
Received 14 February 2009

Defence Science Journal, Vol. 59, No. 6, November 2009, pp. 605-615
Ó 2009, DESIDOC

Experimental Techniques for the Measurement of Mechanical Properties of
Materials Used in Microelectromechanical Systems

Samir V. Kamat
Defence Metallurgical Research Laboratory, Kanchanbagh, Hyderabad-500 058

E-mail: kamat@dmrl.drdo.in

ABSTRACT

 The knowledge of mechanical properties of materials used in microelectromechanical systems (MEMS)
devices is critical not only in designing structures such as cantilevers and beams but also for ensuring their
reliability during operation of these devices. It has been established that the mechanical properties are scale-
and-process-dependent, and hence it is essential to measure the mechanical properties of these materials at
the same length scale and using the same process as that used in their usage in MEMS devices. The various
experimental techniques in vogue to measure the mechanical properties of these materials are briefly reviewed.
The facilities established at the Defence Metallurgical Research Laboratory, Hyderabad, and their capabilities
are also highlighted.
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1. INTRODUCTION
The past two decades have seen the emergence and

rapid growth of microelectromechanical systems (MEMS)
as an important area of technology with possible applications
in defence as well as in the civilian sector. The basic
premise behind the concept of MEMS is that the efficiencies
of high volume production and low unit cost achieved by
the microelectronics industry over the past 50 years can
be translated to devices in which the mechanical and
electrical/electronic functions are integrated. In addition
to the potential economic benefits, unique capabilities
can be achieved by such integration to realize devices at
very small scales such as sensors1-6, actuators1,7-10, power
producing devices11-13, chemical reactors14-16 and biomedical
devices17-20. The potential military applications for MEMS21

include those in personnel systems, inertial guidance
systems in precision-guided munitions, health monitoring
of aircraft engine and structures, microUAVs, picosatellites,
light weight radios, etc.

Most new technologies tend to originate with new
materials and manufacturing processes that are used to
create new products. In the initial stages, the emphasis
is usually on novel devices and systems and ways of
making them. Studies on fundamental issues such as mechanical
properties and their correlation to the microstructure usually
happen at a much later stage. The same is true for MEMS.
It is only in the last few years that sustained efforts are
being made to characterize and understand the mechanical
properties of MEMS structures and materials. The issue
here is that microfabricated materials have properties
that are highly dependent on the fabrication route used

to create them and the scale of the structures that they
constitute. The mechanical properties at the microscale
can vary considerably from those measured on bulk samples
of materials at the macroscale. Even properties such as
density and elastic modulus, which are not inherently scale-
dependent, can be altered from bulk values in deposited
layers by the creation of non-equilibrium microstructures,
dissolved gases from vapour deposition and the influence
of the substrate. To fully realise the potential for accurate
and rapid simulation tools for the design of MEMS, models
are required which link the property achieved to the fabrication
route and material used. The first step towards this is to
develop standard test methods with which to characterise
the mechanical properties of microfabricated materials
produced by the same processes and at the same scales
as the intended applications. This will enable the creation
of validated material property and process databases and
correlations between processing routes and properties, to
permit simulation-based design. Some of the key mechanical
properties which need characterisation are elastic properties,
room and elevated temperature strengths, fracture toughness
and fatigue behaviour.

The paper aims to review the test techniques used
to characterise the materials used in MEMS as well as
to highlight the facilities that have been set-up at the
DMRL to characterise the mechanical properties. There
have been other reviews published22-28.

2. TEST METHODS
In conventional studies of mechanical behaviour of

materials, it is a common practice to create test samples
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of the materials in question, subject these to forces and
displacements, and measure the corresponding response.
Usually, simple stress states, such as tension, compression,
torsion and bending, are used to permit the calculations
of stress and strain from the measured forces and displacements.
Such an approach cannot be used to study the mechanical
behaviour of materials used in MEMS because of the difficulties
associated with specimen fabrication and handling as well
as the extremely small loads and displacements involved
in such cases. It should also be noted that mechanical
behaviour of materials cannot simply be deduced from the
mechanical behaviour of bulk samples, since mechanical
behaviour is controlled by length scales29, which are inherent
to the respective physical mechanisms. In bulk materials,
the sample dimensions usually do not interfere with fundamental
lengths, but in thin film samples, as used in MEMS, the
geometrical as well as the microstructural dimensions are
typically of the same order of magnitude, and hence, it is
expected that the mechanical properties of the material will
be affected by sample dimensions.

In recent years, the development of depth-sensing
nanoindentation instruments as well as advances in fabrication
techniques has resulted in a quantum jump in the methods
for characterisation of the mechanical behaviour of materials
used in MEMS. Current methods include depth-sensing
nanoindentation, microbeam bending, microtensile testing,
bulge testing, x-ray diffraction, and substrate curvature
measurement. Elastic, plastic, creep, fatigue, fracture toughness,
interfacial toughness as well tribological properties can be
determined utilising these techniques, but the various methods
are not equally well applicable to determine any characteristic
quantity. Some of the critical issues for each technique
are highlighted.

2.1 Nanoindentation
Depth-sensing nanoindentation is by far the most

commonly used technique for characterisation of mechanical
behaviour of materials used in MEMS even though the
stress state beneath the indentation is complex. This is
because of its relative simplicity and no additional requirement
of specimen fabrication and preparation. Nanoindentation
has been used to determine elastic properties, hardness,
plastic properties, fracture toughness, interfacial toughness,
fatigue, creep, friction coefficient as well as residual stresses
in films patterned to make MEMS structures such as cantilevers
and beams, prior to their release from the substrate. An
exhaustive overview of the nanoindentation technique is
provided by Bhushan and Li30, and hence, this is only
briefly covered in this review. The main information that
one gets from a nanoindentation test is the load versus
depth of penetration during the indentation process. A
typical load versus depth of penetration of the indenter
or P-h plot for a sharp indenter is shown in Fig. 1.

The elastic modulus and hardness can be calculated
from this plot using the well known procedure suggested
by Oliver and Pharr31. The calculation of fracture toughness,
interface toughness, fatigue (S-N curve), creep and friction

coefficient is also discussed in detail in the review by
Bhushan and Li30.

 Most commercial nanoindenters also have an atomic
force microscope (AFM) as an attachment which can be
used to image the indentation as well as study the deformation
around the indentation. Several types of indenters are
used. The most common is the three sided pyramidal indenter
commonly known as the Berkovich indenter. Other type
of indenters, such as spherical, conical, cube corner or flat
ended cylindrical punch indenters, are also used in cases
where specific properties need to be measured.

2.2 Uniaxial Tensile Testing
The equivalent of a tensile test performed on a bulk

sample is desirable for thin films used in MEMS devices
because the stress and strains in a tensile test are uniform
and they can be measured directly and independently.
Hence, no mathematical assumptions are needed to calculate
the elastic and plastic properties from the experimental
data. There are three issues in tensile testing � specimen
preparation, force application, and strain measurement32.
Each issue takes on a new level of difficulty if the specimen
is thin and small. One cannot machine a tensile specimen,
pick it up, and place it in a set of grips if the material is
very thin (say a few microns thick) and the specimen is
small.

Once the tensile specimen size is smaller than a few
millimeters, one cannot use traditional gripping methods
such as threaded ends, pin and hole connections, or compression
grips. A solution is to make the specimen in the shape of
a �dog bone�, i.e., with wedge-shaped ends with the test
section in the middle33,34. Figure 2 is a photograph of a
LIGA nickel specimen with this shape. The ends are large
enough that matching inserts can be machined into the

DISPLACEMENT (h)

h
O

h
max

S=S=
dP
d h

UNLOADING

LOADING

L
O

A
D

 
(P

)

Figure 1. Typical load versus depth of penetration plot from a
nanoindentation test.
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grips. The specimen is simply placed in the inserts, and
friction along the V-shaped sides holds it in place. This
works well with ductile materials where local yielding
can accommodate any misalignment or stress concentration.

Another approach, particularly useful with very thin
materials, is to remove the substrate to reveal a free-
standing tensile region. There are earlier demonstrations,
but Read and Dally35 introduced a version that is used
for MEMS materials; Fig. 3 is an example36. The tensile
specimen in the centre is silicon nitride that is 0.5 mm
thick and 600 mm wide. It was deposited on the other side
of the 1 cm2 silicon die shown in the figure. The front
surface was protected, and rectangular window was etched
into the visible back side.

Figure 3. Silicon nitride specimen-0.5 µm thick by 600 µm wide
in a silicon frame36.

Figure 4. Polysilicon tensile specimen-3.5 µm thick, 50 µm
wide, and 2 mm long36.

away the underlying oxide film. Each holes are provided
in the wide paddle end at the left and in the curved regions
at the ends of the straight test section. The four anchor
straps on the grip end prevent damage while the die is
being handled; these are broken with a microprobe before
testing. A single 1 cm2 die can contain 10-20 of these
specimens. The left end of the specimen in Fig. 4 can be
gripped with an electrostatic probe as Tsuchiya37, et al.
showed, and Fig. 5 is a photograph of the arrangement. The
single crystal silicon probe on the left had a wire attached
to its top and an insulating layer of nitride on its bottom.
A voltage (50-200 V) is applied across this insulating
layer via the wire and the probe on the right. This attracts
the grip end of the specimen to the probe with enough
force and enough friction to pull the specimen. Once setup,
this is an especially easy-to-use gripping mechanism. However,
it is not strong enough to break larger polysilicon specimens.
A process for gluing silicon carbide fibres 140 mm in
diameter to the grip end were developed38. Although more
time-consuming, that is also a straightforward method.

Even easier still is a ring grip on the end of the
specimen; one simply inserts a pin into the hole39. Figure
6 shows specimens of this design. The material here is
a composite of aluminum and silicon dioxide as used in
an ordinary CMOS process. Manufacturing MEMS by
this process has potential advantages because of the easy
integration of mechanical components with electronics.
These are new specimens and test method development
has been initiated.

The force required to break a 2 mm x 2 mm specimen
with fracture strength of 1 GPa is 4 mN or ~ 0.4 g. That
is not so hard to measure, as 5 g load cells are commercially
available. The elongation of such a specimen, if it is 100 mm
long and Young�s modulus is 150 GPa, is only ~ 0.7 mm.
That is not so hard either; commercial actuators and displacement

This creates a frame across which the specimen is
supported. It is easy to handle the frame and glue the
wide top and bottom pieces into the grips of a test machine.
The narrow side support strips are then cut with a diamond
saw to leave a completely free tensile specimen. This kind
of specimen is robust and has several advantages, but is
expensive in that only one specimen is produced per one-
cm square die. Further the release process can be time
consuming.

A different approach was introduced by Tsuchiya37,
et al. and Fig. 4 is a photograph of a specimen based on
their work38.

The right end of the specimen remains fastened to
the substrate, which appears black in the photograph. The
rest of the structure is freed from the substrate by etching

Figure 5. Electrostatic probe gripping a narrow polysilicon
specimen37.
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Figure 2. A dog bone LIGA nickel microtensile specimen33.
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sensors with resolutions in the 0.01 mm range are available.
The challenge is putting these together as a useful test
system. A more-or-less traditional approach can be used
for the larger specimens as shown in Fig. 2. The main
issue is reducing the friction in the alignment mechanism
of the movable grip. This is accomplished with a linear air
bearing and has proved to be quite successful. Figure 7
shows the setup for the larger thin-film specimens. This
is basically the same arrangement as used for the LIGA
specimens. The load cell has a 4.45 N capacity and the
actuator has a 180 mm range. If the specimen is smaller,
as in Fig. 15, the probe or fibre attached to the grip end
can be aligned to pull the specimen along its tensile axis.
This is more difficult with the electrostatic probe because
there are always some inaccuracies in the positioning of
the die with the specimens on it. That die is mounted on
a five-axes piezoelectric stage, which permits one to align
the specimen while observing it from the front with a low-
power stereomicroscope, and from the side with a
telemicroscope. The probe and the load cell are mounted
on a single-axis piezoelectric stage operated under computer
control to pull the specimen40. The glued fibre is several
millimeter long and attached directly to a 1 N load cell
mounted on a single-axis piezoelectric stage. That stage
is attached to a three-axes manual stage, which is used to
position the fibre for gluing and to align for axial loading38.

Figure 7. Test system for larger specimens40.
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A traditional stress-strain test calls for direct measurement
of strain on the specimen. This is very easy to do if the
specimen is large; foil strain gages or clip gages are used.
If the specimen is very long, such as a wire, the relative
displacements of the grip ends can be used to compute the
strain. Neither of these measurements � direct or displacement
� are easy to make on thin and small specimens, although
both have been accomplished. One approach is to make the
specimen relatively long in the gage section and test it in

Figure 8. Thin aluminum specimen across substrate grips41.
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a loading system that is very stiff. Strain can be calculated
from the differential displacement. One example of that
approach is shown in Fig. 841. The aluminum specimen is
2 mm thick, 50 mm wide, and 500 mm long.

It is almost always desirable, but not always possible,
to measure strain directly in the gage section as ASTM
requires. One way to do this is to apply reflective markers
(in effect, gage points) to the specimen and use laser
interferometry from them to measure the strain. This approach,
known as the interferometric strain displacement gage (ISDG),
has been used extensively to test thin ceramic films and
thicker electroplated nickels42,43. The reflective markers
are vapour-deposited gold lines, shown in Fig. 9(a) or
microhardness indentations, shown in Fig. 9(b).

Figure 6. CMOS specimens with rings on the grip ends37.

Protruding flags can also be molded on the gage section
of nickel specimens and the relative displacement measured
with a laser scanning system44. The optimal situation would
be simply to use digital image correlation with an optical
microscope. That is possible, but still very slow45.

Espinosa46, et al. have developed a novel µ�scale membrane
deflection experiment particularly suited for the investigation
of submicron thin films and MEMS materials. The experiment
consists of loading a fixed-fixed membrane (Fig. 10) with
a line load that is applied to the middle of the span with
a nanoindenter column which results in a tensile load on
both the specimens. A Mirau microscope-interferometer is
positioned below the membrane to observe its response to
loading (Fig. 11).

 This is accomplished through a specially micromachined
wafer containing a window to expose the bottom surface
of the membrane. The sample stage incorporates the
interferometer to allow continuous monitoring of the membrane
deflection during both loading and unloading. As the nanoindenter

Figure 9. (a) Gold reflective markers on a polysilicon
specimen,   and (b) microhardness indentations in a
nickel specimen42.

(a) (b)
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Figure 11. Schematic of combined AFM/nanoindenter testing
rig with integrated Mirau microscope-interferometer
deflection test46.

engages and deflects the sample downward, fringes are
formed due to the motion of the bottom surface of the
membrane and are acquired through a CCD camera. Digital
monochromatic images are obtained and stored at periodic
intervals of time to map the strain field. Through this
method, loads and strains are measured directly and
independently without the need for mathematical assumptions
to obtain the necessary parameters for describing material
response. They have demonstrated this testing scheme by
measuring the stress-strain curve for a gold membrane
(Fig. 12) 46. The critical concern in this membrane deflection

experiment (MDE) is accounting for the thermal drift and
spring constant of the nanoindenter column. Since the
column dimension is orders of magnitude larger than the
membrane deflection, subtle changes in temperature can
significantly affect displacement measurement. To account
for these two factors, they made indents on either post
supporting the membrane. Corrections for thermal drift
and spring constant are calculated from the approach segment
data before contact with the posts. Other important information
is also gained from these indents such as: device tilt,
height of the membrane at contact, and middle position in
the plane of the film. The load-displacement data can then
be adjusted accordingly.
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Figure 12. Cauchy stress versus strain for an Au membrane
0.5x 20 µm cross-section. Modulus was found to be
35.4 GPa46.

2.3 Microbeam Bending
Microbeam deflection experiments using a nanoindenter

are well established for determining yield stress and elastic
stiffness of materials used in MEMS at the same length
scale47-50. In this technique, very small cantilever beam
specimens (Fig. 13) are used which are produced by surface
or bulk micromachining techniques.

A nanoindenter with a wedge-type indentation is used
to load the beam at the free end (Fig. 14) and it records
both the load as well as displacement.

Figure 13. Micrograph of a beam array made by micro-
 machining47.

Figure 10. (a) Schematic view of the membrane specimens where
L = 200 µm and W = 20 µm, and (b) optical image of
microfabricated membrane specimens46.
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Figure 14. Schematic of the microbeam loading using a
nanoindenter47.
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Figure 15. Load deflection plot for a Ag/SiO

2
 bilayer beam47.

A representative load versus displacement plot47 is
shown in Fig. 15. The elastic modulus and the yield
strength of the material can be determined from the
load deflection curve using beam theory or FEM47-50.
This technique can also be extended for measuring the
fatigue response of the films by superimposing an oscillating
signal along with the monotonic force signal and using
the continuous stiffness monitoring option of the
nanoindenter system51.
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Figure 17. Stress-strain curves for copper films of different film
thickness from a bulge test52.
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where, t is the film thickness, 2a is the width of the
membrane, as shown in Fig. 16, and e

0
 is residual strain.

Equation (1) is accurate for strains < 1 per cent. A
typical plot from a bulge test of Cu films on Si substrate
as shown in Fig. 17.

2.4 Bulge Test
The bulge test is another commonly used technique

for measuring the mechanical properties of materials used
in MEMS. In the bulge test52-54, a freestanding thin film
is deflected by applying a uniform pressure to the film.
The schematic of the bulge test specimen is shown in
Fig. 16. The thin film membrane is initially flat. As the
membrane deflects, the film experiences an in-plane strain.
By measuring the pressure (P) and the deflection (h) at
the centre of the membrane, the in-plane stress and strain
can be determined. Elastic, plastic, and time dependent
properties of the film can thus be obtained. One of the
advantages of the technique is that strain can be changed
quickly and isothermally, and that large strains can be
imposed. For a long rectangular membrane, the deformation
can be taken as plane strain in the center part of the
membrane. The in-plane stress and strain can then be
calculated from the pressure-deflection data using the
following simple formulae53

2.5 Film-substrate Combinations Subjected to
Thermal Stress
Another technique which has been used for measuring

the mechanical properties of materials used in MEMS involves
using thermal expansion and substrate curvature methods
for certain film-substrate combinations55,56. When the temperature
of the bilayer beam is changed, the difference in thermal
expansion between the film and the substrate sets up internal
biaxial stresses in the composite which vary with the temperature
such that55:

(1 )

d E

dT v

s

a= D
- (2)

where, T is the temperature and Da is the difference
between the thermal expansion coefficients of the film
and the substrate. The radius of curvature, R, is related
to the stress in accordance with

Figure 16. Schematic of the bulge test and the apparatus52.
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Here the subscript s and f refer to the substrate and
film, respectively. In general, the film in the as-received
condition is subjected to an annealing treatment in order
to stabilise the grain structure. Because of the relatively
high expansion coefficient of metallic materials, the annealed
film is in a state of tension on cooling to room temperature.
Subsequent heating lowers the tensile stresses and eventually
creates a state of compression in the film (Fig.18).

The slope of the biaxial stress-temperature curve is
given by Eqn (2). As shown in Fig. 18, the inception of
plastic deformation in biaxial compression is clearly noticeable
as the curve deviates from linearity. Using this technique
Doerner55, et al. were able to demonstrate that an increasing
thickness of aluminium films deposited on silicon was
associated with lower strength.

2.6 Fatigue
The study of fatigue behaviour of materials used in

MEMS is critical to understand the reliability of MEMS.
Muhlstein57, et al. have developed a specimen geometry and
test structure for characterisation of fatigue crack initiation
in thin films and have explored fatigue crack initiation in a
variety of materials systems. The structure design is based
on the philosophy that underlies fatigue testing standards
such as ASTM E 466. The micron-scale fatigue characterisation
structure shown in Fig. 19 is approximately 300 µm2. This
structure is analogous to a specimen, electromechanical load
frame, and capacitive displacement transducer found in a
conventional mechanical testing system. The specimen is a
notched cantilever beam that is in turn attached to a large,
perforated plate that serves as a resonant mass. The mass
and beam are electrostatically forced to resonate and the
resulting motion is measured capacitively. On opposite sides
of the resonant mass are interdigitated fingers, commonly
referred to as comb drives.

One side of these drives is for electrostatic actuation;
the other side provides capacitive sensing of motion. The
specimen is attached to an electrical ground, and a sinusoidal
voltage at the appropriate frequency is applied to one
comb drive, thereby inducing a resonant response in the
plane of the figure. The opposing comb drive is attached
to a constant potential difference, and the relative motion
of the grounded and biased fingers induces a current
proportional to the amplitude of motion. The small induced
current is converted to a direct current (dc) voltage using
an analog circuit. A variety of circuits for capacitive
sensing can be found in the literature58.

The output of the circuit used in this study was calibrated
using the computer microvision system developed by
Freeman59 and stresses at the notch were calculated using
the commercial finite element analysis package ANSYS.
The radius of the stress concentration and the remaining
beam ligament were selected to ensure that the specimen
could be broken immediately at resonance. The longer-
term fatigue response can then be measured by exciting
the specimen at some fraction of the short time breaking
amplitude. All samples were tested until failure occurred
by fracture of the beam at the notch. The resonant frequency
is used to monitor the accumulation of fatigue damage
in the specimen until failure occurs at the notch.

The device was driven at resonance using the following
control scheme:
(a) The first mode resonant response of the specimen is

determined by sweeping a range of frequencies around
the expected response and monitoring the amplitude
of response.

(b) The peak amplitude is selected by fitting a second-
order polynomial to the peak and extracting the maximum.

(c) The specimen is then excited at the peak frequency
at a defined excitation voltage for a period of time.

(d) The frequency response is then again evaluated by
sweeping around the excitation frequency. Over time
this permits measuring any change in resonant frequency

Figure 18. Stress-temperature plot for annealed Al film on Si
substrate52.

Figure 19.SEM of the stress-life fatigue characterisation
structure: (a) electrostatic comb drive actuator (A),
resonant mass (B), capacitive displacement transducer
comb (C), and notched cantilever beam specimen (D),
and (b) A detail of the notched beam57.

(a) (b)
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and consequently any change in the mechanical response
of the specimen.
This scheme is simple yet effective in detecting the

compliance changes associated with crack growth and
damage accumulation. The same set-up can also be used
to measure the conventional S-N curves by using smooth
specimens instead of notched specimens. In recent times,
other fatigue test specimens and test systems have also
been developed to study the fatigue behaviour of thin
films60-62.

3. FACILITIES ESTABLISHED AT DMRL
The brief overview above has highlighted the various

test techniques for determining the mechanical properties
of materials used in MEMS devices. In this section the
facilities and capabilities for characterising the mechanical
properties of MEMS materials established at Defence
Metallurgical Research Laboratory, Hyderabad is presented:
(a) Nanoindenter

Nanoindenter both as an indenting tool for determining
mechanical properties such as elastic properties, hardness,
plastic properties, fracture toughness, creep, fatigue
and friction coefficient as well as a loading tool for
conducting microbeam bending and membrane deflection
tests to determine yield strength and fatigue properties
has been established.

Figure 20. Nanoindenter.

Figure 21. Microtensile test system.

Figure 22. Laser scanning thin film stress measurement system.

The salient features of the microtensile test system are:
� Static and dynamic testing up to 500 N load and

30Hz frequency,
� Environmental chamber for room temperature to 250°C
� Laser speckle extensometer for direct measurement of

strain.
(c) Laser Scanning Equipment
� Laser scanning equipment for measuring elastic modulus

and elastic-plastic properties of films on a substrate
(Fig. 22).

The salient features of laser scanning thin film stress
measurement system are:
� Dual-wavelength laser system (of wavelengths

670 nm and 780 nm)
� Fast data acquisition with the speed of 5 sec for

150 mm wafer
� High resolution of 0.00003 m-1

� Two-dimensional mapping of residual stress
� Temperature range from �50 °C to 450 °C.

4. SUMMARY
It is important and necessary to measure mechanical

properties of materials used in MEMS at the same length
scales as their usage in the device for design as well as
reliability of MEMS structures. The experimental techniques
for the measurement of mechanical properties of materials

The salient features of the nanoindenter are:
� Load range: 1 mN - 100 mN (low load) and 100 mN-

5000 mN (high load)
� Maximum indentation depth: 20 µm
� Minimum displacement of X-Y table: 100 nm
� Temperature capability from room temprature to

200 °C
� Static and cyclic loadings
� Berkovich, spherical and conical tips of varying tip

radius
� Mirau interferometer capable of measuring strain or

deflection directly on the specimen.
(b) Microtensile tester

Microtensile tester for testing relatively larger MEMS
specimens (especially LIGA) (Fig. 21).
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used in MEMS were briefly reviewed. The facilities established
in Defence Metallurgical Research Laboratory for mechanical
property measurements of MEMS materials were also
highlighted.
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