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Micromechanical testing of SU-8 cantilevers
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ABSTRACT SU-8 is a photoplastic polymer with a wide range of possible applications in microtech-
nology. Cantilevers designed for atomic force microscopes were fabricated in SU-8. The
mechanical properties of these cantilevers were investigated using two microscale testing
techniques: contact surface profilometer beam deflection and static load deflection at a
point on the beam using a specially designed test machine. The SU-8 Young’s modulus
value from the microscale test methods is approximately 2-3 GPa.

Keywords AFM cantilevers; microscale mechanical test; SU-8; surface profliometer;

Young’s modulus.

INTRODUCTION

The field of microtechnology and Micro-electro-
mechanical systems (MEMS) has grown rapidly for the
past two decades.! Recently, researchers are moving away
from the traditional silicon-based technologies and inves-
tigating alternative materials. One of the promising candi-
date materials for new microsystems is the polymer SU-8.2
SU-8 has useful material properties, including photosensi-
tivity, transparency to visible light, a low Young’s modulus
and biocompatibility.

In order to design MEMS structures using SU-8, accu-
rate material property data must be available. However, it
is difficult to apply the traditional macroscale mechanical
test methods to microscale samples, so reliable microme-
chanical property data are scarce. In this paper, we present
the design and fabrication of cantilevers for commercial
atomic force microscopes (AFM) constructed from SU-8.
These cantilevers are tested using two different microscale
methods to measure the stiffness of the cantilever and to
determine the Young’s modulus of the SU-8 material. The
test results indicate that existing macroscale material test
methods are not sufficiently precise for MEMS design
purposes and that reliable microscale test methods are
required.

SU-8 CANTILEVERS FOR ATOMIC FORCE
MICROSCOPES

Atomic force microscopes have become an essential tool
for surface analysis. In an AFM, a sharp tip attached to a
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cantilever is scanned over the sample surface. The can-
tilever is deflected by features on the surface, and the
deflection is detected using a laser which is reflected off
the beam. Figure 1 illustrates the principle of AFM op-
eration to produce a profile of the sample surface with
subnanometer resolution.

For effective operation, an AFM requires a cantilever
with specific properties. It must have a high resonance fre-
quency (>10 kHz) and a low stiffness (0.1-1 N m~!). Us-
ing the conventional silicon-based microfabrication tech-
niques, itis difficult to make a cantilever with a sufficiently
low spring constant to achieve the small forces that are re-
quired, as the thinness of the cantilever material becomes
alimiting factor. Photoplastic polymers with a low Young’s
modulus (below ~5 GPa) are an interesting possible alter-
native, because they can be used to fabricate thick, robust
cantilevers with the required properties.?

One of these polymers is the negative photoresist
SU-8. With a highly cross-linked structure, it is thermally
and chemically stable allowing the realization of thick mi-
crostructures with high aspect ratios. The use of SU-8
also enables a simpler, cheaper and more versatile can-
tilever fabrication process based on surface micromachin-
ing. This makes the integration of additional functionality
easier and it allows a variety of cantilever shapes to be de-
signed. For example, SU-8 has recently been used to fab-
ricate cantilevers with integrated piezoresistive sensors.*

The near-UV negative photoresist SU-8 is based on the
EPON® Resin SU-8 from Shell Chemical. Layer thick-
nesses ranging from 750 nm to 300 um can be real-
ized with spin-coating techniques, and structures of up to
2 mm in height can be made by applying multiple coats.?
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Fig. 1 Schematic illustration of atomic force microscope (AFM)
operation.

High-aspect ratio structures are fabricated using thick
SU-8 and standard lithography tools. With its advanta-
geous chemical and mechanical properties and compati-
bility with the standard lithography, SU-8 is a promising
candidate for MEMS applications, including packaging,
micromoulds and microchannels.’

The complete SU-8 cantilever chip consists of a can-
tilever attached to a large body die, and the fabrication
process is illustrated in Fig. 2. The procedure begins with
deposition of a sacrificial layer of 200 nm Cr followed by
500 nm Al onto a silicon substrate. The first layer of SU-8
(Sotec 60/40) is then spun on and the cantilever pattern is
exposed with UV lithography but not developed.®” The
second layer of SU-8 (Sotec 70/30) is then spun on and the
body patterns are exposed. Then, all the unexposed SU-8
is developed and removed. Finally, the sacrificial layer is
etched and the cantilever chips are removed from the sub-
strate. "To simplify the release of the cantilevers from the
substrate, the different chips are attached to a SU-8 frame,
which holds the chips together. The individual cantilever
chips are then mechanically detached from the frame as
needed. Figure 3 shows a scanning electron microscope
(SEM) image of a fabricated cantilever chip.

The cantilevers were designed with thickness 5 pm,
width 55 um and a range of lengths between 250 um and
475 pm. The body die contains alignment features which
were designed to match the alignment features used in a
commercial AFM manufactured by Nanosurf AG.® The
cantilevers shown here do not include an AFM tip.

SURFACE PROFILOMETER FOR MICROSCALE
MECHANICAL TESTING

Micromechanical property data are needed for the effi-
cient design of microsystems, but traditional macroscale
mechanical test methods are difficult to apply to mi-
croscale materials due to the small size and fragility of
the samples. Recent reports in the literature have focused
on the development of new microscale mechanical test
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Fig. 2 Schematic illustration of the fabrication process for SU-8
cantilevers: (a) Cr/Al sacrificial layer is deposited on the silicon
substrate; (b) a 5 um layer of SU-8 is spun on and exposed to define
the cantilevers; (c) a 280 pum layer of SU-8 is spun on and exposed
to define the body; (d) the SU-8 layers are developed and (e) the
sacrificial layer is etched and the cantilever chips are removed.

methods.”~!! Many test methods are specific to certain
classes of material, typically involve extensive fabrication
procedures, are subject to errors, and may require expen-
sive test instruments. A new test method, called MAT-
Test, which addresses these issues has recently been de-
veloped.!?'13 MAT-Test (an acronym for materials testing)
achieves improvements in test quality through the use of
a contact surface profilometer as the test instrument. The
testing approach is applicable to a wide range of thin film
materials, requires only simple test structures to be fabri-
cated, is insensitive to potential test errors, and involves
a profilometer which is a widely available laboratory test
instrument.

The MAT-Test procedure is illustrated in Fig. 4. A con-
tact surface profilometer stylus is scanned along the length
of a suspended cantilever beam fabricated from the mate-
rial under test. The stylus contacts the sample with a con-
stant force, the cantilever beam is deflected downwards
by the stylus, and this is recorded as the instrument traces
along the beam. This data set can be analysed in combina-
tion with the geometry of the test structure to determine

© 2005 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 28, 1-8
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Fig. 3 Scanning electron microscope (SEM) image of microfabricated SU-8 cantilever.
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Fig. 4 Schematic illustration of MAT-Test procedure.!!

the Young’s modulus of the material under testin a manner
that is insensitive to potential errors in test structure fab-
rication, such as undercut of the cantilever root or residual
stress in the material under test.!?

© 2005 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 28, 1-8

This test method is easy to perform and is widely appli-
cable to material systems in which suspended cantilever
structures can be fabricated. It applies to most common
material combinations currently used in microsystems, i.e.
a thin film deposited on a substrate such as silicon nitride
on silicon. It can also be applied to more exotic materials,
such as spin-coated polymers.

The MAT-Test experiments on SU-8 cantilevers de-
scribed in this paper used a Dektak 3ST contact surface
profilometer.!* Figure 5 shows a microphotograph of a
cantilever being scanned in the profilometer.

The first requirement for accurate Young’s modulus data
is to establish that the cantilever is being deflected only
in its elastic region, and that no plastic deformation is
occurring. Figure 6 shows the results of five successive
measurements of the same cantilever plotted on the same
figure. The sample orientation is shown in Fig. 5, with
the base of the cantilever at the left, and the sample was
scanned from left to right. The small region of positive
slope at the start of the cantilever is a topographical fea-
ture of the sample and does not represent bending of the
cantilever. The measurements show no significant change
from one to the other, indicating that the material is not
plastically deformed by the profilometer scan. Note that
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Fig. 5 Optical microscope image showing SU-8 cantilever under test.
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Fig. 6 Graphical representation of vertical deflection as function of lateral tip position for repeated deformation of SU-8 cantilevers.

this procedure could be used to determine the yield stress
of the material, simply by increasing the applied force until
deformation is observed.

Next, the data are analysed. Figure 7 shows a screenshot
of the MAT-Test data analysis software, which was written
in the MATLAB." The software displays the profilometer
scan data in the upper plot, and the operator selects the rel-

evant region of the data for analysis, as shown in the lower
plot. In the case of the SU-8 cantilevers, this selection step
is important because the cantilevers are very compliant
and even the smallest available profilometer force causes
the far end of the cantilever to enter the large deflection
regime. The most straightforward analysis is when deflec-
tion data are confined to the small deflection regime and

© 2005 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 28, 1-8
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Fig. 7 MAT-Test analysis software.
the sample deflection is described by the Euler equation:!
d =FL’/3EI), )

where d is deflection of the cantilever, F is the applied
force, L is the length of the cantilever, E is the Young’s
modulus of the cantilever material and I is the second
moment of area of the cantilever cross-section. The Euler
small deflection analysis yields acceptable results when the
ratio of cantilever deflection to cantilever length, d/L, is
less than approximately 0.1.

The fitting procedure for the deflection is based upon
finding the coefficient of the cube of the distance along the
microcantilever. Any initial bending near the root of the

© 2005 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 28, 1-8
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.............................

cantilever or imperfect levelling of the sample during pro-
filing only contributes to the linear coefficient of distance
along the cantilever. For singly supported cantilevers of
material with a stress gradient through the thickness of the
cantilever, the relaxed state of the beam is the arc of a cir-
cle. Such stress gradients only contribute to the coefficient
of the square of the distance along the microcantilever in
this case where the deflections are small and all these ef-
fects are additive.

Using the fitting procedure based upon the cubic co-
efficient, the average Young’s modulus result from the
SU-8 cantilevers using the MAT-Test technique is 2.7
0.5 GPa. The accuracy of the method depends upon the
force calibration of the profilometer, the noise in the data
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Fig. 8 Load-displacement curve for SU-8 cantilever loading.

when fitting to find the cubic coefficient and the precision
of the cantilever geometry measurement.

MICROSCALE MECHANICAL TEST MACHINE

Static load bending tests on SU-8 cantilever specimens
from the same fabrication batch were carried out using
a specialized mechanical testing machine for microsized
specimens, MET2000, which was developed at the Tokyo
Institute of Technology.!®!” This test machine is capa-
ble of applying both static and cyclic loads to microfabri-
cated specimens. Tensile, compression and bending tests
can be performed by changing loading and specimen fix-
tures. The load resolution is 10 «N and the displacement
resolution is 5 nm. The loading position can be adjusted
by a precision X-Y stage with a translation resolution of
0.1 um. Further details of the testing machine are de-
scribed elsewhere.!6:17

Bending tests on the SU-8 cantilevers were performed
by loading the cantilevers at a fixed position along the can-
tilever and recording the resulting deflection. The loading
position of the cantilever beam was set at 56 um from the
fixed end of the specimen. Static load was applied to the
specimen by a diamond tip with a radius of 5 um, which
was connected directly to the actuator. Figure 8 shows the
load—displacement curve obtained from loading the can-
tilever. A linear relationship between load and displace-
ment is observed up to a displacement of 15 um. The
bending test was stopped at a displacement of 50 pm.

The load-displacement curve in Fig. 8 deviates from a
linear relationship for displacements greater than 15 pm.
Figure 9 shows a series of photographs taken during the
bending test. As seen in Fig. 9d, the position of the dia-
mond tip appears to have slipped along the beam, and the
deviation from the linear load-displacement relationship
is partially due to this slipping. It is interesting to note

50 60

that the specimen was not broken even after a bending
displacement of 50 um as shown in Fig. 9d. Figure e
shows the cantilever after the bending test. The specimen
exhibited slight plastic deformation after removal of the
load but no cracking was observed with laser microscope
inspection.

From the linear portion of the experimental load-
displacement curve in Fig. 8, the Young’s modulus was
calculated to be 1.9 & 0.5 GPa. The measurement preci-
sion is determined by the accuracy of the measurements of
the specimen dimensions, the loading tip position relative
to the root of the cantilever and the force.

DISCUSSION

The Young’s modulus test results with the two test meth-
ods are comparable and give approximately 2-3 GPa for
these microfabricated SU-8 structures. The values are
somewhat lower than other data in the literature.! This
may be due to differences in fabricated SU-8 structures ac-
cording to the solvent removal and cross-linking process
conditions. Materials such as SU-8 may behave differently
on the microscale compared with larger samples because
the solvent removal is more efficient through the surfaces
of small structures. Furthermore, the material properties
of many thin-film materials vary considerably depending
on their deposition and curing conditions, necessitating
mechanical testing of realistic MEMS structures.

The results of this study highlight the need for reliable
microscale material test methods for MEMS research and
design. For example, the initial batch of AFM cantilevers
had approximately half the intended spring constant, be-
cause macroscale test data had been used in the design
process.

Development of MAT-Test is ongoing and only pre-
liminary results have been presented. In cases where the

© 2005 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 28, 1-8
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Fig. 9 Optical microscope image of SU-8 cantilevers being tested.

profilometer is capable of taking two traces of the same
beam with different contact forces, it can be advantageous
to calculate the difference between the two measurements
before fitting these data to find the cubic coefficient. The
SU-8 cantilevers tested in this study are not stiff and the

© 2005 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 28, 1-8
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profilometer had to be used near the limits of the res-
olution of the test equipment. However, the results are
instructive, both for the results of the test and for the test
method. Previous experiments on 5 pm thick SiC can-
tilevers with a larger Young’s modulus were more straight-
forward.!?

Another well-established procedure for obtaining me-
chanical data and Young’s modulus is by making resonance
frequency measurements in vacaum.! However, the pro-
filometry approach is convenient and can be extended to
testing beams to destruction and measuring materials lim-
its. Not all contact surface profilometer mechanisms are
capable of applying a constant force to the sample as the
beam is displaced. To facilitate the use of such instruments
itwould be useful to develop standard calibration samples,
for example sets of single crystal silicon microbeams with
a range of different widths.

CONCLUSION

The fabrication of AFM cantilevers was used as an example
of MEMS applications of SU-8 to illustrate the potential
usefulness of SU-8 in a broad range of MEMS from can-
tilevers to fluid microchannels. Two microscale material
property test methods were applied to SU-8. A surface
profilometer approach (MAT-Test) involves a standard
contact profilometer to scan along microbeams to perform
a convenient test that can be applied to a variety of materi-
als. The MFT2000 test machine is a more specialized but
versatile instrument that is used to perform a variety of
mechanical tests on a microscale samples. Microscale test
methods such as these must be introduced and certified
as standards, enabling MEMS device designers’ devices
to use known material specifications. This will facilitate
more widespread, reliable and robust MEMS design for
commercial products.
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