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OBJECTIVES & GOALS

• develop a simple but robust nanoindentation-based method for 
measurement of thin film elastic modulus and residual stress 
based on MEMS processing of free standing bridges

SEM image courtesy of Jeff Kysar, Columbia University



PREVIOUS WORK
• Espinosa et al., J. Mech. Phys. Solids 51, 47 (2003)



PREVIOUS WORK
• Espinosa et al., J. Mech. Phys. Solids 51, 47 (2003)

Why the Optical System ?

(1) Accurately determine first 
contact between indenter & 
specimen

(2) thermal drift influences on
measured displacements &
loads



CONTINUOUS STIFFNESS MEASUREMENT (CSM)
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force amplitude: ∆Prms
displacement amplitude: ∆hrms

phase shift: φ

S =
∆Prms

∆hrms

typically 1-2 nm
but increased to
30-120 nm here



EXPERIMENTAL APPROACH

CSM-based
thin film bridge 
deflection with 

rigid wedge

• E.G. Herbert et al., J. Mater. Res. 24, 2974 (2009)

Advantages:
• virtually eliminates thermal drift problems
• greatly improves signal-to-noise ratio
• greatly improves surface detection



EXPERIMENTAL SYSTEM
• M.P. de Boer et al., Acta Mater. 56, 3313 (2008)

Material:
• DC Sputtered Al - 0.5wt%Cu
• poly Si support posts (rigid)
• 50 nm TiN protective coating
• wet etchant release with HF
• wet etchant removal of TiN

Dimensions
• length (l): 150, 300, 500 µm
• width (w): 22 µm
• thickness (t) : 0.547 µm

Properties (electrostatic deflection)
• E = 74.4 ± 2.8 GPa
• σr = 29.9 ± 0.3 MPa



SIMPLE MEMBRANE MODEL
• E.G. Herbert et al., J. Mater. Res. 24, 2974 (2009)

Assumptions:
• elastic deformation by stretching only (no bending)
• bridge deflected in center by rigid wedge
• support posts perfectly rigid

P =
8wt
l 3 E − σr( )h3 +

4wt
l

σr h

S =
dP
dh

=
24wt

l 3 E − σr( )h2 +
4wt
l

σr

slope interceptFor plot of S vs. h2 :



COMPARISON TO SENTURIA’S BENDING MODEL
• S.D. Senturia, Microsystem Design (Kluwer Pulishers, Boston, 2001)
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BASIC EXPERIMENTAL MEASUREMENTS

l = 150 µm
w = 22 µm
t = 0.571 µm

frequency = 20 Hz
amplitude = 30 nm

CSM Parameters

Bridge Dimensions

loading
unloading

DCM Head



DETAILS OF INITIAL CONTACT

l = 150 µm
w = 22 µm
t = 0.571 µm

frequency = 20 Hz
amplitude = 30 nm

CSM Parameters

Bridge Dimensions

initial
contact

S ~ h2

loading
unloading



THE IMPORTANCE OF THERMAL DRIFT



ASSESSMENT OF MODEL

Short bridge: 150 µm

S = 24wt
l 3 E − σr( )h2 + 4wt

l
σr



BENDING IN SHORT BRIDGES ( l = 150 µm)

h = 0 nm



BENDING IN SHORT BRIDGES ( l = 100 µm)

h = 500 nm



BENDING IN SHORT BRIDGES ( l = 100 µm)

h = 1500 nm



BENDING IN SHORT BRIDGES ( l = 100 µm)

h = 3000 nm



FINITE ELEMENT ANALYSIS

Objectives:
• explore importance of bending, twisting,

and out of plane shear 
• explore influences of off-axis loading

bending

twistingABAQUS:
• “shell element” S4 to capture bending,

twisting, shear, and stretching
• “membrane” element M3D4 for pure

stretching
stretching



BRIDGE LENGTH INFLUENCES ON SHAPE
FEM: shell elements

short bridge: 150 µm

long bridge: 500 µm

deviation, δ

P



BRIDGE LENGTH INFLUENCES ON P-h BEHAVIOR

Long bridge: 500 µm Short bridge: 150 µm

Shell
Membranewidth: 22 µm

thickness: 0.547 µm

P



CAN WE USE A POINTED INDENTER ?

Problems with Wedge Indenters:
(1) Alignment is tedious and never perfect
(2) Wedges are generally not available

Problems with Pointed Indenters:
(1) Measured stiffness depends on off-axis 

alignment (twisting)
(2) No model for off-axis stiffness

65.3°Berkovich
indenter

P

δ

0

δ

MEMS Test
Structure



ANOTHER TYPE OF THIN FILM BRIDGE SPECIMEN

Material:
• Proprietary !
• MEMS test structure

Dimensions
• length (l): 34 µm
• width (w): 8 µm
• thickness (t) : 0.065 µm
• landing zone: 2.0 x 0.5 µm 

Properties (bridge deflection)
• E = 98.6 GPa
• σr = 175 MPa

2 µm x 0.5 µm
landing zone



A SIMPLE MODEL FOR OFF-AXIS DEFORMATION

Primary Assumptions:
• elastic deformation dominated by stretching only (bending, twisting 
&

in-plane shearing ignored - “rubber band model”)
• vertical displacements across the beam at the loading point are

linear (slope is constant due to rigid landing zone)

“Rubber band stretching”

Fi∑ = 0; Mi∑ = 0

algebraically complex solution



FINITE ELEMENT MODELING

ABAQUS:
• “shell element” S4 to capture bending, twisting, shear, and 
stretching
• “membrane” element M3D4 for pure stretching to 

Landing zone modeled as rigid 
and flexible for comparison

Specimen Type 
(designation)

length
(µm)

width
(µm)

thickness
(µm)

indenter
type

ultra thin
(R3P3) 34 8 0.065 point force



FEM ASSESSMENT OF OFF-AXIS MODEL

P

δ



CONCLUSIONS 

• Thin film bridge deflection experiments can be used to obtain highly 
accurate measurements of elastic properties and residual stresses.

• For the Al-0.5%Cu bridges studied here, the elastic modulus can be 
measured to within 2% and residual stress to better than 20%.

• There are distinct advantages to measuring the properties from 
stiffness-displacement curves rather than force-displacement 
curves. The advantages accrue from minimization of thermal drift
and better signal-to-noise ratios.

• Initial results suggest that off-axis measurements may also be used 
to probe the properties of very thin films. 




