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Abstract
Using new materials for the structural or active layers in MEMS requires the knowledge of the
material properties. In this paper, the internal stress and the coefficient of thermal expansion of
Epoclad negative photoresist are measured. Despite being a photoresist, the epoxy-based
material has very good mechanical properties. It enables the creation of microscale mechanical
structures using this material. The internal stress and the coefficient of thermal expansion were
measured using on-wafer stress indicator structures. The structures were designed to give a
response caused by internal stress measurable using an optical microscope. The coefficient of
thermal expansion is measured via the internal stress at different temperatures.

Introduction

Historically, the fabrication of MEMS uses technologies
to micromachined silicon or other semiconductor-based
materials. However, in the past decade other materials have
also been introduced and used for the active or structural parts
of MEMS [1–3]. The goal is to make cheaper or even new and
better MEMS using these new materials. Among these new
materials, some polymers have good mechanical properties.
There are many different polymer materials but not all are
suitable for MEMS. Despite this, the useful polymers provide
a broad spectrum of material properties, not only mechanically
but also chemically and electrically.

To obtain polymer-based microscaled moving structures,
it is good to start with a material that promises good mechanical
stability. Thus, a thermoset polymer is a good choice. These
types of polymers will significantly deform or melt only at
very high temperatures. This is in contrast with thermoplastic
materials, which can easily melt at relative low temperatures.
Examples of such thermoplastics are the typical polymers in
our everyday use. They can easily be molded using, for
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instance, injection molding to make all kinds of shapes for
packing material.

The material being characterized here is an epoxy. This
means that the polymer network is highly crosslinked. It is
this crosslinked network that gives the epoxy its stability, both
chemically and mechanically, and it is classified as a thermoset.
The Epoclad negative resist is a photocurable epoxy. The
material is spin coatable and after a soft bake step to evaporate
the solvent the film is exposed to UV light. The material
is then cured in an oven. Uncured parts of the film can be
redissolved during a development step. Thus, the material can
be patterned using the conventional lithographic equipment. In
addition, the Epoclad epoxy also has good adhesion to various
substrates, including silicon wafers. All these properties make
Epoclad a good material to fabricate microscale mechanical
structures.

The Epoclad is an insulator which is not ideal for a MEMS
material. Thus, in order to render it conductive different
methods can be used. The material can be blended with
a conductive filler. For instance, silver particles, carbon
nanotubes or conductive polymers can be used. Alternatively,
the cured epoxy structure can be coated with a metal layer; see
figure 1.
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Figure 1. An example of an in situ fabricated epoxy beam coated
with a sputtered (physical vapor deposition) metal layer. The beam
is a free-standing SU-8 structure with a gap of 3 μm and a length of
400 μm.

SU-8 is a very analog negative resist compared to Epoclad.
It is also a photoepoxy and has good mechanical and chemical
properties, like Epoclad. SU-8 has been very well reported in
the literature so far. Here, the material is tested in the same
way as Epoclad for comparison. To the authors’ knowledge,
the internal stress and the coefficient of thermal expansion of
Epoclad have not been reported yet.

To be complete and to further introduce the Epoclad
negative resist, Epoclad originated in the manufacturing of
integrated optical waveguides. Epoclad comes together with
Epocore, also a negative epoxy-based resist. To manufacture
an optical waveguide, Epocore would be used as the core
and Epoclad as the cladding of the waveguide [3]. Epocore,
however, has very bad adhesion properties to various substrates
such as silicon wafers. For this reason, it is not very well
suited to be used separately from Epoclad to make micro
mechanical structures, whereas Epoclad can be used separately
from Epocore as is done in this study.

The internal stress and the coefficient of thermal
expansion (CTE) together with the Young’s modulus are
the first parameters that one needs to make a finite element
simulation of the mechanical behavior. This paper deals
with the first two parameters. Many different approaches
have been used in order to measure the built-in stress and
the CTE; for instance, measuring the curvature of a wafer
coated with the material of interest or measuring the force
versus the displacement of a membrane made of the material
of interest [4–9]. The recorded data are then typically
fitted to an analytical model to determine properties such
as the Young’s modulus and the internal stress. These
types of experiments require equipment to accurately measure
displacements or applied forces. When using on-wafer stress
indicator structures, the experiment is more straightforward.

Stress indicator structures are MEM structures that will
produce a displacement that is, in this case, measurable using
an optical microscope. So, right after the fabrication process
the MEM structures can be measured and the internal stress
recorded.

The outline of this paper is as follows. The following
section focuses on the indictor structure itself. The details of
the design are given: how the design is scaled in order to cope
(at the design stage) with the unknown material parameters.
Next, an overview of the fabrication process is given. The

Figure 2. The relative ridged test beam will produce a strain caused
by the internal stress once the sacrificial layer is etched away. A
hinge structure and a long amplification beam amplify this strain
into an optical visible displacement.

final two sections deal with the measurement results and
discussion.

Design of the indicator structures

The working principle of the MEM indicator structure is
straightforward; see figure 2. The basic idea is to fabricate
a free-standing structure with the material of interest. This is
typically done using a sacrificial layer underneath the structure.
When the sacrificial layer is etched away, the free-standing
beam can move or deform. When there is originally a tensile
stress in the structure, the beams will shrink. This usually small
displacement is amplified using some kind of hinge structure.
In this way, the recorded displacement can be measured with
higher accuracy and this can be done using a conventional
microscope.

Different designs have been proposed in the past decades
for these on-wafer stress indicator structures. Gianchandani
and Najafi [6] proposed a design using double-clamped
cantilevers. This is useful when the deposited material has
a large stress gradient in the out-of-plane direction. This will
cause the beams to bend upward or downward. However,
when stress gradients are low, no major out-of-plane bending
will occur. In this case, no double-clamped beams are
needed [9].

While designing our stress indicator structures, three
major points need attention. (i) First, we assume that SU-
8 is a very analog material to Epoclad. For SU-8 the built-in
stress at room temperature is very high relative to the fraction
limit of the material [11–13]. This means that we have to
make the structures safe enough so that they do not break. In
other words, we have to ensure that no stress accumulation
occurs in the structure. (ii) Second, the modeling in a finite
element simulator is complicated by the fact that we do not
know the built-in stress in advance. (iii) Finally, the on-wafer
structures need to produce a displacement large enough so that
the relative error on the measurement is reduced. In the rest
of this section, these three points will be discussed further.

(i) At the design phase, the built-in stress was not known
for Epoclad. The Young’s modulus, however, was already
measured in a previous study [12]. Figure 3(a) shows the
stress–strain plot of Epoclad. The material behaves very
linearly up to 1% strain. This 1% strain will be set as the
maximum allowed strain in the structure in order to ensure
that critical parts of the stress indicator structure do not fail.
To illustrate further, the hinge structure is a very critical part
regarding high stresses and strains. A hinge will typically
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Figure 3. Stress–strain curve of Epoclad. A 5 mm by 20 mm and
60 μm thick Epoclad film was stretched at 3 μm s−1 until fracture.
The Young’s modulus, the stress and strain upon fracture (σ max,
εmax) are averaged over approximately 40 samples. The linear fit
uses the stress–strain data from the lowest data point up to 0.005
strain (0.5% strain).

Figure 4. Chosen design for the stress indicator structures proposed
by Goosen et al [9]. The test beam length (tl) and the test beam
width (tb) are the major parameters that have to be determined.

feel a stretching force and a bending momentum. Around the
hinge anchor points, stress concentration can also lead to very
high stresses. For example, implementing a stress indicator
structure as in figure 2 and assuming that the material is in
tensile stress, the hinge structure will stretch and bend. This
extra stress will be superimposed on the original built-in stress.
Thus, when the structure is released and the sacrificial layer
is etched away, the net stress in the hinge will be even higher
than the built-in stress of the material.

In other words, a design wherein such stress accumulation
occurs must be avoided. A design proposed by Goosen et al
[9] ensures that the hinges do not suffer from stresses that
are superimposed on to the initial built-in stress; see figure 4.
This is because the hinges—the most critical part for the stress
accumulation—are only loaded with a bending force and not
with a tensile force. This allows the hinges to relax most of
their built-in stress.

Because the stress gradient in the Epoclad epoxy is low
enough, it will not produce a major bending up or down. The
long single-clamped beam, the amplification beam, does not
pose a problem.

Table 1. Sizing of the three different indicator structures. The
resolution is the minimal recordable stress.

Test beam AB length Range Resolution
Device length (μm) (μm) (MPa) (MPa)

Device 1 100 1000 15–20 1
Device 2 250 1000 2–15 0.7
Device 3 2000 1500 0.2–2 0.07

(ii) Now we know that the design proposed by Goosen
et al is well suited for a stress indicator structure made of
Epoclad. The design can cope with the fact that the epoxy
has very high internal stresses relative to the fracture limit of
the material. But, the built-in stress is unknown. Depending
on the built-in stress, the dimensions of the stress indicator
structure have an optimum. When we increase the length of
the test beam, the displacement of the amplification beam will
be larger, and also the bending inside the hinges. For this
reason, three different sizes of the stress indicator structures
will be implemented by altering the dimensions, each having
an optimal operating range of built-in stresses; see table 1.

To determine the optimal sizes of the indicator structure
a detailed finite element simulation was done. The Comsol
Multiphysics software was used as the core solver for the
simulations. In order to simplify the sizing problem, the hinge
dimensions were arbitrary chosen to be 20 μm by 80 μm. This
leaves the dimensions of the test beam as the to-be-determined
parameters. In one simulation loop, the built-in stress is swept
through a specific range for a set of fixed dimensions of the
test beam. In the next loop, the test beam’s width (tb) and
the test beam’s length (tl) are changed and again the stresses
and responses are calculated in the structure; see figure 5(g).
In figures 5(a)–(f ) an example of such a simulation output is
shown. This is the output of device 2. It is clear that the test
beam length (tl) has a major influence on the response of the
indicator structure. The test beam width (tb) has a negligible
influence. But for the maximum stresses and strains in the
hinges, the test beam width is significant.

(iii) Because the stress indicator structure needs as large
response as possible, the test beam length must be as large as
possible so that the maximum strain stays below 1%. The test
beam width must also be as large as possible because the test
beam must be ridged enough. A thinner test beam will reduce
the stress inside the hinges, but will also lead to more fragile
structures.

To conclude the sizing problem, three devices were sized
using the design proposed by Goosen et al. The stress indicator
structures cover a range of 0.2–20 MPa of built-in stress and
they can measure both compressive and tensile stresses. In the
final implementation, two of the same structures are placed
adjacent to each other. The amplification beams face each
other and they are point mirror images of each other; see
figure 6. In this way, the two adjacent structures will produce
a displacement in the opposite direction. This will further
reduce the measurement error by a factor of 2. A vernier
grating is placed on the amplification beam apex to help with
the measurements.

The same structures can also be used to determine the
CTE. This is because Epoclad is an epoxy material and thus
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Figure 5. (a) and (b) give the maximum strain inside the hinges as a function of the test beam length and width. (c) and (d) give the
maximum stress inside the hinges as a function of the test beam length and width. (e) gives the response of the stress indicator structure as a
function of the test beam length and test beam width. (f ) displays the response as a function of the internal stress for a fixed test beam
length and width. (g) Simulation diagram.

the CTE is expected to be large and comparable to that of SU-8.
Finite element simulation reveals that the indicator structures
produce a displacement of the same order of magnitude as the
internal stress at moderate temperature increases; up to 150 ◦C
is sufficient. To quantify ‘in the same order of magnitude’ one
can simply calculate the temperature step needed to cancel out

a displacement caused by internal tensile stress. This is as
follows:

�T = σ0

E · α
.

Here σ 0 is the internal stress, E is the Young’s modulus and α is
the CTE. For typical values of silicon, the required temperature
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(a) (b)

(c)

Figure 6. (a) Fabricated indicator structure showing a displacement caused by tensile stress. (b) Detail of the very flexible hinges. The
adjacent structure is the point mirror image of the first so there the displacement is opposite.

Figure 7. Simulated response showing a linear behavior of the
displacement of the amplification beam to the internal stress (dashed
line) and temperature (solid line). The dash-dot line is an example
of a measured result: the vernier grating gives a response of 54 μm,
resulting in a 27 μm amplification beam displacement and this
translates in 12 MPa built-in stress at room temperature.

step is approximately 10 times higher than for SU-8. Thus, the
indicator structures made of Epoclad can be headed using a
conventional hot plate, and the stress indicator displacements,
as a function of temperature, can be recorded using an optical
microscope. A simulated example of the response of device 2
is displayed in figure 7.

The fabrication process

SU-8 was bought from Microchem. Corp., and LOR 10B was
also bought from Microchem. Corp. as the sacrificial material
for the fabrication process. Epoclad was bought from Micro
Resist Technology GmbH.

To fabricate the free-standing structures, a surface micro-
machining technique was used. A sacrificial polyimide layer
(LOR 10B) was spin coated on a 3 inch silicon wafer and
patterned using a conventional lithography step. The SU-8 or

Epoclad is spin coated directly on to the patterned sacrificial
layer. After a relaxing period, the epoxy film is soft baked on
a leveled hot plate. For SU-8 the soft bake is done at 70 ◦C
for 60 min. For Epoclad the soft bake is done according to the
datasheet provided by the manufacturer, except that the soft
bake times were increased to avoid stiction to the mask during
exposure. After the soft bake step the wafers were allowed
to cool down and were exposed to 320 mJ cm−2 of UV light.
Wavelengths below 360 nm were filtered out. To partially
cure the photoepoxies, a post-exposure bake was done inside
a conventional oven under a N2 atmosphere. Curing inside
an oven helps to eliminate stress gradients because no major
temperature gradients inside the film will exist compared to
curing on a hot plate. For SU-8 the post-exposure bake step
is done at 80 ◦C for 60 min and for Epoclad at 110 ◦C for
60 min. The non-exposed epoxy film can be redissolved in
PGMEA (propylene glycol monomethyl ether acetate) during
a development step. A final hard bake step is also done in
a conventional oven under a N2 atmosphere. For SU-8 this
is done at 150 ◦C for 60 min and for Epoclad at 140 ◦C for
60 min.

When the structures were fully cured after the hard bake
step, the sacrificial layer is etched using an alkaline solution.
The samples were then dried using a freeze drying step; see
figure 8.

Depending on the curing time and temperature, the
properties of SU-8 can vary significantly. This is no longer the
case when the curing reaction saturates and the epoxy is fully
cured [11]. The same behavior is also observed for Epoclad
but not yet studied in depth because we wish to focus on
the fully cured structure and the most stable condition of the
polymer.

Measurement details

The displacement measurements were done using an optical
microscope. The vernier grating at the amplification beam
apex is used to record the exact displacement. This is shown
in figure 9. For the stress measurements, approximately
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Figure 8. Fabrication process used to manufacture the stress indicator structures. The polyimide layer is patterned using a positive resist
mask and etched in an alkaline solution. After removing the positive resist mask the epoxy is spin coated and patterned. Finally, the
sacrificial layer is etched.

Figure 9. Photo by an optical microscope of a fabricated vernier grating on an indicator structure showing a displacement of 72 μm
resulting in an amplification beam displacement of 36 μm.

30 indicator structures per epoxy were evaluated and
averaged.

It must be noted that the epoxies have a gel-like property.
This means that they will absorb a significant amount of water
or water vapors. As a result, the internal stress in the material
will change as a function of humidity of the surrounding air
[11, 15]. Thus, the internal stress is defined as the stress
measured at room temperature (21 ◦C) and with a relative
humidity of 54%.

To determine the CTE, the samples were placed on a
temperature-controlled hot plate. When a certain temperature
was reached, 5 min of soak time was foreseen before the
displacement of the indicator structures was recorded. This
displacement was also recorded using an optical microscope
and the vernier grating; see figure 10.

Discussion

Table 2 lists a summary of the obtained data for Epoclad.
Data of SU-8 are also included for comparison. Calculating
the stress in the material from the displacement indicated
by the stress indicator structure is very straightforward. Using
the simulation result of the previously discussed simulations,
accurate conversion factors can be determined to convert the
displacement of the vernier grating directly into stress. This is
also possible because the response of the indicator structure is

Figure 10. (a) Measured response of an indicator structure
(device 2) fabricated in Epoclad. The vertical error bar is the
indicator resolution and the horizontal error bar is ±5 ◦C, as the
upper limit of uncertainty on the temperature. The dashed line is a
linear fit. (b) The dash-dot line is the response when the material
would have a different CTE and illustrates the method used to
determine the CTE.

very linear, as shown in figure 7. The error in the conversion
factors is very small compared to the spread of the indicator
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Table 2. Results of the measured in-plane internal stress and CTE
of Epoclad.

Epoclad SU-8 2000

Measured internal stress (MPa) 12 ± 2a 18 ± 4a

Reported internal stress (MPa) – 15 [11], 30–40 [13]
Measured CTE (ppm K−1) 87 ± 10b –
Reported CTE (ppm K−1) – 52 [14]

a Standard deviation.
b 95% confidence bounds of linear fit.

structures. Thus, the error in the measured stresses is due
to the spread of the approximately 30 indicator structures
recorded.

For the determination of the CTE, a different approach is
used in order to minimize the error in the calculation. From the
measured graph, figure 10, the directional cosine of the linear
fit is compared with the simulated data so that the response of
the device lines up with the simulated response; this is also
illustrated in figure 10.

The amplification beam apex displacement is a function
of temperature and of the CTE (α). Doing a simulation will
yield the following:

ds = f (αi, Ti).

Here d is the simulated displacement, the s in subscript
indicates that this displacement is simulated and αi and Ti

are the CTE and the temperature, respectively. Subscript i
indicates the discrete steps in the simulated data. Using the
physical model of thermal expansion, with ε = α ·�T and the
fact that the indicator structures have a very linear response,
the function f has the following form and thus the directional
cosine ∂d/∂T is linear in α:

d = C1 · α · �T + C0 and thus
∂d

∂T
= (C1 · α).

Now, C1 corresponds with the measured directional cosine
from the graph in figure 10. Because the directional cosine
is linear in α, we can fit a straight line through the simulated
∂ds/∂T and use it to find our CTE of Epoclad.

In other words, the CTE of Epoclad is calculated as
follows:

α = measured directional cosine − �

�
with � and �

so that
∂ds

∂T
= �α + �.

Because of the linearity of the structures, the fit parameters
� and � have very small relative errors. Furthermore, � is
negligible in comparison with the measured directional cosine.
It will tend to zero for an ideal experiment. Hence, the CTE
can be simply calculated and the error is of the same form
as in the initial experiment, being the error of the linear fit in
figure 10.

The measured properties for SU-8 and Epoclad are very
similar. This is not surprising because both of the materials
are epoxies. Epoclad, however, has a lower internal stress
than SU-8. This makes Epoclad a good epoxy to form thick
layers. When a deposited layer has high internal stress, the

adhesion force struggles to prevent the film from delamination,
especially for thick films. Epoclad has good adhesion to
silicon. But, whether this is the cause of higher adhesion
forces and/or the cause of the lower internal stresses is still not
clear. This will be a topic in the future work, to characterize
the adhesion force itself.

Conclusion

The internal or built-in stress and the CTE of Epoclad
are, according to the authors’ knowledge for the first time,
recorded. This is done using on-wafer stress indicator
structures. SU-8, a well-reported material, is also investigated
using the same indicator structures for comparison.

It is demonstrated that the CTE can be measured using
on-wafer stress indicator structures when a polymer material
is used.

Some important design considerations were explained for
designing a polymer MEM structure using these high stress
photoepoxy materials. The Epoclad resist is very well suited
for this purpose. It can be used as an alternative to SU-8,
where lower stresses and good adhesion are needed.
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