastic properties, including
contributions of the underlying, stiﬀer substrate [35–37]
and uncertainties of the indenter contact area [38–40].
Although the determination of Young’s modulus from
cantilever deﬂection also requires some modeling to reduce experimental errors and uncertainties [41,42], the
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data obtained in this work (Fig. 3) are a more direct inference of the elastic moduli. Uncertainties associated with
the modeling are reduced by acquiring measurements at
diﬀerent eﬀective cantilever lengths (Fig. 2b). Further,
the general accuracy of this approach is supported by
agreement with the literature for other (Pd-based) metallic glasses, in terms of the relative diﬀerence between the
moduli of bulk glass samples and the corresponding thin
ﬁlms [32,33]. Moreover, even if the absolute values of Ef
obtained from cantilever measurements are inaccurate,
the high compositional resolution aﬀorded by the cantilever approach renders the comparison between relative
values useful in the identiﬁcation of unique compositions
or trends (see Fig. 3).
Additionally, an important advantage of the cantilever
approach is that the calculation of Ef via this method does
not require knowledge of the Poisson’s ratio t of the sample [20]. In contrast, indentation requires this second elastic constant to determine the E value of the sample [35],
this value typically being assumed rather than measured
directly. In a few metallic glass systems, the compositional
dependence of t has been reported to be complex and nonmonotonic [9,16,25], and it has been argued that this is related to the non-monotonic compositional dependence of
ductility. Consequently, the assumptions made about t
may not be correct in the calculation of Ef from indentation measurements. Further, as mentioned earlier, it has
been postulated that glass formation ability (GFA) correlates with t [12,23]. Given our recent ﬁnding of a strong
compositional dependence of GFA [5], one would therefore expect a strong compositional dependence for t.
Our ﬁnding that Ef does not correlate in the same way
with GFA indicates that other techniques that measure
moduli dependent on both Ef and t can be used to search
for correlations between t and GFA.
In summary, the combinatorial deposition of amorphous Cu–Zr ﬁlms on microscale cantilever arrays enabled facile determination of correlations between the
compositions and Young’s moduli of these ﬁlms.
AFM-based deﬂection of the cantilevers demonstrated
a monotonic increase in Young’s modulus with increasing at.% Cu, with no signiﬁcant outliers. Further, we
found that these elastic moduli are approximately 25%
lower than that reported for bulk Cu–Zr glasses over
the same compositional range. We attribute this diﬀerence to the higher eﬀective cooling rate during sputter
deposition compared to bulk metallic glass synthesis.
Such cantilever-based surveys of correlations between
composition and mechanical properties can be obtained
more quickly and with higher compositional resolution
than measurements on bulk or conventional thin ﬁlm
samples of ﬁxed composition. In addition, the use of
cantilever deﬂection instead of indentation simpliﬁes
the calculation of ﬁlm elastic moduli and, importantly,
does not require the measurement or assumption of values for Poisson’s ratio in amorphous metallic alloys.
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[27] N. Mattern, A. Schöps, U. Kühn, J. Acker, O. Khvostikova, J. Echert, J. Non-Cryst. Solids 354 (2008) 1054.
[28] Y. Yokoyama, T. Yamasaki, P.K. Liaw, A. Inoue, J.
Alloys Compd. 434–435 (2007) 160.
[29] G.W. Koebrugge, J. Sietsma, A.V.D. Beukel, Acta Metall.
Mater. 40 (1992) 753.
[30] A. Concustell et al., Intermetallics 13 (2005) 1214.
[31] J.G. Wang, B.W. Choi, T.G. Nieh, C.T. Liu, J. Mater.
Res. 15 (2000) 798.
[32] S. Wang, D. Sun, S. Hata, J. Sakulai, A. Shimokohbe,
Sens. Actuators A 153 (2009) 120.
[33] Y. Liu, S. Hata, K. Wada, A. Shimokohbe, Jpn. J. Appl.
Phys. 40 (2001) 5382.
[34] H.S. Chou, J.C. Huang, L.W. Chang, T.G. Nieh, Appl.
Phys. Lett. 93 (2008) 191901.
[35] M.F. Doerner, W.D. Nix, J. Mater. Res. 1 (1986) 601.
[36] H. Gao, C.-H. Chiu, J. Lee, Int. J. Solids Struct. 29 (1992)
2471.
[37] Y.G. Jung, B.R. Lawn, J. Mater. Res. 19 (2004) 3076.
[38] W.C. Oliver, G.M. Pharr, J. Mater. Res. 19 (2004) 3.
[39] J. Hay, J. Mater.Res. 24 (2009) 667.
[40] R. Saha, W.D. Nix, Acta Mater. 50 (2002) 23.
[41] K. Matoy et al., Thin Solid Films 518 (2009) 247.
[42] J.J. He, PhD thesis, Department of Engineering, University of Cambridge, 2004.

