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a b s t r a c t
Active atomic force microscope cantilevers with on-chip actuation and sensing provide several advantages over passive cantilevers which rely on piezoacoustic base-excitation and optical beam deﬂection
measurement. Active microcantilevers exhibit a clean frequency response, provide a path-way to miniturization and parallelization and avoid the need for optical alignment. However, active microcantilevers
are presently limited by the feedthrough between actuators and sensors, and by the cost associated with
custom microfabrication. In this work, we propose a hybrid cantilever design with integrated piezoelectric actuators and a piezoresistive sensor fabricated from the silicon device layer without requiring an
additional doping step. As a result, the design can be fabricated using a commercial ﬁve-mask microelectromechanical systems fabrication process. The theoretical piezoresistor sensitivity is compared with
ﬁnite element simulations and experimental results obtained from a prototype device. The proposed
approach is demonstrated to be a promising alternative to conventional microcantilever actuation and
deﬂection sensing.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
The microcantilever is a microelectromechanical system
(MEMS) that is a key enabling technology for atomic force
microscopy (AFM) [1], scanning probe lithography systems [2], and
probe-based data storage systems [3]. Due to the unprecedented
resolution, AFM has signiﬁcantly contributed to advances in chemistry [4], surface physics [5] and bio-nanotechnology [6].
In dynamic AFM, the cantilever is actively driven at one of its
resonance frequencies while a sample is scanned underneath a
sharp tip located at the oscillating end. By controlling changes
in the oscillation amplitude using a feedback loop, 3D topography and maps of nanomechanical information can be obtained.
While cantilever microfabrication technology has advanced over
the years, the overall design has remained largely unchanged; a
passive rectangular shaped cantilever design has been adopted as
the industry standard. As a result, most conventional AFM systems employ piezoacoustic base-excitation [7] and an optical beam
deﬂection (OBD) sensor [8] to induce and measure the corresponding vibration.
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Piezoacoustic base-excitation is a straightforward method for
exciting the microcantilever; however, this method also tends to
excite resonance modes in the host structure, which results in the
so-called ‘forest of peaks’.
These additional dynamics render the tuning, analysis and identiﬁcation of the cantilever response spectrum exceedingly difﬁcult
[9]. On the other hand, electrothermal actuation [10] or piezoelectric actuation [11] can be directly integrated on the cantilever chip
level and have enabled single-chip MEMS atomic force microscopy
[12,13].
Most conventional AFM systems rely on measuring the cantilever deﬂection using the optical beam deﬂection (OBD) method
[8]. However, the optical measurement can require tedious laser
alignment and mandates a sufﬁciently large cantilever with a
reﬂective surface for optimal signal transduction. Additionally,
imaging artifacts can occur from optical interference [14] and the
method is not easily extendable to arrays for multi-probe conﬁgurations [15]. In contrast, an integrated strain-based deﬂection
measurement such as piezoelectric [16] and piezoresistive sensing
[17] offers several advantages [18] including a highly compact measurement setup, the potential for up-scaling to cantilever arrays
[19], and improved sensitivity for small cantilevers [20] especially
when measuring higher order eigenmodes [21,22].
Currently, fully integrated cantilevers can be fabricated using
either piezoelectric (PE) or electrothermal (ET) actuation and using
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Table 1
Comparison of fully integrated cantilevers (PE: piezoelectric, PR: piezoresistive, ET:
electrothermal).
Ref.

Actuation

Sensing

Dynamic Range

Coupling

Fabrication

[30]
[31]
[22]
[29]
This Work

PE
ET
PE
PE
PE

PR
PR
PE
PE
PR

40 dB
17 dB
35 dB
35 dB
33 dB

DC
DC
AC
AC
DC

Custom
Custom
Standard
Custom
Standard

either piezoelectric or piezoresistive (PR) sensing. In order to minimize the MEMS fabrication steps and associated cost, a number of
active cantilever designs have emerged which utilize piezoelectric
transduction for both actuation and sensing [23,21,24,22,25]. These
designs employ multiple laterally arranged piezoelectric transducers using the direct and indirect piezoelectric effect. However,
this approach has a major draw-back since inevitable parasitic
capacitances between the actuator and sensor create signiﬁcant
feedthrough [26] that can conceal the mechanical dynamics of the
cantilever [24]. While this problem can be alleviated using active
feedthrough cancellation [27,9,24,28], it requires signiﬁcant manual tuning and is only effective in a narrow bandwidth around the
resonance [9]. Recently, a piezoelectric cantilever design was proposed that improved feedthrough by arranging the piezoelectric
transducers vertically [29] albeit by increasing the cost and complexity of the fabrication.
The feedthrough issue can be signiﬁcantly reduced by separating the actuation and sensing principle [30,10,31,32,18]. However,
incorporating multiple active regions during MEMS fabrication is
not possible in standard commercial MEMS processes; and therefore, incurs a high cost or requires specialized facilities. Table 1
compares selected works on fully integrated cantilever designs and
evaluates the designs based on dynamic range, coupling (usable frequency range) and required fabrication capability. Here, dynamic
range is deﬁned as the amplitude difference at resonance vs. off
resonance and is used as a metric for feedthrough performance.
The term ‘standard’ fabrication refers to the commercially available process PiezoMUMPS® by MEMSCAP Inc. It can be seen that
while good dynamic range has been achieved with both standard
and custom fabrication processes and piezoelectric actuation and
sensing [22,29], this approach is limited in the usable frequency
range. The highest dynamic range has been achieved with piezoelectric actuation and piezoresistive sensing but requires a custom
fabrication process [30]. In comparison, this work achieves a high
dynamic range without limitation in the usable frequency range
and can be implemented with a standard fabrication process.

Fig. 1. Top and cross sectional view of the piezoelectric-piezoresistive cantilever
MEMS design.
Table 2
Cantilever and piezoresistor parameters.
Param.

Description

Value

l
w
t
lp
wp
Rp∗ /Rp
¯l

E

G
Vb
A

Cantilever length
Cantilever width
Cantilever thickness
Piezoresistor length
Piezoresistor width
Piezoresistor resistance
Eff. long. PR coeff.
Young’s modulus
Poisson’s ratio
Gauge factor
Bridge bias voltage
Total circuit gain

500 m
150 m
10 m
100 m
3 m
164.6 
−26.27 × 10−11 Pa−1
169 GPa
0.28
−44.4
1.25 V
2100

This work extends preliminary ﬁnite element simulations of this
concept [34]. In this work, a fabricated prototype is presented and
the sensor sensitivity and feedthrough performance are assessed
experimentally and compared with ﬁnite element simulations.
Finally, the device is equipped with a focused ion beam tip and used
for atomic force microscopy. These results demonstrate the capability to image nanometer scale steps on highly oriented pyrolytic
graphite (HOPG) as well as topography and material properties of
a polymer-blend sample using phase contrast at the fundamental
mode.

2. Contribution
In this work, we propose a cantilever design with piezoelectric actuators and a piezoresistive sensor which has the potential
to maximize dynamic range (i.e. minimize feedthrough) while
maintaining compatibility with a standard commercial fabrication
process (PiezoMUMPS® MEMSCAP Inc.). To maintain fabrication
compatibility, the need for an additional piezoresistor doping step
must be avoided. In this work, this is achieved by utilizing the
piezoresistive property of the silicon device layer, which has been
previously exploited for displacement sensing in nanopositioners [33]. The proposed approach has the following beneﬁts over
existent technologies: (1) the separation of transduction principles achieves a low actuator-sensor feedthrough, (2) a standard
commercial fabrication process can be used and (3) piezoresistive
sensing has the capability to measure cantilever deﬂections down
to DC (as opposed to piezoelectric sensing that can only measure
AC deﬂections, compare Section 7.1).

3. The piezoelectric-piezoresistive cantilever
3.1. Cantilever and piezoresistor design
The piezoelectric-piezoresistive (PE-PR) cantilever proposed in
this work is shown in Fig. 1 with dimensions stated in Table 2. The
design consists of two symmetric piezoelectric actuators that use
aluminum nitride (AlN) as the active material. These are driven by
the voltage Vi applied to the top electrodes. To measure the outof-plane deﬂection, a piezoresistive sensing beam is formed from
the n-type doped silicon device layer using the device layer cut2

M.G. Ruppert, A.J. Fleming and Y.K. Yong

Sensors and Actuators A 319 (2021) 112519

¯ l is the effective longitudinal piezoresistive coefﬁcient and
where 
 is the Poisson’s ratio [40] and are stated in Table 2.
The change in resistance is normally converted to a voltage signal using a DC Wheatstone bridge in either 1/4-bridge (1 active
resistor) [17], 1/2-bridge (2 active resistors) [41] or a full bridge (4
active resistors) [42] conﬁguration. The resistor in the same bridge
arm as the active piezoresistor is usually chosen to counter-act the
temperature dependence by using the same material and location.
If a 1/4 Wheatstone bridge is used as shown in Fig. 2, the differential
output voltage can be written as



Vd =

outs shown in Fig. 1. As a result, the piezoresistor shares a common
node connected to ground with the piezoelectric actuators which
dictates the 1/4 Wheatstone bridge conﬁguration shown in Fig. 2.
The value of the piezoresistor is given by the sheet-resistance of the
n-type doped silicon device layer [35] and is chosen such that its
thermal noise is similar to the ﬁrst stage operational ampliﬁer, as
described in Section 4. To achieve closely matched resistor values to
complete the Wheatstone bridge, three identical passive piezoresistive beams are incorporated on the cantilever chip. To achieve
electrical isolation between all piezoresistors, the top device layer
is removed on the cantilever chip.

Vd ≈

Vd =

Rp
−
Rp∗ + Rp
Rp + Rp



Vb =

¯ l ¯ l

¯ l ¯ l )
2(2 + 

Vb

(5)

1
1
¯ ¯ V = GεVb .

4 l l b
4

(6)

1 3tE
¯
(2l − lp )z(l)Vb .

4 l 4l3

(7)

Using (7) and the parameters stated in Table 2, the theoretical
piezoresistive deﬂection sensitivity is

A cantilever with a piezoresistive element measures the strain
in the element through a resistance change. This resistance change
is given by

PR,th

k1 =

(1)

(3a)

t =

1
(11 + 12 − 44 ) = −17.6 × 10−11 Pa−1 .
2

(3b)

Ewt 3
= 50.7 N/m
4l3



f1 = ˛21

(9)

EI
twl

4

= 55.04 kHz

(10)

where ˛1 = 1.875 is the solution to the Euler-Bernoulli beam equa1
tion for the ﬁrst mode, I = 12
wt 3 is the moment of inertia and  is
the density of silicon.
3.3. Finite element simulation

where l and t are the stress in the longitudinal (parallel to the
current in the piezoresistor) and transverse (perpendicular to the
current in the piezoresistor) direction and l and t are the corresponding longitudinal and transverse piezoresistive coefﬁcients
[38]. The value of these coefﬁcients depends strongly on the doping
type and the crystallographic orientation of the resistor. For a lightly
doped (1016 cm−3 ) n-type single crystal silicon
 wafer
 in the (100)
plane and a piezoresistor orientated along the 110 direction, the
coefﬁcients are given by [39]
1
(11 + 12 + 44 ) = −31.6 × 10−11 Pa−1 ,
2

(8)

and the theoretical cantilever fundamental resonance frequency is
given by [43]

(2)

l =

= 1.60 mV/nm.

The theoretical stiffness of the cantilever is given by [43]

where R is the electrical resistance,  the electrical resistivity,  the
Poisson’s ratio, and εl the longitudinal strain. Here, the second term
in (1) describes the resistance change due to the geometric effect,
e.g. in a strain gauge. For silicon, this effect is usually one to two
orders of magnitude smaller than the piezoresistive effect and can
therefore be neglected [36]. The relative resistivity change is given
by [37]

A ﬁnite element analysis of the PE-PR cantilever was performed
using CoventorWare for which the 5-mask PiezoMUMPS® fabrication process has been modeled [35]. First, a modal analysis is
performed to obtain the ﬁrst mode dynamic parameters such as
resonance frequency and dynamic stiffness. Then, a dynamic harmonic analysis is performed by driving the piezoelectric actuators
at the resonance frequency to obtain the tip deﬂection at resonance
and corresponding stress distribution along the piezoresistor. This
allows calculation of the simulated tip deﬂection sensitivity.
Using modal analysis, the fundamental resonance frequency is
found to be f1 = 56.55 kHz and the normalized mode shape of the
fundamental eigenmode is shown in Fig. 3(a). With the mode shape
normalized to maximum unity deﬂection, the modal stiffness k1
is estimated
 from the modal mass m1 [44] and the relationship
k1 /m1 and is found to be k1 = 52.58 N/m.
2f1 =
The corresponding normal elastic stress distribution in the
y-direction is calculated using a dynamic harmonic analysis by

Using the relationship between the longitudinal and the transverse
stress t = −l , (2) can be simpliﬁed to

¯ l l
= l (l − t ) = 


=

Rp∗

where G is the dimensionless gauge factor and ε the strain. Assuming an Euler-Bernoulli beam with homogeneous isotropic linear
elastic material with constant cross section in pure bending, an
analytical expression for ¯ l can be derived (for details compare
Appendix A) to provide the theoretical output voltage as

3.2. Piezoresistive sensing


= l l + t t


− S−

¯ l ¯ l ), Rp∗ /Rp is the resistance of the
where Rp∗ = Rp (1 + 
active/passive piezoresistors, and Vb is the bridge bias voltage. Note that the output voltage is non-linearly dependent on the
average stress in the piezoresistor ¯ l . For small deﬂections, a ﬁrst
order Taylor approximation can be used to yield

Fig. 2. Equivalent electrical circuit of the piezoelectric actuation and piezoresistive
1/4 Wheatstone bridge read-out conﬁguration.


R

=
+ (1 + 2)εl ≈
R



S+

(4)

3
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Fig. 3. Finite element simulation of the PE-PR cantilever using Coventor: (a) normalized deﬂection of the ﬁrst mode, (b) normal elastic stress in the y-direction at the cantilever
base for dynamic piezoelectric actuation at the ﬁrst mode, and (c) displacement and stress proﬁle along the piezoresistor length for the simulation in (b).

rejection. Texas Instruments OPA2211 opamps are chosen
√ for the
ﬁrst-stage due to their low voltage noise of en = 1.1 nV/ Hz and
sufﬁcient bandwidth of 1.8 MHz at an overall differential gain of
21. The total output voltage is given by


Vo =

actuating the piezoelectric layers at the fundamental resonance
frequency with 174.3 mV to yield a free-air amplitude of 580 nm.
The results are shown in Fig. 3(b), focusing on the cantilever base
and the piezoresistor where the highest stress concentration is
found. The stress proﬁle along the piezoresistor length is plotted in
Fig. 3(c), which is observed to be approximately constant. On either
side of the piezoresistor boundaries, the stress drops off steeply.
For the simulated amplitude, the average surface stress over the
piezoresistor length is ¯ l = 6.23 MPa. Using (6) and the parameters
stated in Table 2, the simulated deﬂection sensitivity is
= 1.88 mV/nm.


100Vd = AV d

Rg

(12)

with additional ×100 post-ampliﬁcation stages. A low noise bridge
bias voltage is implemented using a LTC6655-1.25V precision
voltage reference. Offset trimming of the Wheatstone bridge is
achieved using the low noise bridge reference and an additional
gain circuit connecting to the ref pin of the second stage. This
approach avoids the need to implement potentiometers on the
sensor bridge side of the circuit.
The noise of the circuit in Fig. 4(a) is dominated by the ﬁrst gain
stage, the equivalent circuit is shown in Fig. 4(b). The impedance
seen by each ampliﬁer input is Rp /2. The electrical noise is dictated by the noise sources shown in Fig. 4: Thermal noise in the
piezoresistor Rp , feedback resistor Rf and Rg , op-amp voltage noise
en and op-amp current noise in+/− . The bridge voltage reference Vb
will also cause common mode noise to appear at both ﬁrs-stage
ampliﬁer inputs. The level of inﬂuence of this noise source at the
output of the ampliﬁer depends on the common mode rejection
ratio (CMRR) of the second stage. With closely matched resistors R,
a low-noise voltage reference source, and sufﬁciently high CMRR,
the bridge excitation noise can be neglected.
The individual output noise spectral densities
 of the major noise
Sx,y (f ) is the noise
sources can be written as (where Nx,y (f ) =
spectral density of the signal x due to a process y as a function of
frequency f )

Fig. 4. (a) Instrumentation ampliﬁer read-out conﬁguration and (b) equivalent noninverting ampliﬁer noise circuit.

PR,FEA

1+

2Rf

NvS+ ,Rp (f ) = e Rp Gn

(13a)

NvS+ ,Rf (f ) = eRf

(13b)

2

NvS+ ,Rg (f ) = eRg

(11)

4. Instrumentation

(13c)

NvS+ ,en (f ) = en Gn

(13d)

NvS+ ,in − (f ) = in− Rf

(13e)

NvS+ ,in + (f ) = in+

An instrumentation ampliﬁer read-out circuit was designed for
high gain and bandwidth. A simpliﬁed diagram of the read-out circuit is shown in Fig. 4(a). The ﬁrst stage provides buffering and
differential gain, and the second stage provides common mode

Rf
Rg

Rp
Gn
2

(13f)

and are summarized in Table 3. The noise sources can be referred to
an equivalent op-amp input noise voltage (RTI) or referred to output
4
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Table 3
Summary of the noise terms in the equivalent non-inverting ampliﬁer input stage
with Rg = 47.5 , Rf = 470 , Rp = 164.6 , en =
shown in
√ Fig. 4 using an OPA2211
√
1.1 nV/ Hz, in = 1.7 pA/ Hz.
√
√
Noise source
RTI noise (nV/ Hz)
RTO noise (nV/ Hz)
Johnson noise e Rp

1.15

24.0

Johnson noise e2Rf
Johnson noise eRg
Op-amp voltage noise en
Op-amp current noise eni−
Op-amp current noise eni+

3.9
0.88
1.1
0.07
0.14

3.9
17.3
22.9
1.60
2.91

First stage noise NvS+ (f )

1.82

37.8

Total noise Nvo (f )

2.57

5340

2

Fig. 6. Photos of the fabricated PE-PR cantilever with post-fabricated FIB tip and
read-out circuit.

sistive sensor on the top surface of the device layer without the
requirement for an extra fabrication step, which maintains compatibility with the ﬁve mask PiezoMUMPS® process.
Since the PiezoMUMPS® process does not allow for the inclusion of sharp tips at the cantilever end, direct FIB deposition (FEI
Helios Nanolab G3 CX DualBeam FIB/SEM) of Tungsten is used to
form a multi-segment tip which is subsequently sharpened using
tilted FIB milling [22]. A scanning electron micrograph image of
the tip is shown in the inset in Fig. 6. The diameter of the tip base
is approximately d = 3 m, the height h = 12 m, and the radius
r ≈ 20 nm. The tips were fabricated by sequential deposition of
multi-diameter Tungsten pillars where the diameter of the pillar
is decreased toward the top [22]. In the last step, the tips of the
deposited pillars were sharpened by focused ion beam milling.
Using this approach, tip radii of sub 20 nm have been routinely
achieved and used for AFM imaging [22,25]. While this process is
not economical for mass production, the combination of a standard
MEMS processing service and FIB tip fabrication is a straightforward
and economical option for low volume production for research purposes.
The fabricated read-out circuit with a 3D-printed cantilever
holder for a Horiba XploRA Nano Raman-AFM system is also shown
in Fig. 6. The read-out circuit contains on-board low-noise power
supplies (TPS7A4901 and TPS7A3001), a custom instrumentation
ampliﬁer (OPA2211), low noise precision bridge voltage reference (LTC6655-1.25V), offset trimming circuit and additional post
ampliﬁcation stages (OPA2209). The fabricated MEMS cantilever
is wire-bonded directly onto the PCB in order to achieve the best
performance.

Fig. 5. Analytical, simulated and measured noise spectral densities of the custom
instrumentation ampliﬁer read-out conﬁguration.

noise (RTO) by multiplying the RTI noise with the noise gain Gn of
the circuit
Gn = 1 +

2Rf
Rg

.

(14)

The total output voltage noise spectral density is then obtained
from summing the squares of each source stated in (13a)–(13f).
Finally, the total noise of the custom-built instrumentation ampliﬁer in Fig. 4(a) yields
√
Nvo (f ) = 100 2NvS+ (f ).
(15)
In Fig. 5, the total measured output voltage noise density is evaluated against an LTSpice simulation and the theoretical value
predicted by (15). It can be seen that the experimentally determined noise ﬂoor is only marginally above the simulation. The
total experimental
electrical noise ﬂoor is approximately Ne =
√
5680 nV/ Hz at a total gain of A = 2100. The narrow-band peaks
in the noise density between 100 kHz and 200 kHz are due to
conducted and radiated electromagnetic interference from nearby
switching power supplies. This noise is not intrinsic to the sensor
or read-out circuit.
5. Experimental results
5.1. Fabrication

5.2. Cantilever parameter calibration

The PE-PR cantilever design was fabricated with the rapid
MEMS prototyping process PiezoMUMPS® (MEMSCAP Inc.) and
is depicted in Fig. 6. The process features a device layer of
single-crystal-silicon with a thickness of 10 m, a 0.5 m layer
of piezoelectric aluminum-nitrate (AlN) and a 1 m layer of aluminum for electrical connections. The top surface of the device layer
is doped by depositing a phosphosilicate glass layer and annealing
in argon. This layer allows the direct implementation of a piezore-

A thermal noise calibration is performed to obtain values for the
cantilever parameters of the ﬁrst mode [45]. The measured thermal
noise response using a laser Doppler vibrometer (Polytec, MSA100-3D) and the corresponding Lorentzian function ﬁt are shown
in Fig. 7. From the ﬁt, the resonance frequency is found to be f1 =
55.65 kHz, the quality factor Q1 = 531, and modal stiffness is k1 =
5
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Table 4
Summary of the cantilever parameters obtained from theory, ﬁnite element simulations, and experiment.
Parameter

Theory

Simulation

Experiment

f1 [kHz]
Q1
k1 [N/m]
¯ l [10−11 Pa−1 ]

PR [mV/nm]
√
NVo [nV/ Hz]

55.04
–
50.7
−26.27
1.60
5340

56.55
–
52.58
–
1.88
5507

55.65
531
50.1
−24.69
1.74
5680

5.4. Identiﬁcation of the piezoresistive coefﬁcient
The output of the piezoresistive sensor is given by substituting
(6) in (12)

Fig. 7. Thermal noise spectrum of the fundamental mode of the PE-PR cantilever
measured with a laser Doppler vibrometer (Polytec, MSA-100-3D) and Lorentzian
function ﬁt to the response to obtain the cantilever dynamic parameters.

Vo ≈

1
¯ ¯ V A

4 l l b

(17)

¯l
where A = 2100 is the combined readout circuit gain. Since 
is unknown and ¯ l cannot be measured directly, the piezoresistive coefﬁcient is estimated using the results from the ﬁnite
element simulations in Section 3.3. Given the experimentally determined sensor sensitivity (16) and the average stress extracted along
the piezoresistive sensing beam ¯ l = 6.25 MPa for an a amplitude
of 580 nm, the effective longitudinal piezoresistive coefﬁcient is
determined to be
¯ l = −24.69 × 10−11 Pa−1 .


(18)

This value is smaller than the theoretical value calculated in Section
3.2. The reduction in the piezoresistive coefﬁcient is believed to be
due to the unknown doping concentration and depth as well as
temperature effects not modeled in the piezoresistor [37].
5.5. Discussion
A summary of the theoretical, simulated and experimentally
veriﬁed cantilever, piezoresistor and circuit parameters are given
in Table 4. All values are within acceptable tolerance values. Future
work will focus on improving the effective longitudinal piezoresistive coefﬁcient which will lead to a higher sensitivity and result
in an improved noise response and lower relative feedthrough.
In order to maintain compatibility with the PiezoMUMPS fabrication guidelines, methods from structural optimization [46] will
be employed to optimize the size, location and orientation of the
piezoresistor and the geometric shape of the cantilever. In comparison to other fully integrated cantilever design highlighted in
Table 1, this work achieves a dynamic range of around 33 dB indicating a very low feedthrough.

Fig. 8. Frequency response and identiﬁed models for the ﬁrst mode of the PE-PR cantilever measured with a laser Doppler vibrometer (Vib) and using the piezoresistive
sensor read-out (PZR). The inset shows a zoom on the ﬁrst mode.

50.1 N/m. Details on the dynamic stiffness calibration using the
thermal noise method are provided in Appendix B.
5.3. Frequency response
The frequency response of the PE-PR cantilever is measured by
using a laser Doppler vibrometer (Polytec, MSA-100-3D) and by
performing a sine sweep using a lock-in ampliﬁer (Zurich Instruments, HF2LI) and the piezoresistive sensor read-out circuit. The
measured responses as well as the corresponding identiﬁed models are shown in Fig. 8. The inset shows an excellent agreement
between the two measured responses around the ﬁrst mode. For
the ﬁrst mode of the cantilever, the response from actuation voltage Vi to displacement D measured with the MSA-100 is accurately
predicted by a second order transfer function model as shown in
Fig. 8. The piezoresistive read-out conﬁguration yields a third order
model which includes a ﬁrst-order high-pass ﬁlter modeling the
residual feedthrough from actuation voltage Vi to sensor output
Vo . The sum of the mechanical second-order system with the highpass feedthrough term yields a complex zero pair following the
resonance. Equating the magnitude responses at the low-frequency
point, yields an experimental deﬂection sensitivity of
PR,exp

= 1.74 mV/nm.

6. AFM imaging
The hybrid piezoelectric-piezoresistive cantilever and readout
circuit was interfaced with a Horiba XploRA Nano Raman-AFM system; a photo of the cantilever holder and PCB is shown in Fig. 6.
Two samples were investigated in tapping mode at a 1 Hz line rate
at 512 × 512 pixels using the fundamental eigenmode of the cantilever: a freshly cleaved Highly Oriented Pyrolytic Graphite (HOPG)
sample and a blend of polystyrene (PS) and polyoleﬁn elastomer
(LDPE) (Bruker, PS-LDPE-12M).
The imaging results are shown in Figs. 9 and 10to which line
ﬁtting and plane leveling has been applied in post-processing. The
ﬁrst mode amplitude and setpoint was approximately 100 nm and
65 % for imaging the polymer sample and 30 nm and 85 % for imaging the HOPG sample. The higher free-air amplitude and lower
setpoint for the polymer sample results in the excellent material
contrast in the phase image. Despite some electronic noise visible

(16)
6
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7.2. Future work
The proposed active cantilever design has signiﬁcant potential for future work including surface passivation for operation in
liquid environments and optimization of the sensor location for
multifrequency atomic force microscopy [22]. Most importantly,
the proposed integrated piezoresistive sensor has the potential
to measure the cantilever deﬂections down to DC as opposed
to piezoelectric sensing conﬁgurations which result in a highpass conﬁguration [47]. This advantage will be utilized in ongoing
research to extend the imaging capabilities to advanced imaging
modes such as peak force tapping mode.
Lastly, the authors are currently working toward integrating the
tip fabrication step into the commercial MEMS fabrication process.
While post-fabricating sharp tips using FIB deposition and milling
has been demonstrated to yield excellent proof-of-concept AFM
imaging capabilities [13,22,28,25,29], the full economic beneﬁt is
reached by integrating isotropically etched Si tips in the fabrication
process.

Fig. 9. Tapping-mode AFM imaging results at the fundamental mode using the PEPR cantilever showing (a) topography and (b) phase contrast of a polymer blend
sample.

Author contributions
Michael Ruppert: Conceptualization, methodology, software,
validation, formal analysis, investigation, writing – original
draft, visualization, project administration. Yuen Yong: Funding
acquisition, writing – reviewing and editing. Andrew Fleming:
Supervision, investigation, writing – reviewing and editing.
Appendix A. Analytical piezoresistive deﬂection sensitivity

Fig. 10. Tapping-mode AFM imaging results at the fundamental mode using the
PE-PR cantilever showing (a) topography and (b) cross section proﬁle of a HOPG
sample.

In the following, we assume an Euler-Bernoulli beam with
homogeneous isotropic linear elastic material with constant cross
section in pure bending. This assumption implies a linearly varying
stress distribution throughout the beam and enables an analytical
sensor equation to be derived. For an ideal device, the surface stress
along the x direction is given by Hooke’s law as

in the image of the HOPG sample, the cross section in Fig. 10(b)
clearly reveals the nanometer-sized steps.

7. Conclusion and future work

t
l (x) = − Ez  (x),
2

7.1. Conclusion

where t is the cantilever thickness and E is the Young’s modulus.
z  (x) is the second derivative of the displacement which can be
written as a function of the tip deﬂection z(l) as [43]

This works describes a hybrid piezoelectric-piezoresistive
microcantilever design which can be fabricated using a standard
commercial microfabrication process (PiezoMUMPS, MEMSCAP
Inc.) without the need for an additional doping step to obtain
the piezoresistor. The design utilizes a grounded piezoresistor,
fabricated from the silicon device layer, in a quarter-bridge conﬁguration. Using matched on-chip passive piezoresistors, a low
feedthrough from piezoelectric actuation to piezoresistive sensing
is achieved. The theoretical sensor sensitivity, based on EulerBernoulli beam theory, is compared to ﬁnite element simulations
and experimental results obtained from a fabricated prototype cantilever.
The ﬁxed device layer thickness of 10 m of the Piezo-MUMPS
process constitutes a certain limitation to the feasible cantilever
dimensions using this process. In this work, the cantilever dimensions were chosen such that the resulting dynamic stiffness of the
fundamental mode matches commercial stiff tapping-mode cantilevers. These stiffer cantilevers are best suited for medium to hard
samples and provide a beneﬁt for sticky samples such as polymers.
For nanomechanical mapping such as modulus and deformation
measurements, the cantilever stiffness should be matched with the
sample stiffness. Therefore, stiffer cantilevers are ideally suited to
measure samples with Young’s moduli in the order of 100 MGa to
100 GPa. This stiffness range encompasses samples such as polymers, plastics, ceramics, and metals.

z  (x) =

(19)

3
(l − x)z(l)
l3

(20)

where l is the cantilever length. The surface bending stress is maximum at the base of the cantilever
l (0) = −

3tE
z(l).
2l2

(21)

For a real device, due to the ﬁnite length of the piezoresistor lp , the
average stress is [48]
¯ l =

1
lp



lp

l (x)dx =
0

tE
2lp



0

lp

z  (x)dx =

tE 
z (lp )
2lp

(22)

where
z  (lp ) =

3lp
2l3

(2l − lp )z(l).

(23)

Using (23) and (22), the average stress is given by
¯ l =

3tE
(2l − lp )z(l)
4l3

(24)

and the output sensing voltage is found to be
Vd =
7

1 3tE
¯
(2l − lp )z(l)Vb .

4 l 4l3

(25)
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Appendix B. Dynamic stiffness calibration using the
thermal noise method

[15]

Experimentally, the thermal stiffness calibration is performed
by measuring the velocity power spectrum at the end of the cantilever using a laser Doppler vibrometer (Polytec, MSA-100-3D)
with the piezoelectric layers grounded and integrating the area
underneath the resonance peak [45]. This is done by performing
a Lorentzian function ﬁt to the measured thermal noise response
of the form [49]

[16]

[17]

[18]

4

S(f ) =

Af 0

2

Q 2 (f 2 − f02 ) + f 2 f02

+ A0 ,

(26)
[19]

where A is a ﬁtting parameter and A0 is the white background noise.
From the ﬁt, the mean squared velocity can be extracted as

v2 =

f0 A
2Q

[20]

(27)

[21]

which allows to calculate the spring constant as
k = (2f0 )

2 kB T
2

v

.

(28)
[22]
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