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Abstract. It is convenient to characterize thin film material properties
using commercially available nanoindentation systems. This study aims
to discuss several considerations while determining the thin film elastic
modulus by means of a microcantilever bending test using a commercial

nanoindentation system. The measurement results are significantly im-
proved after: 1. the indentation of the film during the test is considered
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and corrected, and 2. the boundary effects are considered in the model
by finite element method. In application, the elastic modulus of electro-

plating nickel film 11 wum thick was characterized. © 2007 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.2778431]
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1 Introduction

The elastic modulus is an important mechanical property
for structure design. The elastic modulus of thin film mate-
rials is also important for the design of microelectrome-
chanical system (MEMS) devices. The mechanical proper-
ties of thin film materials may not be the same as that of the
bulk ones. Moreover, the mechanical properties of thin film
materials usually vary with the fabrication process, film
thickness, etc. Various static load-deflection tests have been
studied to determine the elastic modulus of thin films pre-
01se11y for instance, the tensﬂe test,’ three point bending
test, indentation test, bulge test,' bendlng beam
te st, HISI820 o0 However, there are no standard testing
methods so far. Among these approaches, the sample prepa-
ration and the test setup are two major considerations for
tensile tests R addition, the nanoindentation
approach s significantly influenced by the substrate and
roughness of the sample.

The bending beam test is a convenient technique to mea-
sure the elastic modulus, the yleld strength, and the fracture
toughness of thin ﬁlms.18 The test stand requires a mi-
croprobe to apply a load in the range of uN, and a displace-
ment sensor with a resolution of subnanometers is also nec-
essary. Presently, the commercialized nanoindentation
systeml&19 and atomic force microscopy (AFM) systern21’22
have been employed for the bending micromachined beam
test. The loading probe of the nanoindentation system is
much stiffer than that of the AFM, so that the relation of
load deflection is less complicated. In short, the commercial
nanoindentation system not only provides the capabilities
of measuring hardness, elastic modulus, friction coefficient,
and adhesion force, but also meets the requirements for
microcantilever bending test. Moreover, the wafer-level test
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is available using the commercial nanoindentation system.
The distribution of the thin film mechanical properties on
the wafer surface can also be characterized. Thus, the
nanoindentation system has the potential to become the
most powerful instrument for the characterization of thin
film mechanical properties.

This study has employed the nanoindentation system to
determine the thin film mechanical properties using the
bending beam test, as shown in Fig. 1. Loading and sensing
were performed using a commercial nanoindentation sys-
tem. During the bending test, the probe was placed at vari-
ous locations of cantilever. After measuring the displace-
ment O of the probe under specific load P and at a particular
point, the elastic modulus of the thin film can be deter-
mined from

4L} P

E =
wt

where w and ¢ are the width and the thickness of the can-
tilever beam, respectively. In addition, L, is the equivalent
beam length between the loading position and the fixed end
of cantilever. In Eq. (1), the parameter P/ & is the stiffness
of test beam associated with the length L,, and was deter-
mined from the slope of the load-displacement curve.

This study further investigates various issues that may
influence the elastic modulus determined from the bending
beam test by a nanoindentation system. For instance, the
thin film cantilever may experience not only flexible deflec-
tion but also indentation when loaded by the indenter. In
addition, the boundary conditions of the micromachined
cantilever also need to be considered in the model. Thus,
the ideal clamped boundary conditions employed in Eq. (1)
are modified. Thus, the elastic modulus extracted from the
bending beam test using the nanoindentation system is sig-
nificantly improved.
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Fig. 1 The schematic illustration of microcantilever bending test by
nanoindenter.

2 Experiments and Results

In this study, bulk micromachining was employed to fabri-
cate test cantilevers. After that, a commercial nanoindenta-
tion system (Nanoidenter XP, MTS Instruments) was used
to perform the load-deflection test for cantilevers. Thus the
elastic modulus of thin film was extracted from the load-
deflection relations.

2.1 Sample Preparation

Electroplated thin nickel (Ni) film was employed as the
material for case study. The fabrication process to prepare
the test sample is shown in Fig. 2. First, an insulation SiO,
layer was thermally grown on a (100) Si wafer, and then
the titanium (Ti) and Ni films were deposited as adhesive
layers and seed layers, respectively, as shown in Fig. 2(a).
After that, the thick photoresist was spun and patterned on
a silicon substrate, and then the Ni film was electroplated,
as illustrated in Fig. 2(b). The photoresist was removed for
the lift-off process and the adhesive and seed layers were
removed by wet etching, as shown in Fig. 2(c). Finally, the
Ni cantilevers were free suspended on the substrate after
the bulk silicon etching by N,H,, as shown in Fig. 2(d).
Figure 2(e) shows the scanning electron microscope (SEM)
photograph of various typical micromachined Ni cantilever
beams. The planar dimensions of the cantilever were mea-
sured using a commercial measuring microscope. A submi-
cron resolution was achieved using an optical linear scale.
The thickness of the cantilever was measured using a con-
tact surface profiler before bulk silicon etching. Since the
etching selectivity of Si over Ni is extremely large in N,Hy,
the thickness variation of the Ni film was much less than
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(a) Thermal oxidation and Evaporation T1/Ni

(b) Pattern & electroplating Ni

(c) Lift off & remove T1/N3, S10,

I I
(d) Wet etching
[ e

(e) Typical microfabricated cantilever

Fig. 2 (a) to (d) The fabrication process steps of the electroplated
micromachined cantilever, and (e) the SEM photograph of typical
electroplated Ni test cantilever array.
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Fig. 3 The elastic modulus E determined after the microcantilever bending test for different equivalent beam lengths L,.

0.1 um after bulk silicon etching. The micromachined can-
tilevers were 8 um wide and 11 um thick, and their
lengths ranged from 20 to 150 um. The N,H, etchant has a
smaller etching selectivity of (111) to (100) crystal planes,
and the undercut of (111) planes during bulk silicon etching
cannot be ignored. Meanwhile, the boundary conditions of
the cantilever were influenced due to the undercut of (111)
planes. In this study, it took 30 min to fully suspend the test
cantilever, and its boundary was undercut for 4 um. Before
the bending test, an optical interferometer was used to mea-
sure the deflection of the micromachined cantilever result-
ing from the residual stresses. The measured out-of-plane
deformation along the beam length is very small, so that the
residual stress effect is neglected in this experiment.

2.2 Measurement and Results

As shown in Fig. 1, the commercial nanoindentation system
mainly consisted of a magnetic loading actuator, a capaci-
tive disg)lacement sensor, a probe, and supporting
springs.l 3 Thus, the load and displacement can be pre-
cisely controlled and measured during the experiment. The
force resolution of the loading actuator is approximately at
sub-uN load scale, and the displacement sensing resolution
of the capacitive sensor is within nanometer length scale. In
addition, the displacement resolution of a moving stage is
approximately 1.5 um. This study employed the constant-
load mode of the system during the load-deflection test.
The probe with a Berkovich triangular pyramidal tip was
used to apply a prescribed load P (P=0.098 mN) on the
test beam. In the load-deflection test, the micromachined Ni
cantilever was 150 um long. The loads were applied at five
different positions along the beam length of the same can-
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tilever; and the equivalent beam length L, ranged from
41 to 112 pum, controlled by an xy position stage. Accord-
ing to the strain hardening effect, the elastic modulus of
thin film near the loading region could be increased after
the bending test. To prevent the influence of the strain hard-
ening effect on the elastic modulus determined from the
bending test, the loading positions were moved from the
free end to the anchored end of the beam. According to
existing approaches,ls_20 the elastic modulus of the film
was extracted from Eq. (1) based on the prescribed load P
and the measured beam deflection 8. As indicated by the
square dots in Fig. 3, the elastic modulus extracted from
Eq. (1) was not a constant, but varied significantly with the
equivalent beam length L,. Apparently, this is a critical
problem for the bending cantilever approach.

3 Discussion

The variation of elastic modulus with the equivalent beam
length, as indicated by the square dots in Fig. 3, resulted
from various effects. To accurately determine the thin film
elastic modulus using the bending test of the microcantile-
ver, these effects are investigated and discussed as follows.

3.1 Indentation Effects

The probe with a Berkovich triangular pyramidal tip will
lead to a residual indent on the thin film surface after a
conventional indentation test.”® Since the “constant-load”
mode of nanoindenter was employed in the test, the surface
of the cantilever would experience a constant prescribed
load P from the Berkovich tip. The surface would be in-
dented by the sharp triangular tip. In other words, the probe
will lead to not only the elastic deformation d, of cantilever

Jul-Sep 2007/Vol. 6(3)
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Fig. 4 The schematic of (a) the indentation effect on microma-
chined cantilever during bending test, (b) the equivalent load-
deflection beam model, and (c) the equivalent indentation model.

but also the indentation of the film d; during the load-
deflection test, as illustrated in Fig. 4(a). The equivalent
load-deflection and indentation models are illustrated in
Figs. 4(b) and 4(c), respectively. Briefly, no matter whether
the film was rigidly supported or freely suspended, it would
experience the same magnitude of reaction P at the contact
point. Since the rigid supported film and freely suspended
film were electroplated simultaneously, they had the same
material properties and the same penetration depth d; under
a constant load P. Thus, this study employed the conven-
tional indentation test on the unreleased film to determine
the penetration depth d; of the suspended cantilever. The
typical load-deformation curves of six indent points for the
rigidly supported Ni film are demonstrated in Fig. 5. The
indenter load is increased from zero (§) to a certain maxi-
mum value P,,,,, and then gradually decreased to zero.
Thus, the net displacement of the probe & measured by
the nanoindentation system consisted of the elastic defor-
mation d, of the cantilever and the indent of the film d;. In
this regard, the exact elastic beam deflection d, was smaller
than the displacement of the probe & measured by the in-
dentation system. Based on the elastic deflection of the test
cantilever, the corrected elastic modulus E, is expressed as

4L P
C_Wt?’ 5_di'

2)

If the indentation effect is ignored, the percentage error of
the elastic modulus is
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Fig. 5 The load-deflection curve measured from indentation tests of
unreleased film.

E. d;+d, ®)
Since a constant load P was prescribed to apply to the
beam during the load-deflection tests, the indentation depth
d; was also a constant. However, the elastic deflection d, as
well as the probe displacement & is decreased for a smaller
L,. According to Eq. (3), the elastic modulus extracted from
the bending beam technique has a larger error for a smaller
L, (i.e., a smaller elastic deflection d,) if the indentation
effect is ignored. Thus, the elastic modulus extracted from
the bending test of shorter equivalent beam length L, is
smaller. This explanation agrees qualitatively with the mea-
surement results of square dots in Fig. 3.

According to the conventional Ni film indentation test,
the penetration depth d; corresponding to P (=0.098 mN)
was measured to be 20 nm. Thus, the corrected elastic
modulus was extracted from Eq. (2) after the load-
deflection test. The elastic modulus of Ni film measured at
five different lengths L, after considering the indentation
effect are also depicted in Fig. 3. The data points were the
average of five different measurements. As represented by
the triangular dots, the elastic modului determined after
considering the indentation effect ranged from
209 to 162 GPa when the beam length decreased from
112 to 41 um. By comparison, the elastic moduli of square
dots ranged from 193 to 69 GPa for the same equivalent
beam lengths. Thus, after considering the indentation ef-
fect, the elastic modulus extracted from the load-deflection
test has a variation of 22% when L, ranged from
41 to 112 um.

3.2 Boundary Effects

In addition to the indentation effect, the boundary condi-
tions also need to be considered in the model. The sche-
matic illustration in Fig. 6(a) shows the physical model of
an ideal cantilever beam, and the displacement and slope
are fixed along the whole boundary (half-plane boundary).
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Table 1 Available elastic modulus of Ni film fabricated and determined from various approaches.

References Test method Specimen dimensions E (GPa) Conditions of electroplating
Present study  Cantilever bending ~ Width X thickness:8 X 11 um 235 Sulfamate bath, 50 °C current density: 5 mA/cm?
Nano-indentation Thickness: 11 um 271
Ref. 3 Tensile comp. High: 1.66 mmDiameter: 1.0 mm  160+1.0 Sulfamate bath, 50 °C, current density: 50 mA/cm?
156+9.3 Sulfamate bath, 50 °C, current density: 20 mA/cm?
Ref. 4 Tensile Width X thickness: 200X 176+30 Sulfamate bath 3rd LIGA multi-project run
200 um coordinated through MCNC
Ref. 5 Tensile Width X length:20 X 300 um 202 Sulfamate bath, 50 °C, current
Thickness: 120 to 200 um density: 1 A/dm?
Vibration Width X length: 205
300 %1000 um
Thickness: 120 to 200 um
Ref. 6 Tensile Width X thickness: 14X6 um 231+12 NA
Ref. 7 Tensile Length: 5 to 25 um 189 Sulfamate bath, 50 °C
Width X thickness:
5X50 um
Ref. 8 Tensile Length X width X thickness 99.5 to UV-LIGA process
600 X 15X 50 um 125.2 testing at 300 to 573 K
Ref. 9 Tensile Full test specimens: 160+20 Sulfamate bath, 50 °C
2X17 mm current density: 50 mA/cm?
Ref. 10 Tensile Width: 200 um 180+24 2nd LIGA fabrication run for
Thickness: 100 to 200 um NSWC
Ref. 14 Microbridge Length: 1045 to 1541 um 190.1 NA
bending Width: 195 to 940 um
Thickness: 3.7 um
Nano-indentation NA 186.8x7.5 NA
Ref. 15 Cantilever Length: 1000 um 214 Watts bath, 45 °C
bending Width X thickness:160 X 160 um current density: 30 mA/cm?
125 Sulfamate bath, 55 °C
current density: 30 mA/cm?
Nano- Thickness: 160 um 230 Watts bath, 45 °C
indentation current density: 30 mA/cm?

133 Sulfamate bath, 55 °C
current density: 30 mA/cm?

However, the boundary of micromachined cantilever Fig.
6(a) was fixed to the substrate only at its bottom surface
(quarter-plane boundary), as illustrated in Fig. 6(b). Hence,
the real boundary condition of the micromachined cantile-
ver is not exactlzl the same as that of the conventional half-
plane boundary. * In addition, the influence due to the un-
dercut of the cantilever at its boundary during the bulk
silicon etching was also investigated. Figure 6(c) illustrates
the boundary undercut of the microcantilever.

This study employed the commercial software, ANSYS,
to attempt to quantitatively evaluate the boundary effects.
Based on the illustration in Fig. 6(b), the finite element
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model consisted of a thin film that is partially fixed at the
bottom surface.* The square and triangular dots in Fig. 3
represent the results based on the ideal half-plane boundary
cantilever in Fig. 6(a), whereas the circular dots in Fig. 3
represent the results based on the quarter-plane boundary
cantilever in Fig. 6(b). The elastic modulus of circular dots
was extracted from the finite element model but not Eq. (1).
By comparing the results of square and circular dots, the
difference of these two cases was increased from 11 to 36%
when the length L, decreased from 112 to 41 um. Hence,
the quarter-plane boundary effect has significant influence
for a smaller L,. After considering the indentation and

Jul-Sep 2007/Vol. 6(3)
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Fig. 6 The schematic illustrations of (a) the ideal half-plane bound-
ary, (b) the real quarter-plane boundary, and (c) the boundary
undercut.

quarter-plane boundary effects, the variation of elastic
modulus extracted from the load-deflection test drops to 7%
when L, ranges from 41 to 112 um. Moreover, the cross
dots in Fig. 3 represent the elastic modulus extracted from
the FEM model with the cantilever shown in Fig. 6(c). In
this case, the cantilever was not fixed to the quarter-plane
boundary [as indicated in Fig. 6(b)] but fixed to the sus-
pended plate from the undercut. The difference of the elas-
tic modulus was near 4 to 7% when the boundary of the
cantilever was undercut for 4 um.

In short, a more accurate elastic modulus can be ex-
tracted from the bending beam test by considering the in-
dentation and boundary effects. Further, the elastic modulus
will not vary with the loading position (i.e., the equivalent
beam length) of the test. After considering the indentation
and boundary effects, the elastic modulus of 11-um-thick
Ni film determined from the bending beam test is signifi-
cantly increased from 69 to 237 GPa when length L, is
41 pum. Moreover, the elastic modulus is also increased
from 193 to 242 GPa for a 112-um-long L,. As a compari-
son, the elastic modulus determined directly from the con-
ventional nanoindentation test was 271 GPa. Other avail-
able elastic modulus of Ni film determined from various
approaches are listed in Table 1 310113

4 Conclusions

The primary contribution of this study is to consider the
indentation depth of thin film during a micromachined can-
tilever bending test. Thus, the elastic modulus determined
using this approach will not significantly vary with the lo-
cation of the applied load. Moreover, the study also consid-
ers the effects due to the quarter-plane boundary and the
overetching of the (111) crystal planes during the bending
beam test. The finite element analysis has been employed to
investigate the boundary effects. In application, the elastic
modulus of an 11-um-thick Ni film was fabricated and
characterized. The elastic modulus determined from the
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present  bending beam  approach ranged from
228 to 242 GPa. As a comparison, the elastic modulus de-
termined from the conventional nanoindentation test was
271 GPa. In summary, after considering the indentation and
boundary effects, the present study significantly improves
the elastic modulus extracted from the cantilever bending
test using a nanoindentation system. Because this approach
is very simple and straightforward, it can act as a supple-
ment to other elastic modulus measurement techniques.
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