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Microfabricated photoplastic cantilever with integrated photoplastic/carbon

based piezoresistive strain sensor
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We present an SU-8 micrometer sized cantilever strain sensor with an integrated piezoresistor made
of a conductive composite of SU-8 polymer and carbon black particles. The composite has been
developed using ultrasonic mixing. Cleanroom processing of the polymer composite has been
investigated and it has been shown that it is possible to pattern the composite by standard UV
photolithography. The composite material has been integrated into an SU-8 microcantilever and the
polymer composite has been demonstrated to be piezoresistive with gauge factors around 15-20.
Since SU-8 is much softer than silicon and the gauge factor of the composite material is relatively
high, this polymer based strain sensor is more sensitive than a similar silicon based cantilever
sensor. © 2006 American Institute of Physics. [DOI: 10.1063/1.2186396]

Micromachined cantilevers are often used for atomic
force microscope imaging. Today microcantilevers are used
for a variety of apPlications including biological and chemi-
cal measurements. > We find that cantilevers with integrated
readout offer some advantages as compared to the typical
laser leverage readout when it comes to making compact
systems and obtaining easily accessible signals (no aligning,
no light-to-voltage conversion). Lately, several highly sensi-
tive cantilever sensors with integrated piezoresistive readout
have been developed.“f7

The working principle is that a change in surface stress
makes the cantilever deflect which again gives rise to a strain
in the integrated piezoresistor. The change of resistance in
the piezoresistor can then be measured.

Cantilever sensors have the possibility to perform very
local and high-resolution measurements. For example mea-
surements of DNA hybridization or antigen/antibody recog-
nition can be made in microliquid channels establishing a
basis for point of care applications.

Cantilevers are normally made of silicon which has a
high Young’s modulus and a cantilever made of a softer ma-
terial would be more sensitive for static deflection measure-
ments. This can be seen from the following equation describ-
ing the force sensitivity of a rectangular cantilever

—= 12—7F, (1)

where AR/R is the relative change in resistance and K is the
gauge factor of the piezoresistor respectively, E is Young’s
modulus, /, w, t are the length, width, and thickness of the
cantilever, d is the distance from the piezoresistor to the
neutral axis, and F is the force applied at the apex of the
cantilever. Apart from the cantilever dimensions it is the re-
lation between the gauge factor and Young’s modulus of a
material that determines the sensitivity of the cantilever
Sensor.

Recently, polymers with a much lower Young’s modulus
than that of silicon have been used for fabricating cantilevers
as a substitute material for silicon.® However, these materials
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do not have any piezoresistive properties. Previously, we
have developed SU-8 cantilevers with integrated Au resistors
that have a gauge factor of approximately 2219 In these can-
tilevers the low gauge factor of the Au resistors is limiting
the sensitivity of the cantilever sensor.

In this letter we present the development of a microma-
chined SU-8 cantilever with integrated readout based on a
piezoresistive SU-8/carbon composite material. The final de-
vice is shown in Fig. 1.

The cantilever consists of two SU-8 layers encapsulating
the SU-8/carbon composite material and Au electrodes. The
thickness of the cantilever is approximately 7 wm. The can-
tilever is placed on an SU-8 support structure approximately
200 wm thick (see Fig. 2).

Percolation theory describes the conductivity of polymer
composite materials based on a conducting network of ran-
domly dispersed conducting particles in the insulating poly-
mer matrix."' The resistivity of the composite material with
carbon particles above the percolation threshold can gener-
ally be modelled by the power law relation
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FIG. 1. Optical image of a micromachined SU-8 cantilever with integrated
SU-8/carbon piezoresistor and four Au electrodes seen from the top. The
cantilever is 200 um long, 200 um wide, and approximately 7 wm thick.
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FIG. 2. Schematic drawing of the cantilever. SU-8 support structure and
SU-8 cantilever layers (light gray). Piezoresistive composite material
(black), and gold electrodes (dark gray).
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where p is the resistivity, pg is the resistivity scale factor, P is
the carbon concentration, P, is the carbon concentration at
the percolation threshold, and ¢ is the so called critical expo-
nent which is connected to the dimensionality of the
system.12 Both p, and ¢ are usually used as fitting parameters
in experimental work.

The polymer composite is fabricated by ultrasonic mix-
ing of SU-8 2002 and the carbon particles Conductor 975
Ultra."* Conductex 975 Ultra is a high structure carbon black
with an average particle diameter of 21 nm and is highly
conductive. This composite material can be spun on wafers
and structured by standard UV lithography and is compatible
with all necessary SU-8 clean room processes. It can form
thin film layers of less than 1.5 um thickness and structures
of 10X 10 um are possible to achieve with the existing fab-
rication process.

The composite samples are prepared by placing a high
power ultrasonic source directly into the SU-8 with the
added carbon particles. During the mixing the samples are
cooled down to avoid evaporation of the SU-8 solvent cyclo-
pentanone.

The resistivity as a function of the carbon filler (weight
percent) is shown in Fig. 3. These measurements were made
on some special test structures. All resistivity measurements
are made with a Keithley 2000 using a simple standard two-
probe method. The test structures are made on Si wafers with
an oxide layer on top. Then, Au electrodes are structured on
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FIG. 3. The resistivity as a function of carbon filler measured on three
samples with a standard two-point measurement. The resistance of the com-
posites with less than 12% carbon particles were out of the scale (of the
Keithley 2000) used for these measurements indicating that all of them were
insulating. A power law fit is also shown indicating agreement with perco-
lation theory.
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the insulating oxide in order to establish a good contact to
the 1.4 um thick composite layer that is deposited on top of
the Au electrodes.

The percolation threshold was determined to be close to
12% (vertical dashed line). A polymer composite with a car-
bon content of approximately 16% was chosen for the fabri-
cation of the cantilever sensor. This was done in order to
operate well above the percolation threshold such that large
fluctuations in the resistance were avoided.'*'> At the same
time the composite should have a low resistance in order to
minimise noise and the gauge factor should be maximized.
In Fig. 3 the conducting properties of the SU-8/carbon com-
posite material with different amounts of carbon content is
fitted to a power law relation like Eq. (2). The measured
resistivity of the composite material seems to indicate a good
agreement with percolation theory by showing a very sudden
rise in resistivity by several orders of magnitude.

The developed cantilever strain sensor with the inte-
grated piezoresistive SU-8/carbon composite is fabricated by
the following process sequence. First a release layer of
Cr/Au/Cr with thickness of 50/500/500 A, respectively, is
deposited on a 4 in.Si wafer. Then, a thin layer of 800 nm
SU-8 is deposited and structured to use as the topside of the
cantilever. Next a 500 nm layer of Au is e-beam evaporated
on top of a 1.5 um thick AZ-5214 photoresist pattern and the
gold electrodes are structured with a lift-off process. A
1.4 pm layer of the SU-8/carbon composite material is spun
on top of the Au wires and structured by UV lithography. To
encapsulate the piezoresistor a 4.0 um thick SU-8 layer for
the backside of the cantilever is deposited—at the same time
this layer roughly determines the distance from the piezore-
sistor to the neutral axis in the cantilever. Finally, the support
structure consistijng of a 200 wm thick SU-8 layer is depos-
ited and structured by UV lithogralphy and the chips are re-
leased from the wafer in a Cretch.'®

The force sensitivity of the cantilever sensors fabricated
by this process has been determined by deflecting the canti-
lever. The results can be seen in Fig. 4. The cantilever was
deflected with a sharp needle controlled by a micrometer
screw in steps of 5 wm while the resistance was measured
with a Keithley 2000. The accuracy of these steps is within
+1 wm on the micrometer screw, but the tip of the needle
will slide on the cantilever surface at large deflections giving
a too low deflection. How much is difficult to estimate
though but these things combined could explain some of the
irregularities on the curve. The electrical contacts to the chip
were made with a probe station. At first the cantilever was
left alone to check if the signal was stable, then it was de-
flected and then slowly released again. This gave the first
peak in Fig. 4. This was repeated (second peak) except that
the needle was moved away from the cantilever after the full
deflection distance of 50 um. The change in base signal seen
could be due to breaking of some of the conducting path-
ways in the composite or drift in the measurement setup.

The slope of the three steps: deflection, release, and sec-
ond deflection are plotted in Fig. 5. This gives a value for the
gauge factor K between 15 and 20 for the SU-8/carbon poly-
mer composite material, see Eq. (1). Since the calculation of
the gauge factor is based on a simple model and at the same
time very dependent on the exact location of the micrometer
screw during the deflection it leaves an error margin of at
least 15%.
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FIG. 4. Repeated endpoint deflection of the cantilever
with a length and width of 200 um and a total thickness
of 7 um. The needle used for bending the cantilever is
placed approximately 20 um from the tip of the canti-
lever. The resistance is measured as a function of the
cantilever deflection in steps of 5 um. The sudden drop
in resistance seen at the second peak is due to the
needle being removed from the cantilever.
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Young’s modulus of SU-8 is approximately 5 GPa'”. To-
gether with a gauge factor of the composite piezoresistor of
15-20 when integrated in an SU-8 cantilever this gives theo-
retically a material that is 5-10 times more force sensitive
than a silicon based cantilever with integrated piezoresistive
readout if all dimensions of resistor and cantilever are equal.6

In conclusion, a micromachined cantilever with inte-
grated readout based on a piezoresistive polymer composite
of SU-8 and carbon black particles has been developed. This
new piezoresistive polymer composite has been demon-
strated to have a gauge factor of approximately 15-20, which
is much higher than alternative non silicon-based materials
such as Au. At the same time the composite has a much
lower Young’s modulus than Au, it can be structured by stan-
dard UV lithography and can form a thin film less than
1.5 pm thick.
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FIG. 5. The relative change in resistance as a function of the cantilever
deflection. The three lines represent the three steps in the deflection experi-
ment, deflection, release, and second deflection. The cantilever shows no
sign of fatigue or plastic deformation even after several runs.

Potentially this polymer composite can lead to cheap,
fast, and flexible processing. The material has shown a high
sensitivity that possibly with further work could be increased
and it has a broad range of possible application also within
other areas than cantilever sensors, like polymer contacts,
pressure sensors, harsh environment fluidic electrodes, etc.
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