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ABSTRACT

We have designed, fabricated, and tested five piezoresistive cantilever
configurations to investigate the effect of shape and piezoresistor placement on the
sensitivity of microcantilevers under either point loading and surface stress loading. The
experimental study reveals that: 1) high aspect ratio cantilevers that are much longer than
they are wide are optimal for point-loading applications such as microscopy and force
measurements; 2) low aspect ratio cantilevers that are short and wide are optimal for
surface stress loading scenarios such as those that occur in biological and chemical sensor
applications. The sensitivity data for both point loads and surface stress are consistent

with previously developed finite-element models.
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1. Introduction

Microcantilevers are highly sensitive transducers for a variety of physical
phenomena. In particular they are sensitive to applied stress [1-3]. For soft cantilevers,
such as those employed in atomic force microscopy, the bending sensitivity can approach
a few tenths of a newton per meter. For this reason, these miniaturized structures have
been widely studied as transducers for biological and chemical sensors [4-7]. In the latter
case, a coating is typically applied to one side of the cantilever that, in the presence of
some chemical species, undergoes volumetric expansion or contraction; if this functional
layer is well-adhered to the substrate, the microcantilever will deform.

Microcantilever deflection is most commonly measured by reflecting a laser from
the free end of the cantilever. However the need for a laser and external optics is
obviated if a piezoresistive strain sensor is integrated into the cantilever [8]; in this case,
the applied surface stresses are measured directly, with the mechanical energy transduced
into a readily measurable electrical signal. Much research has focused on the design,
fabrication, and optimization of these types of cantilevers [9-11]. Recently, simulations
have shown that piezoresistive cantilevers designed for atomic force microscopy (AFM)
may not be optimal for biochemical sensing [12]. The main difference between these two
cases is that an AFM cantilever experiences a point load at its free end (where the probe
tip is located), whereas a cantilever with a functional coating for sensing applications
experiences a distributed surface stress. The mechanical strain that occurs in cantilevers
under these two types of usage, and the corresponding spatial maps of stress difference

(lateral minus transverse), are compared in Fig. 1.



Contrasting patterns of internal stress difference across a cantilever are observed
for point versus surface mechanical loading. The key physical parameter for inducing a
change in the resistance of a piezoresistor is not absolute stress or strain, but rather the
difference between lateral stress and transverse stress in the cantilever, which can be
denoted as 6;=0;-G;. In the case where a surface stress is applied to the cantilever, as
occurs during biological and chemical sensing, the stress difference has its largest
magnitude in the central region near the base of the cantilever. The fractional change in
resistance of a piezoresistive cantilever under mechanical load is proportional to Gy;
therefore, the precise placement of the piezoresistor within this region of maximum oy, is
crucial for optimizing sensitivity to applied surface stresses and hence, to sensing
applications where such applied stresses occur.

In this paper, we describe the design, fabrication, and testing of five piezoresistive
cantilever configurations for biological and chemical sensing applications. These five
designs offer the ability to test the effect of shape and piezoresistor placement on the
piezoresistive sensitivity under surface mechanical loading. We also subject the
cantilevers to experimental validation under actual conditions of chemical sensing, using

the hydrogen/palladium interaction as a representative sensing system.

2. Cantilever design and fabrication

For boron doped (p-type) piezoresistors in single-crystal silicon, the lateral and
transverse piezoresistive coefficients are of comparable magnitude but of opposite sign
[13]. The highest piezoresistor signal output occurs when the difference between the

lateral and transverse stresses within the cantilever is maximized [12]. In atomic force



microscopy, the stress difference is distributed along the length of the cantilever, while
for sensing applications, the stress difference is localized the cantilever base (Fig. 1).
Generalized design conclusions are published elsewhere [12], but can be summarized as
follows: cantilevers designed as transducers for sensors should be short and wide rather
than long and narrow, in order to derive maximum benefit from the localization of high
stress difference near the cantilever base during the application of surface stress.

To experimentally test these predictions, five types of microcantilevers with
different shapes and piezoresistor regions were designed to study the effect of
geometrical parameters on the sensitivity to surface stress. Figure 2 shows a schematic of
these cantilevers, in which light-shaded areas indicate the boron-doped (piezoresistive)
regions, and dark-shaded areas indicate intrinsic (insulating or highly resistive) regions.
A cantilever length of L. = 200 um was selected for all five designs. Type A has a low
length to width ratio (LWR or aspect ratio) of unity, and is expected to be highly
sensitive to surface stress loading. The piezoresistive element was placed in the center of
the clamped cantilever base, where the highest stress difference (lateral minus transverse)
is located during surface stress loading; under such conditions, the largest change in
overall resistance will result. The piezoresistor defines a U-shaped region that extends 60
pum into the cantilever from its base (Fig. 2a). The lateral extent of this current flow path
was selected to ensure that the bulk of the piezoresistor lies within the free-standing
portion of the microcantilever; this value is compatible with the typical sidewall profiles
produced by deep reactive-ion etching (DRIE). For the purposes of easy visual

identification and geometric convenience, we will refer to the lateral extent of the



piezoresistor as the “piezoresistor length” L,; note that the actual piezoresistor length is
more than two times this value.

Since the overall shape and piezoresistor length vary amongst the five designs, it
is useful to define a fractional piezoresistor length as the ratio of the nominal
piezoresistor length to the overall length of the cantilever: L,/L.. By this definition,
cantilever type A has a fractional piezoresistor length of 0.3 (Fig. 2a).

Type C was designed to increase the base width while keeping the surface area,
and piezoresistor placement and length, the same as for type A. The resulting shape is a
trapezoid with an angle of 60° between the base width and transverse edges (Fig. 2c).
Types B and D have the same overall geometries as types A and C, respectively, but are
boron-doped across their entire surface area and therefore possess longer, proportionate
piezoresistors (Figs. 2b, 2d). The results of a recent theoretical study suggest that these
two designs (with L/L. = 1.0) should have less sensitivity to surface stress than their
respective counterparts (with L,/L. = 0.3) [12]. Cantilever type E possesses a LWR of
two and, like types B and D, is boron-doped over its entire surface area; this design is
consistent with conventional AFM-type cantilevers, and is included in this study for
comparative purposes.

The fabrication process for these five cantilever designs was adopted from Refs.
[14, 15], and is schematically illustrated in Fig. 3. The fabrication process starts with an
n-type silicon-on-insulator (SOI) wafer of orientation <100>, where the silicon device
layer is 2 pm thick, the buried oxide (BOX) layer is 1 pm thick, and the silicon handle
layer is 400 um in thickness. After thinning of the device layer to the target thickness

(ca. 1 pym) by thermal oxidation and grown oxide etching, the cantilever structures are



patterned with a photoresist and etched into the silicon device layer using a Bosch
process in an inductively coupled plasma (ICP) etcher (Fig. 3a). To define the
piezoresistors, boron is selectively implanted at a dose and kinetic energy of 2x10" cm™
and 30 keV, respectively, with hard-baked positive photoresist as a mask (Fig. 3b). Then
the photoresist mask is removed, and a 200 nm thick layer of silicon dioxide is deposited
using plasma enhanced chemical vapor deposition (PECVD) to prevent the dopant from
diffusing out of the silicon into the ambient during the subsequent heat treatment. The
heat treatment is performed in a rapid thermal processing tool to activate the dopant while
minimizing its redistribution via diffusion. After heat treatment, the contacts connecting
the doped silicon to the metal layer are defined with the ICP etcher, and aluminum
metallization is performed using electron beam deposition in combination with a liftoff
process (Fig. 3c). The processed wafer is sintered at 400 °C in a forming gas for 30
minutes to allow interdiffusion of the doped silicon and aluminum; this step produces the
junctions between the piezoresistor and the external electrodes. Finally, the handle layer
is etched from the backside using the Bosch process in the ICP etcher (Fig. 3d), and the
excess portions of the BOX layer are removed with 49 wt% hydrofluoric acid solution
(Fig. 3e). Figure 4 shows scanning electron micrographs of the released devices;
although only single, representative cantilevers are shown, each design type was
fabricated in adjacent pairs on a silicon chip to allow differential measurements to be

performed during the experimental validation studies.



3. Cantilever Characterization

The microcantilevers were tested under both the point and surface mechanical
loading. For the point load test, each cantilever was mounted, wired into a Wheatstone
bridge circuit, and probed with a closed-loop micropositioner. We have used this
approach to measure point load deflection sensitivity in previous reports [14, 16] and do
not discuss the technique in further detail here. Figure 5 shows the cantilever
piezoresistor response to a tip deflection. Cantilever type E, with an aspect ratio
consistent with AFM-type cantilevers, has a point-load sensitivity that is approximately
4.4 times greater than the square type B cantilever, despite both designs having similarly
shaped piezoresistors.

The trapezoidal geometries (types C and D) exhibit sensitivities to point-loading
that are similar to their square-shaped counterparts (types A and B); however, the effect
of piezoresistor length is substantially reduced for type C and D. Cantilever type D has a
greater base width than type B but the same overall length, leading to a comparative
increase in lateral stiffness in that region; however, the transverse tapering towards the
free end effectively reduces the lateral stiffness away from the clamped base.

By comparing all of the designs, we conclude that cantilevers which are long and
narrow are better suited for point-loading applications such as AFM, which is consistent
with published reports [9, 10].

To test the response of the cantilever designs to an applied surface stress, we use
an approach based on the use of cantilevers as transducers in chemical vapor sensing.
We have previously utilized polymer-coated cantilever arrays as sensors for volatile

organic compounds [7], where the gas-phase molecules are reversibly absorbed into the



coatings; as they undergo volumetric strain, the well-adhered coatings impart a surface
stress to their respective cantilevers, which bend in response. Since a standardized sensor
response is critical for a meaningful assessment of the cantilever designs, coatings with a
high uniformity of thickness and distribution across the test arrays are necessary; we have
therefore elected to apply the same vapor sensing strategy to hydrogen gas detection
using palladium (Pd) thin films, where simultaneous evaporative deposition of the Pd
onto the test array of cantilevers ensures that they have practically identical coatings.
Such films are known to reversibly absorb hydrogen and undergo substantial volumetric
strain, and have been recently employed in several cantilever-based hydrogen sensors
[17-20]

The cantilevers were mounted and wire-bonded as above (Fig. 6b). A custom
flow cell seals the cantilevers into a chamber, allowing the test platform to interface with
a hydrogen gas (H,) manifold; the low-profile, low volume design provides laminar gas
flow across the cantilevers (Fig. 6a). For each pair of identical levers, one cantilever was
functionalized with 25 nm of Pd deposited by e-beam evaporation on the native silicon
substrate under moderate vacuum (1—2><10'6 Torr); the remaining cantilever was masked
to provide a coating-free reference (Fig. 7).

The Pd-functionalized cantilevers were exposed to ~2.5% H; in an argon (Ar)
diluent flow; these ultrahigh purity (>99.999%) gases were obtained from Airgas
(Radnor, PA, USA) and Air Liquide America (Countryside, IL, USA), respectively.
Model 1179 Viton-sealed mass-flow controllers from MKS Instruments (Wilmington,
MA, USA) were used to regulate the analyte and diluent gases at a total constant flow of

410 standard cubic centimeters per minute (sccm).



The cantilever response to hydrogen absorption was sampled from each
functionalized cantilever with respect to the corresponding, bare reference cantilever (i.e.,
the differential deflection); this data acquisition strategy permits common-mode noise
rejection . Wheatstone bridge circuits (one per cantilever) were used to measure the
differential resistance changes as a function of time, and the resulting voltages were
captured via data acquisition. A schematic diagram of the experimental test apparatus is
shown in Fig. 8.

Figure 9 shows representative differential cantilever responses of the Pd-coated
cantilevers to hydrogen. Maximum deflection responses, corresponding to equilibrium
saturation of the sensor coatings, are shown in Fig. 10; since these voltage signals
represent resistance changes in the piezoresistive cantilever, they provide a direct
measurement of the sensitivity under mechanical load. We first examine the sensitivity
of cantilever type E (narrow) versus type B (wide), which have equivalent piezoresistor
lengths. For surface stress loading, type B has a sensitivity that is 5.3 times that of type
E, a relationship that is nearly the opposite of that observed in the point-loading case.
The type B design has a larger stress difference oy near its base than the type E design

under applied surface stress.

4. Discussion

To understand the relative behavior in the surface stress versus point loading
cases, we must consider the relative role of the transverse contributions to the internal
stress. Under surface stress loading, the lateral stresses do not dominate the mechanical

behavior of the cantilever as in the intrinsically asymmetrical point-load case; in the



extreme, idealized case of an unclamped cantilever (i.e., a plate), the stress is in fact
isotropic, and the lateral and transverse stresses are equivalent. The clamping of the
cantilever at its base strongly restricts transverse deflection in this region, creating a
disparity between the lateral and transverse stresses that diminishes towards the free end
of the beam. Cantilever type E has half the width of type B, but the same length;
therefore, it should have less transverse stiffness and thus a smaller average stress
difference in the piezoresistive region at the clamped base than the type B design; the
result is that type E exhibits less sensitivity than type B under surface stress loading, just
as we have observed. These experimental results support the conclusion that cantilevers
which are short and wide are better suited for surface stress loading scenarios such as
those that occur in sensor applications.

For a given cantilever shape (square or trapezoidal), the design with the shorter,
proportionate piezoresistor possesses the greater surface stress sensitivity; however, the
enhancements observed here are much less significant than those found for the same
designs under point loading. Cantilever type A (Ly/L. = 0.3) has a slightly higher point-
load sensitivity than type B (L,/L. = 1.0). A similar relationship is observed for the
trapezoidal designs; cantilever type C (L,/L. = 0.3) has a slightly higher point-load
sensitivity than type D (L,/L. = 1.0). For these geometries, the internal stress difference
oy varies much less from clamped base to free end than in the point-loading situation, at
least in the case of the square cantilevers (types A and B).

Fig. 10 shows that the trapezoidal geometries (types C and D) behave more like
the rectangular (type E) than the square (types A and B) designs under surface stress

loading. The trapezoidal cantilevers (types C and D) are less sensitive than the square

10



cantilevers (types A and B) to surface stress, but are more sensitive than the rectangular
cantilever (type E). For the trapezoidal cantilevers, a small piezoresistor at the base (type
C) is more sensitive than a large piezoresistor the covers the entire cantilever (type D).
Overall, the results of this study provide experimental validation of previously
published theoretical work on the design of piezoresistive cantilevers for biological and
chemical sensing [12]. Piezoresistive cantilever response to a point load is qualitatively
different than piezoresistive cantilever response to surface stress. In contrast to
piezoresistive cantilevers optimized for probe microscopy, piezoresistive cantilevers for
sensing are optimal when they are short and wide. The region of highest Gy is near the
center of the cantilever base, and so for the cantilever designs considered here, the
cantilevers piezoresistors in this location are better for sensing than cantilevers with

distributed piezoresistors.

5. Conclusions

We have designed, fabricated, and performed validation testing of five
piezoresistive cantilever configurations to investigate the effect of shape and piezoresistor
placement on the sensitivity of microcantilevers under both point and surface mechanical
loading. High aspect ratio cantilevers are optimal for point-loading applications such as
AFM or force measurements, and low aspect ratio cantilevers are better for surface stress
loading scenarios such as those that occur in biological and chemical sensor applications.
The sensitivity data for both point loads and surface stress are consistent with previously

developed finite-element models.
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Low Stress High Stress
Difference Difference

Fig. 1 Finite-element models of linear versus surface stress loading of a microcantilever
(adapted from Ref. [12]). Mechanical deformation (top row) and corresponding spatial
maps of lateral stress minus transverse stress (bottom row) for a line load applied at the
free end (a and b) and a load applied across the entire surface (c and d).
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Fig. 2 Five cantilever designs (A-E) with different shapes and piezoresistor regions,
designed to study the effect of geometrical parameters on surface stress sensitivity. Light
blue areas indicate boron-doped piezoresistive regions, and dark blue areas indicate
intrinsic silicon.
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Fig. 3 Schematic of the five major fabrication steps: (a) cantilever structures are etched
into the device layer; (b) boron doped piezoresistors are defined by ion implantation; (c)
contacts are opened in the PECVD oxide layer, and metal is deposited in a liftoff process;
(d) silicon handle layer is selectively etched from the backside; (e) buried oxide layer is
removed with hydrofluoric acid.
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Fig. 4 Scanning electron micrographs of the released cantilevers. Note that the two
square designs (types A and B) are mutually indistinguishable in external appearance; the
two trapezoidal designs (types C and D) are also visually identical.
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Fig. 5 Resistance versus tip deflection due to an applied point load for the five cantilever
designs (A-E).
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Fig. 6. Photographs of the DIP-mounted test array of piezoresistive cantilevers: a) with
flow cell mounted; b) exploded view of flow cell and representative test array. Note the
location of three silicon chips (arrows), each bearing a pair of identical cantilevers (Pd-
coated and bare).
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Fig. 7. Photomicrograph of Pd-functionalized (right) and bare reference (left)
piezoresistive cantilevers of design type D. The rough vertical border near the center of
the image (arrow) indicates the edge of the metal film delineated by the evaporation
mask.
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Fig. 8 Schematic of the experimental test apparatus. Pairs of each piezoresistive
cantilever design (Pd-coated and bare) are exposed to the 2.5% H,/Ar mixture, which is
prepared using mass flow controllers (MFCs). The differential deflection response of the
cantilever pair is measured by the electronics, and subsequently processed and read out
using LabVIEW.
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Fig. 9. Representative differential deflection response versus time of Pd-functionalized
cantilevers (A-E) to 2.5% H,/Ar mixture.
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Fig. 10. Column plot of average deflection responses for the Pd-functionalized cantilever
designs (A-E). Each column represents the maximum deflection to 3-5 serial Hy/Ar
mixture exposures separated by Ar purges.
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