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The use of integrated on-chip actuation simplifies the identification of a cantilever resonance, can improve
imaging speed, and enables the use of smaller cantilevers, which is required for low-force imaging at high speed.
This article describes a cantilever with on-chip actuation and novel dual-sensing capabilities for AFM. The dual-
sensing configuration allows for tip displacement and tip force to be measured simultaneously. A mathematical
model is developed and validated with finite element analysis. A physical prototype is presented, and its cali-

bration and validation are presented. The cantilever is optimized for use in off-resonance tapping modes.
Experimental results demonstrate an agreement between the on-chip sensors and external force and displacement

measurements.

1. Introduction

The atomic force microscope (AFM) [1] provides unique capabilities
for imaging the structure and physical properties of surfaces, such as
chemical composition [2], electrical characteristics [3], stiffness [4],
and topography [5,6].

The operating mode of an AFM describes the conditions which are
held constant, e.g. the contact force; the measured signal, e.g. the
deflection; and the cantilever excitation that may exist in dynamic
modes such as intermittent contact mode. The most commonly used
modes include constant-force contact mode [7], and constant-amplitude
intermittent-contact mode [7-9]. More recently, the demand for low
tip-sample interaction forces has motivated the development of
off-resonance tapping (ORT) modes [7,8,10].

Unlike the constant-amplitude intermittent contact mode, ORT ex-
cites the cantilever at a frequency well below its resonance [11-14],
which eliminates the complexities of working at the resonance fre-
quency [15]. Due to the low frequency of cantilever excitation in ORT
modes, the cantilever can be modeled as quasistatic, where the stiffness
rather than the mass dominates its response [13].

In ORT, force-distance curves are generated at each cycle as the tip
approaches and retracts from the sample. Typically, the maximum
interaction force is the controlled parameter, which allows direct
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limitation of the forces acting between the tip and sample [15]. The
capability to directly limit the tip-sample force is particularly advanta-
geous when imaging soft and fragile samples [10-12], including in
liquid environments [13].

The concept of the atomic force microscope has been largely unal-
tered since it was conceived. The AFM is composed of a microcantilever
with a sharp tip that is moved over the sample by a vertical nano-
positioner [16-19]. The cantilever undergoes deflections due to the
interatomic forces acting on its tip. These deflections can be related to
the characteristics of the sample, such as its topography. An optical
beam deflection (OBD) system is used to identify the deflection [5,20].
The OBD system is composed of a light beam focused on the cantilever’s
free-end and reflected onto a photodiode [16,19]. The OBD system is
calibrated such that the motion of the cantilever’s tip causes the beam to
change its position on the photodiode [5,9,21-23].

In all of the imaging modes discussed thus far, where the cantilever
deflection is controlled, the imaging speed is typically limited by the
bandwidth of the vertical nanopositioner, which moves the vertical
position of the cantilever relative to the sample [8,39-41]. This vertical
positioning bandwidth is typically a few hundred Hertz in microscopes
with a vertical range on the order of 50um (Table 1). This limitation
restricts the scanning rate to approximately 1-10 lines per second, and
the imaging period to 25-250 s (for a 256 x256 pixel image). However,
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Table 1

Comparison of travel range and resonance frequency for different motion
techniques commonly used in AFMs. The vertical positioner and piezo shaker
were measured from the Nanosurf AFM [24], while the direct actuation was
measured from the cantilever showed in this work.

Motion method Range Res. Frequency
Vertical positioner +50p m 200 Hz

Piezo shaker +2nm 10 kHz

Direct actuation +150 nm < 15 kHz

there is significant demand for faster imaging speeds to enable the study
of rapidly-changing phenomena, especially in living organisms and
bio-molecular imaging [42-45].

An alternative to the low bandwidth of the vertical nanopositioner is
base excitation. In this method, a piezoelectric chip (piezo shaker) ex-
cites the cantilever [46-48]. As the name suggests, the excitation occurs
at the base of the cantilever chip. Base excitation is used for imaging
modes modes that operate at, or near, the resonance frequency of the
cantilever. Since the travel range of the base excitation chip is usually
less than + 10 nm for low frequencies, this cannot be used for ORT.

Direct actuation of the cantilever is an alternative method that
minimizes the coupling between the cantilever and structural reso-
nances of the scanner and microscope. The most studied methods for
direct cantilever actuation are piezoelectric actuation [35], photo-
thermal excitation using a focused laser beam [32,49,50], magnetic
[28], and electrothermal actuation [26,27]. Table 2 shows a summary of
each technique. All four techniques can be used for on-resonance or
off-resonance modes. Electrothermal excitation (AN200, Anasys In-
struments), magnetically driven cantilevers (iDrive, Asylum In-
struments), and photothermal excitation (CleanDrive, Nanosurf) are
available commercially [28,51,52]. However, only electrothermal and
piezoelectric cantilevers are compatible with MEMS integration. Both
photothermal and magnetic drive require an external source to drive the
cantilever (a laser or a coil for photothermal and magnetic driven can-
tilevers). With the exception of electrothermal actuation, the other three
methods display a fast response time [36,38,53,54], making them suit-
able for high-speed microscopy.

In photothermal excitation, the laser beam is focused onto a location
near the base of the cantilever to induce bending due the temperature
difference between the top and bottom surfaces [11,14,32-34]. How-
ever, similar to base excitation, photothermal actuation is best suited to
excitation of the resonance due to the small actuation force [55].
Furthermore, the induced heat on the cantilever can damage sensitive
samples [55] and causes this technique to be incompatible with inte-
grated sensing.

Electrothermal actuation uses a microheater on a bimorph or tri-
morph cantilever [25,25,26]. As the heat dissipates, it induces me-
chanical stress in the cantilever, leading to bending [25,26,56]. Similar
to photothermal actuation, the induced high temperature tends to
damage sensitive samples [57]. While it shows a large displacement
with low applied voltages, the response is slow compared to photo-
thermal, piezoelectric and magnetic driven cantilevers [53].

Magnetically-driven cantilevers for AFM typically consist of a mag-
netic bead or particle attached to the top surface close to its free-end [30,
31,58]. The bead or particle is exposed to a magnetic field, generated by
a coil or a magnet, which causes the cantilever to undergo a displace-
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limitations such as stability issues recurring from the demanding sta-
bility control and output voltage range in the coil. These limitations
become more severe as the cantilever size is reduced [29].
Magnetically-driven cantilevers also have reproducibility limitations
related to the varying geometry and magnetic properties of the magnets
used in the cantilevers [59].

Piezoelectric on-chip cantilever actuation is an alternative to pho-
tothermal and electrothermal actuation that does not result in heating
[15,37] or requires a magnetic cantilever, with speeds that surpass the
standard piezotube [36]. Piezoelectric on-cip actuation also allows for
parallel scanning [35]. This technique can be used at the resonance
frequency or outside it, as large deflections are possible by increasing the
applied voltage at the actuator (Table 1). Direct piezoelectric on-chip
actuation also offers the benefit of being compatible with MEMS
(microelectromechanical systems) fabrication processes.

Smaller cantilevers provide the advantage of faster scans and higher
force sensitivity [60,61], meaning that softer samples and less invasive
imaging is performed in conjunction with higher scanning rates [62].

Aside from the issues with cantilever excitation, there are also lim-
itations on the minimum cantilever width, which arise from the optical
beam deflection (OBD) system. Since the OBD system uses a collimated
laser beam, the cantilever area must be large enough to deflect a sig-
nificant percentage of the beam. To reduce the beam diameter, focusing
lenses can be employed, but this significantly increases complexity [23]
and complicates the beam alignment.

Integrated sensing has been reported as a substitute for the OBD
system [5]. Piezoelectric [63,64] and piezoresistive [35,49,65] sensors
have been shown to be suitable for integrated sensing, with the latter
being commercially available [35]. Currently, integrated sensing has a
higher noise density compared to the best OBD systems [66]. Still, it
offers the possibility of parallel imaging, and imaging in environments
with low or varying light conditions and light-sensitive samples [5].
Alike piezoelectric actuation, integrated piezoelectric sensors are
compatible with MEMS fabrication processes, can be made of the same
material as the actuator [63], and are also compatible with the minia-
turization of the cantilever [37].

The inclusion of both on-chip actuation and sensing combines the
advantages of both techniques, allowing smaller cantilevers and higher
operating frequencies. However, due to the close proximity of the
actuator and sensor, cross-coupling arises in the sensor’s response [67,
68]. A major disadvantage is that the measured deflection now includes
both the deflection due to actuation, and the deflection resulting from
tip-sample interaction.

This article presents a cantilever system composed of on-chip actu-
ation and dual on-chip sensors. The second sensor allows both the total
deflection of the cantilever and the tip-sample interaction force to be
directly measured. The proposed sensors are piezoelectric which are not
suited to static contact modes but are ideal for off-resonance dynamic
modes, such as ORT. To the authors knowledge, this is the first reported
cantilever with on-chip actuation that provides a direct measurement of
tip-sample interaction force. This development creates the opportunity
for high-speed off-resonance imaging and force spectroscopy with
miniaturized cantilevers.

In the following, Section 2 introduces a mathematical model of the
cantilever deflection and predicts the sensitivity of the actuator and
sensor. Section 3 presents a comparison between the mathematical
model described and finite element analysis. In Section 4, the cantilever

ment [28,29]. However, magnetically-driven cantilever faces

Table 2

Comparison of common cantilever actuation techniques for AFM.
Technique Commercial Sample exceptions Response time MEMS compatible References
Electrothermal Yes Temperature sensitive Slow Yes [25-27]
Magnetic driven Yes Magnetic sample Fast No [28-31]
Photothermal Yes Temperature/light sensitive Fast No [11,32-34]
Piezoelectric No - Fast Yes [35-38]
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instrumentation is detailed, including the MEMS fabrication process and
read-out circuit. Section 5 introduces the experimental setup used to
calibrate the system. Section 6 presents the results obtained and dis-
cussion. Section 7 presents the conclusions and future work.

2. Mathematical modeling

A mathematical model is presented to aid in the positioning of the
sensors and actuator. The tip displacement equations presented offer
insights into the required dimensions of the sensors, actuator, and
cantilever to obtain a system with specified stiffness and free-air
amplitude. Throughout the text, tip force and tip displacement refer to
a measurement taken close to the free-end of the cantilever, where a tip
is traditionally placed. The detailed derivation of the equations is pre-
sented in A.

In cantilevers with integrated sensing and actuation, the sensor is
positioned parallel to the actuator. The latter is usually located at the
base for maximum tip displacement and maximum strain induced at the
sensors. Positioning one sensor far away from the actuator allows it to be
most sensitive to tip force, as described in the mathematical model.

2.1. Piezoelectric equations

Consider a homogeneous, isotropic, rectangular cantilever system
with a piezoelectric actuator and two sensors, S; and S, as shown in
Fig. 1.

Following the IEEE standard, the piezoelectric materials are modeled
as [69].

D; = d3 101 + &, Eps3, 1)
€1 = 85,03 + d31 Ers, (2)

where (1) is used for sensing and (2) is used for a piezoelectric actuation.
The variable Ds is the electric displacement vector along the z-axis, & is
the permittivity constant, o7 is the applied stress along the x-axis, d3; is
the strain constant of the sensor, Es is the applied electric field, ¢; is the
strain induced on the x-axis, S%5 is the compliance coefficients constant,
and o3 is the stress applied to the actuator along the z-axis.

Using Eq. (1), the charge on a piezoelectric sensor when no external
electrical field applied is [69].

893
q = dywiE; / €(z)dx, 3

where E; is the Young’s modulus of the sensor, w; is the sensor width,

Tip force

a:1 a‘2 Bl b2
(a)
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and e(2) is the induced surface strain. The generated charge depends
directly on the induced strain on the sensor.

2.2. Charge and tip displacement induced by piezoelectric actuation

The tip displacement u, along the x-axis induced by a piezoelectric
actuator is

kad
IRV for0 <x <L,
W= " : )
kad31 .

VM,%.L,,.(zx —L,), forl, <x<L

2t,

where L, is the actuator’s length and L. is the cantilever’s length.
Evaluating the displacement at x = L yields the tip displacement,

dV = Yact Vact7 (5)

where the actuator gain yq is

kqd:
Yact = ; & &Lp (2Lc —Lp)1 (6)
Ip

We

in units of [m/V].
The induced charge on sensors S; and Sy due to the piezoelectric
actuation are

1w
gsiv = d§1W1Es(kaZ + k) ; W_,:» (ar — a1) Ve o

gsov =0,

where the points a; and ay are the starting and finishing position of
sensor S;. Note that the charge is zero for a sensor placed outside the
area where the actuator is positioned.

2.2.1. Feedthrough in the generated charge

Due to the piezoelectric actuator and small distance between actu-
ator and sensors [70], an electric feedthrough charge is induced on each
sensor in response to the voltage applied at the actuator. Electric feed-
through is a well-known phenomenon with piezoelectric actuators for
MEMS devices [71]. The parasitic capacitance dominates the signal
generated by the piezoelectric sensors given the micro dimensions of the
devices, which have sensing capacitance comparable to the parasitic
capacitance [64]. When measuring the charge for each sensor generated
due to the piezoelectric actuation, the component related to the electric
feedthrough is mixed with the generated charge from the actual tip

(b)

Fig. 1. Cantilever system with dual sensing and integrated actuation. (a) Two-dimensional view highlighting the variables used in the mathematical model. Sensor 1
is parallel to the actuator, at the base, whereas sensor 2 is placed close to the cantilever free-end. (b) Dimensions for the cantilever used for the mathematical model

and finite element analysis.
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displacement. As such, both parts are not separable unless one knows
either the parasitic capacitance or the sensitivity to the tip displacement.
However, a precise estimate of the parasitic capacitance can be
cumbersome to find.

The approach chosen is to model the feedthrough and include it in
the charge model. This charge can be modeled as a capacitor, and the
feedthrough charge is obtained by multiplying the feedthrough capaci-
tance by the applied voltage on the piezoelectric actuator [46]. The
generated charge in each sensor, then, becomes

1w
qsiv = (dglles(kaZ + k) - W—p (a —ay) ) Vaer
p We
®
+(c1rr) Vaer,

qs2v = C2rrVacrs

where cypr and copr are the feedthrough capacitance of each sensor, in
units of [C/V].

As the tip displacement is of interest, one can rewrite the generated
charge equations to relate to it. Rewriting the charge equation for a
piezoelectric actuation in terms of tip displacement by substituting (5)
into (8) yields

1w
gsiv = (dﬁlles(kaz +k)— W—” (a2 — ay) )nmdv
» We
9
H(C1rr)Y aerdy

gsa2.v = Corrkacidy -

2.3. Charge and tip displacement induced by tip force

The tip displacement of a cantilever due to a tip force, (see detailed
derivation in A) in terms of the cantilever’s stiffness k, is

_ inp

dr T 10$)
and k. is expressed as,
k=3 ELf (1)
The induced charge for sensors S; and S, for a tip force is
gsiF = —Zd;llrwl g—i( — (a% - af) +2L.(ay — ay) )F,,-],7
(12)

zdywy Ey
2l E

qs2r = — (= (65— b7) +2Lc(by — by) ) Fp,

where a; and ay, by and by are the starting and finishing position of
sensor S; and So.

Similar to the piezoelectric actuation, it is possible to rewrite the
charges based on tip displacement by a tip force as

Zd31W1 E 3 2 dF
4s1F =5 F (= (a3 —a}) +2Lc(a _“I))k_ﬁ
13)
_zdywy B

d,
(= (65 = b7) +2Le(br— b)) kl

gs2F = 2 E,

2.4. Simultaneous displacement from tip force and piezoelectric actuation

For a linear system, when the cantilever is under both a tip force and
a piezoelectric actuation voltage, the total tip displacement dr is ob-
tained by adding the displacements as

dr = dy +dp. a4

For the charges of the sensors, the total generated charge gs;,r and
gs2,T are
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qsit = qs1v T qsiF
15
{ qs21 = qs2v + gs2,F- } as)

Expressing the charges in terms of displacements yields

gsir = Aidy + Azdp,
{ gso.r = Aady + Audp, (16)

where the constants 1; to 14 are

1w,
A = <d§lw1ES(kuz + ke)f L (a, —a)) )Vm

p We
+(C1rr) aers
A= C2FTY act» (17)
zdywy Ej 1
b= g (- (@) 2@ —a)
Zd31W2 EA- 2 2 1
T E(_ (by — b}) +2Lc(b> —b,))k—c.

Eq. (16) can be expressed in a matrix form,

[gs1.r A A3 |dy
= . , 18
_%z,r} {/12 14} |:dF (18)
Inverting matrix (18) so that one can recover the displacements
yields

[dy Vi ys gsi.r
_ 3. 19
dr } [Wz ‘/’4] LSZ,T} 19

For an AFM, the total tip displacement and tip force are of interest.
Using (14) and adding row one with row two and multiplying the second
row by the stiffness defined in (A.11) yields

dr Vit s +W4:| |:‘ISJT:|
_ : s | 20
|:Flip:| |:l//2'kc 1/14'](0 qs2T ( )

Eq. (20) allows one to recover the tip displacement and tip force
simultaneously on a cantilever.

3. Finite element analysis

A finite element analysis (FEA) was carried to validate the mathe-
matical model. The FEA was modeled using ANSYS Workbench and the
PiezoAndMEMS extension. The dimensions are shown in Fig. 1 (b) and
Table 4. Table 3 shows the material properties used in ANSYS.Table 4.

The input voltage applied is 5 V, and the tip displacement is 1 s N.
Fig. 2 shows the induced surface strain on the cantilever for a tip force
and a piezoelectric actuation, respectively. For piezoelectric actuation,
the strain is concentrated where the actuator is located. The induced
strain where the actuator is not located corresponds to less than 1% of
the strain where the piezoelectric actuator is located. The strain is
highest at the base for the tip force and linearly reduces along the x-axis
to zero at the tip.

Sensor S is placed close to the free-end of the cantilever to be more
sensitive to tip force. Although S, still generates charge for a piezo-
electric voltage applied on the actuator, this charge is only due to the
intrinsic electric feedthrough. Table 5 summarizes the FEA for tip
displacement and the generated charges of each sensor, induced by

Table 3
Material properties for silicon and aluminum nitride used in ANSYS.

Parameter Silicon Aluminum Nitride
Young’s modulus [GPa] 169 396
Density [kg/m~3] 2500 3260

Poisson’s ratio 0.30 0.30
Strain constant - ds;[m/V] - 2.0 - 107 1?[72-74]
Dielectric constant - 10.2[75,76]
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Table 4
Cantilever’s parameters for the mathematical
model and FEA.
Parameter Value [nm]
L 1000
We 300
te 10
I, 400
wp 122
6 0.5
wi 100
a 0
as 400
W 290
by 600
b, 900

piezoelectric actuation and tip force, with feedthrough included. Egs. (8)
and (12) were used to calculate the charge and Eq. (5) and (A.11) were
used to calculate the tip displacement. For the mathematical model, the
parasitic capacitance for sensors S; and S were obtained through
ANSYS Maxwell.

The absolute difference in charge for sensors 1 and 2 for a piezo-
electric actuation is 0.61 fC and 0.33 fC, respectively. For a tip force
acting on the cantilever, the difference is 4.22 fC and 4.32 fC.

The tip displacement is 121.7 nm for the mathematical model and
125.5 nm for the FEA model, with a difference of 3.8 nm. The tip
displacement resultant of a tip force is 60.04 nm and 60.23 nm for the
mathematical and FEA models, respectively. The difference is 0.19 nm
between the models. Fig. 3 shows the normalized displacement profile
along the x-axis for the cantilever system for a piezoelectric actuation
and tip force. The displacements behave differently from each other,
shown in Egs. (A.5) and (A.9). As seen in Fig. 3, the mathematical model
describes the displacements in accordance with the FEA.

As described in the mathematical model and validated by the FEA,
the strain for a piezoelectric actuator is concentrated at the region where
the actuator is placed and insignificant elsewhere. For a tip force, the
strain is highest at the base and zero at the free-end. The findings
confirm the guidelines used to place the sensors on the cantilever, i.e.,
one sensor parallel to the actuator and one closer to the free-end. By
placing sensor S, close to the free-end of the cantilever, one can obtain
two independents measurements, since piezoelectric actuator and tip
force lead to different bending shapes.

The mathematical model describes the system on one dimension,
whereas ANSYS Workbench allows for a three- dimensional analysis. As
such, the difference between the values obtained by the two models can
be attributed to simplifications on the mathematical model. Layer

Strain [um/m]

ke

100pm
—

(a) Induced surface strain from piezoelectric actuation
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Table 5

Tip displacement and generated charge comparison between FEA and analytical
models for (a) a piezoelectric actuation and (b) a tip force. The results include
feedthrough.

Parameter AN Model FEA Error (%)
(a) Piezoelectric actuation
Tip displacement [nm] 121.7 125.5 3.12
Charge at Sensor 1 [fC] 51.61 52.12 0.99
Charge at Sensor 2 [fC] 1.98 2.31 16.66
(b) Tip force
Tip displacement [nm] 60.04 60.23 0.31
Charge at Sensor 1 [fC] 21.27 17.05 19.8
Charge at Sensor 2 [fC] 14.45 10.13 29.9

1

0.8

=)
S ~
= 06 e
g P
g s
£ s
2 04 e z 7 7 =
) z 7 Z 7
g P
8 s
S 02+ s :
o ~ .
2 P Piezo. Act (FEA)
A = Tip Force (FEA)

0 ———-Piezo. Act. (Analytical)

——— Tip Force (Analytical)
02 | | | | | | |

0 100 200 300 400 500 600 700 800 900 1000
X-axis [um]

Fig. 3. Cantilever tip displacements due to a tip force and piezoelectric actu-
ation along the cantilever beam obtained from the mathematical model and
finite element analysis. The displacement has been normalized to detail the
difference in the displacement profiles induced by tip force and piezoelec-
tric actuation.

Strain [um/m]

Tip force

kg

100pm
—

(b) Induced surface strain from tip force

Fig. 2. Strain distribution at the surface of the cantilever for (a) a piezoelectric actuation with V,, = 5V and (b) a tip force of 1uN.
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modeling and three-dimensional analysis can be integrated within the
mathematical model at the cost of simplicity.

4. Cantilever instrumentation
4.1. Cantilever

The cantilever used in this work is shown in Fig. 4. The dimensions of
the cantilever and the piezoelectric actuator and sensors are detailed in
Fig. 1 (b). The piezoelectric regions are electrically connected to the
read-out circuit via the bonding pads at the chip base, as can be seen in
Fig. 4 (b). A guard trace is placed around the actuator to mitigate the
feedthrough from the piezoelectric actuators to the two sensors [63].
The base of the chip measures 3.7 mm by 1.6 mm.

4.2. MEMS fabrication

The microcantilever chip is fabricated by MEMSCAP using the Pie-
zoMUMPS process. It allows the fabrication of MEMS devices with
piezoelectric regions using a 5-mask level Silicon-On-Insulator (SOI)
patterning and etching process [77]. In the PiezoMUMPS fabrication
process, a 400 y m SOI wafer is used as the substrate. Mechanical
structures, such as suspended cantilevers, are obtained by etching the
backside of the substrate layer followed by an oxide etch. The thickness
of the silicon after the etch is 10 4 m. A 0.5 y m thick piezoelectric layer
of aluminum nitride is deposited on top of the silicon layer. Subse-
quently, a 0.2 y m thick layer of oxide is placed. Finally, a 1 4 m
aluminum and 0.2 ¢ m chrome layer is deposited and used for electrical
connections. The layer stack up is shown in Fig. 5 (a).

4.3. Charge amplifier read-out circuit

A charge amplifier circuit topology is used to convert the piezo-
electric charge generated from deflections to a voltage level suitable for
interfacing with a data acquisition system. The schematic of the readout
circuit is shown in Fig. 5 (a). It comprises of three amplification stages.
The first stage is a charge to voltage amplifier and the second and third
are voltage amplifiers with a passive high pass filter between the first
and second stages.

The input of the circuit is the generated charge of the two piezo-
electric sensors. The transfer function of the circuit for the first stage is
given by [37].

Y(s) Rss

The charge amplifier acts as a high-pass filter with a cut-off frequency of

e = (Rfo) ! For frequencies where w > w, the transfer function can
be simplified to a static gain and be written as

M Silicon [ Pad Oxide
Il Substrate M Aluminium Nitride
W Oxide Pad Metal
(@) (b)
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A89302asL3

S1

(b)

Fig. 5. (a) Charge amplifier circuit showing the first (red), second (green) and
third (blue) stages and the passive high-pass filter (black). (b) Photo of the
fabricated charge amplifier read-out circuit. Inset A shows the cantilever
bonding interface on the backside of the PCB. Inset B shows the manufactured
cantilever in detail.

Sensor 2

Sensor 1

Guard Trace

(©)

Fig. 4. (a) PiezoMUMPS layer stack fabrication process. (b) Rendering of the microcantilever and chip base where the bonding pads are located. (c) Detail of the
cantilever rendering, highlighting the sensors and actuator. A guard trace is placed around the actuator to reduce electric feedthrough.
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1
A= e (22)
The passive high pass filter can be stated as
Hils) = — @3)

= 3
S+ W

where wq = (C(R1//Ry))"". Similarly, away from the cut-off frequency
of the filter, the transfer function can be simplified to a gain of one.

The second and third stages are voltage amplifiers and their gains can
be expressed together as

R3 R5
Ay = -2 (1+22). 2
23 Rz( +R4) 24

For frequencies > o, and @ > ., the total gain of the circuit is
given by

IEAYOYAN
= (E) (&) (1432). (25)

The gain of the charge amplifier circuit is in units of [V/C]. The gain
of the first stage is 3.03 - 10'°, the gain of the second stage is 5, and the
third stage is 24, with a total gain of 3.636 - 10'2 V/C. The cut-off fre-
quency of the first stage is 48 Hz, and the passive high-pass filter is
10 Hz. Fig. 5 (b) shows a photo of the fabricated PCB and interface with
the microcantilever. The inset in Fig. 5 (b) shows the wire-bonded chip.
The PCB has an ENEPIG (Electroless Nickel Electroless Palladium Im-
mersion Gold) finish to improve the wire-bonding process.

The matrix system in (18) can be rewritten to yield output voltage by
multiplying by the total circuit gain of the PCB (25)

Vsir A A dy
= . , 26

{Vszr} {Az /\4} |:dF (26)
where the A-matrix is equivalent to the A-matrix multiplied by the total
circuit gain A;yq. The experimental inverse matrix for tip displacement
and tip force can now be stated as

dr | _ [+ W] [V ] @)
Ftip \Pz'ksys ly4'ksys VSZT
where the W-matrix is the inverse of the A-matrix and k;y; is the exper-
imentally obtained cantilever spring constant from Section 5.4. In the

following section, the matrices from (26) and (27) will be used for th
experimental calibration.

5. System calibration
5.1. Experimental setup

The experimental setup to calibrate the integrated force and
displacement sensors of the active cantilever is shown in the schematic
in Fig. 6 (a), and a photo of the setup is shown in Fig. 6 (b). The active
cantilever is mounted on it’s read-out circuit and a coarse positioning
stage with an opening in the middle. The opening allows a Polytec
Scanning Vibrometer (PSV-500) to be focused on the active cantilever to
provide an accurate displacement reference measurement. A Tap190Al-
G reference cantilever inside a Nanosurf (EasyScan 2) AFM is mounted
on top of the active cantilever. The Nanosurf cantilever is aligned so that
its tip touches the top of the free end of the active cantilever when
landed.

5.2. Piegoelectric actuator calibration

The piezoelectric actuator was calibrated by driving it with a 200 mV
chirp signal with the Nanosurf cantilever retracted and recording the
displacement using the PSV-500. Fig. 7 shows the frequency response
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NanoSurf OBD

Vertical Positioner [V]

Vact [V]

PSV 500
(@)

(b)

Fig. 6. (a) Schematic for the experimental setup. (b) Experimental setup
showing the Nanosurf AFM landed on the active cantilever mounted on the
read-out circuit.
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Fig. 7. Frequency responses of the active cantilever measured with the PSV 500
Vibrometer and the integrated sensors.

from integrated actuation to tip displacement and as measured with the
integrated sensors. The cantilever actuation gain at the intended fre-
quency of operation of 500 Hz can be found by evaluating the frequency
response at that frequency and is given in Table 6.

5.3. Piegoelectric sensor calibration

The measurements with the integrated sensors exhibit electrical
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Table 6
Summary of the calibrated sensor parameters for displacement from a piezo-
electric actuator.

Parameter Units Value
Actuation frequency Hz 500
Piezoelectric actuator v 5

Tip displacement m -1.22.1077
Sensor 1 \% 4.64

Sensor 2 v 0.18

Yact m/V —244.10°8
A V/m -3.83-107
Az V/m - 0.15-107

feedthrough originating from parasitic capacitances between the actu-
ator and sensors. As a result, the frequency response contains an extra
complex zero pair near the resonance and the low frequency range
shows a significant higher gain due to the additional feedthrough
component. As can be seen from Fig. 7, the feedthrough from the
actuator to sensor S is higher than to sensor S,. This is due to sensor Sy
having a higher sensing capacitance and being located further away
from the actuator. With the assumption that the electrical feedthrough is
minimized at the resonance frequency, the piezoelectric sensors are
calibrated for displacement by aligning the magnitude of the frequency
responses of each sensor and the tip displacement. The sensor sensitiv-
ities at the intended frequency of operation of 500 Hz can be found by
evaluating the frequency response at that frequency and are given in
table 3. Since the sensitivities contain the feedthrough component, its
effect is mitigated when the model is inverted. Note, the static model
(Egs. (5) and (8)) is only valid for frequencies sufficiently lower than the
resonant frequency. The calibration constants (A; and Ay) are obtained
by dividing the voltage of each sensor by the tip displacement and are
stated in Table 6.

-13
x 10
2 T T T

. PSD Thermal Noise
s | orentzian Fit

PSD [(m/s)*/Hz]

145 145.5 146 146.5 147

Frequency [kHz]
(a)
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5.4. Stiffness calibration

The stiffness of each cantilever is needed to calibrate the system for a
displacement induced by a tip force. The calibration of AFM cantilevers
is usually performed using the thermal noise method [78]. The thermal
method uses the vibrations caused in the cantilever due to the Brownian
motion. When the thermal noise method is implemented using Laser
Doppler Vibrometry [20], the stiffness of the cantilever is given by

kgT
k= nf) =

(28)
where f is the first resonance frequency, kg is the Boltzmann constant, T
is the equilibrium temperature, and v is the mean velocity obtained from
a Lorentzian fit to the velocity power spectrum.

The velocity of the thermal noise motion was measured with a
vibrometer (Micro System Analyzer vibrometer - Polytec MSA-100-3D)
in the time domain. Fig. 8 shows the thermal noise of the Nanosurf
cantilever and the active cantilever around their respective first reso-
nance frequencies. The spectra are obtained from the power spectrum
density estimates using Welch’s method with 64 averages, no overlap,
and Hanning window. The measured stiffness of the Nanosurf cantilever
is 54.63 N/m, and the active cantilever is 13.71 N/m.

5.5. Tip force calibration

For the tip force calibration, the Nanosurf cantilever was landed on
the active cantilever, and the piezoelectric actuator was grounded. The
Nanosurf cantilever was landed using a setpoint of 50 nN. After the
landing procedure is completed, the z-axis controller output was frozen
such that it maintains its current output. With both cantilevers in con-
tact, the vertical positioner was excited with a 250 mV signal at 500 Hz.
The resulting movement of the connected cantilever system was
measured with the piezoelectric sensors, with the OBD and with the
vibrometer. The constants from each sensor (Az and A4) are obtained by

14
7 x10 T T T T T
PSD Thermal Noise
e | orentzian Fit
H
6 < g
]

14.5 14.6 14.7 14.8 14.9 15 15.1

Frequency [kHz]
(b)

Fig. 8. Thermal noise measurement of (a) Nanosurf cantilever and (b) active cantilever.
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Table 7

Summary of the calibrated sensor parameters for displacement from a tip force.
Parameter Units Value
Actuation frequency Hz 500
Vertical positioner \Y 0.250
Tip displacement m 3.56-1078
Sensor 1 \4 0.048
Sensor 2 \Y% 0.016
OBD \% — 0.05
A3 V/m 0.134 - 107
A4 V/m 0.046 - 107
CosD m/V - 6.61-1077

dividing the voltage of each sensor by the tip displacement obtained
from the vibrometer measurements. copp is the constant used to cali-
brate the OBD signal to displacement and, using its stiffness from Section
5.4, to tip force. The experimentally obtained parameters are stated in
Table 7.

5.6. Experimental calibration matrix

From the experiments described in Sections 5 and 5.4 (Tables 6 and
7), the calibration matrix of the system is

A A [-3.83-107 1.34-10°

[A]= [A3 m] h [71.48-106 4.59-10° | (29)
Inverting the A-matrix yields the experimental W-matrix
(¥ W] [ -2.944.10% 8.606-107°

[¥]= {% ‘PJ - [_9.491.10*8 2.457-107° | (30)

Using the transformation from (27) and the stiffness found in Section
5.4, the experimental matrix for tip force and tip displacement becomes
{dr } _ [71.243-10*7

(31)

1425107 | | Veur

2.543-10°] [ Vair
Fip ~5.505-107° ‘

Eq. 31 is used to recover the tip displacement and tip force using the
measured voltages of sensors S1 and S». The stiffness of the system kgy; is
the sum of the stiffness of both cantilevers obtained through the thermal
noise method.

6. Simultaneous tip displacement and tip force measurement

After calibration, the active cantilever is used for simultaneous force
and displacement sensing. First, the Nanosurf cantilever was landed on
top of the active cantilever using a setpoint of 50 nN. After the landing
procedure is completed, the z-axis controller output was frozen such that
it maintains its current output. After landing is complete, the nanosurf
cantilever was retracted slightly using the stepper motor and the active
cantilever was excited by a sinusoidal waveform of 500 Hz and ampli-
tude of 5V, which translates to a free-air amplitude of 122 nm.
Retracting the cantilever allows the active cantilever to approach,
engage and retract from the Nanosurf cantilever which simulates an off-
resonance tapping-mode AFM operation.

The tip displacement, voltage of the piezoelectric sensors and OBD
system were measured with a sample frequency of 250 kHz, and post-
processed offline using MATLAB. The post-processing steps in MAT-
LAB include the integration of the displacement since the vibrometer
naturally captures velocity information in the time-domain. Addition-
ally, the signals of each sensor were filtered to eliminate a small noise
component at 50 Hz originating from electric grid noise. The results
shown in Fig. 9 were obtained multiplying the voltage of each sensor in
the time-domain by the matrix in Eq. (31).

The results comparing the displacement obtained from the vibr-
ometer and the integrated sensor are shown in Fig. 9 (a). The mea-
surement curves are characterized by two distinctive regimes: during the
contact phase the two cantilevers move simultaneously and follow the
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Fig. 9. Simultaneous displacement and force sensing with the active cantilever.
(a) shows the tip displacement compared with the vibrometer and (b) presents
the tip force compared with the OBD system. Both insets in (a) and (b) show the
ringing effect after the snap-off between the cantilevers.

sinusoidal excitation. When the contact is broken, the active cantilever
shows transient oscillations at the resonance frequency of 14.88 kHz. It
can be seen that the integrated sensor output follows the reference
measurement from the vibrometer accurately. When the contact is
broken, the transient oscillations at the resonance frequency are
superimposed on the sinusoidal motion of the active cantilever. Once the
two cantilevers are in contact, the ringing dies down quickly. This is

Table 8
Sensitivity to displacement of each sensor and actuator gain for (a) a piezo-
electric actuation and (b) a tip force.

Parameter AN Model FEA Experimental
(a) Piezoelectric actuation

Actuator gain [nm/V] 24.34 25.1 24.4

S1 [fC/nm] 0.42 0.415 10.53

Sy [fC/nm] 0.016 0.018 0.412

(b) Tip force

S1 [fC/nm] 0.354 0.283 0.368

S5 [fC/nm] 0.16 0.240 0.126
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expected, as the system mechanic properties change once in contact, required for contact modes. However, these sensors are ideal for off-
acquiring a different combined Q-factor, stiffness, and resonance fre- resonance tapping mode, which is the focus of this work.
quency, all of which determine the transient response. Despite the large reduction in mechanical cross-coupling between
During the measurement, the OBD sensor is used as a reference the actuator and force sensor, electrical cross-coupling was still observed
measurement for tip force which is plotted in Fig. 9 (b) and compared to be significant. This required the use of a calibration process to identify
with the recovered force by the sensors. The tip force follows a sinu- the electrical cross-coupling terms and cancel them during operation.
soidal shape, originating from the excitation of the piezoelectric actu- To validate the proposed cantilever, a test system was constructed
ator. After contact is lost, the active cantilever shows transient that uses a second AFM to apply a known force, while an interferometer
oscillations at the resonance frequency. The inset details the snap-off is used to directly measure the true displacement. Experimental results
moment between the cantilevers. Table 8 presents a comparison be- show a close correlation between the force and displacement measured
tween the analytical model, FEA and the experimental results obtained. by the on-chip sensors, and the external reference sensors. The most
The experimental sensitivities were obtained by dividing the A values by significant disagreement was due to oscillation of the integrated canti-
the gain of read-out circuit and the analytical and FEA sensitivities are lever that is induced at the moment of detachment during force
based from the results shown in Table 5. Sensor S; generates charge from spectroscopy.
the induced strain from the actuator and the electric feedthrough, Future work aims to reduce issues with oscillation during detach-
whereas sensor S; is only affected by electric feedthrough. However, ment by actively reducing the Q-factor. This is expected to significantly
sensor Sy displays a sensitivity to tip force 3.27 times lower than to reduce oscillation while the cantilever is detached from the sample and
piezoelectric actuation. In reducing the feedthrough, the sensitivity of will increase the rate of force spectroscopy. AFM tips will also be added
sensor Sy can be further improved to detect tip force only. Note that to the cantilevers using a standard MEMs post-processing method, which
sensor S is placed very close to the free-end, where the strain is almost will enable imaging experiments using an off-resonance tapping mode,
zero. or force spectroscopy.
The actuator gain for the analytical model, FEA and the experimental
results are similar. The higher sensitivity displayed by the sensors CRediT authorship contribution statement
experimentally for a piezoelectric actuation is due to the higher exper-
imental feedthrough. Nata Franco Soares de Bem: Conceptualization, Methodology,
For a tip force, the experimental sensitivity is similar for sensor Sj. Software, Validation, Formal analysis, Investigation, Writing — original
Sensor S displays a lower sensitivity and that is explained by the point draft, Visualization, Project administration. Michael Ruppert: Super-
of application of force. Experimentally, the force applied is not at the tip, vision, Investigation, Writing — review & editing. Yuen Yong: Funding
rather it is close to it. As the strain along the cantilever reduces to zero acquisition, Supervision, Writing — review & editing. Andrew Fleming:
where the force is applied, a reduction on the strain for sensor S affects Supervision, Investigation, Writing — review & editing.

it more proportionally than sensor S;.
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Appendix A. Mathematical model
A.1. Piezoelectric equations

Eq. (2) is used to model the piezoelectric actuator [69]. When no external stress is applied, the surface strain induced by a voltage V. applied to a
piezoelectric actuator is given by [15,69].

Wp d31Vier
L=

€ =kyz (A1)

We 1

where z is the position along the z-axis, t, is the actuator thickness, w, is the cantilever width, w,, is the actuator width, and k, is a constant that is
related to the thickness and Young’s modulus of the cantilever and defined as [69].

6E Ept.t,(t. + 1,)

ka = 3
EXt} + E.E, (4831, + 62222 + 41.83) + Eot?

(A.2)

with E; and E}, being the Young’s modulus of the cantilever and actuator, respectively, and t. and t, are the cantilever’s thickness and the actuator’s
thickness, respectively.

A.2. Charge and tip displacement induced by piezoelectric actuation

Euler-Bernoulli equations are used to model the tip displacement of the cantilever. It can be written as

10
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d*u,
dx?

E,I,—} = F.(x), (A.3)

where E; and I, are the Young’s modulus and second moment of area of the system, respectively and F,(x) is the applied force along the x-axis in the z-
direction.

To solve (A.3), the following boundary conditions are applied. The displacement and slope at the base and the shear force at the tip are zero. The
moment

M= —EIS, (A4
Z

is constant where the actuator is located (0 < x < L) and zero elsewhere (I, < x < L.). The induced strain is given by Eq. (A.1).
Solving Eq. A.3 using the above boundary conditions and Eq. (A.1) leads to the displacement u, along the x-axis,

k(ld p
2t3l~Vw,~ﬁ-)c27 for0 <x <L,
u,(x) = ' ; ‘ . (A.5)
31 w,
;z,, -Va(.,-w—i~L,,~(2x -L,), forL, <x<L.

where L, is the actuator’s length and L. is the cantilever’s length.
The strain can be related to the displacement as

d’u.(x)
e=—9 (A.6)
From Eq. (A.6) and (A.5), the strain is [15],
(kaz) B Vaer <&> , for0 <x<L,
e(z) = I . , (A7)
0, forL, < x < L,
where L, is the actuator’s length.
Substituting (A.7) into (3), the charge can be expressed as [15].
d? wiE,(k )lﬁV () for0 <x <L,
sts\Ra act X7 = =
4= 31 1) W x1 P 7 (A.8)

0, forL, < x < L,
where the points a; and ay are the starting and finishing position of sensor S;. Note that the charge is zero for a sensor placed outside the area where the
actuator is positioned.
A.3. Charge and tip displacement induced by tip force
The cantilever displacement due to tip force is derived following similar procedure. By using Euler-Bernoulli equations in (A.3) with boundaries

conditions where the displacement and slope at the base are zero, the shear force at the tip is the force applied and the moment at the tip is zero, the
displacement along the x-axis is,

1
u,(x) = CEl (—x3 + 3L5x2)F,,-,,,f0rO <x<L, (A.9)

where, Fy;, is the applied tip force in the z-axis.

The tip displacement dr due to a tip force can be evaluated at x = L. and, from (A.9), yields
L’F,
dp = =2, A.10
T 3EL (A.10)

Expressing Eq. (A.10) in terms of the cantilever’s stiffness k., yields

dr =F”"’7 (A.11)
ksys

and k. is expressed as,
E1I

k.=3 iR (A.12)

.

The strain can be obtained by taking the second derivative of the displacement in (A.9). The surface strain on the cantilever displays a first-order
behavior along the x-axis, expressed as,

11
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€(x)

F, tip

(—x+L.),for0 <x < L.

rir
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(A.13)

By substituting (A.13) into (3), the general equation for surface charge induced by tip force is [15].

Zd?,lbs E‘J ) .
_ o E—’F,ip( —x" 4+ ZLL.x) -

where x; and x5 are the starting and finishing positions of the sensor.
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