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Microelectromechanical system (MEMS) relays are gradually replacing tra-
ditional relays because they are smaller and lighter and consume less power.
However, performance parameters of MEMS relays, such as the pull-down
voltage, response time, and resonant frequency, often deviate from those
originally designed, due to residual stress generated during the fabrication
process. We present herein a method to measure this residual stress, based on
a metal bridge membrane MEMS relay, with the help of a nanoindenter and
the finite-element method (FEM). The testing result lies in a reasonable
range, indicating that this simple method is reliable and helpful for MEMS
relay optimization.
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INTRODUCTION

With the widespread use of relays in aerospace
and communication applications, microelectrome-
chanical system (MEMS) technology has shown
huge development potential by combining macro-
machining techniques and designs for electrome-
chanical relays with metal contacts. Compared with
many other MEMS relays, the electrostatic relay
has been the subject of considerable research, not
having special requirements for driving materials
and being easier and cheaper to fabricate. Electro-
static relays are controlled by an electrostatic force
applied between the electrode plates. The perfor-
mance of such relays is greatly affected by their
resonant frequency, pull-down voltage, etc., neces-
sitating measurement and analysis of residual
stress, which significantly influences these two
parameters.1,2 Several methods are commonly used
to measure residual stress,3–6 including resonant
frequency measurements, the loaded deformation
method, the critical fold method, the structure

displacement method, silicon bending, and Raman
spectroscopy.

The generation mechanism of residual stress is
discussed herein, and the load–displacement curve
of a bridge membrane MEMS relay measured using
a nanoindenter. Then, with the help of finite-
element analysis software (ANSYS), we simulate
several mechanical performance parameters, pro-
pose an easy method to measure residual stress, and
analyze the errors generated in the experiment.

GENERATION OF RESIDUAL STRESS

The metal membrane of a relay is generally
fabricated by the chemical vapor deposition (CVD)
method, sputtering, or electroplating. During the
machining process, uneven thermal expansion,
plastic deformation, doping, etc. are all responsible
for lattice mismatch, leading to residual stress.
There are two kinds of residual stress, viz. intrinsic
and extrinsic.7 Intrinsic stress, also known as
internal stress, develops during film nucleation,
while extrinsic stress results from external factors,
such as temperature gradients and package pres-
sure. The generation of intrinsic stress is relatively
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complex, being studied by Windischman and Davis
et al.8,9 However, a unified and systematic theory to
describe it has still not been generated. This is
because, under different conditions and when using
different materials and technologies, the main cause
of intrinsic stress may vary.

Thermal stress is a common extrinsic stress and
has been studied by many researchers. It develops
when a membrane is fabricated by high-temperature
deposition or sputtering. This is because the thermal
expansion coefficients of the membrane and sub-
strate are different, and when cooled to room tem-
perature, they will appear to have shrunk unevenly.
The thermal expansion coefficient is an intrinsic
property of a material. It may vary significantly
between different materials, and even for the same
material, thermal stress may also exist due to
temperature gradients. It is assumed that the sub-
strate is rigid because it is much thicker than the
membrane. The strain caused by thermal expansion
or contraction can then be evaluated using Eq. 110:

eth ¼ r
T1

T2

af Tð Þ � as Tð Þ½ �dT; ð1Þ

where af and as represent the thermal expansion
coefficient of the membrane and substrate, respec-
tively, and T2 and T1 are the temperature of the
growing and cooled membrane. There is no stress in
the direction perpendicular to the substrate, so the
biaxial modulus is used in such experiments. Accord-
ing to Hooke’s law, the thermal stress is given by

rth ¼ E

1 � t

� �
eth; ð2Þ

where E is the plastic modulus and t is Poisson’s
ratio. When the temperature does not change
dramatically, the thermal expansion coefficient
can be treated as a constant, therefore

rth ¼ E

1 � t

� �
af Tð Þ � as Tð Þ½ � T1 � T2ð Þ: ð3Þ

The bridge membrane MEMS relay discussed in
this paper is shown in Figs. 1 and 2.11 The driving
electrodes of the relay consist of an upper electrode
plate (movable) and a bottom electrode plate (fixed),
both of which are metal membranes to reduce the
contact resistance. Damping holes are formed in the
upper electrode plate to reduce the damping effect
that may occur when the relay is opened or closed.
After the drive voltage is applied, under the influ-
ence of the electrostatic force, the upper electrode
plate will be attracted and move down to attach to
the contacts, making the relay conduct. The sub-
strate of the relay is made of high-resistivity silicon.

The basic procedure for fabrication of the upper
electrode plate is sputtering of a gold seed layer onto
a polyimide sacrificial layer, followed by plating.
The thermal expansion coefficient of polyimide (as)
is 70 9 10�6 K�1, while that of gold (af ) is

14.2 9 10�6 K�1, thus rth is negative according to
Eq. 1, meaning that the thermal stress is
compressive.

Such compressive stress may lead to film bending
and warping, as well as separation or breakage
between the membrane and substrate. In terms of
the bridge membrane structure, the most crucial
effect of residual stress is increase of the driving
force and driving voltage. Alberto and Ballestra
considered the role of residual stress and its influ-
ence on the driving voltage.12 They investigated
various typical bridge relays and concluded that
residual stress of 30 MPa could increase the driving
voltage to 56 V from a value of 27 V, dramatically
decreasing the relay sensitivity. Moreover, residual
stress will shorten the relay service life.

STRESS MODEL OF BRIDGE MEMBRANE
MEMS RELAY

Nanoindenters are commonly used to study the
mechanical properties of MEMS structures, such as

Fig. 1. Schematic structural view of bridge membrane MEMS relay.



micro–nano devices and thin-film coatings.13 To
determine the hardness, plastic modulus, and resid-
ual stress of a sample, a standard nanoscale inden-
ter is pressed into the sample surface to determine
the relationship between the height h and load P.14

Fixed–Fixed Beam Model Without Residual
Stress

Three degrees of freedom (DOF) are limited by
the anchor points at both ends of the bridge
membrane MEMS relay, thus the membrane of
the relay can be simplified to a double-end-fixed
beam structure. When loaded, the beam starts to
bend and deform elastically under the load. The
load–deflection curve of the beam can then be
obtained, with the bending deflection on the x-axis
and the applied load on the y-axis.

As shown in Fig. 3, the membrane model used for
the upper plate was a double-end-fixed beam with
load of P applied at point B. By segmental integra-
tion of the differential equation for the deflection in
parts AB and BC, the deflection at point B is
obtained as

x ¼ Px3 l� xð Þ3

3EIx3
; ð4Þ

where l is the length of the beam, x is the distance
between the fulcrum A and loading point B, and I
and E represent the cross-sectional moment and
plastic modulus of the beam, respectively. Because
of the symmetry of the relay and to simplify the
model, the force P is applied at the center of the
beam, i.e., at x ¼ l=2. It is then clear that the center
point B is the point of maximum load, having the
maximum deflection of

x ¼ Pl3

192EI
: ð5Þ

Equation 5 illustrates that the load–deflection
curve of the fixed–fixed beam (with center load
and no residual stress) is a straight line through the
origin. The slope of the curve is equal to the relay’s
elastic modulus:

k ¼ 192EI

l3
: ð6Þ

Because of fabrication limitations, bridge mem-
brane MEMS relays are usually designed to have a
rectangular beam with cross-sectional moment

I ¼ bh3

12
; ð7Þ

where b is the beam width and h is the beam
thickness. Taking the damping holes in the relay
into account, b is given by a linear superposition for
the equivalent width. From Eqs. 6 and 7, the elastic
modulus of a bridge membrane MEMS relay with-
out consideration of residual stress is

k ¼ 16ESh2

l3
; ð8Þ

where S ¼ bh is the cross-sectional area.

Tensile Line Model with Residual Stress

When the equivalent residual stress is applied
along the length of a double-end-fixed beam model,
the bridge membrane MEMS relay can be simplified
using a tensile line model. When the relay is
released, the DOF in the thickness direction (z-axis)
is freed and the residual stress in this direction
disappears, so residual stresses only exist in the
length (x-axis) and width (y-axis) directions. This
means that the beam is in a double-stress condition.
According to Hooke’s law,10

ex ¼ ðrx � tryÞ=E
ey ¼ ðry � trxÞ=E
rz ¼ 0;

8<
: ð9Þ

where rx, ry, and rz represent the stresses in the
length, width, and thickness direction, respectively,
ex and ey are the strains in the length and width
direction, while E is the plastic modulus of the
beam. In isotropic conditions,

ex ¼ ey ¼ e
rx ¼ ry ¼ rre;

�
ð10Þ

where rre is the value of the residual stress.
Combining Eqs. 9 and 10, we arrive at

rre ¼ E

1 � t
; ð11Þ

which means that the relationship between the
double-axis stress rre and the equivalent single-axis
stress in the x-axis direction can be described as

req ¼ rre 1 � tð Þ: ð12Þ

Figure 4 shows a beam with residual stress rre

deformed by a center load P.15 Compared with the
residual stress-free situation, the beam length is
increased byFig. 3. Double-end-fixed beam with center load.



Dl ¼ l
1

cos h
� 1

� �
� 1

2
lh2 ¼ 2

x2

l
; ð13Þ

where h is the deflection angle at both beam ends. In
the presence of residual stress, the system not only
needs to provide the elastic deflection energy for the
whole beam but also the extra work required to
overcome the stress. The excess energy consumed is

DE ¼ �reqSDl: ð14Þ

For given deflection, the load P must therefore be
increased by DP to offset the work done to overcome
the residual stress. When DP is applied, the work
done by the variable force is

DW ¼ 1

2
DPx: ð15Þ

Because of conservation of energy, one has

DE ¼ DW: ð16Þ
Combining Eqs. 12–16, one arrives at

DP ¼ � 4rre 1 � tð ÞS
l

x; ð17Þ

which shows that, under the influence of residual
stress, the elastic coefficient of the relay k0 is
increased by

Dk ¼ k0 � k ¼ � 4r0 1 � rð ÞS
l

: ð18Þ

Formula for Residual Stress

A finite-element method (FEM) model was estab-
lished in ANSYS. The elastic coefficient neglecting
the effect of residual stress (k) was obtained by

static analysis, while its value under residual stress
(k0) was obtained using a nanoindenter. The resid-
ual stress of the relay can thus be obtained as

rre ¼ k� k0ð Þl
4S 1 � tð Þ : ð19Þ

Damping holes are usually spread across the
relay, making it difficult to measure the cross-
sectional area. Therefore, one must combine Eqs. 8
and 9 to eliminate the parameter S. Replacing S in
Eq. 19 yields

rre ¼ 4 k� k0ð Þh2

kl2 1 � tð Þ : ð20Þ

MEASUREMENTS WITH THE
NANOINDENTER

Samples and Device

The sample used in this work was the bridge
membrane MEMS relay shown in Fig. 2. Its resid-
ual stress was also measured. Its characteristic
parameters (Table I) were obtained by using an
electron microscope.

The XP nanoindenter used in the experiment
(Fig. 5) was produced by the company MTS. This
highly automated device was controlled using a
computer. In the vertical direction, a strut is moved
by the ampere force generated in a coil (while the
coil is electrified and placed in a magnetic field). In
this way, the load applied by the strut can be
adjusted by changing the coil current. At the same
time, a differential capacitive displacement sensor
measures the displacement of the strut.16 The
standard Berkovich tip used in the test has trian-
gular-pyramid shape. The angle between the pyra-
mid face and its center line is 65.3�, the angle
between the pyramid edge and the center line is
77.05�, while the bottom side length-to-depth ratio
is 7.5313. The MTS-XP nanoindenter has maximum
indentation depth above 500 lm, displacement res-
olution below 0.01 nm, maximum load of 500 mN,
and load resolution of 50 nN, making it highly
suited for testing of mechanical performance param-
eters (such as nanohardness, elastic modulus, and
yield strength) of solid and membranous materials
on nanometer scale.Fig. 4. Schematic diagram of beam deformation

Table I. Characteristic parameters of relay upper electrode plate

Parameter Length (l) Width (b) Thickness (h) Distance between top and bottom plate

Designed value (lm) 680 50 4.8 4
Measured value (lm) 689.5 49.51 4.786 3.752
Elastic modulus (E) 79.5 GPa
Poisson’s ratio (t) 0.42



Testing Method

Continuous stiffness measurement (CMS), an
optional component of the MTS-XP nanoindenter,
is a new dynamic contact method for measuring
stiffness and can yield curves for the continuous
variation of the stiffness and elastic modulus with
indentation depth.16 In this test method, the upper
electrode plate of the relay is a cantilever, rather
than fixed on a rigid substrate, so when loaded it
will bend down. In other words, the output inden-
tation depth is actually the tip displacement in the
vertical direction. In this way, CMS can provide a
curve for the continuous change of the tip displace-
ment with load, and output the continuous changes
of stiffness and modulus based on a rigid substrate
model. This method can record the whole compres-
sion process to obtain relatively comprehensive
information.

Before the test, the MTS-XP nanoindenter should
be calibrated using a molten silicon reference sam-
ple (in accordance with standard ISO-14577) until it

meets the requirement. The sample MEMS relay
chip was pasted onto a metal block using resin, then
fixed tightly onto the locating platform after hori-
zontally adjusting the sample surface. The mechan-
ical center position of the relay was found by a
pressure test to reduce systematic errors due to the
structural asymmetry of the relay or needle tip
draft. The first step in this process is to apply a load
of 5 mN on the relay and move it from one end to the
other along the relay axis. The center position
shows the largest deflection in the length direction.
In the same way, a 5 mN force is then moved in the
width direction along a line through the center
position of the length direction. This allows the
center position of the relay to be found.15

Using the CMS method, the tip of the nanoinden-
ter is first aimed at the center position of the relay,
then a load of 5 mN is exerted and moved along its
center axis in the length direction. It begins to
unload when the tip displacement reaches 1 lm.
The CMS method is used to continuously record the
curve of the load versus tip displacement.

RESULTS AND ANALYSIS WITH CMS

Calculation of Residual Stress

Many samples from the same batch were tested
using the MTS-XP nanoindenter in CMS mode to
obtain the experimental curve of load versus dis-
placement at the relay center point.

In addition, the CMS method also provides results
on the continuous stiffness and modulus based on a
rigid substrate model. Although this model is no
longer directly applicable, as the upper electrode
plate is a cantilever, the data can still be used as
reference values. The calculated modulus–displace-
ment curve is shown in Fig. 7.

When a small force is applied, the upper electrode
of the relay is suspended rather than pressed into it.
The tip will bend the whole beam under elastic
deflection. As seen in Fig. 7, the calculated modulus
in the corresponding stage is flat with a small value.

Fig. 5. MTS-XP nanoindenter.

Fig. 6. Load–displacement curve of relay.



At this time, the tip displacement y equals the
deflection of the beam x. If the curve for the flat
stage in Fig. 6 is magnified (as shown in Fig. 8), it is
clear that the load–displacement curve is approxi-
mately linear, with displacement changing from
100 nm to 400 nm.

Since the indenter tip is not ideal (even a new one
still has radius of curvature of approximately
20 nm), the data between depths of 0 nm and
20 nm will be invalid. In this paper, data with
larger error obtained at depth lower than 100 nm
were rejected. Fitting a line to Fig. 8 from 100 nm to
400 nm (using the least-squares method) yields the
slope k0, i.e., the elastic modulus when considering
the residual stress, as

k0 ¼ 1:868 � 10�3 mN=nm: ð21Þ

When the load is larger, the tip of the indenter
goes into the upper electrode plate and the relay
deflection is mainly due to plastic deflection of the
metal under the relay. As can be seen in Fig. 7, the
curve then starts to rise sharply, indicating that the
tip has pierced the metal. At the same time, the
load–displacement curve is no longer a straight line
but a quadratic parabola.16 When the system starts
to unload, the curve is almost vertical to the x-axis
since plastic displacement is unrecoverable (Fig. 6).
Later, the elastic deflection starts to recover and the
curve is basically parallel to the load curve.

The relay’s elastic modulus, without residual
stress, was simulated using the finite-element
method (FEM). Figure 9 shows the model and load
of the bridge membrane MEMS relay built in FEM
software ANSYS. Figure 10 shows the load–devia-
tion curve taking no account of residual stress.

The slope of the curve in Fig. 10 represents the
elastic modulus k with no regard for residual stress:

k ¼ 1:633 � 10�3 mN=nm: ð22Þ

Substituting these values for k and k0 into Eq. 20,
the residual stress of the relay rre can be calculated
to be

rre ¼ �3:28 MPa: ð23Þ

The stress is negative, indicating that it is
compressive, a conclusion in accordance with that
drawn from the stress generation mechanism. Dur-
ing the production process, the residual stress of
gold ranges from �50 MPa to 60 MPa,17 hence this
experiment result is reasonable. Because the resid-
ual stress is compressive and the relay beam is
slender, the problem of stability must be considered.
When the stress is larger than the buckling critical
value, the structure will bifurcate and buckle. The
critical stress rrc is18

rrc ¼ � p2Eh2

3l2 1 � tð Þ : ð24Þ

Fig. 8. Load–displacement curve with small load.

Fig. 9. Three-dimensional model of MEMS relay.

Fig. 10. Load–deviation curve without considering residual stress.



We calculate

rrc ¼ �22:5 MPa: ð25Þ

As shown in Fig. 1, there was no obvious warp in
the relay, and the calculated residual stress rre is
also smaller than the critical value.

Error Analysis

When using a nanoindenter, the tip is located
optically. More specifically, the loading position is
decided by the device operator using a microscope.
However, the tip draft may lead to the tip end being
loaded in the wrong position, causing positioning
errors.15 With the help of the FEM analysis soft-
ware, the elastic coefficient for an eccentric load was
simulated, as presented in Table II.

The results in Table II demonstrate that, when
the load is eccentric, the elastic coefficient will only
change a little; For example, when the force is
applied at the point (20, 10) lm, the relative
deviation is only 3.8%. In addition, the Berkovich
tip of the nanoindenter applies the force at one
point, which may cause the beam to deflect, mean-
ing that the theoretical model may deviate from the
real beam. According to Eq. 20, the length of the
relay is significantly larger than its thickness. This
means that the accuracy of the thickness measure-
ment will significantly affect the residual stress
calculation result. Therefore, the thickness data
must be precisely measured by electron microscope
to ensure it is as accurate as possible.

CONCLUSIONS

Based on several simplified mechanical models of
a bridge membrane MEMS relay, we propose a
method to measure the residual stress (using a
nanoindenter, continuous stiffness measurements,
and finite-element analysis). The method is easy to
carry out, and the data provided are reliable. As a
result, it can be used as a reference for design of
MEMS devices using surface technology, as well as
for measurement and analysis of residual stress.
However, it is worth noting that, when the residual
stress is larger than the critical value, the modeling

and testing method based on bending theory will no
longer be applicable, as the relay will undergo
structural buckling distortion, requiring further
investigation on a stress model and measurement
technique using buckling instability theory.
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