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We report a microcantilever probe with a 5nm gold deflection sensor for the study of local mechanical
properties such as adhesion and elasticity on a sample. The probe has a dynamic range of tens of microns,
which allows for a deeper insight into the mechanical properties of materials. The gauge factor of the
piezoresistive sensor is 4.1+ 0.1 and the deflection sensitivity is 0.1 ppm/nm. Noise analysis indicates a

minimum detectable deflection of ~0.7 nm. Topographical scans are demonstrated. Studies of adhesion
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and stiffness of two different samples demonstrate the usefulness of the probe in the investigation of
local mechanical properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Microcantilevers are used in a number of applications including
atomic-force microscopy (AFM) [1], nanolithography [2], high-
density data storage [3,4], biological sensing [5], cell elastography
[6], measurement of material properties such as adhesion, stiff-
ness, elasticity and viscosity [7], and explosives detection [8].
Piezoresistive deflection-sensing elements are integrated onto
micromachined cantilevers to increase sensitivity, and reduce com-
plexity and cost. These sensing elements are made by selectively
doping silicon [9-11], by depositing and patterning metal or metal
oxide films, such as gold [12-14], indium tin oxide [15,16], and
nichrome [17], or by depositing and patterning other materials such
as amorphous carbon [18].

Compared with doped-silicon sensing elements, deposited
metal film elements have important advantages including simpli-
fied fabrication, a lower manufacturing cost [19], and the capability
to scaledown to smaller dimensions while maintaining sensitivities
[12]. Metallic sensing elements also enable the use of alternative
substrate materials (such as polymers), that tend to exhibit higher
compliance properties and improved thermal isolation [19,20].
Metal film sensing elements with thickness larger than 10 nm
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typically have gauge factors of about 2 or smaller [12,13,20,22].
Ultrathin metal film sensing elements with thickness less than
10 nm have demonstrated increased piezoresistive sensitivity [21].
In this work, probes with metal ultrathin film sensors on silicon
substrates for scanning probe microscopy and material character-
ization are developed. The probes operate without the need of a
complicated optical lever required by AFM systems. In addition,
the probes have a very large dynamic range of tens of microns. This
feature enables monitoring movement of tens of microns in the
out-of-plane axis (Z-axis), which allows for a deeper insight into
the mechanical properties of materials. For example, the adhesive
forces on a surface can be studied in greater detail in order to char-
acterize materials by monitoring the full range of the rupture force
which is required to break the adhesion from the surface. These
probes are also suitable for biological scanning in liquid environ-
ments by adding a thin insulating layer over the exposed metal
film, overcoming the limitations of the optical lever on AFM caused
by the laser refraction at the non-static liquid-air interface during
scanning in liquids. Finally, compared with other approaches such
as optical lever detection and piezoelectric pick-up, piezoresistive
sensing is relatively simple to expand to a one or two dimensional
probe array for higher throughput multi-location measurements.

2. Theory

The change in resistance, AR, can be converted into the corre-
sponding force exerted on the piezoelectric sensor using the gauge
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Fig. 1. SEM image of a piezoresistive probe developed in this effort. The shorter
element near the base is the piezoresistive element. The longer metal element that
goes over the tip is a thermal element used for heating and measuring temperature
related parameters (not used in the work reported here).

factor. The gauge factor of the metal piezoresistive sensor is given
by the following equation
AR _K

R EU (1)

where K is the gauge factor, E is Young’s modulus of the cantilever
material, and o is the average stress of the metal sensor. The aver-
age stress of the sensor can be estimated using cantilever analysis
[23,24]. The overall equation thus becomes

AR 3 (L—XA/2)

N I L R
where A is the length of the piezoresistor, L and t are the length and
thickness of the cantilever, Az is the displacement of the cantilever
at the tip. The deflection sensitivity is defined by solving Eq. (2) for
(AR/R)[ Az, and its value can be experimentally calculated from the
slope of (AR/R) vs. Az.

(2)

3. Device fabrication

Fig. 1 shows the probe developed in this effort. The design
includes two sensing elements on one cantilever, each of which
consists of a5 nm gold film located on a silicon cantilever. The resis-
tor covering the tip area forms a microbolometer and the resistor
near the base of the cantilever forms the deflection sensing element.
The rectangular cantilever is 200 wm wide, 300 wm long, and 2 um
thick. The pyramid shaped tip is 7.5+ 0.5 pm high and has a tip
diameter of 200 nm. The cantilever is a stacked structure of silicon
and silicon oxide layers. A 3 mm x 1.4 mm x 0.5 mm chip serves as
the base of the cantilever.

The device is fabricated in a four-mask process. The process
starts with a silicon-on-insulator (SOI) wafer. A thermal oxide
masking layer is deposited and patterned for the probe tip. The
tip is formed using timed KOH anisotropic etching. The oxide
mask is then removed and the tip is sharpened with several oxide
sharpening steps [25]. A 100 nm-thick silicon oxide is thermally
grown on the wafer to provide electrical insulation. The cantilever
is patterned on the front side of the wafer with the Bosch deep
reactive-ion etching (DRIE) process. Metal lines are evaporated and
patterned on top of the cantilever structure with lift-off process
to form the sensing elements. The thicknesses of the metal layers
are monitored during the evaporation and the variation between
process runs is within +10%. The chip is then shaped by a back
side DRIE process with an etch rate of 3 wm/min. The buried oxide
layer of the SOI wafer acts as an etch stop to prevent the back side
DRIE from attacking the Si cantilever structures. Finally, the probes
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Fig. 2. Measured AR/Rvs.in-plane scanning displacement in a 20 wm line scan over
a 10 wm-pitch square grating with 1 wm height (shown in the inset).

are released by removing the buried oxide layer using buffered HF
etchant.

4. Experimental results and discussion

The change in resistance of the sensing element with cantilever
deflection is directly measured using a micro-Ohm meter (Agilent,
HP-34420A), without the need of an interface amplifying circuit,
and the data is acquired with a LabView program. A piezoelectric
XYZ stage with 100 wm range and nanometer resolution on each
axis (PiezoJena, Tritor 100) is used to move the sample underneath
the probe.

The overall resistance of the sensing element is ~1773 2. The
parasitic resistance of the inactive portions of the metal-line resis-
tor can be calculated using the geometry and the measured sheet
resistance. Additional resistances from the cabling and the wire-
bonding are less than 12 and therefore do not have a significant
contribution to the overall resistance. Thus, the active piezoresis-
tive sensing part of the sensing element has a resistance of ~516 2.

The noise performance of the sensor is evaluated by biasing the
metal-film resistor with the built-in battery-based power source
in a low-noise current preamplifier (Stanford Research Systems
SR570). The output voltage of the current preamplifier is then
fed into a spectrum analyzer (Agilent 4395A) for noise measure-
ment. No 1/f noise was observed between the frequency range
from 10Hz (equipment limitation) to 1kHz, and the white noise
floor was found to be ~ 22 nV/+/Hz. This is ~3 times higher than
the calculated Johnson noise spectrum based on the nominal over-
all resistance of the sensing element, and may be related to the
thermal vibration noise of the cantilever. The minimum detectable
deflection is given by

vn/IBias . l
R

Azmin = S
¥4

(3)
where V, is the total noise voltage over the measurement band-
width (30 Hz from the micro-ohm meter), Ip4 is the bias current
used in the resistance measurement (1 mA or less), R is the nomi-
nal resistance of the sensing element, and s; is the sensitivity of the
piezoresistive sensor defined as AR/R/Az and obtained by experi-
ments as discussed below. The total noise of the micro-ohm meter is
alot less that the noise from the device and it is been ignored in the
calculation. Thus the minimum detectable deflection is ~0.7 nm.

Fig. 2 shows a 20 wm line scan over the top surface of a 10 wm
pitch square grating with 1 wm height. The curve in Fig. 2 is the
plot of the change in resistance, AR/R, vs. the in-plane (XY plane)
movement, and shows the scanned surface profile of the grating. A
1 wm change in the deflection of the cantilever tip corresponds to
an approximately 0.1 €2 change in resistance.

The attractive and repulsive forces between a probe tip and sam-
ple surface are of interest as they can provide information about
mechanical properties of the probe and of the sample (such as adhe-
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Fig. 3. Measured AR/R vs. out-of-plane probe movement (similar to an AFM force-
curve) on two different materials. Force-curves on: (a) a glass substrate; (b) an
elastomer (C6-235). The arrows indicate the direction of the movement. The blue
thick dashed line represents the trace (probe and sample moving toward each other)
and the red thin line represents the re-trace (probe and sample moving away from
each other). The vertical axes are AR/R on the left and corresponding calculated
cantilever deflection on the right, and the horizontal axis is the Z-axis movement of
the sensing element toward and away from the sample. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

sion and elasticity). Typically, with an AFM, the cantilever is moved
in Z axis toward the sample (trace) and then away from the sample
(re-trace). The deflection of the cantilever is detected by a pho-
todiode, plotted against the Z-axis scanner movement, and then
analyzed.

The same capability can be realized by the micromachined
piezoresistive probe, without the need of the complicated optical
pickup used in the AFM. Resistance vs. displacement curves are pro-
duced using the probe and samples on the XYZ piezoelectric stage.
The change in resistance can then be translated into the change
in force as described in [13], which can be further used to extract
the attractive and repulsive forces, as well as corresponding mate-
rial properties. Besides the benefit of simplified signal readout, the
closed-loop piezoelectric XYZ stage also provides larger measure-
ment and interaction range (>40 pm), while in an AFM this range
is typically limited by the piezoelectric tube scanner to ~5 pm.

Curves of the change in the probe resistance with displacement
in Z-axis on two different materials are shown in Fig. 3. Fig. 3a is
a curve on a glass substrate and Fig. 3b is on an elastomer (Dow
Corning, C6-235). At a Z-axis value of O wm the probe tip is not
touching the sample. As the value on the Z-axis increases, the sam-
ple is brought closer to the tip. An attractive force deflects the probe
toward the sample and thus there will be a decrease in the resis-
tance of the element. A repulsive force deflects the probe away from
the sample and there will be anincrease inresistance. As can be seen
in Fig. 3a and b, when the probe gets very close to the sample, it
jumpsinto contact when it feels a sufficiently strong attractive force
from the sample. As soon as the tip is in contact with the sample,
the probe starts being pushed into the sample and the deflection

will increase. This is translated into an increase in the slope of the
curves in Fig. 3, which indicates that contact occurs around a value
of 8.2 wm on the Z-axis for Fig. 3a and 31 wm for Fig. 3b. These
values are arbitrary because the initial probe-sample distance is
randomly chosen for this experiment. The slope and shape of the
line is a measure of the elasticity of both the sample and the probe.
The slope of the line on hard glass is 0.0553 2/um (Fig. 3a), while
the slope on the elastomer is 0.0304 2/pm (Fig. 3b), demonstrat-
ing, as expected, that the elastomer is more elastic than glass. The
deflection sensitivity of the probe ((AR/R)/Az) can be extracted
from the slope of the curve on glass and is ~0.1 ppm/nm. Using Eq.
(2) and the experimental data shown in Fig. 3a, the gauge factor of
the metal piezoresistive sensor is calculated at 4.1 +0.1.

After reaching a certain predetermined Z-axis value the sam-
ple is moved away from the probe (re-trace). Initially, the curve is
similar to the trace curve (approach), because the adhesive forces
cause the probe to stay adhered to the sample even after pass-
ing the initial contact point. It can be seen that adhesive forces
between the probe and the glass sample (Fig. 3a) are weaker than
the forces on the elastomer (Fig. 3b). After moving a further dis-
tance away from the sample the adhesion is broken, and this value
corresponds to the rupture force to break the adhesion from the
surface. For Fig. 3a this value represents a change in resistance of
AR=0.0106 2 or a Az~ 190 nm and for Fig. 3b represents a change
in resistance of AR=0.4654 Q2 or a Az~ 8.37 pm. As expected, the
greater the adhesion the greater the value of AR as evidenced from
the comparison between the two graphs.

Knowing the probe elasticity enables us to extract the sample
elasticity from the measurement curve. Young’s modulus of the
elastomer can be derived from: the measured piezoelectric stage
Z-axis movement, the cantilever’s deflection (by converting the
change in resistance to the change in distance based on the calibra-
tion data), the probe radius, and the cantilever’s spring constant.
From the equation provided by Soofi et al. [26] we can solve for
Young’'s modulus, E:

E_ 0.75k(d — do)(1 — v?)

Vil(z = 2o)(d - do)*?
where z is the measured piezoelectric stage Z-axis movement, z,
is the value of z at the probe contact point, d is the cantilever’s
deflection, d, is the value of d at the probe contact point, k is the
cantilever spring constant, v is Poisson’s ratio (assumed to be 0.5
for a soft and incompressible material such as the elastomer sam-
ple [26]), and r is the probe radius (100 nm). The cantilever spring
constant is derived from the equation:

(4)

ESth3

k= YTE (5)
where Eg; is Young’s modulus of silicon (185 GPa), w is the width of
the cantilever (200 wm), t is the thickness of the cantilever (2 wm), L
is the length of the cantilever (300 wm). The effect of the metal and
oxide layers is ignored considering their much smaller thicknesses
compared with that of the silicon layer. The spring constant is
calculated to be ~2.74 N/m. From Egs. (4) and (5) and from the mea-
sured data presented in Fig. 3b, Young’s modulus of the elastomer is
2.6+ 1.0 MPa, which is close to the manufacturer’s published value
of ~1.4MPa|[27].The discrepancy may be caused by the uncertainty
in the spring constant, tip diameter, and Poison’s ratio. Calibration
can be performed to further improve the accuracy of the measure-
ment.

5. Conclusion

In conclusion, a cantilever probe with an ultrathin film metal
sensor is developed for scanning probe microscopy and mate-
rial characterization. The probe has a very large dynamic range,
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enabling monitoring movement of tens of microns in the out-of-
plane axis. The rectangular cantilever is 200 wm wide and 300 pm
long. It is made from silicon and silicon oxide with a total thick-
ness of 2wm and a 5nm gold deflection sensing element. The
gauge factor of the probe is 4.14+0.1. Topographical scan capa-
bilities were demonstrated. Plots of the change in resistance and
cantilever deflection with the displacement of the sensing element
on different materials demonstrate that the probe can be used to
distinguish between materials with different mechanical proper-
ties. Furthermore, the probe was used to estimate Young’s modulus
of the elastomer studied.
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